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Editorial on the Research Topic
 Innate Immunity Programming and Memory in Resolving and Non-Resolving Inflammation



Emerging studies reveal that “memory” responses of innate leukocytes generate adaptive reprogramming following challenges with signals of varying strength and durations. As a result, there are dynamic memory states such as priming, tolerance and exhaustion, as previously published by the Li research group in the Frontiers of Immunology (1). Diverse signals including microbial cues, cytokines, and metabolic products induce the varied reprogramming of inflammation and immunity, leading to distinct nature of the memory states of innate leukocytes. Innate memory dynamics profoundly impact, not only on our fundamental understanding of the immune system's cohesive functions, but may translate to interventions for infectious and inflammatory diseases, ranging from acute sepsis to chronic atherosclerosis (2–4).

To heed the emerging challenge of further defining the novel memory dynamics of innate immunity, we assembled research articles that represent various aspects of innate immune memory and are relevant to inflammatory diseases within this Research Topic. In addition to bacterial endotoxin, Walachowski et al. demonstrated that β-Glucan (BG) primes a short-term murine macrophage memory state coupled to enhanced inflammatory response to LPS, potentially by inducing Dectin-1. Dectin-1 increased expression of GM-CSF as an amplifying signal for macrophage priming induced by β-Glucan (Walachowski et al.). Shi et al. showed that myeloid cell innate immune training responses not only occur at the mature cellular stage, but during hematopoiesis. Acting at the translational level, trained immunity through BG or Bacillus Calmette-Guérin (BCG) signaling could potentially enhance host anti-microbial defenses, as reviewed by Arts et al. On a precautionary note, BG or BCG mediated immune modulation may also exacerbate inflammatory diseases, and de Bree et al. reported that the protective effects of BCG training may be limited and do not apply to protection against influenza infection. In addition to microbial products, host secondary metabolites may similarly imprint innate immune memory, such as S100A9, which Dai et al. identified as a potentiator of myeloid derived suppressive cells (MDSC) during late stage sepsis.

Molecular mechanisms dynamically reprogram innate immunity using complex and multi-layered signaling networks that are dose dependent and coupled with transient signals as well as prolonged epigenetic modifications. Intra-cellular organelle communications among mitochondria, autophagosomes, and lysosomes modulate innate immune cell decision-making (5, 6). Mitochondria controls over energy, anabolism and catabolism and cell redox state, and new evidence supports Krebs cycle metabolites as signaling molecules during the training of innate immunity and inflammation (Williams and O'Neill.). Tao et al. reported that mitochondria-localized Sirtuin 4 can resolve monocyte tolerance through rebalancing glycolysis and restoring glucose oxidation. This homeostasis promoting response suggests promise for a novel molecular targeting route to treating sepsis-associated immunoparalysis. Babaev et al. demonstrated that depletion of a mTOR complex component Rictor improves inflammation resolution in monocytes and macrophages, another possible route for chronic inflammatory reprogramming in atherosclerosis.

This collection of publications clarifies some of the mechanisms and provide a more comprehensive understanding of innate immune memory dynamics. They emphasize that future inter-disciplinary studies with integrated experimental and computational approaches at single cell level are needed. Single cell analyses during early, the post-acute, and chronic innate immune cell reprogramming among distinct tissue niches will clarify “real-life” dynamics of innate immune non-autonomous and autonomous signals, and hopefully hasten translational research of infectious and inflammatory diseases in the near future.
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β-Glucans (BGs) are glucose polymers present in the fungal cell wall (CW) and, as such, are recognized by innate immune cells as microbial-associated pattern through Dectin-1 receptor. Recent studies have highlighted the ability of the pathogenic yeast Candida albicans or its CW-derived β(1,3) (1,6)-glucans to increase human monocytes cytokine secretion upon secondary stimulation, a phenomenon now referred as immune training. This ability of monocytes programming confers BGs an undeniable immunotherapeutic potential. Our objective was to determine whether BGs from Saccharomyces cerevisiae, a non-pathogenic yeast, are endowed with such a property. For this purpose, we have developed a short-term training model based on lipopolysaccharide re-stimulation of mouse bone marrow-derived macrophages primed with S. cerevisiae BGs. Through a transcriptome analysis, we demonstrated that BGs induced a specific gene expression signature involving the PI3K/AKT signaling pathway as in human monocytes. Moreover, we showed that over-expression of Csf2 (that encodes for GM-CSF) was a Dectin-1-dependent feature of BG-induced priming of macrophages. Further experiments confirmed that GM-CSF up-regulated Dectin-1 cell surface expression and amplified macrophages response along BG-mediated training. However, the blockade of GM-CSFR demonstrated that GM-CSF was not primarily required for BG-induced training of macrophages although it can substantially improve it. In addition, we found that mouse macrophages trained with BGs upregulated their expression of the four and a half LIM-only protein 2 (Fhl2) in a Dectin-1-dependent manner. Consistently, we observed that intracellular levels of FHL2 increased after stimulation of macrophages with BGs. In conclusion, our experiments provide new insights on GM-CSF contribution to the training of cells from the monocytic lineage and highlights FHL2 as a possible regulator of BG-associated signaling.

Keywords: β-glucans, macrophage, trained immunity, Dectin-1, GM-CSF


INTRODUCTION

The immune system has the complex task of detecting invading pathogens, a critical step in mounting efficient mechanisms of defense. For that, innate immunity has evolved an elaborated system of pathogen surveillance with a wide variety of receptors also referred as pathogen recognition receptors (PRRs) encompassing toll-like and C-type lectin receptors (TLRs and CLRs) (1, 2). These receptors are highly expressed by innate immune cells from the monocytic lineage and are able to recognize a broad spectrum of highly conserved micro-organisms-associated molecular patterns (MAMPs). The nature of MAMPs shapes the immune response orchestrated by macrophages and dendritic cells (3). Among CLRs, Dectin-1 is essential for mounting an effective innate immune response to fungal pathogens, as demonstrated in vivo by several authors using Clec7a-deficient mice (4–6). The recognition of β-glucans (BGs) from the cell wall (CW) of various fungi, including yeasts, by Dectin-1 induces a Syk/CARD9 signaling cascade (7–11). Soluble BGs from Grifola frondosa have also been shown to stimulate the production of GM-CSF, a hematopoietic growth factor that could mediate part of their immunostimulant activity (12, 13). Indeed, in collaboration with Dectin-1 engagement, GM-CSF was shown to synergistically and robustly initiate a BG-specific inflammatory response in macrophages as well as in dendritic cells (12–15).

Moreover, it was demonstrated that TLR and Dectin-1-associated signaling pathways could synergize to enhance macrophages response against pathogenic fungi as Candida albicans, Aspergillus fumigatus, and Pneumocystis carinii (6, 16–19). Indeed, the combination of TLR2/4 and Dectin-1-dependent stimuli, such as those constituting yeasts CW, including mannans, phospholipomannans, and BG, triggers a strong activation of macrophages secreting high levels of inflammatory cytokines (17, 20–22). However, we recently demonstrated that preferentially targeting Dectin-1 through BG enrichment from Saccharomyces cerevisiae (Sc) CW only elicit low or no relevant cytokine or chemokine production in mouse macrophages (23). And yet, several studies have brought pieces of major evidence that pre-exposure to C. albicans or C. albicans-derived BG could enhance the response of human monocytes to a secondary stimulation with TLR ligands, while respecting a 6-day resting period between pretreatment and re-stimulation (24, 25). This effect is now referred as BG-mediated immune training of monocytes (26, 27). Recent findings highlighted some molecular mechanisms involved in this long-term trained immunity model, including a metabolic shift toward aerobic glycolysis (a feature of cell activation and proliferation) via PI3K/AKT/mTOR pathway (28) and epigenetic modifications (29) in BG-trained human monocytes. Although GM-CSF priming was very recently shown to increase responsiveness to lipopolysaccharide (LPS) in a short-term model of training (30), less is known regarding its role in BG-related trained immunity.

If producible to a large scale, C. albicans BG could be highly promising molecules to develop immunotherapeutic strategies where reprogramming of monocytes is required. Thus, we thought that Sc BG, presenting a quite analogous structure to those from C. albicans and industrially obtainable, could be used as surrogates, provided they share a similar ability to prime mononuclear phagocytes. In the perspective of deciphering the mechanisms underlying this effect and more convenient in vivo investigations, we attempted to establish a short-term model of trained immunity (devoid of resting period between both stimulations) with mouse macrophages.

By combining cellular and molecular approaches, we confirmed that pre-exposure of mouse macrophages with Sc BG promoted intense cytokine production upon secondary stimulation with TLR agonists. Through microarray analysis, we highlighted significant transcriptional modifications specific from BG pretreatment. Among these, Csf2 and Fhl2 over-expression was further investigated to evaluate their potential contribution to BG-induced priming of mouse macrophages.



MATERIALS AND METHODS


Reagents

Cell culture media RPMI 1640 GlutaMAX™ and DMEM GlutaMAX™, PBS, non-essential amino acids (NEAA), sodium pyruvate and antibiotics [Penicillin–Streptomycin (Pen–Strep™), Gentamicin™, Normocin™, and Zeocin™] were purchased from GIBCO (Life Technologies). Fetal bovine serum (FBS) was provided by Eurobio, France. Zymosan (Zym), particulate and dispersible whole glucan particle (WGPd, Biothera) and soluble whole glucan particle compounds (WGPs, Biothera) and curdlan (Curd), a linear β1,3-glucan extracted from Alcaligenes faecalis, synthetic triacylated lipoprotein Pam3CSK4 (Pam3) and ultraPure LPS from Escherichia coli O111:B4 were purchased from InvivoGen (France). BG compounds of interest were extracted from the same strain of S. cerevisiae owned by Phileo-Lesaffre Animal Care. Their composition was already described in a recent study (23). The previous name given to the crude compounds BG15 was replaced in this study by ScCW for better understanding and more convenience.



Animals

Wild type (WT) C57Bl/6 mice were purchased from Janvier Labs (St Berthevin, France) and Clec7a−/− mice (5) were originally provided by Pr. Gordon Brown (University of Aberdeen, Scotland) and were bred in-house. Eight- to 12-week-old C57Bl/6 Clec7a−/− mice and their strain-matched WT controls from both sexes were housed under pathogen-free conditions in an accredited research animal facility of the National Veterinary College (UMR IHAP, Toulouse, France). This study was carried out in strict accordance with the Federation of European Laboratory Animal Science Association guidelines (FELASA). Experiments were performed by FELASA accredited investigators (no. 311155580) and approved by the local ethics committee, “Science et Santé Animale” (SSA). All efforts were made to minimize animal pain and distress.



Cells and Bacteria


NFκB/AP-1 Activity Using Reporter Cell Line

The NFκB/AP-1 reporter RAW-Blue™ Cells (InvivoGen™) were cultured and propagated according to the manufacturer’s recommendations. The NFκB/AP-1 activity was assessed as described in Walachowski et al. (23). RAW-Blue™ macrophages (1 × 105 cells/well) were stimulated with 100 µg/mL of BG-containing preparations (ScCW, BG65, and BG75) for 8 h. Supernatants were then removed and 100 ng/mL of ultraPure LPS was added in each well for the rest of the stimulation period. Supernatants were collected and stored at −20°C or processed immediately. Secreted embryonic alkaline phosphatase was measured using a colorimetric enzymatic assay. Supernatants were incubated with Quanti-Blue™ (InvivoGen) 25% v/v. for 2 h at 37°C, and optical density (OD 650 nm) was measured (VERSAmax plate reader, Molecular Devices).



Bacteria

Staphylococcus aureus N305 and E. coli P4 strains were prepared as described previously by Accarias et al. (31) using growth medium adapted to each strain of bacteria [tryptic soy broth for N305 and Lysogeny broth (LB) for P4]. Briefly, a 100-fold dilution of the overnight bacteria culture was grown in medium to mid log phase to obtain an OD600 nm of around 1. After cautious washing and homogenization, the concentration of bacteria was estimated by measuring the absorbance at 600 nm (considering that 1 D.O. unit corresponds to 5 × 108 CFU/mL) and was adjusted to the desired concentration. CFUs were further determined in serially diluted inoculum after 24 h of culture on agar plates.



Primary Cell Culture and Functional Assays

Murine wild type or Clec7a−/− bone marrow-derived macrophages (BMDM) were obtained as described previously (31). Inflammatory peritoneal macrophages were elicited and handled as previously described (23). BMDM and thioglycollate-elicited peritoneal macrophages (TEPM) (1 × 105 cells/well) were seeded in 96-well tissue culture plates for 16 h in complete RPMI until complete adherence (37°C, 5% CO2). Non-adherent contaminating peritoneal cells were eliminated by repeating three gentle washings of wells with pre-warmed culture medium or PBS. After stimulation with Sc BG compounds or Dectin-1 ligands controls (WGPd, WGPs or Zym) for 8 h, supernatants were removed and cells were then stimulated with 100 ng/mL of ultraPure LPS or Pam3, or with live bacteria (S. aureus N305 or E. coli P4 strains, MOI = 10) for 1 h followed by 16 h incubation with cell culture medium supplemented with Gentamicin™. Supernatants were then collected, complete protease inhibitor cocktail (Roche, France) was added in infected conditions, and supernatants were finally stored at −20°C or −80°C until further use.

For the dose-dependent experiments, BMDM were pre-incubated with 1:10 serial dilution of BG75 from 0.1 to 100 µg/mL before another 16 h LPS stimulation. For the two kinds of kinetics assays, several time points were used for BG incubation (1, 4, 8, or 16 h) before 16 h of LPS stimulation as well as for LPS stimulation (1, 4, 8, or 16 h) after 8 h of BG incubation.

For short-term model of immune training, cells were pretreated with BG75 or complete RPMI as above. After the first incubation, BMDM were washed with warm PBS and maintained in complete RPMI for 24 or 72 h. Thereafter, cells were submitted to a secondary stimulus using 100 ng/mL of ultraPure LPS for 16 h. For GM-CSF and M-CSF influence analyses, BMDM were first pre-incubated for 2 h with recombinant GM-CSF (rGM-CSF, 5 ng/mL, PeproTech, Rocky Hill, NJ, USA) or M-CSF (rM-CSF, 5 ng/mL, PeproTech, Rocky Hill, NJ, USA), or using serial 10-fold dilutions as described in corresponding figure legends. Cells were then stimulated with 100 or 10 µg/mL of BG75 for 8 h followed, where applicable, by 16-h LPS stimulation.

For blocking antibody assays, macrophages were pre-incubated with blocking anti-GM-CSFR antibodies or their isotype control (Novus Biologicals, CO, USA) for 1 h, followed by incubation with rGM-CSF (100 pg/mL) for 2 h. Then BMDM were treated with BG75 (100 µg/mL) for 8 h and further stimulated with 100 ng/mL of LPS for 16 h. All triplicate supernatants were harvested and handled as previously described before cytokine measurement.




Quantification of Cytokines and Chemokines by ELISA

TNFα, IL-6, and IL-1β (Biolegend, Ozyme-France) and GM-CSF (R&D Systems, France) levels in culture supernatants were assayed using individual cytokine detection kits according to the manufacturer’s recommendations. Data are expressed as the mean ± SD and are representative of three individual experiments performed in triplicate.



Dectin-1 and CD11b Surface Expression Analysis by Flow Cytometry

Wild-type BMDM were incubated with rGM-CSF (5 ng/mL) or rM-CSF (5 ng/mL) or medium for 2 h. Supernatants were discarded and cells were collected using cold PBS supplemented with 5 mM EDTA. After harvest, cells were centrifuged (300 g, 5 min) and absolute macrophages number was determined by flow cytometry (MACSQuant, Miltenyi Biotech, Germany). BMDM were pre-incubated with anti-CD16/CD32 (Biolegend, Ozyme-France) to block FcγRII/III receptors and then incubated with the following fluorochrome-conjugated mAbs: anti-Dectin-1 (2A11; AbD serotec) or its isotype control IgG1 (A110-1, BD biosciences Pharmingen) and anti-CD11b (M1/70, Biolegend) or its isotype control. A 7-AAD staining (Biolegend, Ozyme-France) was used to discriminate death cells and doublets of cells were excluded with a gating on FSC-H/FSC-A. The acquisition was performed on 1 × 105 cells using MACSQuantify software (Miltenyi Biotech, Germany). Data were analyzed with FlowJo software (FlowJo LLC, USA).



Microarray Analysis

After stimulation with Sc BG compounds and then with ultraPure LPS, BMDM were lysed in Buffer RLT (Qiagen, Hilden, Germany) and was subjected to RNA extraction using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA was quantified with a NanoDrop®1000 spectrophotometer and NanoDrop 1000.3.7 software.

RNA quality assessment and microarray experiment were performed at the GeT-TRiX platform (INRA, Toulouse, France). RNA quality was assessed using the Agilent RNA 6000 Nano Kit on BioAnalyzer and 2100 Expert Software (Agilent Technologies, Santa Clara, CA, USA). RNA samples with RNA integrity number more than 8.5 were chosen to be prepped for further analysis. A total RNA material of 100 ng was amplified and labeled using a Low Input QuickAmp Labeling kit (Agilent Technologies, Santa Clara, CA, USA). RNA were hybridized to Agilent Sure Print G3 Mouse GE 8 × 60K microarrays, washed, stained, and scanned on an Agilent G2505C instrument following the manufacturers’ protocols. Agilent Feature Extraction software was used to analyze signal intensity values of the spots generated from the scans. Post-hybridization quality controls were done to eliminate outliers and irrelevant data from the expression data set. Background was subtracted and data were normalized using Agilent procedure. All validated and normalized transcripts expression data were processed using the Agilent GeneSpring GX software.

All entities with flag values present in at least 1 out of the eight conditions were considered. Statistical analysis (two-way ANOVA) was used to generate a unique list of up- or downregulated entities with associated Benjamini–Hochberg false discovery rate corrected p-value and fold change (FC) and for hierarchical clustering. Transcripts with detection p-value of less than or equal to 0.001 in at least one sample were selected for further analysis. A filter was set to include only transcripts that had at least 1.5-FC compared to the LPS-stimulated cells without BG treatment control.

Using Ingenuity Pathway Analysis (IPA) software, a final list of unique identified genes (p-value <0.001 and absolute FC ≥2) was generated after selection of mapped entities and deduplication exercise on them, and which was then used to perform IPA bio-function analysis. IPA categorized modulated genes according to p-values (calculated by the Fisher exact test) and z-scores. The z-score predicts the direction of change of a function: a function is increased when z-score is ≥2 and decreased when z-score ≤2. IPA also calculated a bias-corrected z-score to correct dataset bias (i.e., when there are more up- than downregulated genes in a bio-function or vice-versa). Lists of modulated genes (FC ≥1.5) were also processed using InnateDB online tool to identify the biological functions associated with the primary BG compounds treatment (p-value <0.001). All data files have been deposited in NCBI’s Gene Expression Omnibus and are accessible through GEO series accession number GSE101959 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE101959).



Gene Expression by Quantitative Polymerase Chain Reaction Analysis

Total RNA (300 ng) was reverse transcribed using the SuperScript III First-Strand Synthesis Super Mix Kit (Invitrogen) as per the manufacturer’s protocol. Quantitative PCR was performed individually with Power SYBR Green PCR Master Mix (Applied Biosystems) and LightCycler™ 480 (Roche, France) for Csf2 and Fhl2; or with the Biomark HD System (Fluidigm, France) at the GeT-PlaGe genotyping service platform (INRA, Toulouse, France) according to the manufacturer’s recommendations. For individual quantification, dissociation curves analysis was performed at 40 cycles to verify the identity of PCR product. Primer3plus software was used to design the primers (Table S1 in Supplementary Material) and housekeeping genes were selected with GeNorm Software. The abundance of mRNA of interest was normalized to that of Sdha, Rpl9, and Hprt1 and relative expression was calculated using the 2−ΔΔCt method. The comparative threshold cycle values are expressed as arbitrary unit.



Western Blot

After 8 h of Sc CW extracts stimulation, WT BMDM were exposed to 100 ng/mL of ultraPure LPS for 16 h. Supernatants were removed and cells were then lysed in RIPA lysis buffer supplemented with 5 mM EDTA and protease inhibitor (Pierce™, USA). Lysates were centrifuged (14000 rpm, 10 min), pellets were discarded and proteins concentrations were determined using BCA kit (Pierce™, USA). Following a 1:1 dilution in Laemmli buffer (Biorad, CA, USA), 10 µg of total protein were separated on NuPAGE® 4–12% Bis-Tris Mini gels (1.0 mm, 12 wells, Invitrogen™) and blotted onto nitrocellulose membrane (0.2 µm, Invitrogen™) using the XCell SureLock™ Mini gel system (Invitrogen™, USA). After blocking with 1% BSA and 0.05% Tween 20 (Sigma-Aldrich®, USA) in Tris-Buffer Saline (TBS, Euromedex, France), the membrane was stained with primary anti-FHL2 (F4B2-B11) and anti-β-actin (C4) as loading control mAbs (Santa Cruz Biotechnologies, Germany) at 4°C, overnight. The membrane was then washed in TBS with 0.05% Tween 20 and incubated with goat anti-mouse antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch, PA, USA) for 1 h at room temperature. Signals were detected with Clarity™ Western ECL substrate and the ChemiDoc™ MP instrument according to the manufacturer’s instructions (Biorad, CA, USA). Image Lab software was used for minor linear adjustments in contrast, if needed and the quantitative tool was used to determine the relative quantity of FHL2 protein in each sample as compared to the reference value (fixed to 1) corresponding to the untouched macrophages condition.



Statistical Analysis

All experiments were performed three times unless otherwise specified and data are expressed as the mean ± SD of the values from all experiments. Each condition was performed in triplicate. Statistical significance was assessed using a two-tailed unpaired Student’s t-test or a two-way ANOVA analysis (as stated in the figure legends) with a threshold set at p < 0.05. Mean values shown with different letters on plots are significantly different. For these analyses, we used XLStat (Addinsoft, France) and GraphPad Prism 5 (San Diego, CA, USA) softwares.




RESULTS


Priming with S. cerevisiae BGs Enhances the Macrophage Response to Secondary Stimulation with TLR Ligands in a Dectin-1-Dependent Manner

In vitro, pre-incubation of TEPM with various yeast CW-derived products resulted in different degrees of cytokine production. As previously published (23), unpurified or poorly purified products such as Zym or crude CW induced strong cytokine secretion as measured in the culture supernatants (Figure 1A). In comparison, the secretion induced by particulate BG-enriched products was lower but still significant if compared to mock or soluble BG (WGPs) which seemed devoid of activity. The results appeared strikingly different when pre-incubated macrophages were further stimulated with LPS. Indeed, pre-treating TEPM with BG (BG65, BG75, and WGPd) enhanced their response to LPS by at least a factor of 10 compared to untreated cells or cells pretreated with WGPs. Surprisingly, ScCW or Zym preparations, despite the presence of low concentrations of BG, did not amplify TEPM response to LPS. We next confirmed these observations by using BMDM pre-incubated with crude CW (ScCW) or purified BG (BG65/BG75) and further stimulated with various TLR agonists (Figure 1B). As with TEPM, pretreating BMDM with BG dramatically enhanced their response to TLR agonists whether these were presented to macrophages as purified molecules (TLR4: LPS, TLR2: Pam3) or in the context of living Gram-positive or Gram-negative bacteria (S. aureus and E. Coli, respectively). This effect was observed for the three inflammatory cytokines TNFα, IL-6, or IL-1β, and again, pretreatment with ScCW (or Zym, data not shown) did not allow significant priming of the macrophage response. Given significant levels of IL-1β measured in BG-enriched pretreatment conditions, we evaluated the viability of BMDM using Propidium Iodide labeling assay. Any difference of fluorescence between mock and BG75-pretreated experimental conditions was detected before or after LPS stimulation, meaning that cells were perfectly viable in our short-term training model (Figure S1 in Supplementary Material).
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FIGURE 1 | BG-enriched preparations of Saccharomyces cerevisiae cell wall (ScCW) prime the macrophage response predominantly via Dectin-1 upon toll-like lectin receptor (TLR) ligands or whole bacteria exposure. Wild-type (WT) thioglycollate-elicited peritoneal macrophages (A) and WT or Clec7a−/− bone marrow-derived macrophages from C57BL/6 mice (B,C) were stimulated with 100 µg/mL of crude (ScCW) or BG-enriched (BG65, BG75) compounds for 8 h. After incubation, cell culture supernatants were collected [panel (A) on the left, white bars] and stored at −20°C. Cells were then stimulated with 100 ng/mL of ultraPure lipopolysaccharide (LPS) for 16 h [panel (A) on the right: dark bars, (B) and (C)] or Pam3CSK4 (Pam3) [(B) and (C)]. For the stimulation with live bacteria, Staphylococcus aureus N305 or Escherichia coli P4 strains were used at MOI = 10 for 1 h, followed by 16 h incubation with cell culture medium supplemented with Gentamicin™ (B) and (C). At the end of the incubation, supernatants were collected and immediately stored at −20°C. TNFα, IL-6, and IL1β were quantified by ELISA. Data are expressed as the mean ± SD from three independent experiments performed in triplicate. In (A,C), a Student’s t-test was used to assess significance between conditions (*p < 0.05; **p < 0.01) and mean values not sharing the same letter in (A) are significantly different. In (B), a two-way ANOVA with Bonferroni post-tests was used to compare pretreatment conditions (*p < 0.05; **p < 0.01, ***p < 0.001).


Bone marrow-derived macrophages from Clec7a−/− mice, which do not express Dectin-1, the main surface receptor of BG, were then used to evaluate the influence of the Dectin-1 pathway in the ability of BG to prime macrophages. Whereas the absence of Dectin-1 had no effect on the ScCW-mediated response, it significantly inhibited the ability of BG to prime BMDM response against TLR agonists (Figure 1C). Nevertheless, this inhibition was only partial and led to a reduction by 60% on average of cytokine production. Moreover, the surface expression of TLR4 on BMDM was evaluated after BG pretreatment, and we showed that the BG-induced exacerbated cytokine response observed following a secondary LPS stimulation is not explained by an upregulation of TLR4 levels at the surface of BMDM (Figure S2 in Supplementary Material). Of interest, priming of macrophages was perfectly correlated with the dose of BG used during pretreatment (Figure 2A). We determined that 1 µg/mL was enough to prime macrophages although concentrations higher than 10 µg/mL were significantly more efficient. Next, we evaluated the incubation time needed for BG to exert their priming effect on the macrophage response to secondary stimuli. First, the simultaneous addition of BG or ScCW and LPS (co-stimulation) or short pre-incubation times (up to 4 h) only resulted in a slight increase of the macrophage response reflecting the previously described synergism between TLR and Dectin-1 pathways (6, 17, 19). By contrast, longer pre-incubation times allowed a significant priming of macrophages but exclusively when using BG-enriched preparations (Figure 2B). In parallel, we also assessed importance of the time for the secondary stimulation to maximize cytokine production. By doing so, we observed that, as expected, TNFα levels produced in response to LPS stimulation rose with the incubation time (Figure 2C). However, for shorter LPS incubation times (from 1 up to 8 h), no difference was noticed between TNFα levels produced by untreated or BG-pretreated macrophages. Thus, at least 16 h of incubation with LPS were needed to observe significant differences between pretreatment conditions. A good correlation was identified between NFκB/AP-1 activity and incubation times after LPS stimulation. However, after 16 h of incubation, the levels of TNFα secretion and NFκB/AP-1 activity did not match (Figure 2D), suggesting that the increased secretion of cytokine induced by BG pretreatment did not rely on NFκB/AP-1 activity. Finally, we evaluated how long the priming effect of BG on macrophages lasted. As shown in Figure 2E, enhancement of the macrophages response to LPS could be observed at least up to 72 h after BG pretreatment. This was also observed for longer latency times and up to 5 days (data not shown). Taken together, these results indicate that BG priming is a slow process that probably involves de novo protein synthesis and induces profound and long-lasting changes in macrophage biology and phenotype.
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FIGURE 2 | β-glucans (BGs) prime the production of TNFα in macrophages via a late and dose-dependent mechanism lasting beyond BG incubation. (A,B,E) bone marrow-derived macrophages (BMDM) were subcultured in 96-well plates. (A) Cells were incubated for 8 h with a 10-fold serial dilution from 100 to 0.1 µg/mL of BG75. After supernatant removal, BMDM were then stimulated with 100 ng/mL of ultraPure lipopolysaccharide (LPS) for 16 h. Supernatants were collected at the end of the incubation for further analysis. (B) Cells were stimulated for 1, 4, 8, 16, and 24 h with 100 µg/mL of BG-containing products (ScCW, BG65, and BG75). Supernatants were discarded and 100 ng/mL of ultraPure LPS was added in each well for 16 h incubation. Supernatants were immediately collected and stored at −20°C. TNFα was measured using ELISA and data are expressed as the mean ± SD from two independent experiments performed in triplicate. (C,D) NFκB/AP-1 reporter RAW-Blue™ macrophages were treated with 100 µg/mL of BG-containing compounds for 8 h before stimulation with 100 ng/mL of ultraPure LPS for 1, 4, 8, or 16 h. At the end of the incubation, supernatants were harvested and stored at −20°C until further use. NFκB/AP-1 activity was determined by a colorimetric enzyme assay where cell culture supernatants were incubated with Quanti-Blue™ reagent before reading OD at 650 nm. TNFα was quantified by ELISA. Data are expressed as the mean ± SD from three independent experiments performed in triplicate. (E) BMDM were incubated for 8 h with 100 µg/mL of BG75 or control. After supernatant removal, fresh medium was added for further 24 or 72 h (resting time) and cells were stimulated with 100 ng/mL of ultraPure LPS for 16 h. Supernatants were collected and stored at −20°C. TNFα was measured using ELISA and data are expressed as the mean ± SD from three independent experiments performed in triplicate. Mean values not sharing the same letter are significantly different according to the Student’s t-test (p < 0.05). For (B–D), results of statistical analyses are displayed for comparisons between each compound according to the incubation time.




Transcriptome Analysis Reveals Specific Hallmarks of BG-Primed Macrophages

To get further insight on how BG altered macrophages responsiveness, we performed a gene expression analysis by microarray. Gene expression profiling was performed in BMDM pretreated with ScCW, BG65, and BG75, or mock controls for 8 h, and then stimulated with LPS for 4 and 8 h. Using a two-way ANOVA with a false discovery rate of 0.001 and a fold expression difference of at least 1.5, we determined differentially expressed genes (DEG) between conditions of priming: BG65, BG75, or ScCW versus mock (Figure 3A). A total of 787/670 (4 h) and 935/664 (8 h) DEG were found when comparing BG65/BG75 versus mock. Comparatively, ScCW pretreatment modified the expression of a greater number of genes (2,268 and 1,627 at 4 and 8 h, respectively). Microarray results were confirmed using RT-qPCR on a different set of samples. qPCR results were strongly correlated with the microarray results for all the genes that were evaluated (n = 26 genes), with a Pearson’s correlation coefficient of 0.57 (p-value <0.001), and confirmed most of the microarray results (Figure S3A in Supplementary Material).
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FIGURE 3 | Gene expression profiling reveals specific hallmarks of β-glucan (BG)-pretreated macrophages after lipopolysaccharide (LPS) exposure. Wild-type bone marrow-derived macrophages (BMDM) were cultured in 24-well plates and treated with 100 µg/mL of the set of three BG extracts for 8 h in triplicate. After incubation, supernatants were removed and cells were stimulated with 100 ng/mL of ultraPure LPS for 4 or 8 h. A microarray analysis was performed using Agilent mRNA transcriptomic analysis. After quality control and normalization, data were analyzed using Agilent GeneSpring GX software by two-way ANOVA and Benjamini–Hochberg post hoc correction. Transcripts with a p-value of less than or equal to 0.001 and a fold change (FC) value of at least 1.5 between conditions in at least one sample were selected for further analysis. (A) Venn diagrams showing the overlap of upregulated (↑) and downregulated (↓) genes in each condition were obtained using VENNY 2.0. (B) Unsupervised hierarchical clustering (Euclidian distance) of transcriptional profiles, displayed as a heatmap of FC expression values, from BG-treated BMDM compared to non-treated BMDM upon LPS exposure. Each row represents a transcript and each column an individual sample. The heatmap shows 4 clusters constituted by entities with a p-value of 0.001 for which FC were greater than 5 compared to mock plus 8 h LPS-stimulated cells. Red indicates over-expressed and blue indicated under-expressed transcripts. (C) Based on a comparison of FC expression values between BG pretreatments and the non-pretreated condition upon 8 h of LPS exposure obtained from GeneSpring software (FC >1.5), we performed a pathway over-representation analysis using Innate DB. Significant pathways which p-values (calculated by the hypergeometric algorithm) were lower than 0.05 are displayed for each BG pretreatment condition (threshold value–log p-value = 1.30).


Based on a fold difference above 5, DEG were organized by hierarchical clustering (Euclidian distance) according to similarities in the expression profiles. Conditions with BG65 and BG75 clustered together in contrast to ScCW and mock conditions that remained separated, and so whatever the time point analyzed (Figure 3B). The discrimination was also confirmed by principal component analysis (data not shown). Two gene clusters (1 and 3) were associated with pretreatment of macrophages with BG. Cluster 1 was composed of only three differentially up-regulated genes by BG65/75: Csf2, Fhl2, and Cish that presented the highest FC compared to mock (Table 1, A). Interestingly, these genes were poorly modulated in ScCW pretreatment condition. Consequently, genes from cluster 1 could be considered as hallmarks of BG-enriched pretreatment of macrophages. Cluster 3 was also associated with BG pretreatment and comprised 40 DEG. However, these genes were also modified in ScCW condition but with a lower FC compared to BG pretreatment. The comparison between BG75 and ScCW pretreatments confirmed that, although ScCW contains very limited BG (15%), stimulation with BG-enriched preparations triggered specific pathways in macrophages (Table 1, B). Clusters 2 and 4 comprised genes specifically modulated by ScCW pretreatment. Cluster 2 comprised 35 genes that were downregulated in ScCW condition but precociously (after 4 h of LPS stimulation) over-expressed in mock and BG conditions. Cluster 4 comprised 47 genes significantly upregulated after 8 h of LPS exposure (and to a lesser extent at 4 h) but exclusively in ScCW-pretreated macrophages. By contrast, these genes were down-modulated in mock or BG pretreatment conditions (Table S2 in Supplementary Material). These results demonstrate that pretreatment of macrophages with BG-enriched preparations induced the modulation of a specific array of genes that were distinct from those modulated by ScCW pretreatment.


TABLE 1 | Top-10 list of the most differentially expressed genes after BG75 treatment upon lipopolysaccharide (LPS) exposure.
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Based on these panels of DEG, we performed a functional analysis using InnateDB online tool to uncover macrophage pathways that were significantly influenced by each pretreatment. Among the pathways identified (with a corrected p-value <0.05), some were clearly specific to each pretreatment whereas some were shared (Figure 3C; Figure S3B in Supplementary Material). JAK–STAT signaling and regulation and hematopoietic cell lineage pathways were targeted by BG and ScCW pretreatments in a similar extent. By contrast, although commonly targeted, cytokine–cytokine receptor interactions and G-protein-coupled receptors (GPCRs) signaling (strongly associated with Csf2 overexpression) appeared much more induced by BG65/75 pretreatments and this was compatible with the enhanced cytokine response observed (Figure 1). Compared to BG-enriched conditions, ScCW showed a significant enrichment for TLR signaling pathways associated with MyD88 cascade, complement activation, and also functions linked to leukotriene and P2Y (Purinergic GPCRs) receptors (GPCRs signaling). This result confirmed that ScCW pretreatment significantly stimulated TLR cascade in macrophages (Figure 1A). By contrast, we identified functions specifically triggered by BG pretreatment mainly related to PI3K/AKT pathway (cascade, activation, and events in ERBB2, SCF-KIT, and DAP12 signaling). In line with this result, we observed a significant increase of NAD+/NADH ratio in macrophages following BG75 exposure, a biological feature linked to aerobic glycolysis (Warburg effect) and activation of cell metabolism through PI3K/AKT signaling (Figure S4 in Supplementary Material). Moreover, several genes coding for chemokines and chemokines receptors (Cxcl1, Cxcl2, Cxcl5, Ccl17, or Cxcr6, etc.) were upregulated by BG pretreatment leading to enrichment of this pathway in our analysis. Finally, osteoclasts differentiation pathway appeared significantly and specifically associated with BG condition as a result of the overexpression of Fhl2.



GM-CSF Enhances BG Signaling but Is Not Primarily Involved in the Improvement of BG-Primed Macrophage Response to a Secondary TLR Stimulus

We first confirmed by RT-qPCR that, as observed in the microarray analysis, Csf2 expression was dramatically upregulated in macrophages pretreated with BG and further stimulated by LPS (Figure 4A). This induction appeared highly associated with BG signaling in macrophages, as a huge difference of expression could be observed with BG-enriched preparations and ScCW or mock. At the protein levels, the quantification of GM-CSF (Csf2 expression product) by ELISA confirmed data from the gene expression analysis and showed an increased production of GM-CSF that correlated with the degree of BG enrichment after a secondary LPS stimulation (Figure 4B). Taken together, these data strongly suggested that GM-CSF production by macrophages was highly associated with BG recognition by macrophages. The use of Dectin-1-deficient macrophages in this model of pretreatment/stimulation induced a strong inhibition of GM-CSF secretion and confirmed that Dectin-1 signaling is essential in this process (Figure 4B). In a previously published study, we demonstrated that Csf2 expression was readily induced in macrophages stimulated by BG only (23). We also reported that macrophages stimulation with BG resulted in a very marginal secretion of inflammatory cytokines. It has been previously demonstrated that Curd, a linear β(1,3)-glucan from A. faecalis, a gram negative bacterium, could synergize with GM-CSF and confer a strong inflammatory signature to dendritic cells (14). Thus, we examined the influence of recombinant GM-CSF on macrophage activation by BG. As previously observed, BG stimulation on its own induced a very low cytokine production (<50 pg/mL) by macrophages cultured in the absence of growth factors (Figure 4C). However, pre-incubating macrophages with rGM-CSF (5 ng/mL) for 2 h before BG stimulation dramatically increased the resulting levels of cytokine secretion. This effect appeared highly associated with rGM-CSF as pre-incubation with rM-CSF (Csf1 expression product), another major hematopoietic factor influencing macrophages growth, differentiation, and phenotype, did not allow increase of cytokine secretion levels. Using flow cytometry, we confirmed that, as previously described (15), rGM-CSF significantly upregulated the expression of Dectin-1 at the macrophage cell surface (Figure 4D). This effect was not reproduced by pre-incubating cells with rM-CSF. Furthermore, rGM-CSF had no effect on the expression of CR3 (CD11b), another BG receptor. These results suggested that GM-CSF could significantly amplify BG signaling by increasing Dectin-1 expression and consequently be strongly involved in the improved response of BG-primed macrophages to secondary TLR stimuli. And, indeed, pre-incubation of macrophages with rGM-CSF (5 ng/mL) significantly improved this priming and resulted in levels of TNFα secretion higher than the secretion by macrophages pre-incubated with rM-CSF or cultured in the absence of stimulating factors (Figure 4E). Of note, rGM-CSF alone induced a moderate increase of cytokine production upon LPS secondary stimulation. At this step, we could not exclude an endogenous production of GM-CSF during the priming step of macrophages with BG. In a previous study, we showed that macrophage stimulation with BG led to the detection of low levels of GM-CSF secretion (from 1 to 5 pg/mL) (23). Thus, we evaluated the effect of rGM-CSF in a dose-dependent manner using our stimulation model and observed that 10 pg/mL of rGM-CSF were sufficient to improve the priming of macrophages by BG (Figure 4F). As this dose was not very far from the endogenous levels of production previously measured in BG-treated macrophages, we blocked the GM-CSF activity by using a GM-CSFR blocking antibody. For these experiments, we used rGM-CSF (100 pg/mL) to validate blocking conditions. As expected, in the absence of blocking antibody, the pretreatment of macrophages with BG enhanced the response to LPS stimulation and addition of rGM-CSF significantly improved the priming of macrophages by BG (Figure 4G). The addition of anti-GM-CSFR completely abolished this gain of response and confirmed that our experimental conditions allowed blocking the activity of at least 100 pg/mL of GM-CSF. However, the intrinsic ability of BG to prime macrophages response was not affected by the addition of anti-GM-CSFR antibody. This, finally, demonstrated that GM-CSF could improve macrophages priming by BG but was not primarily involved in this mechanism.
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FIGURE 4 | Csf2 upregulation induced by BG-enriched compounds treatment and lipopolysaccharide (LPS) exposure is mainly Dectin-1-dependent. Wild-type or Clec7a−/− bone marrow-derived macrophages (BMDM) were stimulated with 100 µg/mL of the various BG-containing compounds for 8 h. After incubation, cell culture supernatants were removed and 100 ng/mL of ultraPure LPS or medium was added in each well for 8 h (A) or 48 h (B). (A) Supernatants were discarded and BMDM were lysed in RLT lysis buffer. Total RNA was extracted as described before and retro-transcribed. Csf2 expression was determined by quantitative PCR after normalization with three housekeeping genes (Sdha, Rpl9, and Hprt1). Fold change (FC) data are expressed as the mean ± SD as compared to the mock condition in three independent experiments. Mean values not sharing the same letter are significantly different according to the Student’s t-test (p < 0.05). (B) After incubation, cell culture supernatants were harvested and stored at −20°C. GM-CSF was measured by ELISA. (C–E) WT BMDM were pre-incubated 2 h with rGM-CSF (5 ng/mL) or rM-CSF (5 ng/mL) or medium. (C) Cells were further stimulated with 100 µg/mL or 10 µg/mL of BG75 for 8 h. Cell culture supernatants were then removed and TNFα was quantified by ELISA. (D) After incubation, cells were harvested to assess surface expression of Dectin-1 and CD11b by flow cytometry. Expression data of Dectin-1 or CD11b are presented as overlaid histograms for each condition. (E) After pre-incubation with rGM-CSF, rM-CSF, or medium, BMDM were treated with 100 or 10 µg/mL of BG75 for 8 h before further stimulation with 100 ng/mL of ultraPure LPS or medium for 16 h. Supernatants were collected and TNFα was measured by ELISA. (F) BMDM were pre-incubated for 2 h with 10-fold serial dilutions of rGM-CSF from 0.1 to 1000 pg/mL, before assessment as in (E). (G) In this experiment, BMDM were first incubated with an anti-GM-CSFR monoclonal antibody or its isotype control for 2 h. rGM-CSF (100 pg/mL) was added to cells for 2 h as a positive control for neutralization. Cells were then stimulated as in (E). Data are expressed as the mean ± SD from two independent experiments performed in triplicate. Mean values not sharing the same letter are significantly different according to the Student’s t-test (p < 0.05).




Specific Induction of FHL2 by BG-Enriched Pretreatment Is Dectin-1-Dependent

Significant Fhl2 upregulation in BG-enriched conditions upon a secondary LPS stimulation was confirmed by qPCR (Figure 5A). As Fhl2 expression seems to be highly correlated with the degree of purity of BG in the preparations we used, we next investigated the influence of Dectin-1 on Fhl2 transcription following incubation with BG compounds. WT and Clec7a−/− BMDM from C57Bl/6 were incubated 8 h with BG65/75 and ScCW to examine Fhl2 expression. In WT or Clec7a−/− cells, the gene was basically poorly expressed and even following treatment with ScCW (Figure 5B). However, induction of Fhl2 was triggered by BG65 or BG75 pretreatments (around 5-fold upregulations) in WT cells. Interestingly, Dectin-1-deficiency entailed a severe loss of Fhl2 induction following BG65 treatment and almost abolished it after BG75 incubation. Western Blotting on BMDM lysates confirmed that FHL2 protein was more abundant after pretreatment with BG65 and BG75 (at least 2-fold more as compared to mock) than with ScCW following a secondary LPS stimulation and was poorly detectable in mock condition, with or without LPS stimulation (Figure 5C). Therefore, BG-enriched compounds induce Fhl2 expression, essentially via the Dectin-1 pathway.
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FIGURE 5 | Fhl2 upregulation induced by BG-enriched compounds is under the control of Dectin-1. (A) Wild-type WT or Clec7a−/− bone marrow-derived macrophages (BMDM) were pre-treated as described in Figure 4A. Fhl2 expression was determined by RT-qPCR as described for Csf2. (B) WT or Clec7a−/− BMDM were stimulated with BG-containing compounds for 8 h. At the end of the incubation, BMDM were lysed in RLT lysis buffer. After RNA extraction, cDNA synthesis and RT-qPCR were performed. Data are expressed as the fold change (FC) related to the mock condition value and are representative of two experiments performed in triplicate. (C) WT BMDM were stimulated following the same protocol as in (A). After incubation, BMDM were lysed in RIPA buffer supplemented with 5 mM EDTA and protease inhibitor (Pierce™). After clarification and protein quantitation, 10 mg of total lysates were separated on a polyacrylamide gel. After transfer, nitrocellulose membrane was subjected to Western blotting with anti-FHL2 (F4B2-B11) and anti-β-actin (C4) mAbs (Santa Cruz Biotechnologies). Blotting was revealed using chemiluminescence. Results are also presented as the relative quantity of FHL2 protein detected in each condition as compared to the reference corresponding to the unstimulated cells. The data are representative of three independent experiments.





DISCUSSION

As previously described, the stimulation with ScCW or Zym led to a strong inflammatory response by macrophages resulting from a synergy between TLR (mainly TLR2) and Dectin-1-associated signaling (17, 20, 21, 32). By contrast, and as observed in our former study (23), BG-enriched parietal fractions failed to do so. And yet, the experiments presented here suggest that BG exposure profoundly imprints macrophage, phenotype, and functions. Indeed, we demonstrated that, when pretreated with BG-enriched preparations (BG65, BG75, or WGPd), TEPM or BMDM showed an exacerbated cytokine production in response to a secondary TLR-associated stimulus. This priming effect could be revealed through various secondary stimulations, including TLR2 or TLR4 ligands but also live S. aureus or E. coli. However, whether other ligands or pathogens have the same potential should be further tested.

The pretreatment with soluble BG (WGPs) did not improve macrophage response to LPS stimulation, suggesting that Dectin-1 clustering (33) by particulate BG and subsequent downstream signaling events are prerequisites for macrophage priming. The significant inhibition of priming observed in Dectin-1-deficient macrophages was consistent with this hypothesis. However, this inhibition was only partial and raised the question about the possible involvement of other BG receptors, at least in this experimental model.

Interestingly, the pretreatment with crude ScCW or Zym failed to prime macrophages although both of these yeast-derived preparations do contain BG (15 and 50%, respectively) (23, 34, 35). In a previous study, using TLR pathway reporter cell lines HEK293, we showed that BG enrichment process from ScCW to BG65 and BG75 removed the majority of TLR agonists including mannans (23). Taken together, these observations suggest that the simultaneous targeting of multiple PRRs, leading to a strong inflammatory response of macrophages, prevents the BG-induced priming.

Such a priming effect of BG was previously observed with the pretreatment of human PBMC with the pathogenic yeast C. albicans that results in an enhanced response to TLR-associated secondary stimulus (36). The engineering of C. albicans strains demonstrated that BG were central in this effect (36). Similarly, pretreating human monocytes with whole C. albicans or purified BG not only led to an enhanced cytokine response but also modified the cell shape, granulosity, and expression of surface markers. This “immune training” was observable in short term (24 h) (36) or long-term conditions (6 days) (37). Here, we unambiguously demonstrated that BG could train fully differentiated mouse macrophages in a short-term model. We also evaluated this training for longer resting periods between pretreatment and LPS re-stimulation. For up to 6 days, we observed increased cytokine production by BG-pretreated cells compared to non-pretreated cells (data not shown). However, these experiments were done in the absence of exogenous M-CSF. Under these conditions, non-pretreated macrophages started to present evident signs of cell suffering after 4 days of culture unlike BG-pretreated macrophages that appeared unaffected by growth factor deprivation. At days 5 and 6, cell numbers were clearly decreased in control wells creating an obvious bias in the measurement of cytokine production after LPS re-stimulation. Consequently, we decided to present data up to 3 days after pretreatment, as we did not observe differences in cell numbers that could explain a 5-fold increase in cytokine levels.

Taken together, these results fully demonstrate that exposure to fungal BGs profoundly modifies monocyte/macrophage physiology, and functions. Through a microarray analysis, we showed that BG pretreatment induced a specific set of genes in mouse macrophages. This was highlighted by comparing BG-pretreated cells versus non-pretreated cells or cells pretreated with ScCW that was shown unable to perform training of macrophages. By doing so, we identified molecular pathways preferentially triggered by BG. These pathways were highly related to PI3K cascade upstream of AKT. Consistently, we also found that GPCR signaling, known to activate PI3K cascade, was involved in BG-induced priming of macrophages. These findings were in agreement with previous studies, indicating that BGs induce a metabolic shift toward aerobic glycolysis mediated by an AKT–mTOR–HIF1α pathway in human monocytes (28, 37). Furthermore, BG-trained monocytes revealed higher intracellular ratio of nicotinamide adenine dinucleotide (NAD+) to its reduced form (NADH) (28). We showed higher fluorescence of resofurin in BG75-treated BMDM using a Biotool Vita-Blue Cell Viability reagent. This assay is based on a redox reaction that transforms weakly fluorescent resazurin to highly fluorescent resofurin by oxidation of NADH in NAD+ in metabolically active cells, meaning that BG-treated BMDM displayed higher NAD+/NADH ratio, in line with results reported by Cheng et al.

By contrast, ScCW pretreatment mainly induced TLR-associated pathways signaling that is in line with our previous observations, showing a robust inflammatory response of macrophages through NFκB activation mediated by MyD88-dependent pathways after exposure with crude yeast CW or Zym (23). The leukotriene pathway was also triggered by ScCW pretreatment which is consistent with findings concerning Zym activity on human monocytes (38).

The microarray analysis consistently identified Csf2 (that encodes for GM-CSF), the keystone of the gene network, and Fhl2 as the two main upregulated genes by BG65 and BG75 priming conditions. IPA analysis revealed their enrichment for inflammatory response, proliferation and differentiation of bone marrow progenitors, migration and binding of cells, in antigen presentation and cell survival, immune cell trafficking, and development of hematological system. These two genes further targeted pathways highlighting the crucial role of cytokines as mediators of the communication between innate and adaptive responses.

GM-CSF is a highly pleiotropic cytokine and a growth factor involved in the differentiation of hematopoietic progenitors from bone marrow but GM-CSF is also recognized as a key mediator during inflammation (39–41).

In this study, we demonstrated that Csf2 expression and GM-CSF production were highly specific of BG pretreatment as ScCW pretreatment failed to do so. Moreover, this dramatic enhancement was totally abrogated in Dectin-1-deficient macrophages, confirming the strong association between Dectin-1 and GM-CSF production. In agreement with this result, it was demonstrated that pre-incubating dendritic cells with GM-CSF substantially enhances the cytokine secretion upon Curd, a linear BG from A. faecalis stimulation (14). By using flow cytometry, we showed that GM-CSF treatment increased Dectin-1 expression on BMDM as previously observed with dendritic cells or with resident and thioglycollate-elicited macrophages treated with GM-CSF or IL-4 or a combination of both cytokines (12, 14, 15). It was, thus, suggested that such an upregulation of Dectin-1 expression consequently to GM-CSF allows Dectin-1-mediated TNFα induction (12). In line with this, GM-CSF was shown to be required to trigger a robust production of TNFα, IL-6, and IL-1β in Curd-stimulated dendritic cells (14).

In a previous study, we evidenced a late Dectin-1-dependent overexpression of Csf2 following stimulation with BG65 or BG75 but unexpectedly, we found very low amounts (<5 pg/mL) of GM-CSF in culture supernatants even after 24 h of incubation (23). By contrast, the stimulation of peritoneal macrophages with soluble BG from Grifola frondosa mushroom results in a significant expression of Csf2 with subsequent production of GM-CSF (100 pg/mL) after 6 h of incubation (12). However and again in contrast with our results, the induction of GM-CSF production by soluble BG appeared to be Dectin-1-independent confirming that particulate and soluble BG do not trigger similar pathways. In agreement with this, we showed here that, compared to Sc particulate BG, soluble BGs (WGPs) were unable to induce macrophages priming.

Our data seem to target GM-CSF as a pivotal actor of the BG-induced priming of macrophages. Consistently with this hypothesis, GM-CSF-treated macrophages/monocytes exposed to TLR2 or TLR4 ligands were shown to produce significantly more IL-1β, IL-6, and TNFα (30, 40–42). Furthermore, GM-CSF was also able to prevent endotoxin tolerance in macrophages by restoring TNFα production on LPS-tolerized human monocytes (43).

Similarly, it was very recently shown that GM-CSF, and IL-3, on its own, was sufficient to train human monocytes in a p38- and SIRT2-dependent manner (30). In this study, we also observed that GM-CSF pretreatment of mouse macrophages induced a moderate but significant increase of cytokine secretion upon LPS re-stimulation. Yet, this training effect remained much lower than the one mediated by BG or GM-CSF plus BG.

As GM-CSF appears to be strongly related to the priming of macrophages by particulate BG, we further investigated the influence of GM-CSF on BG-induced TNFα production.

Using decreasing concentrations of rGM-CSF during BG pretreatment, we showed that 10 pg/mL were enough to improve the priming of macrophages. Taken together with our previous observations, this result suggests that the endogenous production of GM-CSF induced by BG along the pretreatment step could be responsible for macrophage training. To rule out this hypothesis, we inhibited GM-CSF-associated signaling in macrophages by using a GM-CSFR blocking antibody. The amount of blocking antibody used was sufficient to completely inhibit the activity of 100 pg/mL rGM-CSF, a far greater concentration than the one supposed to be produced endogenously following BG pretreatment. Under these conditions, we showed that blockade of GM-CSF pathway did not affect the levels of training induced by BG, highlighting that endogenous GM-CSF is not required for the BG-induced training of macrophages, which clearly argues against results from previous studies in favor of a strong reduction of BG-induced TNFα in macrophages neutralized with anti-GM-CSF antibodies (12, 44).

Taken together, our results demonstrate that GM-CSF, which is endowed with low immune training properties on its own, is not intrinsically involved in the BG-induced training of macrophages although it can substantially improve it. However, we cannot exclude a contribution of GM-CSF in the long-term training model, as it favors cell survival and adherence (39–41, 45). This later hypothesis should be accurately investigated.

Intriguingly, we identified Fhl2 (four-and-a-half LIM-only protein 2) as the second most upregulated gene in macrophages pretreated with BG and further stimulated with LPS. We demonstrated that Fhl2 expression was specifically induced by BG in a Dectin-1-dependent manner. At the protein level, we showed that production of FHL2 was significantly increased after BG pretreatment and was not influenced by the secondary LPS stimulation. Here, we revealed for the first time the involvement of Fhl2 in Dectin-1-mediated pathway. Again, ScCW was not able to modulate FHL2 expression and production, confirming the predominant role of Dectin-1- as compared to TLR-associated pathways.

Fhl2 is expressed in a cell-and tissue-specific manner and molecular mechanisms by which this protein exerts its roles remain incompletely understood, especially in cells where its expression is limited or absent. Moreover, according to its cytoplasmic or nuclear localization within the cell, FHL2 seems to have highly variable molecular partners as reviewed in Ref. (46) and to play important role as mediator in many signaling pathways, including NFκB signaling pathways (47, 48) or TGF-β signaling (49, 50).

Interestingly, FHL2 was reported to interact with NFκB but in a cell type-dependent manner. Indeed, FHL2 has been shown to inhibit NFκB activity during osteoclastogenesis by displacing TRAF6 from RANK (51). By contrast, FHL2 was shown to mediate IL-6 production through NFκB and p38 MAPK signaling pathway in muscle cells (48). Similarly, FHL2-deficiency in macrophages significantly reduced TNFα and IL-6 production following LPS exposure, suggesting that FHL2 acts as a positive regulator of NFκB through TRAF6 in liver macrophages (47) but also in FHL2-transfected HEK cells (52). Although our study does not bring definitive proofs of FHL2 involvement in short-term training of macrophages, its NFκB activating capacity is not consistent with the high levels of cytokine secretion recorded by BG-primed macrophages upon a secondary TLR-associated stimulation. Indeed, NFκB activity recorded in BG-trained BMDM was similar in ScCW-incubated cells, meaning that BG immune training is poorly correlated with NFκB-related signaling. Consequently, it remains highly plausible that FHL2 interacts with other nuclear transcription factors or cell signaling molecules.

However, there is no evidence that FHL2 activity directly result from Dectin-1 triggering and downstream signaling. Indeed, we observed that at least 8 h of BG pretreatment were needed to induce macrophage priming and that 16 h of incubation with LPS were required to reveal macrophage training. These incubation times are sufficient to allow de novo synthesis of molecules that could link Dectin-1 and FHL2 activity. Undeniably, further investigations will be needed to decipher FHL2 regulation by Dectin-1 pathway and the associated molecular mechanisms.

Altogether, we established for the first time a short-term model of trained immunity with mouse macrophages using BG from S. cerevisiae and evidenced GM-CSF and FHL2 as potential co-actors of this priming effect. Considering the availability of industrial byproducts of S. cerevisiae, reprogramming monocytes/macrophages becomes possible using BG from this source to improve their response against invading pathogens.



ETHICS STATEMENT

WT C57Bl/6 mice were purchased from Janvier Labs (St Berthevin, France) and Clec7a−/− mice (5) were originally provided by Pr. Gordon Brown (University of Aberdeen, Scotland) and were bred in-house. Eight- to 12-week-old C57Bl/6 Clec7a−/− mice and their strain-matched WT controls from both sexes were housed under pathogen-free conditions in an accredited research animal facility of the National Veterinary College (UMR IHAP, Toulouse, France). This study was carried out in strict accordance with the Federation of European Laboratory Animal Science Association guidelines (FELASA). Experiments were performed by FELASA accredited investigators (no. 311155580) and approved by the local ethics committee, “Science et Santé Animale” (SSA). All efforts were made to minimize animal pain and distress.



AUTHOR CONTRIBUTIONS

Participated in research design: SW, GF, and GT; conducted experiments: SW, GT, and MF; performed data analysis: SW, GF, and GT; wrote or contributed to the writing of the manuscript: SW, GF, and GT.



ACKNOWLEDGMENTS

The authors would like to thank Dr. A. Roulet from the GeT-PlaGe platform (INRA, Toulouse) for analyzing gene expression using Biomark HD system (Fluidigm). We also thank Dr. Y. Lippi and C. Naylies from the GeT-TRiX platform (Toxalim, INRA, Toulouse) for helping in the microarray analysis. Finally, we thank Pr. GD. Brown (University of Aberdeen) for supplying us with C57Bl/6 Clec7a−/− mice. This manuscript includes for part Dr. Walachowski PhD thesis dataset (53).



FUNDING

This work was partly financed by Phileo-Lesaffre Animal Care. This work has received support from an “Investissements d’avenir” grant managed by Agence Nationale de la Recherche under the reference ANR-11-EQPX-0003 and from a joint call between “Institut Carnot en Santé Animale” and “Institut Carnot Pasteur Maladies Infectieuses” under the reference Glucastimmune.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at http://journal.frontiersin.org/article/10.3389/fimmu.2017.01089/full#supplementary-material.



Abbreviations

BG, β-glucan; Curd, curdlan; CW, cell wall; DEG, differentially expressed genes; NEAA, non-essential amino acids; Pam3, Pam3CSK4; PAMP, pathogen-associated molecular pattern; Pen–Strep, penicillin–streptomycin; PRR, pattern recognition receptor; SEAP, secreted embryonic alkaline phosphatase; Sc, Saccharomyces cerevisiae; TEPM, thioglycollate-elicited peritoneal macrophages; WGPd, dispersible whole glucan particle; WGPs, soluble whole glucan particle; WT, wild type; Zym, Zymosan.



REFERENCES

1. Taylor PR, Martinez-Pomares L, Stacey M, Lin H-H, Brown GD, Gordon S. Macrophage receptors and immune recognition. Annu Rev Immunol (2005) 23:901–44. doi:10.1146/annurev.immunol.23.021704.115816

2. Creagh EM, O’Neill LAJ. TLRs, NLRs and RLRs: a trinity of pathogen sensors that co-operate in innate immunity. Trends Immunol (2006) 27:352–7. doi:10.1016/j.it.2006.06.003

3. Goodridge HS, Underhill DM. Fungal recognition by TLR2 and dectin-1. Handb Exp Pharmacol (2008) 183:87–109. doi:10.1007/978-3-540-72167-3_5

4. LeibundGut-Landmann S, Groß O, Robinson MJ, Osorio F, Slack EC, Tsoni SV, et al. Syk- and CARD9-dependent coupling of innate immunity to the induction of T helper cells that produce interleukin 17. Nat Immunol (2007) 8:630–8. doi:10.1038/ni1460

5. Taylor PR, Tsoni SV, Willment JA, Dennehy KM, Rosas M, Findon H, et al. Dectin-1 is required for β-glucan recognition and control of fungal infection. Nat Immunol (2007) 8:31–8. doi:10.1038/ni1408

6. Netea MG, Gow NA, Munro CA, Bates S, Collins C, Ferwerda G, et al. Immune sensing of Candida albicans requires cooperative recognition of mannans and glucans by lectin and toll-like receptors. J Clin Invest (2006) 116:1642–50. doi:10.1172/JCI27114

7. Underhill DM, Rossnagle E, Lowell CA, Simmons RM. Dectin-1 activates Syk tyrosine kinase in a dynamic subset of macrophages for reactive oxygen production. Blood (2005) 106:2543–50. doi:10.1182/blood-2005-03-1239

8. Goodridge HS, Shimada T, Wolf AJ, Hsu Y-MS, Becker CA, Lin X, et al. Differential use of CARD9 by dectin-1 in macrophages and dendritic cells. J Immunol (2009) 182:1146–54. doi:10.4049/jimmunol.182.2.1146

9. Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-Pomares L, et al. Dectin-1 is a major β-glucan receptor on macrophages. J Exp Med (2002) 196:407–12. doi:10.1084/jem.20020470

10. Rogers NC, Slack EC, Edwards AD, Nolte MA, Schulz O, Schweighoffer E, et al. Syk-dependent cytokine induction by dectin-1 reveals a novel pattern recognition pathway for C type lectins. Immunity (2005) 22:507–17. doi:10.1016/j.immuni.2005.03.004

11. Gross O, Gewies A, Finger K, Schäfer M, Sparwasser T, Peschel C, et al. Card9 controls a non-TLR signalling pathway for innate anti-fungal immunity. Nature (2006) 442:651–6. doi:10.1038/nature04926

12. Masuda Y, Togo T, Mizuno S, Konishi M, Nanba H. Soluble β-glucan from Grifola frondosa induces proliferation and dectin-1/Syk signaling in resident macrophages via the GM-CSF autocrine pathway. J Leukoc Biol (2012) 91:547–56. doi:10.1189/jlb.0711386

13. Harada T, Ohno N. Contribution of dectin-1 and granulocyte macrophage–colony stimulating factor (GM-CSF) to immunomodulating actions of β-glucan. Int Immunopharmacol (2008) 8:556–66. doi:10.1016/j.intimp.2007.12.011

14. Min L, Isa SABM, Fam WN, Sze SK, Beretta O, Mortellaro A, et al. Synergism between curdlan and GM-CSF confers a strong inflammatory signature to dendritic cells. J Immunol (2012) 188:1789–98. doi:10.4049/jimmunol.1101755

15. Willment JA, Lin H-H, Reid DM, Taylor PR, Williams DL, Wong SYC, et al. Dectin-1 expression and function are enhanced on alternatively activated and GM-CSF-treated macrophages and are negatively regulated by IL-10, dexamethasone, and lipopolysaccharide. J Immunol (2003) 171:4569–73. doi:10.4049/jimmunol.171.9.4569

16. Saijo S, Fujikado N, Furuta T, Chung S, Kotaki H, Seki K, et al. Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans. Nat Immunol (2007) 8:39–46. doi:10.1038/ni1425

17. Ferwerda G, Meyer-Wentrup F, Kullberg B-J, Netea MG, Adema GJ. Dectin-1 synergizes with TLR2 and TLR4 for cytokine production in human primary monocytes and macrophages. Cell Microbiol (2008) 10:2058–66. doi:10.1111/j.1462-5822.2008.01188.x

18. Lebron F, Vassallo R, Puri V, Limper AH. Pneumocystis carinii cell wall β-glucans initiate macrophage inflammatory responses through NF-κB activation. J Biol Chem (2003) 278:25001–8. doi:10.1074/jbc.M301426200

19. Underhill DM. Collaboration between the innate immune receptors dectin-1, TLRs, and Nods. Immunol Rev (2007) 219:75–87. doi:10.1111/j.1600-065X.2007.00548.x

20. Gantner BN, Simmons RM, Canavera SJ, Akira S, Underhill DM. Collaborative induction of inflammatory responses by dectin-1 and toll-like receptor 2. J Exp Med (2003) 197:1107–17. doi:10.1084/jem.20021787

21. Dennehy KM, Ferwerda G, Faro-Trindade I, Pyż E, Willment JA, Taylor PR, et al. Syk kinase is required for collaborative cytokine production induced through dectin-1 and toll-like receptors. Eur J Immunol (2008) 38:500–6. doi:10.1002/eji.200737741

22. Yadav M, Schorey JS. The β-glucan receptor dectin-1 functions together with TLR2 to mediate macrophage activation by mycobacteria. Blood (2006) 108:3168–75. doi:10.1182/blood-2006-05-024406

23. Walachowski S, Tabouret G, Foucras G. Triggering dectin-1-pathway alone is not sufficient to induce cytokine production by murine macrophages. PLoS One (2016) 11:e0148464. doi:10.1371/journal.pone.0148464

24. Quintin J, Saeed S, Martens JHA, Giamarellos-Bourboulis EJ, Ifrim DC, Logie C, et al. Candida albicans infection affords protection against reinfection via functional reprogramming of monocytes. Cell Host Microbe (2012) 12:223–32. doi:10.1016/j.chom.2012.06.006

25. Bistoni F, Vecchiarelli A, Cenci E, Puccetti P, Marconi P, Cassone A. Evidence for macrophage-mediated protection against lethal Candida albicans infection. Infect Immun (1986) 51:668–74.

26. Netea MG, Quintin J, van der Meer JWM. Trained immunity: a memory for innate host defense. Cell Host Microbe (2011) 9:355–61. doi:10.1016/j.chom.2011.04.006

27. van der Meer JWM, Joosten LAB, Riksen N, Netea MG. Trained immunity: a smart way to enhance innate immune defence. Mol Immunol (2015) 68:40–4. doi:10.1016/j.molimm.2015.06.019

28. Cheng S-C, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al. mTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for trained immunity. Science (2014) 345:1250684. doi:10.1126/science.1250684

29. Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, Matarese F, et al. Epigenetic programming of monocyte-to-macrophage differentiation and trained innate immunity. Science (2014) 345:1251086. doi:10.1126/science.1251086

30. Borriello F, Iannone R, Di Somma S, Loffredo S, Scamardella E, Galdiero MR, et al. GM-CSF and IL-3 modulate human monocyte TNF-α production and renewal in in vitro models of trained immunity. Front Immunol (2017) 7:680. doi:10.3389/fimmu.2016.00680

31. Accarias S, Lugo-Villarino G, Foucras G, Neyrolles O, Boullier S, Tabouret G. Pyroptosis of resident macrophages differentially orchestrates inflammatory responses to Staphylococcus aureus in resistant and susceptible mice. Eur J Immunol (2015) 45:794–806. doi:10.1002/eji.201445098

32. Brown GD, Herre J, Williams DL, Willment JA, Marshall ASJ, Gordon S. Dectin-1 mediates the biological effects of β-glucans. J Exp Med (2003) 197:1119–24. doi:10.1084/jem.20021890

33. Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ, et al. Activation of the innate immune receptor dectin-1 upon formation of a “phagocytic synapse”. Nature (2011) 472:471–5. doi:10.1038/nature10071

34. Carlo FJD, Fiore JV. On the composition of zymosan. Science (1958) 127:756–7. doi:10.1126/science.127.3301.756-a

35. Riggi SJ, Di Luzio NR. Identification of a reticuloendothelial stimulating agent in zymosan. Am J Physiol (1961) 200:297–300.

36. Ifrim DC, Joosten LAB, Kullberg B-J, Jacobs L, Jansen T, Williams DL, et al. Candida albicans primes TLR cytokine responses through a dectin-1/Raf-1-mediated pathway. J Immunol (2013) 190:4129–35. doi:10.4049/jimmunol.1202611

37. Ifrim DC, Quintin J, Joosten LAB, Jacobs C, Jansen T, Jacobs L, et al. Trained immunity or tolerance: opposing functional programs induced in human monocytes after engagement of various pattern recognition receptors. Clin Vaccine Immunol (2014) 21:534–45. doi:10.1128/CVI.00688-13

38. Czop JK, Austen KF. Generation of leukotrienes by human monocytes upon stimulation of their beta-glucan receptor during phagocytosis. Proc Natl Acad Sci U S A (1985) 82:2751–5. doi:10.1073/pnas.82.9.2751

39. Hamilton JA, Anderson GP. GM-CSF biology. Growth Factors (2004) 22:225–31. doi:10.1080/08977190412331279881

40. Sorgi CA, Rose S, Court N, Carlos D, Paula-Silva FWG, Assis PA, et al. GM-CSF priming drives bone marrow-derived macrophages to a pro-inflammatory pattern and downmodulates PGE2 in response to TLR2 ligands. PLoS One (2012) 7:e40523. doi:10.1371/journal.pone.0040523

41. Däbritz J, Weinhage T, Varga G, Wirth T, Walscheid K, Brockhausen A, et al. Reprogramming of monocytes by GM-CSF contributes to regulatory immune functions during intestinal inflammation. J Immunol (2015) 194:2424–38. doi:10.4049/jimmunol.1401482

42. Rosas M, Liddiard K, Kimberg M, Faro-Trindade I, McDonald JU, Williams DL, et al. The induction of inflammation by dectin-1 in vivo is dependent on myeloid cell programming and the progression of phagocytosis. J Immunol (2008) 181:3549–57. doi:10.4049/jimmunol.181.5.3549

43. Adib-Conquy M, Cavaillon J-M. Gamma interferon and granulocyte/monocyte colony-stimulating factor prevent endotoxin tolerance in human monocytes by promoting interleukin-1 receptor-associated kinase expression and its association to MyD88 and not by modulating TLR4 expression. J Biol Chem (2002) 277:27927–34. doi:10.1074/jbc.M200705200

44. Harada T, Miura NN, Adachi Y, Nakajima M, Yadomae T, Ohno N. Granulocyte-macrophage colony-stimulating factor (GM-CSF) regulates cytokine induction by 1,3-β-D-glucan SCG in DBA/2 mice in vitro. J Interferon Cytokine Res (2004) 24:478–89. doi:10.1089/1079990041689656

45. Lacey DC, Achuthan A, Fleetwood AJ, Dinh H, Roiniotis J, Scholz GM, et al. Defining GM-CSF- and macrophage-CSF-dependent macrophage responses by in vitro models. J Immunol (2012) 188:5752–65. doi:10.4049/jimmunol.1103426

46. Johannessen M, Møller S, Hansen T, Moens U, Ghelue MV. The multifunctional roles of the four-and-a-half-LIM only protein FHL2. Cell Mol Life Sci (2006) 63:268–84. doi:10.1007/s00018-005-5438-z

47. Dahan J, Nouët Y, Jouvion G, Levillayer F, Adib-Conquy M, Cassard-Doulcier A-M, et al. LIM-only protein FHL2 activates NF-κB signaling in the control of liver regeneration and hepatocarcinogenesis. Mol Cell Biol (2013) 33:3299–308. doi:10.1128/MCB.00105-13

48. Wong C-H, Mak GW-Y, Li M-S, Tsui SK-W. The LIM-only protein FHL2 regulates interleukin-6 expression through p38 MAPK mediated NF-κB pathway in muscle cells. Cytokine (2012) 59:286–93. doi:10.1016/j.cyto.2012.04.044

49. Ding L, Wang Z, Yan J, Yang X, Liu A, Qiu W, et al. Human four-and-a-half LIM family members suppress tumor cell growth through a TGF-β-like signaling pathway. J Clin Invest (2009) 119:349–61. doi:10.1172/JCI35930

50. Xia T, Lévy L, Levillayer F, Jia B, Li G, Neuveut C, et al. The four and a half LIM-only protein 2 (FHL2) activates transforming growth factor β (TGF-β) signaling by regulating ubiquitination of the E3 ligase Arkadia. J Biol Chem (2013) 288:1785–94. doi:10.1074/jbc.M112.439760

51. Bai S, Kitaura H, Zhao H, Chen J, Müller JM, Schüle R, et al. FHL2 inhibits the activated osteoclast in a TRAF6-dependent manner. J Clin Invest (2005) 115:2742–51. doi:10.1172/JCI24921

52. Stilo R, Leonardi A, Formisano L, Di Jeso B, Vito P, Liguoro D. TUCAN/CARDINAL and DRAL participate in a common pathway for modulation of NF-κB activation. FEBS Lett (2002) 521:165–9. doi:10.1016/S0014-5793(02)02869-7

53. Walachowski S. Etude des propriétés immunostimulantes de composés pariétaux de levure sur les macrophages murins et évaluation dans des modèles infectieux. (2016). Available from: https://tel.archives-ouvertes.fr/tel-01477575/document

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

Copyright © 2017 Walachowski, Tabouret, Fabre and Foucras. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 17 November 2017
doi: 10.3389/fimmu.2017.01565






[image: image1]

Intracellular S100A9 Promotes Myeloid-Derived Suppressor Cells during Late Sepsis

Jun Dai1, Ajinkya Kumbhare1, Dima Youssef1, Charles E. McCall2 and Mohamed El Gazzar1*

1 Department of Internal Medicine, East Tennessee State University College of Medicine, Johnson City, TN, United States

2 Section of Molecular Medicine, Department of Internal Medicine, Wake Forest University School of Medicine, Winston-Salem, NC, United States

OPEN ACCESS

Edited by:

Janos G. Filep, Université de Montréal, Canada

Reviewed by:

Daniel Remick, Boston University School of Medicine, United States
Amiram Ariel, University of Haifa, Israel

*Correspondence:

Mohamed El Gazzar
elgazzar@etsu.edu

Specialty section:

This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology

Received: 09 August 2017
Accepted: 01 November 2017
Published: 17 November 2017

Citation:

Dai J, Kumbhare A, Youssef D, McCall CE and El Gazzar M (2017) Intracellular S100A9 Promotes Myeloid-Derived Suppressor Cells during Late Sepsis. Front. Immunol. 8:1565. doi: 10.3389/fimmu.2017.01565

Myeloid precursor cell reprogramming into a myeloid-derived suppressor cell (MDSC) contributes to high mortality rates in mouse and human sepsis. S100A9 mRNA and intracellular protein levels increase during early sepsis and remain elevated in Gr1+CD11b+ MDSCs after pro-inflammatory sepsis transitions to the later chronic anti-inflammatory and immunosuppressive phenotype. The purpose of this study was to determine whether intracellular S100A9 protein might sustain Gr1+CD11b+ MDSC repressor cell reprogramming during sepsis. We used a chronic model of sepsis in mice to show that S100A9 release from MDSCs and circulating phagocytes decreases after early sepsis and that targeting the S100a9 gene improves survival. Surprisingly, we find that intracellular S100A9 protein translocates from the cytosol to nucleus in Gr1+CD11b+ MDSCs during late sepsis and promotes expression of miR-21 and miR-181b immune repressor mediators. We further provide support of this immunosuppression pathway in human sepsis. This study may inform a new therapeutic target for improving sepsis outcome.
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INTRODUCTION

Sepsis is the leading cause of death among critically ill patients (1, 2). The initial/acute phase of sepsis, which may cause cardiovascular collapse and rapid death, more commonly progresses to chronic sepsis, which is clinically characterized by innate and adaptive immune incompetence and organ failure (3–5). This chronic sepsis state has been named the persistent inflammation-immunosuppression and catabolism syndrome (PICS) (6). Although well recognized and characterized, the molecular events that promote this unresolving state of sepsis are unclear, but sustained presence of a cell phenotype called myeloid-derived suppressor cells (MDSCs) likely contributes to PICS (7). This broad-based immune-suppressor state with organ failure is typified by repressed effector phenotypes of CD4+ and CD8+ T-cells, circulating, splenic, and myeloid- dendritic, NK cells and other heterogeneous innate and adaptive immune cells (4, 8). PICS clinical phenotype is reflected by persistent bacterial infection and reactivation of latent viruses (4, 6). Importantly, the immune-suppressor phenotype typifies endotoxin tolerance and develops within hours of the early hyper-inflammatory cytokine-mediated “cytokine storm” (9, 10). Other characteristics are increased apoptosis of different cell types (4) and repressed mitochondrial fueling by glucose and fatty acids (11, 12).

Calcium-binding proteins S100A8 and S100A9 are markedly increased during sepsis (13), and their elevated levels in circulating innate immune phagocytes during sepsis may contribute to acute and chronic inflammation (14, 15). S100A8 and S100A9 are mainly expressed in the myeloid lineage cells (16), including monocytes and granulocytes, but not resident tissue macrophages (15) and are dominant in the systemic circulation. The two proteins are also expressed in early stages of myeloid differentiation and decline during maturation, but remain elevated in neutrophils (17). S100A8/A9 protein complexes are mostly cytosolic, where they are recruited to the plasma membrane and secreted after protein kinase C (PKC) activation and cytoskeletal rearrangement following phagocytosis (14).

Most studies of S100A8/A9 proteins emphasize them as pro-inflammatory mediators, which amplify acute and chronic inflammatory processes during phagocyte activation (14, 18, 19). S100A8/A9 heterodimers released at sites of inflammation induce more S100A8/A9 in phagocytes, thereby acting as a feedforward loop to amplify the local inflammatory reaction (15, 20). Heterodimeric S100A8/A9 binds to and activates toll-like receptor 4 (TLR4), a master “alarmin” sensor (21). S100A8/A9 heterodimers are secreted readily from bone marrow cells and blood monocytes following bacterial lipopolysaccharide (LPS)-mediated activation of TLR4 (14). Further supporting pro-inflammatory functions is the finding that S100A9−/− mice exhibit blunted LPS-induced endotoxemia (21). In contrast, there are reports of anti-inflammatory properties of S100A8/A9 showing that intraperitoneal injections of S100A8/A9 heterodimers into rat after LPS administration reduces serum levels of pro-inflammatory IL-6 and nitrite (22). In addition, because S100A8/A9 supports phagocyte migration, inhibiting S100A8/A9 would have anti-inflammatory potential (14). An important finding suggesting a repressor function is that immune repressor mediator IL-10 induces S100A8 in human macrophages (23).

Here, we report a new function for S100A9 that further supports the repressor concept of S100A8/A9. We find that mice genetically deficient for S100A9 are protected from late sepsis deaths by preventing MDSC repressor activity. We further find that S100A8/A9 proteins are released from phagocytes during early, but not late sepsis, and that cytosolic S100A9 translocates from cytosol to the nucleus of MDSCs. Mechanistically, our data support that nuclear S100A9 promotes the expression of known immunosuppressive miR-21 and miR-181b (24). The findings of this study support therapeutic targeting of S100A9 for chronic sepsis.



MATERIALS AND METHODS


Mice

The S100a9 mutant mouse strain [S100a9tm1(KOMP)/VLcg] used for this study was created from ES cell clone 12158a-E1, generated by Regeneron Pharmaceuticals (Eastview, NY, USA), and made into live mice by the KOMP Repository1 and the Mouse Biology Program2 at the University of California Davis. Methods used to create the Velocigene targeted alleles have been published (25). Cryopreserved sperm from the KOMP repository was used for in vitro fertilization of C57BL/6NJ oocytes to reconstitute the strain (work performed by TransViragen, Chapel Hill, NC, USA). Heterozygous animals were intercrossed to generate homozygous (−/−) mutant animals for study. The mice were bred and housed in a pathogen-free facility in the Division of Laboratory Animal Resources. Wild-type male C57BL/6J mice, 8–10 weeks were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and used as controls, and were acclimated to the new environment for a week before surgery. All experiments were conducted in accordance with National Institutes of Health guidelines and were approved by the East Tennessee State University Animal Care and Use Committee.



Polymicrobial Sepsis

Polymicrobial sepsis was induced in male wild-type and S100A9 knockout mice, 8–10 week old, by cecal ligation and puncture (CLP) as described previously (26). Briefly, mice were anesthetized via inhalation with 2.5% isoflurane (Abbott Laboratories, Abbott Park, IL, USA). A midline abdominal incision was made and the cecum was exteriorized, ligated distal to the ileocecal valve, and then punctured twice with a 23-gauge needle. A small amount of feces was extruded into the abdominal cavity. The abdominal wall and skin were sutured in layers with 3-0 silk. Sham-operated mice were treated identically except that the cecum was neither ligated nor punctured. Mice received (i.p.) 1 ml lactated Ringers plus 5% dextrose for fluid resuscitation. To induce sepsis that develops into early and late phases, mice were subcutaneously administered antibiotic (Imipenem; 25 mg/kg body weight) or an equivalent volume of 0.9% saline. To establish intra-abdominal infection and approximate the clinical condition of early human sepsis where there is a delay between the onset of sepsis and the delivery of therapy (27), injections of Imipenem were given at 8 and 16 h after CLP. Based on our experience, these levels of injury and manipulation create prolonged infections with high mortality (~60–70%) during the late/chronic phase (26).

The presence of early sepsis was confirmed by transient systemic bacteremia and elevated cytokine levels in the first 5 days after CLP. Late/chronic sepsis (after day 5) was confirmed by enhanced peritoneal bacterial overgrowth and reduced circulating pro-inflammatory cytokines. Table S1 in Supplementary Material includes the CLP mice that were used in the study.



Sepsis Patients

Patients 18 years of age or older who were admitted to Johnson City Medical Center and Franklin Woods Hospital in Johnson City, Tennessee, and who were diagnosed with sepsis or septic shock were included in the study. Sepsis was defined as the presence of suspected or documented infection with at least two of the following criteria: core temperature >38°C or <36°C; heart rate >90 beats/min; respiratory rate >20 breaths/min or arterial blood partial pressure of carbon dioxide <32 mmHg; or white blood cell count >12,000 cells/mm3 or <4,000/mm3. Septic shock was defined as sepsis with persisting hypotension requiring vasopressors to maintain MAP ≥65 mmHg and having a serum lactate >2 mmol/L despite adequate volume resuscitation (28). Patients presented with infections related to Gram-negative or Gram-positive bacteria. The primary infection included urinary tract infection, blood stream infection, and respiratory tract infection. Patients had at least 1 comorbid condition, including nephropathy, psoriasis, splenectomy, colon cancer, or pulmonary aspergillosis. Patients with leukopenia due to chemotherapy or glucocorticoid therapy or HIV infection were excluded from the study. Patients were divided into two categories: early sepsis and late sepsis, relative to the day of sepsis diagnosis. The early septic group included patients within 1–5 days of sepsis diagnosis. Those who have been septic for more than 6 days were considered late septic. For this latter group, blood was drawn at days 6–68 after sepsis diagnosis. Blood samples obtained from healthy control subjects were supplied by Physicians Plasma Alliance (Gray, TN, USA). The study was approved by the Institutional Review Board (IRB) of the East Tennessee State University (IRB#: 0714.6s). Signed informed consent was obtained from all subjects.



Immunoblotting

Whole cell lysate, cytoplasmic, and nuclear proteins were prepared as described previously (29). Equal amounts of protein extracts were mixed with 5× Laemmeli sample buffer, separated by SDS-10% polyacrylamide gel (Bio-Rad, Hercules, CA, USA) and subsequently transferred to nitrocellulose membranes (Thermo Fisher Scientific, Waltham, MA, USA). After blocking with 5% milk in Tris-buffered saline/Tween-20 for 1 h at room temperature, membranes were probed overnight at 4°C with the following primary antibodies: anti-goat S100A8 (sc-8112; Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-Rabbit S100A9 (ab75478) and anti-mouse S100A8/A9 heterodimer (ab17050), both from Abcam (Cambridge, MA, USA); anti-Rabbit phospho-threonine113 S100A9 (12782; Signalway Antibody LLC., College Park, MD, USA); anti-Rabbit p38 (sc-7149) and p-p38 (sc-17852-R), anti-mouse phospho-serine 657 PKC (sc-377565), anti-Rabbit phospho-serine 660 PKC (sc-11760-R) (Santa Cruz Biotechnology). The S100A8/9 heterodimer was detected under non-denaturing conditions. After washing, blots were incubated with the appropriate HRP-conjugated secondary antibody (Life Technologies, Grand Island, NY) for 2 h at room temperature. Proteins were detected with the enhanced chemiluminescence detection system (Thermo Fisher Scientific, Waltham, MA, USA), the bands were visualized using the ChemiDoc XRS System (Bio-Rad), and the images were captured with the Image Lab Software V3.0. Membranes were stripped and re-probed with actin (Sigma-Aldrich, Saint Louis, MO, USA) antibody as a loading control.



Blood Phagocytes and Plasma

Mice were subjected to deep anesthesia with isoflurane and blood was collected via cardiac puncture using EDTA-rinsed syringes. Blood was diluted fivefold (up to 2.5 ml) in phosphate-buffered saline containing 0.3 mM EDTA. To obtain phagocytes (mainly monocytes and polymorphonuclear neutrophils), we first isolated peripheral blood mononuclear cells (PBMCs) and granulocytes by gradients of Histopage-1077 and Histopaque-1119 following the manufacturer’s instructions (Sigma-Aldrich, Saint Louis, MO, USA). Briefly, diluted blood (2.5 ml) was layered in a 15-ml conical tube containing 2.5 ml Histopague-1119 (bottom layer) and 2.5 ml Histopaque-1077. Samples were centrifuged at 700g for 30 min at room temperature. Plasma was collected and stored at −20°C for later analysis. The upper cell layer containing PBMCs was removed and washed with PBS. The lower cell layer containing granulocytes was washed with PBS three times by centrifugation at 200g for 10 min. With this method, erythrocytes and platelets are removed by the low speed centrifugation during the washing steps. Monocytes were then isolated from the PBMCs by positive selection with anti-Ly6C antibody and combined with the granulocytes (mainly neutrophils), to represent the phagocyte population used in the study. In some experiments, granulocytes were used separately.



Peritoneal Bacterial Quantification

Immediately after mice were euthanized, the peritoneal cavity was lavaged with 5 ml PBS. The lavage was cleared by centrifugation and plated on trypticase soy agar base (BD Biosciences, Sparks, MD, USA). The plates were incubated for 24 h at 37°C under aerobic conditions. The plates were read by a microbiologist and the colony-forming units (CFUs) were enumerated.



Isolation of Gr1+CD11b+ Cells

Gr1+CD11b+ cells were isolated from the bone marrow or spleens by use of magnetically assisted cell sorting according to the manufacturer’s protocol (Miltenyi Biotech, Auburn, CA, USA). The bone marrow was flushed out of the femurs with RPMI-1640 medium (without serum) under aseptic conditions (26). The spleens were dissociated in RPMI-1640 medium. A single cell suspension of the bone marrow or spleens was made by pipetting up and down and filtering through a 70-µm nylon strainer, followed by incubation with erythrocyte lysis buffer and washing. To purify total Gr1+CD11b+ cells, the single cell suspension was subjected to positive selection of the Gr1+ cells by incubating with biotin-coupled mouse anti-Gr1 antibody (Clone RB6-8C5; eBioscience, San Diego, CA, USA) for 15 min at 4°C. Cells were then incubated with anti-biotin magnetic beads for 20 min at 4°C and subsequently passed over a MS column. Purified Gr1+CD11b+ cells were then washed and resuspended in sterile saline. The cell purity was more than 90% as determined by flow cytometry.



Flow Cytometry

Gr1+CD11b+ cells were stained by incubation for 30 min on ice in staining buffer (PBS plus 2% FBS) with the following mouse antibodies: fluorescein isothiocyanate (FITC)-conjugated anti-Gr1, phycoerythrin (PE)-conjugated anti-CD11b, allophycocyanin-conjugated anti-F4/80, PE-conjugated anti-CD11c, FITC-conjugated anti-MHC II. CD4+ T cells were stained with PE-conjugated anti-CD4 antibody (all antibodies were from eBioscience, San Diego, CA, USA). An appropriate isotype-matched control was used for each antibody. After washing, the samples were analyzed by an Accuri C6 flow cytometer (BD, Franklin Lakes, NJ, USA).



Cell Proliferation Assay

Spleen CD4+ T cells were isolated from normal (naive) mice by positive selection using magnetic beads (Miltenyi). Cells were fluorescently labeled with carboxy-fluorosceindiacetate, succinimidyl ester (CFSE) dye using the Vybrant CFDA SE Cell Tracer Kit (Invitrogen Molecular Probes, Eugene, OR, USA). Cells were incubated for 10 min at room temperature with 10 µM CFSE dye and then cocultured (at 1:1 ratio) with the Gr1+ CD11b+ cells, which were isolated from the bone marrow of sham or late septic mice. T cell proliferation was induced by the stimulation with an anti-CD3 plus anti-CD28 antibody (1 μg/ml/each). After 3 days, cells were harvested and CD4+ T cell proliferation was determined by the step-wise dilution of CFSE dye in dividing CD4+ T cells, using flow cytometry.



Real-time PCR

Quantitative real-time qPCR was used to determine the expression levels of S100A8, S100A9, miR-21, and miR-181b in Gr1+CD11b+ cells. For S100A8 and S100A9, total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and amplified using QuantiNova SYBR Green RT-PCR kit and QuantiTect Primer Assays specific to S100A8 and S100A9 (Qiagen, Germantown, MD). The target RNA: 18S rRNA ratio was calculated using the 2−ΔΔCt cycle threshold.

For miR-21 and miR-181b measurements, miRNA-enriched RNA was isolated and measured using miScript SYBR Green PCR kit and miScript Primer Assays specific to miR-21 and miR-181b (Qiagen). The expression level was calculated using the 2−ΔΔCt cycle threshold method after normalization to the endogenous U6 RNA as an internal control.



Ca2+ Assay

Intracellular calcium levels in phagocytes were measured using the cell-based Fluo-4 NW Calcium Assay kit according to the manufacturer’s protocol (Molecular Probes, Eugene, OR, USA).



ELISA

Specific ELISA kits were used to measure the levels of S100A8, S100A9 (MyBioSource, San Diego, CA, USA) and S100A8/A9 heterodimer (R&D Systems, Minneapolis, MN, USA). Levels of TNFα and IL-10 were determined using specific ELISA kits (eBioscience) according to the manufacturer’s instructions. Each sample was run in duplicate.



Statistical Analysis

The Kaplan–Meier survival curve was plotted by use of a GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) and survival significance was determined by a log-rank test. Other data were analyzed by Microsoft Excel, V3.0. Data are expressed as mean ± SD. Differences among groups were analyzed by a two-tailed Student’s t-test for two groups and by ANOVA for multiple groups. P values < 0.05 were considered statistically significant.




RESULTS


S100A8/9 Play a Major Role in Sepsis Mortality

To examine the physiologic contribution of S100A8/A9 to sepsis, we created an S100A9 knockout mouse on a C57BL/6 background. A diagram showing the S100a9 knockout allele and location of the PCR genotyping primers is presented in Figure 1.
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FIGURE 1 | Targeted deletion of the S100a9 gene. (A) The S100a9 gene was inactivated by insertion of the lacZ-neo cassette into exon 2 immediately next to the transcription start site (ATG). (B) Nucleotide sequences of the genotyping primers used for detection of the WT and KO alleles and agarose gel electrophoresis of the PCR products generated from Gr1+CD11b+ cells (right). M, size marker; WT, wild-type; KO, knockout.


Our model of polymicrobial sepsis with fluid resuscitation and limited antibiotic treatment develops into early and late sepsis phases (26). We previously showed that mortality is higher during the late/chronic phase and is mainly due to immunosuppression (30). Sepsis was induced by CLP, and survival was reported for a 4-week period. Mice moribund during early sepsis (defined as the first 5 days after CLP) or late sepsis (the time after day 6) were sacrificed and analyzed. Because most of the S100A9 knockout mice survived late sepsis, for each moribund and sacrificed mouse from the wild-type group, a healthy appearing mouse from the S100A9 knockout group was also sacrificed at the same time, but is reported as “survivor.”

As shown in Figure 2A, 100% of the wild-type mice died before the end of the 4-week period. Lack of S100A8/A9 proteins slightly improved survival during early sepsis at days 3–5, with 14.7 and 15.2% increases in survival, respectively, at days 3 and 5 compared to the wild-type mice. Of note, survival in the late sepsis phase was improved by 80% in the S100A9 knockout (S100A9−/−) vs. wild-type mice (Figure 2A). As expected, S100A8 mRNA, but not protein, was detected in phagocytes from septic wild-type and S100A9 knockout mice (Figures 2B,C).
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FIGURE 2 | The S100A9 knockout improves late sepsis survival. Sepsis was induced by cecal ligation and puncture (CLP) using a 23-gauge needle, and mice were given antibiotics with fluid resuscitation. With this injury and treatment, sepsis develops into an early phase (defined as days 1–5 after CLP) and a late phase (day 6 thereafter). (A) Kaplan–Meier survival curve (n = 22 mice per group). Mortality was monitored for 28 days and the deaths were separated into two categories: early deaths (those occurring on days 1–5) and late deaths (those occurring on days 6–28). All moribund mice suffered significant weight loss (>30%), hypothermia (<34°C) and loss of righting reflex. Each group included 30 mice. Mice that died spontaneously (i.e., did not meet the criteria for morbundity) were excluded. The results are representative of three experiments. Mice used in all subsequent experiments were pooled from three experiments. (B) S100A8 and S100A9 mRNA levels. Blood was collected from moribund mice that were killed at days 1–5 (representing early sepsis) or days 6–25 post CLP (representing late sepsis). During late sepsis, a corresponding number of surviving, healthy appearing S100A9 KO mice were also sacrificed and analyzed at the same time, but are reported as “survivors.” Phagocytes were isolated from peripheral blood by gradients of Histopage-1077 and Histopaque-1119. Total RNA was extracted and analyzed by real-time PCR. The S100A8 and S100A9 expression levels were normalized to 18S rRNA. Data are means ± SD (n = 6–8 mice per group), and are representative of three experiments (*p < 0.001 vs. sham; **p < 0.001 vs. S100A8). (C) Levels of S100A8 and S100A9 proteins in phagocyte lysate were determined by immunoblotting. The membranes were first incubated with anti-S100A8 antibody, followed by anti-S100A9 antibody. Cells were pooled from 2–3 mice per group, and the results are representative of two immunoblots. WT, wild-type; KO, knockout.




S100A9 Knockout Attenuates Late Sepsis Immunosuppression

Early/acute septic mice display elevated levels of pro-inflammatory cytokines such as TNFα, whereas late/chronic septic mice are known to progress to an anti-inflammatory/immunosuppressive phenotype characterized by elevated levels of IL-10 and increased peritoneal bacterial growth (30). We measured levels of IL-10 and the pro-inflammatory cytokine TNFα in the plasma, as well as levels of peritoneal bacteria. As shown in Figure 3A, TNFα levels increased in both wild-type and S100A9 knockout mice during early sepsis, but were significantly higher in wild-type mice. During late sepsis, however, TNFα significantly decreased in both wild-type and knockout mice. In contrast, wild-type and S100A9 knockout mice produced small amounts of the immunosuppressive IL-10 during early sepsis, but significantly increased during late sepsis in the wild-type mice and not in knockout mice (Figure 3A). Peritoneal bacteria significantly increased in wild-type mice during late sepsis, but diminished in the S100A9 knockout mice (Figure 3B). These results support that improved sepsis survival in the S100A9 knockout mice parallels reduced immunosuppressive cytokine production and increased local bacterial clearance. These findings suggest that S100A9 expression may promote late sepsis immunosuppression and predicts that its genetic reduction would limit MDSC repressor cells.
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FIGURE 3 | The S100A9 knockout mice do not develop immunosuppressive phenotypes during late sepsis. (A) Decreased production of the immunosuppressive cytokine IL-10 in S100A9 knockout mice during late sepsis. Blood was collected from moribund mice undergoing early and late sepsis. The early and late sepsis groups, respectively, included mice that were killed between days 1–5 and 6–28 after cecal ligation and puncture. During late sepsis, a corresponding number of surviving, healthy appearing S100A9 KO mice were also killed and analyzed at the same time. Plasma was collected and levels of TNFα and IL-10 were measured by ELISA. (B) Diminished peritoneal bacterial growth in the S100A9 knockout mice during late sepsis. Mice were subjected to peritoneal lavaging immediately after sacrifice. Lavage bacteria were cultured on tryptase soy agar plates and the colony-forming units (CFUs) were enumerated 24 h later. Data are means ± SD (n = 5–7 mice per group), and are representative of three experiments. *p < 0.0001 vs. sham; #p < 0.05 vs. sham; **p < 0.0002 vs. early sepsis (TNFα) or late sepsis WT (IL-10); §p < 0.001 vs. early sepsis or late sepsis WT (B). WT, wild type; KO, knockout.




S100A9 Deficiency Prevents MDSC Development during Sepsis

Because S100A9 knockout prevented late sepsis deaths, we first tested whether S100A9 deficiency affects MDSC generation during sepsis response. We determined MDSC numbers in sham and septic mice. Numbers of Gr1+CD11b+ cells significantly increased in the bone marrow in wild-type and S100A9 knockout mice in early sepsis (Figure 4A), as we reported previously (30), but were significantly decreased in the S100A9 knockout mice in late sepsis (Figure 4A). We observed similar patterns of Gr1+CD11b+ cell expansion in the spleens, but the numbers were far less compared with the bone marrow (Figure 4B).


[image: image1]
FIGURE 4 | The S100A9 knockout mice do not generate immunosuppressive Gr1+CD11b+ myeloid-derived suppressor cells (MDSCs). Sepsis was induced by cecal ligation and puncture (CLP), and mice were treated and sampled as described in Figure 2. The early and late sepsis groups, respectively, included mice that were killed between days 1–5 and 6–28 after CLP. (A,B) Inhibition of MDSC expansion in the S100A9 knockout mice during late sepsis. Bone marrow (A) and spleen cells (B) cells were harvested, stained with anti-Gr1 and anti-CD11b antibodies and analyzed by flow cytometry. Representative dot plots (right) and percentages of cells gated on Gr1 and CD11b staining are shown. *p < 0.05 vs. sham; #p < 0.001 vs. sham; **p < 0.001 vs. WT. (C) Effect of MDSCs on T cell proliferation. To determine the immunosuppressive effect of sepsis Gr1+ CD11b+ MDSCs, spleen CD4+ T cells were isolated from normal (naive) mice and labeled with the fluorescent dye carboxy-fluorosceindiacetate, succinimidyl ester (CFSE) for 10 min at room temperature. Gr1+ CD11b+ cells were then cocultured (at 1:1 ratio) with CD4+ T cells. The culture was stimulated with anti-CD3 plus anti-CD28 antibodies (1 μg/ml/each). After 3 days, CD4+ T cell proliferation was determined by the step-wise dilution of CFSE dye in dividing CD4+ T cells by flow cytometry. Percentages of cell proliferation were calculated as follow: % cell proliferation = 100 × (count from T cell + Gr1+CD11b+ cell culture/count from T cell culture). *p < 0.001 vs. sham or early sepsis; **p < 0.001 vs. late sepsis WT. (D) The culture supernatants were analyzed for IFNγ levels by ELISA. *p < 0.001 vs. sham or early sepsis; **p < 0.0001 vs. late sepsis WT. Data are means ± SD (n = 4–6 mice per group) and are representative of three experiments. WT, wild type; KO, knockout.


It is known that Gr1+CD11b+ MDSCs from late, but not early, septic mice suppress T cell activation and proliferation (31). Accordingly, we investigated effects of Gr1+CD11b+ cells on T cell proliferation and activation in wild-type and S100A9 knockout mice, as assessed by IFNγ production. Spleen CD4+ T cells from naive, wild-type mice were cocultured with Gr1+CD11b+ cells from sham (as a control) and septic mice, and then stimulated with anti-CD3 and anti-CD28 antibodies in order to activate the antigen receptor and assess immune competence. Gr1+CD11b+ cells from early septic wild-type or S100A9 knockout mice could not suppress CD4+ T cell proliferation but exhibited slightly reduced IFNγ production (Figures 4C,D). In contrast, Gr1+CD11b+ cells from late septic wild-type mice significantly decreased CD4+ T cell proliferation and IFNγ production compared with Gr1+CD11b+ cells from sham or early septic mice. Moreover, Gr1+CD11b+ cells from late septic knockout mice could not inhibit T cell proliferation, nor could they reduce IFNγ production after antigen stimulation by anti-CD3 and anti-CD28 (Figures 4C,D). These results suggest that S100A9 promotes MDSC repressor function during chronic sepsis. Next, we investigated the S100A8/9 biology in septic mice.



S100A8/A9 Secretion from Phagocytes Decreases in Late Septic Mice

Having linked gene expression to sepsis outcome, we more closely assessed these proteins during sepsis. First, we tested whether S100A8/A9 proteins accumulate in plasma obtained from sham and septic mice during early and late sepsis. Both S100A8/A9 protein levels increased in plasma during early sepsis, but decreased during late sepsis (Figure 5A). Similar patterns of S100A8/A9 heterodimer secretion occurred (data not shown). We then determined whether S100A8 and S100A9 gene expressions paralleled plasma levels during early and late sepsis by measuring mRNA and protein in circulating phagocytes (mainly monocytes and neutrophils), the primary source of S100A8/A9 (14). S100A8/A9 mRNA and protein levels, in contrast to plasma levels, were similar in circulating phagocytes during early and late septic mice (Figures 5B,C). These results support that S100A8/A9 expression increases in mature phagocytes during early and late sepsis, while protein secretion decreases or extracellular clearance increases.
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FIGURE 5 | The S100A8 and S100A9 protein secretion is inhibited during late sepsis despite normal expression levels. (A) Secreted S100A8 and S100A9 proteins was determined by measuring their plasma levels using ELISA. (B) Levels of S100A8 and S100A9 mRNAs. Phagocytes were isolated from peripheral blood by gradients of Histopage-1077 and Histopaque-1119, and mRNA levels were determined by real-time PCR. The S100A8 and S100A9 expression levels were normalized to 18S rRNA. Data are means ± SD (n = 5–9 mice per group), and are representative of three experiments (*p < 0.001 vs. sham; **p < 0.001 vs. early sepsis). (C) Levels of S100A8 and S100A9 proteins in phagocyte lysate were determined by immunoblotting. The membranes were first incubated with anti-S100A8 antibody. After washing (without stripping), the membranes were incubated with anti-S100A9 antibody. Cells were pooled from 2–3 mice per group. The early and late sepsis groups, respectively, included mice that were killed between days 1–5 and 6–28 after cecal ligation and puncture. Representative blot (upper) and densitometric analysis of blots from three experiments (lower) are shown. Values were normalized to β-actin, and are presented relative to sham (*p < 0.001 vs. sham; **p < 0.05 vs. early sepsis).




S100A9 Secretion from Gr1+CD11b+ MDSC Decreases during Late Sepsis

The results presented above suggested that secreted or intracellular S100A8/A9 protein may be needed to generate the MDSC repressor phenotype. To examine this question, we first measured mRNA and protein levels in Gr1+CD11b+ cells isolated from the bone marrow of wild-type mice with or without sepsis. S100A8/A9 mRNAs similarly increased during early and late sepsis (Figure 6A). Immunoblotting revealed that S100A8/A9 protein levels also increased during early sepsis and accumulated in late sepsis Gr1+CD11b+ cells (Figure 6B). We next studied release of S100A8/A9 from MDSCs.
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FIGURE 6 | The S100A8 and S100A9 proteins are retained in Gr1+CD11b+ cells during late sepsis. Gr1+CD11b+ cells were isolated from the bone marrow cells by positive selection. The early and late sepsis groups, respectively, included mice that were killed between days 1–5 and 6–28 after cecal ligation and puncture. (A) Levels of S100A8 and S100A9 mRNAs. Total RNA was extracted from Gr1+CD11b+ cells, and mRNA levels were determined by real-time PCR. The S100A8 and S100A9 expression levels were normalized to 18S rRNA (*p < 0.001 vs. sham). (B) Levels of S100A8 and S100A9 proteins in Gr1+CD11b+ whole cell lysates were determined by immunoblotting. Cells were pooled from 2–3 mice per group. Representative blot (upper) and densitometric analysis of blots from three experiments (lower) are shown. Values were normalized to β-actin and are presented relative to sham (*p < 0.01 vs. sham; **p < 0.05 vs. sham). (C) Protein secretion after stimulation with lipopolysaccharide (LPS). Gr1+CD11b+ cells were isolated from the bone marrow of septic mice and stimulated for 24 h with 1 µg/ml LPS (E. coli serotype 0111:B4). Levels of S100A8 and S100A9 in the culture supernatants were determined by ELISA. Data in A and C are means ± SD (n = 5–6 mice per group), and are representative of three experiments (**p < 0.0003 vs. early sepsis).


Stimulation of bone marrow myeloid cells with bacterial endotoxin LPS induces release of S100A8/A9 proteins from the cytosol (21). We found that Gr1+CD11b+ cells from early septic mice released large amounts of S100A8/A9 proteins after stimulation with LPS (Figure 6C). In contrast, S100A8/A9 protein release from late sepsis Gr1+CD11b+ MDSCs diminished after LPS stimulation. This unexpected finding suggests a dichotomous regulation of S100A8/A9 release with intracellular accumulation during late vs. early sepsis.



S100A9 Protein Phosphorylation and Dimerization Is Inhibited, and the Protein Is Translocated to the Nucleus in Late Sepsis Gr1+CD11b+ MDSCs

To probe what prevents S100A8/A9 release from late sepsis Gr1+CD11b+ cells, we examined S100A9 protein phosphorylation and subcellular localization. S100A9 protein is phosphorylated by p38 MAPK (32, 33) on threonine113 at the C-terminal domain in a Ca2+-dependent manner (34), a modification that facilitates translocating S100A8/A9 complex from the cytosol to plasma membrane for secretion (35). Immunoblotting showed that S100A9 protein was phosphorylated on threonine 113 and formed heterodimers with S100A8 in early, but not late sepsis Gr1+CD11b+ cells (Figure 7A), despite activation of p38 MAPK (Figure 7B).
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FIGURE 7 | The S100A9 protein phosphorylation and dimerization with S100A8 is inhibited and translocated to the nucleus in Gr1+CD11b+ cells during late sepsis. Gr1+CD11b+ cells were isolated from the bone marrow cells by positive selection. The early and late sepsis groups, respectively, included mice that were killed between days 1–5 and 6–28 after cecal ligation and puncture. Cell lysates were prepared, and expression of the indicated proteins was determined by immunoblotting. (A) S100A9 phosphorylation was probed with anti-phospho threonine 113 antibody. To detect the S100A8/A9 heterodimer, the lysate was resolved under non-denaturing conditions which produced a protein band of ~24 kDa. (B) Levels of p38 MAPK phosphorylation were determined using anti-phospho tyrosine antibody that recognizes tyrosine number 180 and 182. (C) Levels of phosphorylated protein kinase C were determined using anti-phospho serines 643 and 660 antibodies. (D) Intracellular calcium levels were measured using a cell-based Fluo-4 NW calcium assay. Data are means ± SD of four mice per group and are representative of two experiments. (E) Localization of the S100A9 protein. Nuclear and cytosolic proteins were extracted from Gr1+CD11b+ cells and immunoblotted with the S100A9 antibody. Nuclear extracts were probed for p-S100A9. Membranes were re-probed with actin or nucleoporin antibody as a loading control. In (A–C,E), cells were pooled from 2–3 mice per group. Representative blots [left; (A,C,E); upper, (B)] and densitometric analysis of blots from three experiments are shown. Values were normalized to β-actin or nucleoporin, and are presented relative to sham [*p < 0.001 vs. sham; **p < 0.001 vs. early sepsis; #p < 0.001 vs. early sepsis S100A9 cytosolic; §p < 0.02 vs. early sepsis S100A9 nuclear (E)].


Secretion of S100A8/A9 complexes is also an energy-dependent process, requires activation of PKC and Ca2+-dependent signaling to support S100A8/A9 interactions with microtubules and translocation to plasma membrane and subsequent release (16). We detected similar phosphorylation (activation) of PKC in early and late sepsis Gr1+CD11b+ cells (Figure 7C). In addition, Ca2+ binding increases the stability of the S100A8/A9 protein complexes (36). An assay of intracellular calcium did not reveal significant differences in the Ca2+ levels between early and late sepsis Gr1+CD11b+ cells (Figure 7D). We also examined subcellular localization of S100A8/A9 proteins. S100A8/A9 proteins are mainly localized in the cytosol (35). As shown in Figure 7E, S100A9 protein was mainly detected in the cytosol in Gr1+CD11b+ cells in early sepsis, but was mainly localized in the nucleus in late sepsis. We did not detect phospho-S100A9 protein in the nucleus by western blot in early or late sepsis Gr1+CD11b+ cells (Figure 7E), suggesting that S100A9 protein accumulates in the nucleus in an unphosphorylated form. In addition, we detected S100A8 protein mainly in the cytosol in early and late sepsis Gr1+CD11b+ cells, but its levels were markedly reduced in late sepsis cells (data not shown), likely due to lack of S100A9 in the cytosol. Together, these results suggest that nuclear translocation of S100A9 in Gr1+CD11b+ MDSCs during late sepsis prevents its secretion and pro-inflammatory effects.



MDSCs Lacking S100A9 Do Not Express miR-21 and miR-181b during Late Sepsis

Expression of miR-21 and miR-181b is induced in Gr1+CD11b+ cells during sepsis and promotes Gr1+CD11b+ cell expansion (24). We reported that blocking miR-21 and miR-181b in septic mice by administration of miRNA antagomiRs diminishes Gr1+CD11b+ MDSC expansion during late sepsis response (24). Accordingly, we measured miR-21 and miR-181b levels by RT-PCR in early and late sepsis. Levels of miR-21 and miR-181b in Gr1+CD11b+ cells were increased during early sepsis in both wild-type and knockout mice (Figure 8A). In late sepsis Gr1+CD11b+ cells, both miRNAs further increased in wild-type mice, but diminished in S100A9 knockout mice.


[image: image1]
FIGURE 8 | The expression of miR-21 and miR-181b in Gr1+CD11b+ cells is inhibited during late sepsis. The Gr1+CD11b+ cells were isolated from the bone marrow of sham and septic mice using magnetic beads. The early and late sepsis groups, respectively, included mice that were killed between days 1–5 and 6–28 after cecal ligation and puncture. (A) Measurements of miR-21 and miR-181b expression. MiRNA-enriched RNA was isolated, and levels of miR-21 and miR-181b were determined by quantitative real-time qPCR using miR-21 and miR-181b specific assay primers. Sample values were normalized to U6 RNA as an internal control. Data are means ± SD (n = 3–5 mice per group), presented relative to values from sham mice (set at onefold). Results are representative of three experiments (*p < 0.001 vs. sham; **p < 0.001 vs. late sepsis WT). (B) Protein levels C/EBPβ, p-Stat3 and NFI-A. Gr1+CD11b+ cell lysates were prepared and immunoblotted with antibodies against the indicated proteins. Representative blots (upper) and densitometric analysis of blots (lower) from three experiments is shown. Values were normalized to β-actin, and are presented relative to sham (*p < 0.01 vs. sham; **p < 0.05 vs. early sepsis).


We previously reported that miR-21 and miR-181b induction during sepsis is dependent on both C/EBPβ expression and Stat3 phosphorylation, which synergize to activate miR-21 and miR-181b promoters (37). To determine whether decreased miR-21 and miR-181b expression in S100A9 knockout mice during late sepsis is due to lack of C/EBPβ expression and/or Stat3 phosphorylation, we examined C/EBPβ and phosphorylated Stat3 protein levels in the Gr1+CD11b+ cell lysates. C/EBPβ expression and Stat3 phosphorylation were similarly induced in wild-type and S100A9 knockout mice (Figure 8B). We also reported that NFI-A expression is induced downstream of miR-21 and miR-181b and promotes Gr1+CD11b+ cell expansion during sepsis by attenuating myeloid cell differentiation and maturation (31). Here, we detected NFI-A in Gr1+CD11b+ cells from early, but not late septic S100A9 knockout mice (Figure 8B). These results strongly support that S100A9 sustains both NFI-A and miR-21 and miR-181b levels during late sepsis immunosuppression.



Administration of S100A8/A9 to S100A9 Knockout Mice Has No Impact on Sepsis Response

S100A9 integrates two signaling pathways that facilitate S100A8/9 release and may functionally dominate complex function (35). Other studies suggested that S100A8 may be dominant in the S100A8/A9 complex (21). Because S100A8 protein is diminished in the S100A9 knockout mice (Figure 2C), we examined whether reconstitution of the S100A9 knockout mice with S100A8 and/or S100A9 affects late sepsis responses. We injected (i.p.) the wild-type and S100A9 knockout mice with recombinant mouse S100A8 and/or S100A9 at day 5 after CLP (i.e., at the end of early sepsis phase). Administration of S100A8 alone or in combination with S100A9 did not affect survival of the S100A9 knockout mice (Figure 9A). In the wild-type mice, only injection of S100A8/A9 increased mortality by ~24–16% between days 6 and 11 compared with mice injected with saline (Figure 9B). In addition, we did not detect significant changes in plasma levels of immunosuppressive cytokine IL-10 in mice treated with S100A8 or S100A8/A9, but levels of pro-inflammatory TNFα slightly increased in mice treated with S100A8/A9 compared with S100A8 alone (Figure 9C). In the wild-type mice, S100A8/A9 injection slightly, but significantly, increased TNFα production. Of note, levels of IL-10 were significantly higher compared with the S100A9 knockout mice, and were further elevated after S100A8/A9 injection. These results suggest that S100A8 absence in the S100A9 knockout mice does not affect the inflammatory response to sepsis. These results also suggest that administration of S100A8/A9 into wild-type mice undergoing late sepsis can further enhance immunosuppression.


[image: image1]
FIGURE 9 | Administration of rS100A8/9 into the S100A9 knockout mice undergoing sepsis has no effect on sepsis survival or inflammatory cytokine production. Sepsis was induced by cecal ligation and puncture (CLP), and mice were treated as described in Figure 2. On day 5 and day 6 after CLP, mice were injected (i.p.) with 50 µg each of recombinant mouse S100A8 and/or S100A9 protein or 100 µl saline. (A,B) Kaplan–Meier survival curves showing deaths during the early and late sepsis phases in KO and WT mice (n = 15 per group). (C) Plasma levels of TNFα and IL-10. Blood was collected at day 15 after CLP from the KO mice (n = 6 mice per group) and at days 7–18 from the WT mice (n = 4–6 mice per group). Plasma was collected, and levels of TNFα and IL-10 were determined by ELISA. Data are means ± SD. *p < 0.05 vs. KO; **p < 0.001 vs. KO; #p < 0.0001 vs. KO; §p < 0.01 vs. saline or rS100A8 WT. r, recombinant.




S100A8/A9 Plasma Levels Decrease in Chronic Septic Patients, but Remain Elevated within Phagocytes

Secreted S100A8/A9 may promote acute and/or chronic inflammation (18). To determine whether S100A8/A9 expression in sepsis patients correlates with sepsis inflammation, we first measured plasma S100A8/A9 during human sepsis. Patients were divided into two groups: the early septic group included patients within 1–5 days of clinically detected sepsis and the chronic sepsis group had been septic at least 6 days and up to 31 days. Figure 10A shows significant increases in S100A8/A9 plasma levels in the early septic group compared with healthy controls. Notably, circulating S100A8/A9 levels decreased in late septic patients. We then determined whether the decrease in plasma levels of S100A8/A9 proteins correlated with reduced protein expression by phagocytes. Using western blotting, we observed marked increases in S100A8/A9 proteins in blood phagocytes from early and late septic patients compared with healthy controls (Figure 10B). We further examined whether S100A9 expression correlates with sepsis prognosis for the late septic group. Both mRNA and protein levels of S100A9 markedly decreased in phagocytes from patients who later recovered from chronic sepsis but remained elevated in those who eventually died (Figures 10C,D). Together, these results suggest that sustained intracellular S100A9 in phagocytes and perhaps MDSCs promote chronic sepsis by sustaining immunosuppression.


[image: image1]
FIGURE 10 | Release of S100A8/A9 proteins is blocked in late septic patients. Blood phagocytes and plasma were isolated by gradients of Histopage-1077 and Histopaque-1119 (Sigma). (A) Levels of S100A8/A9 proteins in plasma were determined by ELISA (run in duplicate). Data are means ± SD (n = 8 subjects/group) (*p < 0.001 vs. HC; **p < 0.001 vs. early septic). (B) levels of S100A8/A9 proteins in phagocytes lysates were determined by western blot. Representative blot (left) and densitometric analysis of blots (right) are shown. Results are representative of three immunoblots (*p < 0.01 vs. HC; *p < 0.05 vs. early septic). (C,D) The late septic patient group shown in panel (A) was divided into two sub-groups: those who later recovered (n = 5) from sepsis or died (n = 3). Their frozen phagocytes were divided. A portion of the cells was used for RNA extraction and determination of S100A8/A9 mRNA levels by real-time PCR, and expression levels were normalized to 18S rRNA (C) (*p < 0.001). The remainder of the cells were lysed and S100A9 protein levels were determined by western blot (D). Representative blots (left) and densitometric analysis of blots (right) are shown. Results are representative of three immunoblots (*p < 0.01). Patient numbers are shown on top of the blots. Early septic included patients who were within 1–5 days after diagnosis. Late septic included patients who have been septic for 6–31 days. HC, health control.





DISCUSSION

It is increasingly evident that MDSCs promote sepsis-induced immunosuppression in mice (30, 38) and their counterparts may contribute to the profound and sustained immunosuppression in human sepsis (7). Despite decades of studies on sepsis pathobiology and multiple therapeutic failures, sepsis is still a health-care crisis without available targeted treatment options (8, 39). Importantly, the mediators that sustain MDSC generation and immunosuppression in chronic sepsis remain a mystery. This study, for the first time, introduces the concept that S100A9 protein contributes to late sepsis mortality in mice by its sustained expression and nuclear retention. Tantamount to molecular targeting therapeutics, genetic deletion of S100A9 in mice improves chronic sepsis mortality. That this new paradigm may translate to human sepsis, we show that S100A8/A9 intracellular mRNA and protein levels in phagocytes are elevated in patients with more chronic sepsis, and that a correlation may exist between this repressor like phenotype and human sepsis mortality. However, more research in humans is needed to test this new theory before targeted therapy is developed. The emerging use of immune checkpoint, as well as metabolic checkpoint, drugs (40, 41) may allow translation of our concept into both a better understanding and treatment of human sepsis—a major gap and health-care need.

We detected significantly elevated levels of S100A8/A9 proteins in the plasma of early septic mice, a known feature of S100 proteins as pro-inflammatory, acute phase proteins (15, 16). However, we showed that S100A8/A9 proteins in septic mice decreased in the late sepsis phase, despite elevated levels of mRNAs and proteins in circulating phagocytes and Gr1+CD11b+ MDSCs in the bone marrow and spleens. Another important observation supporting our paradigm was decreases in immunosuppressive IL-10 cytokine and increased microbial clearance from peritoneum in S100A9 knockout mice during late sepsis. This supports that S100A9 directs immune suppression in phagocytes and MDSCs. However, the mechanistic link between miR-21 and miR-181b expression, as well as the signaling regulatory path involving C/EBPβ and NFI-A, supports that S100A9 acts as a transcription co-factor or an indirect epigenetic mediator. Epigenetic pathways like those regulated by NAD+ Sirtuins 1 and 6 (12) are candidates, as well as direct cooperativity with transcription repressor complexes like RelB (42, 43).

Our study does not refute the substantive reports showing S100A8/A9 proteins function mainly as extracellular pro-inflammatory mediators (14–16). A recent study showed that S100A8/A9 proteins promote septic shock in mice via activating TLR4 on innate immunity cells (21). Other findings support that S100A8/A9 proteins also exert anti-inflammatory effects (22), and our data suggest a dual role for S100A9 protein. Intracellular S100A9 may act as an anti-inflammatory/immunosuppressive mediator through reprogramming the Gr1+CD11b+ myeloid cells into MDSCs, whereas extracellular S100A9 may promote inflammation in the plasma and when secreted by phagocytes. This interpretation of dual functioning proteins is not without precedent. For example, we previously discovered that HMGB1 histone binding protein, which like S100A9 induces inflammation after release and through stimulation of TLR4, is also an epigenetic repressor during endotoxin tolerance in human monocytes, a biomarker of immunosuppression (44). Of note, administration of recombinant S100A8 and/or S100A9 at the onset of the late sepsis phase did not impact sepsis outcomes in the S100A9 knockout mice. However, S100A8/A9 enhanced mortality in the wild-type mice for the first few days after the injection, and this response was accompanied by increases in the levels of immunosuppressive IL-10 production.

Many MDSCs accumulate during late sepsis in mice (30, 38). Our finding that S100A9 knockout mice did not generate immunosuppressive Gr1+CD11b+ cells (i.e., MDSCs) during late sepsis response is physiologically significant, and supports that S100A9 is necessary for chronic MDSC repressor function. Moreover, S100A9 knockout mice in early sepsis response were still able to generate normal (immune competent) Gr1+CD11b+ cells, similar to wild-type mice. While these functionally competent myeloid cells were phenotypically similar to the MDSCs generated in late sepsis, they did not suppress T cell activation or proliferation. Thus, S100A9 protein reprograms immature Gr1+CD11b+ myeloid cells into MDSCs in late sepsis, but has no impact on myeloid cell phenotype or functions under normal conditions or during the early phase of sepsis.

S100A9 protein phosphorylation and dimerization with S100A8 and subsequent secretion require phosphorylation on S100A9 by p38 MAPK (32, 33) and activation of PKC in a Ca2+-dependent manner (16). Our results showed that S100A9 protein phosphorylation and dimerization were inhibited in the Gr1+CD11b+ cells from late, but not early, septic mice despite normal activation of p38 and PKC throughout the sepsis course. In addition, we did not observe changes in the intracellular Ca+2 levels. Most importantly, we found that S100A9 protein was mainly localized in the nuclear compartment in late sepsis Gr1+CD11b+ cells (i.e., MDSCs). S100A8/A9 proteins are known to have diverse functional properties based on location and posttranslational phosphorylation/dephosphorization mechanisms (16). It is unclear from the current study how S100A9 protein is translocated into the nucleus in late sepsis cells, since a nuclear localization signal has not been reported, to the best of our knowledge. Since S100A9 phosphorylation promotes its translocation from the cytosol to the plasma membrane for secretion and increases its Ca2+ binding property (16, 45), it is possible that nuclear translocation only occurs in the dephosphorylated state in which calcium is unbound. Testing that possible mechanism will require genetic and therapeutic targeting.

In summary, this study for the first time identifies a novel chronic immune repressor mechanism in MDSCs, which may have untoward consequences on sepsis resolution during the PICS syndrome (46). Unanswered important questions include what controls S100A9 translocation to the nucleus, what disrupts its secretion? and whether this novel path can be a therapeutic target?
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We have shown that invariant natural killer T (iNKT) cells mediate sepsis-induced end-organ changes and immune responses, including macrophage bacterial phagocytosis, a finding regulated by the check point protein program cell death receptor-1 (PD-1). Furthermore, PD-1 mediates mortality in both adult and neonatal murine sepsis as well as in surgical patients. Given our previous findings, we hypothesize that iNKT cells will also modulate neonatal sepsis survival, and that this effect is regulated in part through PD-1. We utilized a polymicrobial intra-peritoneal cecal slurry (CS) sepsis model in wild type (WT), iNKT−/− or PD-1−/− 5–7 day old neonatal pups. Typically, tissues were harvested at 24 h for various bioassays/histology and, in some cases, survival was assessed for up to 7 days. Interestingly, similar to what we recently reported for PD-1−/− mice following CS, iNKT−/−-deficient animals exhibit a markedly improved survival vs. WT. Histologically, minor alterations in liver architectural, which were noted in WT pups, were attenuated in both iNKT−/− and PD-1−/− pups. Following CS, PECAM-1 expression was unchanged in the WT pups but increased in both iNKT−/− and PD-1−/− pups. In WT, following CS the emergence of a Ly6Clow subpopulation was noted among the influxed peritoneal macrophage population. Conversely, within iNKT−/− pups, there were fewer peritoneal macrophages and a greater percentage of Ly6Chigh macrophages. We show not only a key role for iNKT cells in affecting end-organ damage as well as alterations in phagocytes phenotypes in neonatal sepsis but that this iNKT cell mediated effect is driven by the central checkpoint protein PD-1.
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INTRODUCTION

Sepsis in neonates remains a devastating illness. Despite significant advances in medical and surgical ICU care, both sepsis-related mortality and long-term morbidity from residual multi-organ dysfunction remain dismally high (1, 2). Intra-abdominal sepsis, from a variety of causes, remains a leading etiology of neonatal sepsis. Several investigators aim to mimic a specific surgical disease such as necrotizing enterocolitis by including a variety of components to the models (3). However, there is a paucity of data pertaining to the isolated effect of the abdominal bacterial burden without a significant tissue damage component. Using a neonatal model, we demonstrated a role for the check point protein program cell death receptor-1 (PD-1) in modulating the mortality seen with isolated peritoneal polymicrobial sepsis (4). PD-1 is a check point protein involved in both co-stimulatory and co-inhibitory regulation of a variety of acute and chronic immune responses (4–7).

Immune dysfunction induced by sepsis is a major driver of the noted mortality and the morbidity from distant organ failure/dysfunction (8). Following sepsis patients manifest immunosuppression (9). However, the predominance of our understanding of the immune dysfunction seen in sepsis is derived from adult data, both murine models and critically ill patients. It is well recognized that considerable differences exist between the neonatal and adult immune systems. Compared to the adult immune system, it is noted that the neonatal system exhibits a predominance of the innate arm and a poorly developing cellular immunity component (10). Despite these well-described differences in naive baseline immune systems, it is critical to identify key clinical and immunological manifestations of immune suppression that are present across all ages. It will be key to understand whether pathways described in adult sepsis, for which therapeutic agents are currently available, also exist in neonatal sepsis.

We and others have previously demonstrated that several key regulators of the immune response exist. Specifically, this includes a central role for invariant natural killer T (iNKT) cells (11–14). iNKT cells are innate regulatory cells, which may modulate the immune response to polymicrobial sepsis in both adult mice and humans. This involves regulating peritoneal macrophages (11) and liver kupffer cells (15). iNKT cells regulate clearance of the peritoneal bacterial septic burden and affect influx of key immune cells. Specifically, within adults, we have noted that this iNKT cell regulation of the immune response to sepsis is controlled by the regulatory checkpoint protein PD-1 (16), a finding not previously observed in neonates.

Invariant natural killer T cells appear to be well developed early in the neonatal immune system and display a considerable non-thymic component to their development and mobilization and functioning. Furthermore, they play key roles in response to non-infectious allergic responses in the early immune system. Given this and the key role for iNKT cells in adult polymicrobial sepsis, we hypothesize that iNKT cells will play a key role in regulating neonatal response to peritoneal sepsis, a finding regulated by the checkpoint protein PD-1.



MATERIALS AND METHODS


Mice

Wild-type (WT) mouse pups were bred from C57BL/6J parents. Mice deficient in either iNKT cells (to the deletion of the Vα14Jα18 T-cell receptor gene; Jα18−/−) or gene for PD-1 (PD-1−/−) breed on a C57BL/6 background were used to breed the knock-out strains. All mice were bred at Rhode Island Hospital and maintained at our institution’s rodent facility receiving standard care and standard diet. All pups used were aged 5–7 days old at the start of any experimental procedure. Research objectives and all animal protocols were approved by the Institutional Animal Care and Use Committee of Rhode Island Hospital (ACUP# 0040-16) and conducted in accordance with the Animal Welfare Act and National Institutes of Health guidelines for animal care and use.



Cecal Slurry (CS) Model

The CS model at our institution is modification (16) of the model previously described by Wynn et al. (17). In brief, a naive WT adult donor mouse (C57BL/6J) was euthanized and cecal contents were harvested. These cecal contents were mixed with 5% dextrose solution to create a CS with a concentration of 80 mg/mL. Pups from each litter used were randomly assigned to Sham (Sh) or CS groups. This was repeated across several litters. For the CS group, pups aged 5–7 days old underwent intra-peritoneal (IP) injection of CS at an LD70 (1.3 mg/g BW) as a septic challenge (17). Matched pups from the same litter underwent IP injection of 0.9% saline served as the Sh control.



Survival Study

Survival studies were undertaken comparing survival of the pups up with 7 days following either Sh or CS injection. Survival checks were undertaken four times per day for the first 3 days and then twice daily up to 7 days. Given that a striking difference in mortality (50% mortality in the WT) was evident by 24 h both in this study as well as our previous work (4), the 24 h time point was chosen for the rest of the experiments.



Tissue Collection

Pups were euthanized at 24 h following Sh or CS via decapitation. They underwent peritoneal lavage for the collection of cells, which were freshly prepared for flow cytometric analysis. Liver was then harvested and stored either in formalin or at −80°C for later western blot analysis.



Flow Cytometry

Peritoneal cells were collected by lavage, centrifuged, and analyzed fresh by flow cytometry. Cell counts were also undertaken to calculate absolute numbers of cells within each population. To identify iNKT cells, we used α-GalCer pre-loaded CD1d tetramers conjugated to allophycocyanin (APC) (specific for the Vα14Jα18-TCR). The control was unloaded tetramer, both of which have been obtained from the NIAID Tetramer Facility (Germantown, MD). Monoclonal antibodies were used for most analyses. These included fluorescein isothiocyanate-conjugated F4/80 (peritoneal macrophages), phycoerythrin (PE)-conjugated anti-CD69 (activation), APC-conjugated anti-Ly6C (maker of activation and transmigration ability), and APC-conjugated CD11b (macrophage activation and mobilization factor). All antibodies used were in accordance with both manufacturer’s recommendation and our previous publications and analyzed via FloJo software.



Histology

Liver samples were placed in formalin and subsequently embedded in paraffin for later sectioning. Sections were stained with hematoxylin and eosin and reviewed for architecture, including ballooning and apoptosis. All H&E samples were analyzed in a fashion blinded to the strain or experiment of origin.



Western Blot

Protein lysates of mouse hepatocytes were run on 10% Tris-glycine gels (Invitrogen, Carlsbad, CA, USA). Blotting procedures, chemiluminescent detection, and densitometric analysis were performed as previously described by our laboratory (18). Membranes were probed with PECAM-1 polyclonal antibody (cat# ab28364; Abcam, USA) and bands detected at 130 kDa. Glyceraldehyde 3-phosphate dehydrogenase was used for loading control.



Statistical Analysis

SigmaPlot 12.5 (Systat Software, San Jose, CA, USA) was used for all analyses. Data are expressed as mean and standard error of the mean. Categorical data were assessed using chi-squared or Fisher’s exact test. Mann–Whitney U test was used to assess continuous data across two groups. One-way analysis of variance with Holm–Sidak post hoc analysis was used for continuous data across multiple groups. Alpha was set to 0.05.




RESULTS

Given our finding that iNKT cells play a role in modulating mortality from sepsis in adult mice (11, 13), we first undertook a survival analysis to assess for a potential role for iNKT cells in neonatal sepsis. Akin to previous observations in both adult as well as in neonatal sepsis (4), no mortality was noted in either WT or iNKT−/− pups following Sh injection (N = 7). CS injection induced an early mortality of approximately 70% in WT pups (N = 14) (p < 0.001 compared to both Sh groups). The mortality difference was evident as early as 24 h. However, it was abrogated in iNKT−/− pups wherein a mortality of only approximately 10% was noted (N = 21) (p < 0.05 – compared to WT CS) (Figure 1). Given the fact that mortality effects occurred as early as 24 h following CS in WT, we opted for 24 h as the time point for all further work. Specifically, we reviewed the role for iNKT cells in affecting both the local (peritoneal cavity) as well as remote organ (liver) responses to polymicrobial sepsis.
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FIGURE 1 | Survival study. There was no mortality among either wild type (WT) or iNKT−/− pups subjected to sham (N = 7). Compared to sham, sepsis induced approximately 70% mortality among WT pups (p < 0.001) (N = 14). However, compared to WT, this mortality was considerably abrogated among iNKT−/− pups mortality, noted to be only approximately 10% (N = 21) (p < 0.001 compared to WT).


We have previously demonstrated a role for iNKT cells in regulating the peritoneal macrophage phenotype and function in response to sepsis in adults (11), we determined whether iNKT cells would affect changes in the neonatal peritoneal macrophage response which may begin to explain the role of iNKT cells in affecting mortality following neonatal sepsis. Twenty-four hours following induction of sepsis, the peritoneal cavity underwent lavage with aspiration of peritoneal cells, which were then assessed using flow cytometry. Initially, we noted that in WT pups, CS induced an influx of iNKT cells into the peritoneal cavity, both as a percentage of CD3+ cells as well as absolute numbers (Figure 2).
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FIGURE 2 | Invariant natural killer T cells were noted to appear in the peritoneal cavity following sepsis, both as a percentage of CD3+ cells as well as absolute numbers of cells. N = 4–6 per group. *p < 0.05 comparing sham to CS groups.


Among the WT pups, compared to Sh, CS induced a marked influx of macrophages into the peritoneal cavity at 24 h both as a percentage of total peritoneal cells (3% vs. 49%; p < 0.01), as well as absolute numbers of cells. However, in iNKT−/− pups, although there was a small increase in peritoneal macrophage influx, there was a marked reduction of peritoneal macrophages when compared with WT pups (Figure 3). To assess for PD-1’s role in this finding, we repeated the study among PD-1−/− pups and observed a similar finding wherein CS within PD-1−/− pups was not associated with a significant peritoneal macrophage influx.
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FIGURE 3 | (A,B) Sepsis induced an influx of macrophages into the peritoneal cavity in wild-type pups but not in iNKT−/− pups. Analysis of variance with *p < 0.05 to detect differences between each group.


To further determine whether iNKT cells played a role in altering the phenotype of these infiltrated macrophages, we undertook flow cytometric analysis for CD11bhigh versus CD11blow expression among the peritoneal macrophages. In WT, CS was noted to induce an expansion of the CD11blow subpopulation (9.5% vs. 40%; p < 0.05) and a decline in the CD11high (58% vs. 40%; p < 0.05) population within the peritoneal cavity. Conversely, in iNKT−/− pups, the opposite effect was noted, wherein there was a decline in the CD11blow (49% vs. 29%; p < 0.05) and an expansion of the CD11bhigh subpopulation (Figure 4A). A similar effect was noted when assessing for Ly6C expression, wherein sepsis in WT induced an expansion of Ly6Clow peritoneal macrophages, but in iNKT−/−pups, this was reversed with an expansion of the Ly6Chigh peritoneal macrophage subpopulation. To address a potential role of PD-1 in this observation, we also assessed a similar peritoneal macrophage phenotype in PD-1−/− pups. In pups lacking PD-1, the peritoneal macrophage phenotype mimicked that found in the iNKT−/− pups for both CD11b and Ly6C populations (Figure 4B).
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FIGURE 4 | (A,B) Representative flow cytometry of CD11bhigh and Ly6Chigh phenotyping of the peritoneal F4/80+ macrophages. Sepsis in wild-type sepsis induced a decline of the CD11bhigh and Ly6Chigh sub-populations, a finding reversed in both iNKT−/− and PD-1−/− pups. N = 4–6 per group. Analysis of variance with *p < 0.05 to detect differences between each group.


We next assessed whether iNKT cells may affect distant organ response to sepsis. Given the fact that a large contribution to the morbidity and mortality of neonatal sepsis has previously been shown to be derived from distal organ failure (19), and specifically liver dysfunction (20), coupled with the central role of hepatic iNKT cells in responding to both local and distal sterile and infectious insults, we next focused on whether iNKT cells may also contribute to potential liver damage as a contributing aspect to the noted sepsis related mortality differences. On H&E staining, it was evident that CS did not lead to any gross architectural damage or any evidence of fulminant liver architectural changes in either the WT pups or iNKT−/− or PD-1−/− pups. We next reviewed minor liver derangements that may contribute to mortality. We have previously noted within adult models that sepsis induces apoptosis, thus, we looked for apoptotic cells, per 5 high power fields, in liver specimens. Compared to Sh, CS sepsis was associated with an induction of apoptosis in the WT pups (0.5 vs. 3.8; p = 0.002). iNKT cells appeared to play a role in sepsis induced apoptosis, given that no difference in hepatic apoptosis was evident between Sh and CS in iNKT−/− pups. To assess whether the check point protein PD-1 may play a role in this finding, we undertook a similar analysis in PD-1−/− pups. There were two interesting findings within this group. First, it was noted that levels of apoptosis within Sh PD-1−/− were markedly higher than had been noted within WT Sh pups. Sepsis was noted to induce comparable levels of apoptosis within the liver in both iNKT−/− and PD-1−/− pups. However, relative to Sh levels, counter to the findings in iNKT−/− pups, we noted that when compared to Sh, rather than being increased, we note decreased apoptosis in PD-1−/− pups (4.3 vs. 2; p = 0.01) (Figure 5).


[image: image1]
FIGURE 5 | Sepsis induced apoptosis in wild-type pups, but sepsis did not increase apoptosis in either iNKT−/− pups or PD-1−/− pups. N = 4–6 per group. Analysis of variance with *p < 0.05 to detect differences between each group.


Given the central role for PECAM-1 in a combination of both gap junction integrity as well as a role in mediating leukocyte transendothelial migration in response to inflammation in distant organs, we assessed PECAM-1 expression in the liver. Within WT pups, CS did not induce any alteration in PECAM-1 expression. This was also noted within PD-1−/− pups following sepsis. However, within iNKT−/− pups, it was notable that the baseline level of PECAM-1 was markedly elevated compared across the other strains as well as compared with the other disease states. Furthermore, within iNKT−/− pups, CS was noted to induce a marked decline, compared to Sh in PECAM-1 expression. However, this was still elevated when compared to the either WT or PD-1−/− pups (Figure 6).
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FIGURE 6 | PECAM-1 expression was unchanged in either wild-type or PD-1−/− pups following cecal slurry (CS). However, within iNKT−/− pups, PECAM-1 expression was noted to be significantly elevated at baseline following sham compared to all others. Following CS sepsis, levels of PECAM were noted to significantly decrease. N = 4–6 per group. *p = 0.04 comparing iNKT−/− sham versus CS; #p < 0.01 comparing iNKT−/− sham versus all others; **p < 0.01 comparing iNKT−/− CS versus all others; by analysis of variance.




DISCUSSION

Sepsis from a peritoneal source in the neonate remains a devastating illness with high mortality rates and, among those who survive, high rates of long-term morbidity and residual end-organ dysfunction (2). Factors controlling the neonate’s immune response to sepsis have begun to be elucidated. Despite the marked differences that exist between the neonatal and adult immune systems, understanding which similarities will offer insights into controlling mechanism of the sepsis response across the ages. Specifically, within the neonate, it is emerging that innate regulatory cells appear to be more abundantly present. Specifically, a distinct and active population of iNKT cells exists in neonatal cord blood (21, 22). We have previously demonstrated a significant role for iNKT cells in controlling the immune response to sepsis in adults (11, 13). In this study, we echo some of those findings. We note a role for iNKT cells in affecting both the local peritoneal macrophage response and a distal organ (liver) response to polymicrobial abdominal sepsis. Previous authors have demonstrated some functional differences between naive neonate and adult iNKT cells, wherein both specific stimuli and local environment dictate type of iNKT cell as well as response from the iNKT cells from neonates compared to adults (23). However, this prior work is almost exclusively undertaken in cord blood and following stimulation of isolated naive iNKT cells and does not reflect a potential role for these unique regulatory cells in response to polymicrobial neonatal sepsis. Furthermore, our current work echoes a previously noted role for the check point protein PD-1 in modulating mortality from sepsis in both humans and mice as well as a role for PD-1 in modulating the adult iNKT cell response to sepsis (16). Furthermore, we recently demonstrated a role for PD-1 in survival in neonatal sepsis (16). The current work using a model of neonatal peritoneal bacterial sepsis distinct from the additive effects of tissue destruction demonstrates a role for iNKT cells in affecting both the local peritoneal and distant organ response to neonatal sepsis and focused on PD-1 as a possible driver of these iNKT-cell-mediated effects. These results offer exciting potential therapeutic targets given the clinical availability, for adults as well as pediatric patients, of both specific modulators of iNKT cells (24, 25) and PD-1 antagonists.

We have previously demonstrated in adult mice, following initiation of sepsis, that hepatic iNKT cells leave the liver and migrate to the peritoneal cavity, wherein, they have a regulatory role in controlling the peritoneal macrophage response to sepsis. As a mechanism, we demonstrated that this iNKT-cell migration and iNKT cell control of the peritoneal macrophage response was under the regulation of the checkpoint protein PD-1 (16). Within the neonate, it is known that innate regulatory immune cells, such as iNKT cells, play major roles in responding a variety of antigens, including the fact that iNKT cells are noted to accumulate in the small intestine in the second trimester (26). This supports our current observation that iNKT cells emigrate into the peritoneal cavity in response to sepsis and that these iNKT cells played a significant role in altering the peritoneal macrophage population.

Neonates are known to display an attenuated and down-regulated inflammatory response to many stimuli (8, 10, 27). Despite this dampened inflammatory response, it has been postulated that neonatal mortality may be driven from end organs being more susceptible to the immune response to an infection (8). Although we did not find any gross histologic hepatic damage following sepsis, we did detect minor alterations within the liver following sepsis. Any degree of organ dysfunction among vulnerable neonates may display marked effects; however, further work will be needed to assess whether these observed minor effects indeed play a role in altering sepsis related mortality. iNKT cells appear to play a role in the sepsis induced apoptosis, wherein apoptosis was diminished in Jα18−/− pups following sepsis. CS induced an alteration in PECAM-1 expression in WT pups. PECAM-1 (CD31) is expressed at the lateral borders of endothelial cells. Within the fetal and neonatal liver, PECAM-1 is expressed upon endothelial cells of all blood vessels and is involved in many of the developmental and pathologic changes seen in response to disease processes (28, 29). Alterations in PECAM-1 affect vascular responses and leukocyte trafficking in response to a septic challenge (30). We herein noted that iNKT cells potentially maintain gap junction integrity by regulating PECAM-1, wherein iNKT−/− pups displayed lowered hepatic PECAM-1 expression compared with the WT. This is in keeping with the observations of Clement et al who demonstrated key interactions between innate regulatory lymphocytes and cell adhesion molecules (31).

Here, we have demonstrated that several features of the peritoneal macrophage response to peritoneal polymicrobial septic challenge are controlled by iNKT cells in the neonate. Within WT pups, sepsis induced an influx of iNKT cells into the peritoneal cavity. This peritoneal influx of iNKT cells is in keeping with our adult murine data, in which the liver is the major source of iNKT cells in the mouse, and that when a septic source is detected, hepatic iNKT cells become activated, enter the circulation, and localize to the peritoneal cavity to affect the immune response to sepsis (11, 16). Most importantly, there was a marked decline in the influx of macrophages in the absence of iNKT cells; this speaks to a central role for iNKT cells in mobilizing macrophages to the source of the sepsis. Furthermore, we noted iNKT-cell-dependent alteration in the activation status of the peritoneal macrophages in response to sepsis. We chose to assess CD11b and Ly6Chigh/low level expression among these cells. CD11b is often seen as a marker of activation of macrophages and is also involved in facilitating transendothelial migration (32, 33). The emergence of CD11blow subpopulation following sepsis in the WT is in keeping with the generalized immunosuppression seen in sepsis. However, the reversal of this effect with the lack of CD11blow and the expansion of CD11bhigh among iNKT-cell-deficient mice is in keeping with the known role for iNKT cells as suppressive or anti-inflammatory immune cell. Many have described the iNKT-cell as the brake on the immune system to control and prevent an over-exuberant inflammatory and immune response (34, 35). Ly6C was chosen as both a marker of activation and surface receptor involved in aiding mobilization of macrophages in anticipation of possible migration (36). Again given the emergence of Ly6Clow in WT, but not in iNKT cell-deficient mice, would suggest a role for iNKT cells in modulating and preventing too many macrophages getting to the site of injury or sepsis and, thus, preventing an excessive response.

We believe that our data are in keeping with the known dual abilities of iNKT cells (14, 35, 37, 38). It has been well-described that iNKT cells are capable of both a Th1 response and a Th2 response to a variety of insults as well as affecting the local or distal Th1/Th2 response in adult animal models. Our data supports a model of iNKT cells acting as co-stimulator cells licensing macrophages to respond to a stimulus (the bacterial burden) and then mobilize and migrate to the peritoneal cavity (the source of the sepsis) as reflected by the lack of peritoneal macrophages in CS in iNKT cell deficient mice. However, once these macrophages are activated and arrive at the peritoneal cavity, then iNKT cells appear to be responsible for controlling and preventing an over-exuberant immune response and, thus, preventing tissue destruction and by-stander tissue injury.

Our findings also support the concept that the iNKT-cell migration and their actions directed at macrophages were under the influence of PD-1. Among immune regulators, PD-1 has arisen to play an integral role in a variety of physiologic derangements, including sepsis and malignancy (39). PD-1 is a transmembrane receptor that is recognized to serve as a checkpoint protein in both pro- and anti-inflammatory cascades. It has been demonstrated to alter cell-trafficking in response to intra-abdominal sepsis in the adult mouse model via release of the immunoparalysis (40, 41) induced by severe sepsis (42, 43). This includes affecting the trafficking of iNKT cells to the source of sepsis in adult mice (16). When PD-1 is activated via binding to one of its two ligands, it acts to prevent the activation of immune cells. This causes downregulation of the function of T and pro-B cells among other effects (6, 41). Although as it name suggests the molecule promotes apoptosis among antigen-specific T cells in lymph nodes, it reduces apoptosis among regulatory suppressor T cells. It also contributes to inhibition of macrophage function in the setting of sepsis (44). Conversely, when PD-1 is blocked, it cannot exert its inhibitory effects on most T cells (6). PD-1 inactivation neutralizes the pathway thought to be critical in T-cell co-stimulatory signal regulation.

This work, expanding upon an aspect of iNKT-cell biology, offers intriguing future potential targets for currently available therapeutic agents. iNKT cells are activated via α-galactosylceramide (αGalCer), which is a potent and very specific glycolipid. Although much of the clinical work on iNKT-cell and PD-1 modulation has been undertaken among cancer patients, modified αGalCer glycolipids have been used to modulate iNKT cells in phase I/II clinical studies involving patients with chronic hepatitis B (45) and chronic hepatitis C infections (24). Interestingly, Yang et al. demonstrated that the effectiveness of iNKT cells in affecting control of chronic hepatitis B was, in part, driven through PD-1 expression upon iNKT cells. Tefit et al. demonstrated the safety of ABX196, another αGalCer analog, as a vaccine against hepatitis B (46). Given the safety and effectiveness of these early cancer and hepatitis trials involving αGalCer glycolipid analogs, future work will be aimed at sicker and more vulnerable septic patient population, specifically as it relates to the need for higher and repeat dosing to overcome profound immunosuppression. Furthermore, an ability to direct a Th1 versus a Th2 response has been demonstrated based on specific structural analogs of αGalCer (47).

Several authors have begun to explore the ability to harness the power of donor iNKT cells. Specifically relating to our findings, De Lalla et al. noted that, among pediatric patients with hematological malignancies receiving hematopoietic stem cell transplantation, the successful reconstitution of iNKT cells was key to maintaining cancer remission (48). This work is also in keeping with our prior data among septic adult/geriatric patients wherein we noted that loss of an adequate circulating iNKT population following sepsis was associated with an increased risk of death (12). With the expanded abilities to grow and maintain transplantable iNKT cells, one can foresee septic patients receiving transplanted iNKT cells followed by either modified αGalCer glycolipids or CD1d blocking agents to modulate the function of these transplanted iNKT cells.



CONCLUSION

Here, we demonstrate a key role for iNKT cells in affecting both peritoneal macrophages as well as end-organ damage in neonatal sepsis. This iNKT-cell-mediated effect is, in part, driven by the central checkpoint protein PD-1, a ligand for which therapeutic agents are currently clinically available. Given the currently available agents either in clinical use or undergoing clinical trials for the modulation of both iNKT cells as well as PD-1, ongoing elucidation of this mechanism will allow further refinement of potential therapeutic targets in this vulnerable population with neonatal sepsis.
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Metabolism in immune cells is no longer thought of as merely a process for adenosine triphosphate (ATP) production, biosynthesis, and catabolism. The reprogramming of metabolic pathways upon activation is also for the production of metabolites that can act as immune signaling molecules. Activated dendritic cells (DCs) and macrophages have an altered Krebs cycle, one consequence of which is the accumulation of both citrate and succinate. Citrate is exported from the mitochondria via the mitochondrial citrate- carrier. Cytosolic metabolism of citrate to acetyl-coenzyme A (acetyl-CoA) is important for both fatty-acid synthesis and protein acetylation, both of which have been linked to macrophage and DC activation. Citrate-derived itaconate has a direct antibacterial effect and also has been shown to act as an anti-inflammatory agent, inhibiting succinate dehydrogenase. These findings identify citrate as an important metabolite for macrophage and DC effector function.
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METABOLIC REPROGRAMMING IN MACROPHAGES AND DENDRITIC CELLS (DCs)

The innate immune system is the first line of defense against infection. Cells of the innate immune system have a range of germline encoded receptors, pathogen recognition receptors that allow for the recognition of pathogen-associated molecular patterns, and danger-associated molecular patterns from damaged cells or tissues (1, 2). Macrophages and DCs play an important role in the initiation and resolution of the immune response. Both can produce inflammatory mediators, phagocytose pathogens and release chemokines to recruit other immune cells to the site of infection (3). DCs are also important in the activation of naive T cells as they can present antigen to the T cell initiating an adaptive immune response (4).

The dual role played by macrophages in initiation and resolution of inflammation requires cells to adopt different processes. In macrophages, this can be broadly described in terms of M1, lipopolysaccharide (LPS)- or classically activated macrophages, and M2, IL-4-activated macrophages. M1 macrophages are more pro-inflammatory and will produce inflammatory mediators, such as nitric oxide (NO) and reactive oxygen species (ROS) (3, 5). M2 macrophages are important in helminth infection and the resolution of inflammation, secreting growth factors to aid in tissue repair and regeneration and cytokines such as IL-10 that can dampen the immune response (3, 6).

Both macrophages and DCs must be able to switch rapidly from a resting to an activated state. A hallmark of immune cell activation is a change in their metabolism. M1 macrophages upregulate glycolysis and the pentose phosphate pathway (PPP) while the Krebs cycle is broken at two points and the fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) are downregulated (5). Toll-like receptor (TLR)-activated DCs also have increased aerobic glycolysis and decreased OXPHOS and FAO (7). This inhibition of mitochondrial respiration in murine DCs is due to NO and long-term activation of glycolysis in activated DCs serves to produce adenosine triphosphate (ATP) to compensate for the collapse in mitochondrial function, maintain the mitochondrial membrane potential (ΔψM) and prevent cell death (8). The high rate of glycolysis is similar to that seen in tumor cells (3). Murine M2 macrophages also upregulate glycolysis, but the Krebs cycle is intact and OXPHOS is functioning (5). A general theme exists among immune cells where a reliance on aerobic glycolysis is important for cells, such as M1 macrophages and DCs, whereas immunomodulatory cells, such as M2 macrophages and regulatory T cells (Tregs), make use of OXPHOS (9).

Recent work has shed light on several of the key determinants of metabolic reprogramming in M1 macrophages and DCs. The upregulation of inducible nitric oxide synthase (iNOS) and resulting generation of NO causes inhibition of mitochondrial respiration in murine cells (10–12). Hypoxia-inducible factor-1α (HIF1α) can be induced under normoxic conditions in immune cells and this is crucial for upregulation of glycolysis (13). HIF-target genes included those encoding for glycolytic enzymes, the glucose transporter GLUT1, and lactate dehydrogenase (LDH), as well as inflammatory factors such as interleukin-1β (IL1β) (14–16). LPS-treatment of macrophages or DCs activates the mammalian target of rapamycin (mTOR), a central regulator of metabolism, which in turn boosts expression and activity of HIF1α (17). Finally AMP-activated protein kinase (AMPK) is inhibited by LPS treatment (18). AMPK senses the energy status of a cell, and when that is low this inhibits anabolic pathways and drives catabolic ones such as FAO, while also inhibiting mTOR and nuclear factor-κB (NF-κB) signaling. Its inhibition by LPS allows changes necessary for a pro-inflammatory response to occur. Several processes that are upregulated in M1 macrophages are downregulated in M2 macrophages. In mouse macrophages, iNOS expression is decreased and arginase-1 (ARG1) is highly upregulated, and so arginine is preferentially metabolized to proline and polyamines (19). mTOR is inhibited by activation of upstream repressors TSC1 and TSC2 while AMPK activity is high (18, 20).

It is possible that the upregulation and reliance on aerobic glycolysis is in part due to the rate of response required of these cells for an effective immune system. Glycolysis, though less efficient at producing ATP, is able to do so more rapidly than OXPHOS. However, there is evidence that upregulation of metabolic pathways is more nuanced than that. Metabolic changes are important not only in terms of generating biosynthetic precursors and for ATP production, but it also has emerged that metabolites themselves can act as signaling molecules and affect important inflammatory pathways (21, 22). Of particular interest are metabolites of the Krebs cycle. The oxidation of succinate by succinate dehydrogenase (SDH) has been shown to be of importance in the classical activation of macrophages (23). This leads to reverse electron transport (RET) in complex I of the electron transport chain (ETC) driving the production of ROS, which in turn leads to activation of HIF1α. Increased levels of cytosolic succinate can inhibit the prolyl hydroxylase domain enzymes via product inhibition, also potentiating HIF1α stabilization (24). This prevents the hydroxylation of proline residues on HIF1α, and so it is not ubquitinated and targeted for proteasomal degradation (25–28). Instead, it can heterodimerize with its binding partner the aryl hydrocarbon nuclear translocator (ARNT/HIF-1β). The HIF-1 complex can translocate to the nucleus and bind hypoxia response elements in the promoters of HIF target genes (29). HIF also represses mitochondrial function through upregulation of pyruvate dehydrogenase kinase 1 (PDK1) (30). PDK1 phosphorylates and inhibits pyruvate dehydrogenase (PDH) and so pyruvate cannot be converted into acetyl-CoA in order to enter the mitochondria and feed the Krebs cycle (31).

The fragmented Krebs cycle in macrophages is not only due to the break after succinate. A second breakpoint, at isocitrate dehydrogenase (IDH), allows for the withdrawal of citrate from the cycle. This proves not only to be important for lipid biosynthesis in macrophages and DCs, but also for the production of both pro- and anti-inflammatory mediators (32, 33). Glycolysis is rapidly upregulated in LPS-activated DCs for the production of citrate. This is necessary for the upregulation of fatty acid synthesis to allow for membrane expansion which is crucial for antigen presentation (34). Once exported to the cytosol citrate can be broken down to provide a source of acetyl-CoA for acetylation of both histone and non-histone proteins (35). Citrate metabolism provides a connection between carbohydrate metabolism, fatty acid metabolism, and epigenetic reprogramming and so changes in flux through this pathway may have wide ranging effects. This review will describe the role of citrate in innate immune cell function.



CITRATE PROVIDES A BRIDGE BETWEEN CARBOHYDRATE AND FATTY ACID METABOLISM

Citrate is produced in the Krebs cycle (also known as the citric acid cycle or TCA cycle) from the aldol condensation of oxaloacetate, the end product of a previous turn of the cycle, and acetyl-CoA (Figure 1) (36). Acetyl-CoA may be derived from glucose via the glycolytic pathway, entering the mitochondria as pyruvate or from fatty acids that have undergone β-oxidation (36). In the Krebs cycle, citrate is converted into isocitrate via cis-aconitate by aconitase (36). IDH will then convert isocitrate to α-ketogluterate (αKG) in a decarboxylation reaction (36). The Krebs cycle continues and provides a major source of cellular ATP and also reducing equivalents that feed the electron transfer chain (36).
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FIGURE 1 | Citrate metabolism. Citrate is produced in the Krebs cycle from oxaloacetate and acetyl-CoA by citrate synthase (CS). It can be exported from the mitochondria through citrate carrier (CIC). Cytosolic citrate is broken down by ACLY to oxaloacetate and acetyl-CoA. Acetyl-CoA can be used as a substrate for fatty acid synthesis. High levels of cytosolic citrate can directly inhibit the glycolytic enzymes PFK1 and PFK2. PFK1 is also indirectly inhibited by decreased levels of fructose 2,6-bisphosphate and pyruvate kinase (PK) is indirectly inhibited (broken line) due to reduced levels of its activator, fructose-1,6-bisphosphate. Mitochondrial citrate can inhibit pyruvate dehydrogenase (PDH) and succinate dehydrogenase (SDH). Citrate-derived malonyl-CoA can block fatty acid oxidation (FAO) by inhibiting carnitine palmitoyltransferase 1 (CPT1). Citrate can activate the gluconeogenic enzyme fructose 1,6-bisphosphatase (FBPase1) and ACC, and so stimulate fatty acid synthesis.


The mitochondrial citrate carrier (CIC), also known as solute carrier family 25 member 1 (Slc25a1), can export citrate from the mitochondria in exchange for malate (37). Once in the cytosol citrate is broken down by ATP-Citrate lyase (ACLY) into acetyl-CoA and oxaloacetate (37). Oxaloacetate can be converted to malate by malate dehydrogenase (MDH) which can re-enter the mitochondria through CIC (37). Acetyl-CoA is further processed into malonyl-coenzyme A (malonyl-CoA) by acetyl-coA carboxylase (ACC) (38). Malonyl-CoA can be incorporated into cholesterol or fatty acids (38). The fatty acids are incorporated into phospholipids. Malonyl-CoA can also limit the β-oxidation of fatty acids as high levels can inhibit carnitine palmitoyltransferase 1 (CPT1) (39). Two isoforms of ACC exist, ACC1 and ACC2 (40). ACC2 is associated with the outer mitochondrial membrane and so can control the concentration of malonyl-CoA near CPT1 and regulate its activity (38). Acetyl-CoA can also be a substrate for protein and histone acetylation and so can have a wide ranging role in many cellular processes (41).

Citrate itself is known to inhibit several key glycolytic enzymes as part of a negative feedback loop. Phosphofructokinase (PFK) 1 and 2 are directly inhibited by citrate while pyruvate kinase (PK) is indirectly inhibited as citrate decreases levels of fructose-1,6-bisphosphate, which is a PK activator (42). PDH (43) and SDH (44), and therefore the Krebs cycle, can also be inhibited by high citrate levels. While citrate inhibits pathways producing ATP, it stimulates those that consume it. Citrate can allosterically activate ACC (45) and the gluconeogenic enzyme fructose-1,6-bisphosphatase (46). With citrate occupying a position that links many metabolic and cellular processes, it is not surprising that the metabolism of citrate may be of importance in the immune response.



CITRATE AS AN INFLAMMATORY SIGNAL

While the role of other metabolites as inflammatory signals has been well discussed (21, 22) citrate also plays a role in key inflammatory pathways (Figure 2). In M1 macrophages, there is an increased isocitrate:αKG ratio and transcriptional downregulation of Idh1 (47). This break was also seen in DCs (34). With increased glycolytic flux in both activated DCs and macrophages and a break in the Krebs cycle, pyruvate derived from glucose feeds into Krebs cycle but cannot continue past citrate/isocitrate. An increase in the levels of citrate is detected in both mouse (LPS-stimulated) and human [tumour necrosis factor α (TNFα)- or interferon-γ (IFNγ)-stimulated] macrophages (24, 48). This coincides with upregulation of CIC and ACLY, both of which occur in an NF-κB-dependent manner where LPS or TNFα is used to activate the cells, or IFNγ can also induce CIC and ACLY via STAT1 (32, 49). The export and breakdown of mitochondrial citrate has been linked to the production of several important pro-inflammatory mediators in macrophages, namely NO, ROS, and prostaglandin E2 (PGE2) production in human macrophages (32, 48, 49). Inhibition of CIC activity or its genetic silencing with siRNA leads to a marked reduction in NO, ROS, and PGE2 production in LPS and cytokine-stimulated macrophages. Infantino et al. suggest that the decrease in PGE2 production is due to a decreased availability of precursors for PGE2 synthesis as adding exogenous acetate rescues the effect of CIC inhibition on PGE2 productions. Acetate can be converted to acetyl-CoA by acetyl-CoA synthase (ACSS) (50). Inhibition of fatty acid synthase (FASN) with C75 in DCs also reduced LPS-induced PGE2 (34). Endogenous PGE2 is essential for the production of LPS-induced pro-IL1β (51). This implies that citrate may be critical to IL1β production.
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FIGURE 2 | Citrate in inflammation. Cytosolic citrate is broken down into acetyl-CoA and oxaloacetate. Further processing of oxaloacetate can provide a source of NADPH which is required by NAPDH oxidase and iNOS for the production of ROS and NO, respectively. Acetyl-CoA is required for acetylation of proteins and can be converted to malonyl-CoA for lysine-malonylation. Citrate-derived lipid synthesis has been linked to membrane expansion necessary for DC activation and cytokine production. In macrophages, the production of PGE2 has been linked to citrate metabolism.


While Infantino et al. speculated that the effect of CIC inhibition on the production of NO and ROS was due to decreased production of NADPH by the breakdown of citrate-derived oxaloacetate to pyruvate by malic enzyme, a follow-up study reports that the NADP+/NAPDH ratio is unchanged in cytokine-activated macrophages treated with the CIC inhibitor 4-chloro-3-[(3-nitrophenyl)amino]sulfonyl benzoic acid (CNSB) versus untreated when they are in a glucose rich environment (52). When the same experiment was carried out in glucose-deprived conditions, there was a marked increase in the NADP+/NADPH ratio in activated, CNSB-treated macrophages compared to control cells. Citrate export from the mitochondria can provide a source of NADPH via two routes. The first is from oxaloacetate as mentioned, and the second is via the cytosolic, NADP+-dependent IDH (IDH1). IDH1 is known to be suppressed in cells activated by a pro-inflammatory stimuli (53), however, in glucose-deprived conditions the authors show IDH1 mRNA expression is increased in activated macrophages (52). While this could provide a mechanism for the decreased production of NO and ROS in glucose-deprived cells other processes such as the PPP may be compensating for decreased production of NADPH in macrophages treated with a CIC inhibitor but grown in a glucose-rich environment.

The processing of citrate by ACLY has also been suggested as an anti-cancer target as ACLY has been found to be overexpressed in several cancer types (54). Inhibition of ACLY with siRNA or pharmacologically induces cell death (55–58). One study has suggested that the anti-cancer effect of ACLY inhibition is directly due to its role in lipid synthesis (55). In several cancer cell lines, depletion of ACLY was observed to induce apoptosis, accompanied by increased levels of ROS. This increase in ROS was suggested to initiate cell death by activating AMPK (59). Another study has suggested that enzymatic activity alone is not enough to explain the initiation of growth arrest in tumor cells, and has shown that ACLY may be able to directly interact with AMPK (60). While ACLY has not been linked to the production of ROS in immune cells, an exact mechanism for the role of citrate metabolism in macrophages has not been defined and it would be an interesting avenue of investigation.

Similarly, citrate has been shown to be important for DC activation. Mitochondrial respiration in blood monocyte-derived DCs will begin to collapse in TLR-activated DCs 6 h after treatment, and by 24 h, there will be no detectable consumption of oxygen by the mitochondria (8). However, before 6 h the mitochondria are still functioning. Up until this time, the increase in glycolysis is important for DC activation but the increase does not fuel a greater rate of OXPHOS, inhibiting ATP synthase with oligomycin has no effect on early DC activation. Instead citrate is withdrawn from the Krebs cycle and used to support de novo fatty acid synthesis (34). Inhibition of ACC or FASN, with TOFA and C75, respectively, or blocking expression of Slc25a1 by retroviral introduction of shRNA diminished the early activation of DCs differentiated from bone marrow in the presence of the growth factor GM-CSF (GM-DCs). Production of fatty acids is required for membrane synthesis for the expansion of both the endoplasmic reticulum and Golgi. Their expansion allows for increased synthesis and secretion of various proteins important following TLR-activation. The PPP is also an important process in early DC activation, as it creates the reducing equivalent, NADPH, required not only for nucleotide synthesis and redox balance but also as a cofactor for lipogenesis. While the long-term commitment to glycolysis and collapse in mitochondrial respiration seen in activated DCs is dependent on a phosphatidylinositide-3-kinase (PI3K)/Akt pathway, the rapid upregulation of glycolysis was due to TANK-binding kinase 1 (TBK1)- and IκB Kinase ε (IKKε)-dependent activation of Akt. The PI3K/Akt pathway lead to production of NO, and inhibition of OXPHOS, forcing the cells to rely on increased glycolysis for activation and survival but the early TBK1-IKKε/Akt pathway increased glycolysis by promoting the association of hexokinase 2 (HK2) with voltage-dependant anion channels on the outer mitochondrial membrane.

While the same breakpoints in the Krebs cycle have not been described in activated natural killer cells (NK cells), the citrate–malate shuttle has recently been shown to be of importance in the metabolic reprogramming that occurs following NK cell activation (61). The citrate–malate shuttle refers to the export of citrate into the cytosol via CIC, and its breakdown by ACLY and malate dehydrogenase 1 (MDH1) yielding cytosolic malate which CIC exchanges for citrate. Assmann et al. show that increased expression of Slc25a1 and ACLY mRNA in activated NK cells is dependent on sterol regulatory element-binding protein (SREBP) activity, which is consistent with reports in other cell types including macrophages (62–66). Activated NK cells have increased glycolysis and OXPHOS which is crucial for their activation and growth. Pharmacological inhibition of SREBP activation or ACLY activity (therefore, inhibiting the citrate–malate shuttle) reduced cytokine-induced granzyme B expression and IFN-γ production. Similar results were seen with genetic inhibition of SREBP using SCAP−/− mice. This effect is independent of lipid and cholesterol synthesis downstream of ACLY as inhibition of ACC or FASN with TOFA or C75, respectively, does not affect NK cell activation. The authors speculate that the citrate–malate shuttle serves to convert cytosolic NADH to mitochondrial NADH, therefore, fueling OXPHOS and mitochondrial ATP synthesis while also replenishing the cytosolic pool of NAD+, which is an important cofactor for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Inhibition of the malate–aspartate shuttle, which would be more commonly thought of as a means of replenishing mitochondrial NADH, did not affect OXPHOS in activated NK cells and neither did inhibition of the Krebs cycle enzyme SDH with dimethyl-malonate. This suggests that in NK cells elevated OXPHOS is maintained by the citrate–malate shuttle. While these studies show the cytosolic processing of citrate to be generally a pro-inflammatory event, citrate itself has been shown to inhibit the HIF asparaginyl hydroxylase [factor inhibiting HIF (FIH)] (67). FIH hydroxylates asparagine residues on HIF1α, preventing it from interacting with transcriptional coactivators such as CRE binding protein/p300 (67, 68). Increased flux through CIC and the cytosolic processing of citrate has, therefore, been shown to be of importance in the activation of macrophages, DCs, and NK cells.



HISTONE AND POST-TRANSLATIONAL MODIFICATIONS BY CITRATE-DERIVED ACETYLATION

Acetyl-CoA is not only a substrate for de novo lipogenesis, it also is an important cofactor for the acetylation of histones and non-histone proteins (69). Acetylation can be co-translational, effecting the α-amino group of a protein’s N-terminal residue, or post-translational which concerns the ε-amino group of lysine residues (69, 70). Lysine acetylation is reversible and so provides a very useful mechanism for the regulation of gene expression and general protein function (69). Acetyl-CoA cannot travel across cell membranes, and so to exert its effects it must be generated in different cellular compartments (70). In the mitochondria, acetyl-CoA is present due to the β-oxidation of fatty acids or is generated from pyruvate by the PDH complex (41). In the cytosol, acetyl-CoA can be derived from citrate as previously discussed or from acetate by ACSS (71) or the degradation or N-acetylaspartate (NAA) by aspartoacylase (72). The generation of acetyl-CoA from NAA is more commonly associated with processes in the brain and it has also been shown to be a source of nuclear and cytosolic acetyl-CoA in brown adipose tissue (73).

ATP-citrate lyase links metabolism to histone acetylation as it converts glucose-derived citrate to acetyl-CoA and it has been found to localize to both nucleus and cytoplasm (35). Citrate is small enough to diffuse across nuclear pores allowing for acetyl-CoA to be produced in either cellular compartment, and siRNA-mediated knockdown of ACLY reduced global histone acetylation (35). In adipocytes mRNA expression of HK2, PFK1, and lactate dehydrogenase A (LDHA) were all reduced when ACLY was silenced (35). Since ACLY is upregulated in lipopolysaccharide (LPS)-stimulated macrophages (49), it would be interesting to see where ACLY localized to and if there was a direct effect on the expression of glycolytic genes due to changes in histone acetylation. ACLY has been shown to control glucose to acetate switch. ACLY-deficient cells upregulate ACSS2 allowing for the production of acetyl-CoA from acetate, ensuring cell viability and providing substrates for both fatty acid synthesis and histone acetylation (74).

As previously discussed, in glucose-deprived conditions, increased flux through CIC can sustain NADPH levels in glucose-deprived activated macrophages (52). Acetylation of CIC increases in glucose-deprived growth conditions compared to media containing glucose. By reconstituting liposomes with mitochondrial extracts, it was shown that the acetylation of CIC causes an increase in Vmax for citrate (52). In memory, CD8+ T cells GAPDH has been shown to be acetylated in an ACLY-dependent manner which increased its activity (75). Acetate is taken up and processed via the Krebs cycle to produce citrate. Citrate-derived acetyl-CoA was then used to acetylate GAPDH which may prevent it from binding IFNγ mRNA, and allowing its translation (76). Acetylated GAPDH had increased catalytic activity. While acetate can be used directly to generate acetyl-CoA, knockdown of the cytosolic ACSS (ACSS1) had no effect on IFNγ production, knockdown of ACLY, however, did decrease IFNγ production. It has also been shown that LDHA in T cells promotes the expression of IFNγ, independent of GAPDH regulation, as it ensures a high acetyl-CoA concentration produced via ACLY for histone acetylation (77). Though metabolic reprogramming differs in activated T cells compared to macrophages and DCs, this highlights the importance of the citrate pathway in control of both the metabolism of immune cells and their production of pro-inflammatory mediators, unlike in T cells. No work has yet been carried out to directly link citrate-derived acetylation in M1 macrophages or DCs, however, histone acetylation is important in macrophage activation and DC differentiation. IL-6 and IL-10 production are both regulated on histone and non-histone protein acetylation, respectively (78, 79). NF-κB activation is also dependent on acetylation of its RelA/p65 subunit (80) and a large number of enzymes involved in metabolic processes have been found to be acetylated in non-immune cells (78, 81). Therefore, it is likely that acetylation plays a role in the regulation of immune cell metabolism. Histone acetylation downstream of ACLY has been shown to be of importance in M2 macrophage activation (82). While STAT6 is the major regulator of IL4 induced genes a subset of genes important in the regulation of cellular proliferation and the production of chemokines are under additional control of an Akt–mTORC1 signaling pathway. Covarrubias et al. suggest a mechanism in which Akt regulates both protein levels and activity of ACLY to increase the acetyl-CoA pool for histone acetylation. They suggest that certain transcription factors and histone acetyltransferases, e.g., P300, are regulated by acetyl-CoA levels and that may link AKT/ACLY-dependent acetyl-CoA levels to specific gene induction.

Lysine-malonylation causes a net change in charge of the lysine residue from +1 to −1 and cause a change in mass of approximately 86 Da (83). Malonyl-CoA is the cofactor required (84). Malonyl-CoA can be produced in the cytosol from citrate-derived acetyl-CoA by ACC1/2 (38). The cytosolic pool of malonyl-CoA is regulated by both ACC and malonyl-CoA decarboxylase which catalyzes the reverse reaction from malonyl-CoA to acetyl-CoA (38). A malonyl-CoA pool also exists in the mitochondria, produced from acetyl-CoA by propionyl-CoA carboxylase or from malonate by acyl-CoA synthase family member 3 (ACSF3) (85). Lysine-malonylation has been shown to play a role in the regulation of mitochondrial function, FAO and glycolysis (86, 87). Notably histone malonylation does not occur at the N-terminal tail as happens with acetylation, suggesting that the regulatory role these two modification carry out may be very functionally different to acetylation (86). A large number of proteins involved in fatty acid metabolism are malonylated, including ACLY. However, no studies have yet been carried out regarding the functional consequence of lysine-malonylation in immune cells.



ITACONATE

While the accumulation of citrate caused by the IDH1 breakpoint in the TCA cycle can be used to fuel fatty acid synthesis and histone acetylation, another fate of this citrate is the production of itaconate (Figure 3). First identified in 1836 as a product of the distillation of citric acid, itaconate has recently become a focus of the field of immunometabolism due to its potential role as an anti-inflammatory modulator. Itaconate is derived from citrate produced in the Krebs cycle and, in M1 macrophages, is one of the most highly induced metabolites following LPS treatment (33). Itaconate has also been shown to accumulate in LPS-treated DCs (34). Citrate is acted on by the mitochondrial aconitase 2 (ACO2) to produce cis-aconitate. Cis-aconitate is decarboxlylated by cis-aconitate decarboxylase, also known as immune-responsive gene 1 (IRG1), to produce itaconate. Itaconate has long been used in an industrial setting and is produced on an industrial scale as a fermentation product of Aspergillus terreus for use in the creation of polymer formation (88).


[image: image1]
FIGURE 3 | Citrate-derived itaconate. Citrate is converted to cis-aconitate by the Krebs cycle enzyme ACO2. Activation of macrophages with LPS causes induction of IRG1 which can produce itaconate by the decarboxylation of cis-aconitate. LPS also initiates the production of other pro-inflammatory mediators, such as HIF1 α, NO, and IL1β. Itaconate is toxic to microorganisms expressing ICL, a key component of the glycoxylate shunt in bacteria. Itaconate is also able to inhibit SDH and cause decreased production of NO, IL1β, IL18, and HIF1α.


In 1995, it was found that immunoresponsive gene 1 (Irg1) is highly upregulated in peritoneal macrophages following LPS stimulation (89), and has since been seen to be upregulated in the blood of human sepsis patients (90) and in the time during embryo implantation (91, 92). Despite lacking a sequence targeting it, there IRG1 has been found to associate with the mitochondria (93, 94). It was only in 2011 that itaconate was identified in multiple studies in an immune context and in 2013 that IRG1 and itaconate were connected (95). Itaconate was seen in the lungs of mice infected with Mycobacterium tuberculosis (MTB) and was not present in the lungs of control mice (96). In a separate study, itaconate was shown to be secreted by the macrophage cell line RAW264.7 following treatment with LPS (97). Michelucci et al. identified the role of IRG1 by siRNA-mediated silencing of Irg1 (officially renamed Acod1 after its function was discovered) and performing a metabolic screen to elucidate which metabolites were affected. They further showed by isotope-labeling that itaconate was derived from citrate. Genetic silencing of Irg1 causes macrophages to lose their bactericidal activity, which was due to decreased amounts of itaconate and the loss of its inhibitory effect on isocitrate lyase (ICL), a crucial enzyme of the glycoxylate shunt in bacteria (98). The glycoxylate shunt is a means for bacteria to survive in conditions of low glucose availability where acetate is the primary fuel source. Instead of the normal sequence of reaction in the Krebs cycle, the steps from αKG to fumarate are bypassed, and isocitrate is instead cleaved by ICL to glycoxylate and succinate in bacteria. Succinate enters the Krebs cycle and glycoxylate is then converted to malate by malate synthase. Malate can be processed to oxaloacetate by MDH as in the normal reactions of the Krebs cycle. Itaconate has been shown to inhibit growth of a number of ICL expressing microorganisms, including MTB, S. enterica and multidrug-resistant Staphylococcus aureus (MRSA) (95, 96, 99). Some bacteria are able to degrade itaconate, producing acetyl-CoA and pyruvate, due to the expression of genes that encode for itaconate-CoA transferase, itaconyl-CoA hydratase, and (S)-citramalyl-CoA ligase. Possession of these genes allows Pseudomonas aeruginosa and Yersinia pestis to survive in activated macrophages (100). There is a discussion as to the relevance of these studies due to differences in concentrations of itaconate used both in terms of the variety of concentrations used exogenously to inhibit bacterial growth and the range in reported intracellular concentrations (101, 102). It may be that intracellular itaconate is concentrated in vacuoles, and whole cell analysis will not adequately represent this, and that measuring the concentration of secreted itaconate in cell culture media does not determine what the local concentration would be.

While the effect of itaconate on bacterial survival has been well documented, more recent work has sought to elucidate the effect that a high intracellular concentration of itaconate has on the immune cells that produce it. Dimethyl itaconate (DMI) has been used in several studies as a cell permeable itaconate analog to boost the intracellular levels of itaconate. Pre-treatment of murine bone marrow-derived macrophages (BMDMs) with DMI prior to LPS stimulation reduced the reduced the expression of many pro-inflammatory genes including iNOS (33). DMI also impaired production of ROS, NO, IL1β, IL18, and IL6. While IL1β and IL18 mRNA expression was reduced by DMI it also caused a reduction in protein levels of both NLRP3 and ASC, indicating that inflammasome priming was also impaired. Irg1−/− BMDMs do not produce itaconate and have increased production of NO, IL1β, IL18, and IL6 when compared to WT BMDMs. HIF1α protein levels were also increased in LPS-activated Irg1−/− BMDMs while treatment with DMI inhibited its protein levels. Interestingly, Irg1−/− BMDMs show an altered profile of Krebs cycle metabolites than WT cells. WT BMDMs have increased levels of succinate, fumarate, and malate following LPS stimulation (47). LPS-stimulated Irg1−/− BMDMs have significantly higher levels of fumarate and malate than WT controls, while succinate levels are almost that of unstimulated cells. The authors suggest that this is due to the ability of itaconate to inhibit SDH, and they showed itaconate to inhibit a purified form of SDH. In contrast to the decrease in oxygen consumption rate (OCR) seen in WT BMDMs upon treatment with LPS, in Irg1−/− BMDMs OCR increases. As SDH also acts as complex II of the ETC, this highlights the ability of endogenous itaconate to regulate mitochondrial metabolism and is consistent with other reports of itaconate competitively inhibiting SDH, albeit weakly, the first of which was in 1949 (103–105). This led Lampropoulou et al. to suggest that LPS-induced Irg1 expression and corresponding increase in intracellular itaconate is responsible for the second break in the Krebs cycle at SDH. By inhibiting SDH itaconate would also prevent the generation of ROS through RET (106). When succinate accumulates and is oxidized by SDH, it will produce a large amount of coenzyme Q. Electrons are then forced back through complex I of the ETC-generating ROS. ROS is able to activate the inflammasome and, therefore, drive the production of IL1β and IL18 (107).

IRG1 has also been shown to play a role in the establishment of endotoxin tolerance in LPS-tolerized macrophages. siRNA-mediated knockdown of IRG1 in these macrophages was able to increase NF-κB and IRF3 activation, while the production of ROS and subsequent expression of the zinc-finger protein A20 were reduced (90). Heme oxygenase 1 and carbon monoxide were able to induce IRG1 and through IRG1 downregulated pro-inflammatory gene expression in LPS-treated RAW264.7 cells and in a LPS mouse sepsis model (108). Several other elements regulating IRG1 expression and, therefore, itaconate production have also recently been identified. Computational modeling coupled with siRNA knockdown identified interferon regulatory factor 1 as a regulator of IRG1 transcription in RAW264.7 macrophages and human PBMCs (94). Inhibition of branched-chain aminotransferase 1 in human monocyte-derived macrophages decreased levels of glycolysis and oxygen consumption while also reduced IRG1 mRNA and protein levels as well as itaconate production (109).

A major issue with the study of the functional effect of itaconate in macrophages to date has been the use of DMI. DMI was utilized as it is cell permeable, however, it has been shown that while DMI boosts the level of itaconate in the cell it is not itself metabolized to itaconate (110). This suggests that DMI somehow promotes LPS-driven synthesis of itaconate. El Azzouny et al. also confirm that LPS-stimulated macrophages have increased succinate levels and that this is not the result of itaconate being metabolized to succinate. The authors speculate that the effects of DMI on macrophage metabolism may be due to an ability to act as a cysteine alkylating agent or to alter redox homeostasis. They further suggest that, though one has not been identified, it is possible a cell surface receptor for itaconate exists that DMI would be able to bind. Other metabolites have been shown to signal through G-protein-coupled receptors, such as succinate through GPR91, which has been renamed SUCNR1 (111). While the effects of studies carried out utilizing DMI have been drawn into question, the body of work carried out using genetic inhibition or deletion of Irg1 and the striking amount by which Irg1 mRNA and itaconate synthesis are upregulated in activated immune cells still leaves it worthy of further investigation.



CONCLUSION

Our understanding of immune cell metabolism has come far since the early observations that activated macrophages were highly glycolytic (112, 113). It is now well accepted that these pathways play a part outside of their traditional energetic and biosynthetic roles. The discovery that the Krebs cycle is not complete in activated M1 macrophages and DCs highlights the importance of the withdrawal of citrate from the cycle for DC activation, the production of pro-inflammatory mediators and for the generation of itaconate. Citrate links many important cellular processes, bridging carbohydrate and fatty acid metabolism and protein modification. Its role in producing acetyl-CoA for the acetylation of histones may turn out to be its most striking role in regulating immune cell function. There is still much to be discovered regarding the regulation and consequences of metabolic reprogramming in immune cells, however, it is clear that a “citrate pathway” plays an important role in these processes and may be amenable to therapeutic targeting.
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Background: Rictor is an essential component of mammalian target of rapamycin (mTOR) complex 2 (mTORC2), a conserved serine/threonine kinase that may play a role in cell proliferation, survival and innate or adaptive immune responses. Genetic loss of Rictor inactivates mTORC2, which directly activates Akt S473 phosphorylation and promotes pro-survival cell signaling and proliferation.

Methods and results: To study the role of mTORC2 signaling in monocytes and macrophages, we generated mice with myeloid lineage-specific Rictor deletion (MRictor−/−). These MRictor−/− mice exhibited dramatic reductions of white blood cells, B-cells, T-cells, and monocytes but had similar levels of neutrophils compared to control Rictor flox-flox (Rictorfl/fl) mice. MRictor−/− bone marrow monocytes and peritoneal macrophages expressed reduced levels of mTORC2 signaling and decreased Akt S473 phosphorylation, and they displayed significantly less proliferation than control Rictorfl/fl cells. In addition, blood monocytes and peritoneal macrophages isolated from MRictor−/− mice were significantly more sensitive to pro-apoptotic stimuli. In response to LPS, MRictor−/− macrophages exhibited the M1 phenotype with higher levels of pro-inflammatory gene expression and lower levels of Il10 gene expression than control Rictorfl/fl cells. Further suppression of LPS-stimulated Akt signaling with a low dose of an Akt inhibitor, increased inflammatory gene expression in macrophages, but genetic inactivation of Raptor reversed this rise, indicating that mTORC1 mediates this increase of inflammatory gene expression. Next, to elucidate whether mTORC2 has an impact on atherosclerosis in vivo, female and male Ldlr null mice were reconstituted with bone marrow from MRictor−/− or Rictorfl/fl mice. After 10 weeks of the Western diet, there were no differences between the recipients of the same gender in body weight, blood glucose or plasma lipid levels. However, both female and male MRictor−/− → Ldlr−/− mice developed smaller atherosclerotic lesions in the distal and proximal aorta. These lesions contained less macrophage area and more apoptosis than lesions of control Rictorfl/fl → Ldlr−/− mice. Thus, loss of Rictor and, consequently, mTORC2 significantly compromised monocyte/macrophage survival, and this markedly diminished early atherosclerosis in Ldlr−/− mice.

Conclusion: Our results demonstrate that mTORC2 is a key signaling regulator of macrophage survival and its depletion suppresses early atherosclerosis.

Keywords: atherosclerosis, monocytes, macrophages, proliferation, apoptosis, Akt signaling, mammalian target of rapamycin complex 2


INTRODUCTION

Atherosclerosis, the underlying cause of myocardial infarction and stroke, is an inflammatory disease process, and both the innate and adaptive immune responses play important roles in its pathogenesis (1). Monocytes and macrophages play key roles in the pathogenesis of atherosclerosis. Furthermore, alterations in macrophage phenotypes and survival play crucial roles in the development of atherosclerosis. Current studies of immunotherapy have focused on immune checkpoint therapy targeting regulatory pathways in T-cells (2). However, there are also multiple ways to modulate the immune response by changing the activation of myeloid cells, which belong to the innate immune system, performing essential roles in tissue homeostasis by initiating, sustaining, or inhibiting adaptive immunity (3, 4). Therefore, identification of mechanisms that control macrophage metabolism and survival should provide insights into the regulation of immune responses and identify novel approaches to treat disease (5).

Recent studies suggest that interplay between protein kinase B (or Akt) and mammalian target of rapamycin (mTOR) pathways is crucial for myeloid cell activation (4). Akt is a serine/threonine-specific kinase that regulates multiple cellular processes, including cell viability, proliferation, transcription, and migration (6, 7). mTOR is an evolutionarily conserved serine/threonine kinase that is constitutively expressed and plays a central role in integrating environmental cues in the form of growth factors, amino acids, and energy (8). mTOR also controls and shapes the effector responses of innate immune cells. Therefore, knowledge of how Akt/mTOR signaling coordinates the responses of myeloid cells may provide important insights into immunity in health and disease (3, 4).

There are two distinct types of mTOR complexes, termed mTORC1 and mTOR complex 2 (mTORC2), the first contains regulatory associated protein of mTOR (Raptor) and the second involves rapamycin-insensitive companion of mTOR (Rictor) (9). Inhibition of mTORC1 with a class of macrolide immunosuppressive drugs, called rapalogs, reduces atherosclerosis in a variety of animal models, and rapalog eluting stents are widely used to treat atherosclerotic coronary artery disease in humans (10). By contrast, relatively little is known about the role of mTOR2 in atherosclerosis.

Genetic loss of Rictor inactivates mTORC2, and, since total Rictor deficiency in mice causes embryonic lethality (11, 12), generation of mice with tissue-specific knockouts of Rictor has been instrumental in delineating the specific roles of mTORC2 in different cell types. For example, liver-specific disruption of Rictor induces glucose intolerance, hepatic insulin resistance, and decreased hepatic lipogenesis (13, 14). Remarkably, the liver-specific knockout or an inducible total body loss of Rictor in adult mice specifically reduces male lifespan (15). In contrast, Rictor knockout in muscle tissue contributes to glucose homeostasis by positively regulating insulin-stimulated glucose uptake and negatively regulating basal glycogen synthase activity (16). mTORC2 regulates cardiomyocyte growth and survival, and loss of Rictor in mouse heart results in progressive cardiac dysfunction (17). Adipose-specific knockout of Rictor in mice increases whole-body size (18) but leads to hepatic steatosis and insulin resistance (19). Loss of Rictor in pancreatic beta cells reduces beta cell mass and insulin secretion resulting in hyperglycemia and glucose intolerance (20). These data indicate that mTORC2 may play varied roles depending on the cell type and conditions.

Notably, mTORC2 initiates the phosphorylation of Akt S473 (21), which accelerates Akt signaling promoting cell survival and proliferation. Despite the predominant role of mTORC2 as a regulator of pro-survival Akt signaling, the impact of mTORC2 on cell viability remains unclear (22). For example, several studies showed no indication that loss of Rictor and consequently mTORC2 increased apoptosis, at least under otherwise normal physiological conditions (16, 18, 20, 23). Moreover, a recent report indicates that Rictor-deficient keratinocytes display increased lifespan, protection from senescence, and enhanced tolerance of cellular stressors such as growth factor deprivation (24). These findings appear to contradict several other reports indicating that Rictor deficiency increases apoptosis in pulmonary arterial vascular smooth muscle cells (25), endothelial cells (26) and skin tumor cells (27). Rictor plays an important role in regulating cellular survival after ischemic cardiac damage (28) and in B-cells acting via a c-Myc-dependent pathway (29). In addition, we recently demonstrated that loss of IκB kinase alpha (IKKα) in macrophages suppresses Akt S473 phosphorylation and this compromises cell survival and decreases early atherosclerosis (30). This suppression of p-Akt S473 was mediated via mTORC2 suggesting the hypothesis that mTORC2 initiates important pro-survival signaling in monocytes and macrophages that impacts the pathogenesis of atherosclerosis. However, IKKα is located upstream of the NF-κB signal transduction cascade and loss of IKKα-enhanced macrophage activation (31), limiting the ability to draw conclusions regarding the role of mTORC2 in macrophage function and atherogenesis.

Therefore, we used myeloid lineage-specific Rictor deletion in mice to examine directly whether loss of mTORC2 in myeloid cells impacts monocyte and macrophage viability and proliferation and the development of atherosclerosis. We found that mTORC2 signaling is crucial for monocyte and macrophage proliferation and survival, and loss of mTORC2 signaling in myeloid cells results in decreased early atherosclerosis.



MATERIALS AND METHODS


Animal Procedures, Mice

Rictorflox/flox (32), LysM-Cre (33), Raptorflox/flox (34), and the recipient LDLR−/− mice were all on the C57BL/6 background, and they were purchased from the Jackson Laboratories together with C57BL/6 mice. Mice with myeloid lineage-specific Raptor deletion (MRaptor−/−) were generated by crossing Raptor floxed mice (Raptorflox/flox) with LysM-Cre mice. Mice were maintained in microisolator cages on a rodent chow diet containing 4.5% fat (PMI 5010, St. Louis, MO, USA) or a Western-type diet containing 21% milk fat and 0.15% cholesterol (Teklad, Madison, WI, USA).



Ethics Statement

All animal experiments were approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center. Vanderbilt University Medical Center Animal Care and Use Program is registered with the USDA (USDA Registration #63-R-0129) and operates under a PHS Animal Welfare Assurance Statement (PHS Assurance #A3227-01).



Bone Marrow Transplantation, Blood Monocyte, and Peritoneal Macrophage Isolation

Bone marrow cells were isolated from mouse tibias and fibulas. Recipient Ldlr−/− or C57BL6 mice were lethally irradiated (9 Gy) and transplanted with (5 × 106) bone marrow cells as described (35). Blood was collected by retro-orbital bleeding under anesthesia, and peripheral blood mononuclear cells were isolated by centrifugation in Histopaque-1077 (Sigma). Cells that attached to the plastic dish within 2–3 h of incubation were cultured in DMEM media containing 10% FBS and macrophage colony-stimulating factor (M-CSF; 10 ng/ml). Thioglycollate-elicited peritoneal macrophages were isolated and treated with insulin from bovine pancreas, or fatty acid free bovine serum albumin (BSA) (both from Sigma), or with palmitic acid complexed to BSA (PA-BSA), human oxidized LDL, or an Akt inhibitor IV (EMD Millipore).



Western Blotting

Cells were lysed in a lysis buffer (Cell Signaling Technology, Danvers, MA, USA) containing protease and phosphatase inhibitors. Proteins were measured with the DC Protein assay reagents (Bio-Rad Laboratories) and resolved by NuPAGE Bis-Tris electrophoresis and transferred onto nitrocellulose membranes (Amersham Bioscience). Blots were probed with rabbit antibodies to Akt, p-Akt (both S473 and T308), Rictor, p-mTOR S2448, p-70S6K T389, p-4E-BP1 T37/46 (all from Cell signaling Technology), p-SGK S422R and p-PKCα S657-R, p-NDRG1 T346 and β-actin antibodies (Santa Cruz Biotechnology), and goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (Sigma). Proteins were visualized with ECL western blotting detection reagents (GE Healthcare) and quantified by densitometry using ImageJ software (NIH).



Flow Cytometry

Blood cells were stained with a cocktail of antibodies against lineage markers, including CD3 (clone 17A2), CD45RB220 (clone RA3-6B2), Ly-6G (clone 1A8), CD11b (clone M1/70), and Ly-6C (clone AL-21) (all from BioLegend). Blood or bone marrow cells were treated with lysing buffer (BD Pharm, cat#555899), washed and analyzed using FACS DiVa v6.1 software (BD Biosciences) in the Research Flow Cytometry Core Laboratory, Veterans Administration Medical Center. Akt phosphorylation levels were evaluated in bone marrow cells using a methanol-based permeabilization protocol (36).



BrdU-Labeled Cell Proliferation Assay

For the in vivo experiments, BrdU labeling reagent (Invitrogen, catalog#000103) was injected intraperitoneal [10 ml/kg body weight (BW)], and, 24 h later, cells were isolated, fixed, permeabilized, treated with DNAse and then analyzed by flow cytometry using a FITC BrdU flow kit (cat#51-2354AK). For in vitro studies, cells were treated with or without human recombinant platelet-derived growth factor (PDGF-BB, eBisoscience; 20 ng/m) together with BrdU, diluted 1:100, for 24 h. Then cells were fixed with 2% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100, DNA was denatured by incubation with 2 N HCl for 60 min at 37°C, followed by five rinses in 0.1 Borate buffer, pH8.5 and PBS. Cells were blocked for 30 min by using 3% BSA in PBS, probed with a fluorochrome-conjugated anti-BrdU antibody and analyzed under a microscope (Olympus AX70, camera DP72).



Apoptosis Assessment

Apoptotic cells were analyzed by flow cytometry and in cultured cells seeded in Laboratory-Tek chambers (Nalge Nunc International) using an Alexa Fluor488 Annexin V/Dead Cell Apoptosis kit (Life Technologies, catalog number V13241). To detect apoptosis in the vascular wall, 5-μm cryostat sections of the proximal aorta were fixed in 2% paraformaldehyde in PBS, treated with 3% citric acid and stained using an in situ cell death detection kit (Roche Applied Science). TUNEL-positive (TUNEL+) cells were counted in four different sections of each aorta as described (37). The numbers of TUNEL+ cells were counted as a percentage of the total number of cells in at least four separate fields (containing ≈1,000 cells) from duplicate chambers.



RNA Isolation and Real-Time PCR

Total RNA was isolated and relative quantitation of the target mRNA was analyzed using gene expression assays (Applied Biosystems, Foster City, CA, UK) as described (37).



Analysis of Serum Lipids and Aortic Lesions

Serum total cholesterol and triglyceride (TG) levels were determined after overnight fasting by the enzyme-based technique. Aortas were flushed through the left ventricle and the entire aorta was dissected en face and stained with Sudan IV as described (37). Cryostat sections of aortic sinus were stained with Oil-red-O, images of the proximal and distal aortas were analyzed using an Imaging system KS 300 (Kontron Electronik GmbH.).



Statistical Analysis

All analyses were performed using GraphPad Prizm v 7 (Graph-Pad Software, Inc., USA) or a SPSS Statistics Premium v22 (IBM, USA) software. Data were assessed for normality of distribution. Statistical analyses of data were performed using Student’s t-test, a Mann–Whitney U-test or 1- to 2-way ANOVAs. Data are provided as means ± SEM. A difference was considered to be statistically significant at a P-value less than 0.05 by Mann–Whitney Rank Sum Test.




RESULTS


Loss of Rictor Reduces Akt and mTORC2 Signaling in Blood Monocytes and Macrophages

The stability and integrity of mTORC2 depends on the presence of Rictor, which is an essential component of the complex. Deficiency in Rictor disrupts mTORC2 assembly and this significantly diminishes cell AktS473 phosphorylation (11). However, total Rictor deficiency in mice causes embryonic lethality (11, 12). Therefore, tissue-specific Rictor knockout mice represent an approach for investigating the role of mTORC2 in cell-specific functions (38).

To elucidate the role of mTORC2 signaling in monocytes and macrophages, we generated mice with myeloid lineage-specific Rictor deletion by crossing Rictor floxed mice (Rictorfl/fl) with lysozyme M Cre (LysM-Cre)–recombinase mice. These myeloid-specific Rictor knockout (MRictor−/−) mice were born at the expected Mendelian ratio and were viable and fertile with no differences in BW or plasma lipid levels compared to control Rictorfl/fl mice. Analysis of peritoneal macrophages isolated from MRictor−/−mice demonstrated that these cells had significantly less Rictor protein than control Rictorfl/fl cells (Figure 1A). In response to insulin treatment, Akt S473 and Akt T308 phosphorylation were significantly suppressed in MRictor−/− macrophages compared to Rictorfl/fl cells (Figures 1A–C). In addition, MRictor−/− macrophages had diminished levels of proteins known to be downstream targets of mTORC2. The levels of protein kinase C alpha and the serum and glucocorticoid-induced kinase 1 substrate, N-myc downstream regulated gene 1 (NDRG1), were only slightly detectable in MRictor−/− macrophages compared to Rictorfl/fl cells (Figure 1A). Together, these results are consistent with our expectation that loss of Rictor prevents mTORC2 formation and this significantly suppresses p-Akt S473 and Akt signaling.
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FIGURE 1 | Loss of Rictor significantly suppresses Akt and mammalian target of rapamycin complex 2 (mTORC2) signaling in peritoneal macrophages, reduces p-Akt S473 in monocytes and neutrophils in vivo, and decreases blood leukocyte numbers. (A–C) Peritoneal macrophages were isolated from Rictorfl/fl and MRictor−/− mice (n = 3/group), incubated overnight in serum-free media then untreated or treated with insulin (100 nM) for 10 and 15 min. Proteins were extracted, resolved (60 μg/well) and analyzed by western blot using the antibodies as indicated. Note the reduction of p-Akt S473, p-Akt308 and mTORC2 downstream signaling, p-NDRG1 and p-PKCα in MRictor−/− macrophages compared to control Rictorfl/fl cells. Graphs represent data (mean ± SEM; *p < 0.05 compared to control untreated Rictorfl/fl cells). (D–G) Representative plots of gaiting strategy to analyze Akt S473 phosphorylation levels in bone marrow cells of Rictorfl/fl and MRictor−/− mice in vivo (D,E). Note MRictor−/− bone marrow neutrophils (F) and monocytes (G) expressed significantly less p-Akt S473 (red) than control Rictorfl/fl cells (green) but were higher than the isotype control antibodies (gray). (H,I) Multicolor flow cytometry analysis of bone marrow (H) and blood cells (I) isolated from Rictorfl/fl (green) and MRictor−/− (red) mice. Note the increase of T-cells and neutrophils in bone marrow and decrease of white blood cells, B- and T-cells and monocytes but not granulocytes in blood (mean ± SEM; *p < 0.05 compared to control sample). These experiments were repeated three times.


In order to evaluate whether Rictor deficiency suppresses Akt signaling in vivo, we analyzed Akt S473 phosphorylation in mouse bone marrow cells by flow cytometry using antibodies to CD11b and Ly-6G to separate monocytes and neutrophils (Figures 1D,E). As we anticipated, MRictor−/− granulocytes and monocytes expressed decreased levels of Akt Ser473 phosphorylation compared to control Rictorfl/fl cells (Figures 1F,G). These results confirm that Rictor deletion in myeloid cells significantly suppresses Akt signaling in vivo.

Next, to examine the impact of myeloid Rictor deficiency on bone marrow and blood cells, we used multicolor flow cytometry analysis. Interestingly, we isolated similar total numbers of bone marrow cells from Rictorfl/fl and MRictor−/− mice (n = 18/group; 47.1 ± 2.1 vs. 45.8 ± 2.8 × 106 cells, respectively; p = 0.71). However, bone marrow cells from MRictor−/− mice showed increased numbers of T-cells and neutrophils, but no changes in B-cells or monocytes compared to bone marrow of Rictorfl/fl mice (Figure 1H). By contrast, blood cells from MRictor−/− mice had significantly lower numbers of total white blood cell counts, decreased B-cells, T-cells, and monocytes, but not neutrophils, than Rictorfl/fl mice (Figure 1I). These data indicate that mTORC2 is an important determinant of blood cell numbers including monocytes. These findings also suggest the loss of mTORC2 may influence hematopoietic cell proliferation and viability.



Rictor Is Necessary for Proliferation of Myeloid Cells

Since one of the distinct characteristic of macrophages is self-renewal via proliferation (39), we examined whether elimination of mTORC2 disturbs the proliferation of monocytes and macrophages. The BrdU incorporation rate was analyzed in bone marrow and blood cells of Rictorfl/fl and MRictor−/− mice. There were no differences between these groups of mice in total bone marrow cells, total number of BrdU-positive (BrdU+) marrow cells and BrdU+ monocytes (Figures 2A–C). In contrast, blood cells of MRictor−/− mice had lower levels of white blood cell counts, total number of BrdU+ cells and BrdU+monocytes compared to control Rictorfl/fl mice (Figures 2D–F). Thus, loss of Rictor diminishes numbers of proliferative monocytes in the blood but not in the bone marrow.
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FIGURE 2 | Loss of Rictor suppresses proliferation of blood monocytes and macrophages. (A–F) BrdU (10 ml/kg) was I/P injected into Rictorfl/fl and MRictor−/− mice, 24 h later bone marrow and blood cells were isolated and analyzed by flow cytometry. Note there were no differences in bone marrow cell count, total BrdU+ cells and BrdU+ monocytes (A–C); however, white blood cell count, total BrdU+ blood cells and BrdU+ monocytes were reduced in MRictor−/− compared to Rictorfl/fl mice. Graphs represent data (mean ± SEM) of the experiment with three mice per group (*p < 0.05 compared to control untreated group). (G–J) Blood monocytes (G,H) and peritoneal macrophages (I,J) were isolated from Rictorfl/fl and MRictor−/− mice, and two days incubation in DMEM media containing 10% FBS (and M-CSF for monocytes) treated with or without PDGF (20 ng/ml) and BrdU overnight. The incorporation of BrdU was analyzed under a fluorescent microscopy. Note PDGF treatment significantly increased proliferation but less prominent in MRictor−/− than in Rictorfl/fl cells. Graphs represent data (mean ± SEM) obtained from different mice (n = 4/group; *p < 0.05 t-test analysis compared to Rictorfl/fl cells); Scale bar is 50 mm. (K) WT and MRictor−/− peritoneal macrophages were seeded in triplicate on a 48-well plate and then treated with DMEM media alone or together with PDGF (20 ng/ml) for the indicated times. The cells were counted using an EVOS FL Auto imaging System (Life Technology). Note, top two lines of the graph represent cells treated with PDGF, as indicated.


To test whether MRictor−/− blood monocytes respond appropriately to a proliferative stimulus, we isolated blood monocytes from Rictorfl/fl and MRictor−/− mice and 2 days later treated them with PDGF. The treatment increased numbers of BrdU+ cells in both groups although to a significantly greater degree in Rictorfl/fl monocytes than in MRictor−/− cells (Figures 2G,H). Similarly, peritoneal macrophages isolated from MRictor−/− mice and treated with PDGF also exhibited diminished numbers of BrdU+ cells compared to MRictorfl/fl cells (Figures 2I,J). Correspondingly, a simple cell count after treatment with PDGF revealed a greater increase of Rictorfl/fl macrophages compared to MRictor−/− cells (Figure 2K). Collectively, these results indicate that mTORC2 is required for proliferation of monocytes and macrophages.



MRictor−/− Macrophages Are Less Viable and Express High Levels of Inflammatory Genes in Response to LPS

Since loss of Rictor disrupts assembly of mTORC2, thus significantly diminishing Akt signaling, which is the major pro-survival pathway that suppresses apoptosis (6), we hypothesized that Rictor deficiency may compromise monocyte and macrophage survival. To test this hypothesis, we analyzed blood cells isolated from Rictorfl/fl and MRictor−/− mice by flow cytometry using the Alexa Fluor488 Annexin V antibody. The analysis of the representative flow cytometry plots revealed that MRictor−/− mice had an increase of apoptosis in blood neutrophils and monocytes but not in B- or T-cells compared to Rictorfl/fl mice (Figure 3A). Indeed, MRictor−/− mice had increased apoptotic neutrophils and monocytes but not B- and T-cells compared to Rictorfl/fl mice (Figure 3B). Thus, loss of mTORC2 significantly increases apoptosis in blood neutrophils and monocytes.
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FIGURE 3 | MRictor−/− macrophages are less resistant to different pro-apoptotic stimuli than Rictorfl/fl cells. (A,B) Representative flow cytometry plots of apoptotic blood cells isolated from Rictorfl/fl (top panel) and MRictor−/− mice (bottom panel) and stained with the Alexa Fluor 488 Annexin V. Note increase of apoptosis in blood monocytes and neutrophils of MRictor−/− mice compared to Rictorfl/fl mice. Graphs represent data (mean ± SEM) of the experiment (n = 3/group, *p < 0.05 t-test analysis compared to Rictorfl/fl mice). (C,D) Blood monocytes were isolated from Rictorfl/fll and MRictor−/− mice (n = 3/group), incubated in DMEM media containing 10% FBS, M-CSF for 2 days, and then treated overnight with 0.3 M palmitic acid complexed to bovine serum albumin (PA-BSA) in the presence of 1% FBS and M-CSF. The Alexa Flour 488 Nalge Nunc International/dead cell apoptosis kit was used to detect apoptotic cells. Note PA-BSA treatment significantly increased apoptosis in both group of cells, more prominently in MRictor−/− than Rictorfl/fl cells; scale bars, 50 μm. Graphs represent data (mean ± SEM; *p < 0.05 by Mann–Whitney rank sum test). (E,G) Peritoneal macrophages were isolated from Rictorfl/fl and MRictor−/− mice (n = 4/group), and 2 days later treated with 0.5 M PA-BSA overnight (E,F) or human oxidized LDL (100 μg/ml) for 24 h (G). Annexin V/dead cell apoptosis kit was used to detect apoptotic cells; Note PA-BSA increases apoptosis more obviously in MRictor−/− than Rictorfl/fl macrophages; scale bars, 50 μm. Graphs represent data (mean ± SEM) of four mice/group; *p < 0.05 by Mann–Whitney rank sum test.


To further investigate this phenomenon, we isolated blood monocytes and treated them overnight with BSA or BSA complexed with palmitic acid (PA), a lipotoxic factor that induces ER stress and triggers apoptosis (40). Analysis of apoptosis by the Annexin V labeling kit demonstrated that PA treatment dramatically increased apoptosis in both groups of cells although more notably in MRictor−/− monocytes (91%) than Rictorfl/fl cells (Figures 3C,D). Thus, MRictor−/− monocytes exhibit compromised resistance to ER stress-induced apoptosis. Similar results were obtained when peritoneal macrophages were treated with PA or human oxidized LDL, which may be more relevant to atherosclerosis, MRictor−/− macrophages had significantly higher levels of apoptosis than Rictorfl/fl cells (Figures 3E–G). Together these data indicate that loss of Rictor and consequently mTORC2 significantly compromises the ability of monocytes and macrophages to survive under conditions of ER stress.

Recently, several reports (41–43) have shown that mTORC2 signaling is crucial in promoting the M2 phenotype. To verify these findings, MRictor−/− Rictorfl/fl peritoneal macrophages were treated with lipopolysaccharides (LPS) and analyzed by real-time PCR. Accordingly, MRictor−/− macrophages expressed significantly higher levels of inflammatory genes including TNFα, Il6, and Il12a than Rictorfl/fl cells (Figures 4A–C). At the same time, the level of Il10 gene expression was significantly lower in MRictor−/− than in Rictorfl/fl macrophages (Figure 4D). In addition, we demonstrated that suppression of Akt signaling with a low dose of an Akt inhibitor further increased expression of these inflammatory cytokines (Figures 4E–J). Importantly, genetic loss of Raptor, which is an essential member of mTORC1, eliminated this increase, indicating that mTORC1 is responsible for the increase of expression of inflammatory genes (Figures 4E–J). Thus, our results demonstrate that deletion of mTORC2 inhibits M2 polarization, and the levels of Akt signaling are important in this process.
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FIGURE 4 | MRictor−/− macrophages have increased levels of inflammatory gene expression in response to lipopolysaccharide (LPS) and a low dose of Akt inhibitor increases the LPS-induced expression of inflammatory genes in Rictorfl/fl but not in MRaptor−/− macrophages. (A–D) Peritoneal macrophages were incubated with media alone (control) or together with LPS (20 ng/ml) for 5 h and the gene-expression levels were measured by real-time polymerase chain reaction. Note MRictor−/− macrophages have increased pro-inflammatory and decreased of interleukin-10 gene expression. Graphs represent data (mean ± SEM) obtained from the same numbers (n = 3 per group) of mice (*p < 0.05 and **p < 0.001 compared to Rictorfl/fl cells treated with LPS by t-test). (E–J) Peritoneal macrophages were isolated from Rictorfl/fl and MRaptor−/− mice and 2 days later were treated with media (Control), with the Akt inhibitor IV (31 μM, Inh) or LPS (20 ng/ml) alone or together with the inhibitor (LPS + Inh) for 5 h at 37°C and the gene-expression levels were measured by real-time polymerase chain reaction. Note a low dose of the Akt inhibitor increases LPS-mediated inflammatory gene expression but loss of Raptor reverses the increase. Graphs represent data (mean ± SEM) obtained from the same numbers (n = 3 per group) of mice (*p < 0.05 and **p < 0.001 compared to WT cells treated with LPS by t-test test).




Loss of Rictor in Hematopoietic Cells Reduces Early Atherosclerosis in Female and Male Ldlr−/− Mice

To evaluate whether loss of mTORC2 signaling in macrophages has an impact on atherosclerosis in vivo, we generated female and male chimeric Ldlr−/− mice with MRictor−/− or Rictorfl/fl hematopoietic cells using bone marrow transplantation (35). In the first experiment, 19-week-old female Ldlr−/− mice were lethally irradiated and transplanted with female Rictorfl/fl (n = 10) or MRictor−/−(n = 9) bone marrow cells. After 4 weeks, the recipient mice were fed with the Western-type diet for 10 weeks. There were no statistically significant differences in BW, serum total cholesterol or TG levels between the groups (Table 1). However, the recipients of MRictor−/− bone marrow cells had 32% smaller atherosclerotic lesions in the en face analysis compared to mice reconstituted with Rictorfl/fl marrow cells (Figures 5A,C). Similarly, MRictor−/− → Ldlr−/− mice had 28% smaller atherosclerotic lesions in the cross sections of aortic sinus compared to control mice with Rictorfl/fl marrow (Figures 5B,D). The lesions of MRictor−/− → Ldlr−/− mice had a smaller macrophage area stained with antibody to CD68 than lesions of Rictorfl/fl → Ldlr−/− mice (Figure 5E). Remarkably, MRictor−/− → Ldlr−/− mice had significantly more TUNEL-positive cells in atherosclerotic lesions than control Rictorfl/fl → Ldlr−/− mice (Figure 5F). Thus, loss of mTORC2 signaling in hematopoietic cells significantly increases macrophage apoptosis in atherosclerotic lesions and this reduces the extent of atherosclerosis in Rictorfl/fl → Ldlr−/− mice.


TABLE 1 | Body weight (BW), blood glucose (BG), total serum cholesterol (TC), and triglyceride (TG) levels in Ldlr−/− mice reconstituted with female (A) and male (B) Rictorfl/fl and MRictor−/− bone marrow cells after 10 weeks of the Western diet.
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FIGURE 5 | Female MRictor−/− → Ldlr−/− mice had smaller atherosclerotic lesions, less macrophage area and more apoptotic cells in the lesions than control Rictorfl/fl → Ldlr−/− mice. (A) Representative images of and Sudan IV-stained en face preparation of aortas and (B) and serial cross sections of aortic sinus stained with Oil-Red-O/hematoxylin, CD68 and TUNEL AP from Rictorfl/fl → Ldlr−/− mice (B, top panel) and MRictor−/− → Ldlr−/− mice (B, bottom panel) mice. Scale bars, 200 μm. (C,D) Quantitation of atherosclerotic lesions in aortas en face and cross sections of aortic sinus of Rictorfl/fl → Ldlr−/− and MRictor−/− → Ldlr−/− bone marrow cells; *p < 0.05 by Mann–Whitney rank sum test. (E,F) Macrophage area stained with CD68 and number of TUNEL + cells in atherosclerotic lesions of mice reconstituted with WT or MRictor−/− bone marrow cells; *p < 0.05 by t-test.


In a second experiment, 12-week-old male Ldlr−/− mice were lethally irradiated and transplanted with male Rictorfl/fl (control group; n = 10) or MRictor−/−(n = 10) bone marrow cells. Again, after 10 weeks on the Western diet, there were no statistically significant differences in BW, blood glucose and serum lipids between these two groups of recipients (Table 1). In contrast, MRictor−/− → Ldlr−/− male recipients had 40% smaller atherosclerotic lesions in pinned out aortas en face than control male Rictorfl/fl → Ldlr−/− mice (Figures 6A–C). Furthermore, MRictor−/− → Ldlr−/− mice also had significantly decreased atherosclerosis in the aortic sinus (42%), a smaller CD68 + macrophage area and more TUNEL-positive cells in the atherosclerotic lesions than lesions of control male Rictorfl/fl → Ldlr−/− recipients (Figures 6D–F). These results demonstrate that loss of mTORC2 in hematopoietic cells of both female and male recipients significantly increases macrophage apoptosis and diminishes atherosclerosis.
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FIGURE 6 | Male MRictor−/− → Ldlr−/− mice had less atherosclerosis, smaller macrophage area and more apoptotic cells in the lesion area than control Rictorfl/fl → Ldlr−/− mice. (A) Representative images of and Sudan IV-stained en face preparation of aortas and (B) serial cross sections of aortic sinus stained with Oil-Red-O/hematoxylin, CD68 and TUNEL AP from Rictorfl/fl → Ldlr−/− [(B) top panel] and MRictor−/− → Ldlr−/− [(B) bottom panel] mice. Scale bars, 200 μm. (C,D) Quantitation of atherosclerotic lesions in aortas en face and cross sections of aortic sinus of Rictorfl/fl → Ldlr−/− and MRictor−/− → Ldlr−/− mice; *p < 0.05 by Mann–Whitney rank sum test. (E,F) Macrophage area stained with MOMA-2 and number of TUNEL + cells in atherosclerotic lesions of mice reconstituted with Rictorfl/fl or MRictor−/− bone marrow cells; *p < 0.05 by t-test.





DISCUSSION

The mTOR pathway plays a central role in sensing environmental cues and regulating cell growth, metabolism (8) and immune responses (3, 4). However, the roles of mTORC2 signaling in monocyte/macrophage proliferation and survival, and in atherogenesis remain unclear. Here we generated myeloid lineage-specific Rictor deletion in mice to demonstrate for the first time that mTORC2 signaling is crucial for proliferation and survival of monocytes and macrophages. Rictor deficiency prevents mTORC2 assembly and this causes a dramatic reduction of insulin-mediated Akt S473 phosphorylation in macrophages. In addition, suppression of Akt signaling was observed in monocytes and neutrophils of MRictor−/− mice in vivo. Ablation of mTORC2 signaling inhibited monocyte and macrophage proliferation. Furthermore, Rictor deficiency compromised monocyte and macrophage viability, and these dramatic changes in monocyte/macrophage survival were associated with dramatic reductions of atherosclerosis in male and female Ldlr−/− mice in vivo.

Mammalian target of rapamycin complex 2 regulates cellular metabolism and previous studies have shown that cell-specific Rictor ablation significantly suppresses proliferation of endothelial cells (26), helper T-cells (44) and pancreatic β-cells (20). Our results are consistent with these data and indicate that loss of Rictor in monocytes and macrophages suppresses their proliferation causing a diminished response to a proliferative factor, PDGF. Surprisingly, Oh and co-workers (45) recently reported that mTORC2 ablation increased proliferation in peritoneal resident macrophages compared to wild-type cells. This discrepancy with our results may be explained by the fact that we analyzed peritoneal macrophages originating predominantly from monocytes, whereas they focused on tissue-resident peritoneal macrophages. The tissue-resident peritoneal macrophages express F4/80 and GATA6 transcription factor, and they presumably originated from the yolk sac (46). In our experiment, only a small fraction (5%) of peritoneal macrophages expressed F4/80 after two days in culture. Moreover, the same group also showed that Rictor null monocyte-derived peritoneal macrophages have less proliferation than wild-type cells (45) and this finding is consistent with our results.

Although loss of Rictor in macrophages appears to only modestly affect basal Akt activity, a fact that has been noted previously in several different types of cells (16, 18, 20, 23), the response to insulin was significantly suppressed in MRictor−/− compared to Rictorfl/fl macrophages (Figures 1A–C). Moreover, there was an increase in apoptotic monocytes and neutrophils in blood of MRictor−/− mice (Figures 3A,B). More importantly, our in vitro experiments convincingly demonstrated that MRictor−/− monocytes and macrophages exhibit compromised viability and generate more apoptosis under conditions of ER stress than Rictorfl/fl cells (Figures 3C–F). These data support the idea that mTORC2 with Akt S473 phosphorylation are essential for pro-survival signaling (6) and that the failure of this response under conditions of ER stress leads to early apoptosis. Previously we have shown that IKKα−/− macrophages exhibited a similar defect in Akt S473 phosphorylation and a related increase of apoptosis (30). It is known that IKKα interacts with Rictor and that chemical inhibition or genetic suppression of IKK significantly diminishes mTORC2 activity and Akt signaling (47). Low levels of white blood cells and reduced proliferation of macrophages have been associated with reduced atherosclerosis. Interestingly, proliferation of macrophages in the artery wall has been reported to be an important determinant of atherogenesis (48). Our current findings establish that MRictor−/− mice exhibited relatively low levels of white blood cells, and this is due, at least in part, to decreased proliferation and compromised viability of both monocytes and neutrophils. Furthermore, we cannot exclude the possibility that MRictor−/− neutrophils or monocytes may have an inefficient or delayed response for mobilization from the bone marrow. It remains unclear whether the reduced numbers of T- and B-cells in the blood of MRictor−/− mice are causally related to the reduced numbers or functions of myeloid cells.

Macrophages may be polarized into two distinct subtypes including classically activated M1 and alternatively stimulated M2 macrophages (49, 50). A recent concept of the immune response proposes that Akt-mTORC1 signaling controls polarization by changing metabolism of macrophages (5, 51, 52). For example, LPS treatment induces a switch to high aerobic glycolysis, fatty acid synthesis and a truncated citric acid cycle (the Krebs cycle) to form the M1 pro-inflammatory phenotype. In contrast, IL-4 induces oxidative phosphorylation to generate M2 macrophages for tissue remodeling, immunosuppression and phagocytosis. Both of these shifts generate many metabolites that are acting as signaling molecules with consequent alteration of the downstream immune response. In this context, mTORC1 is considered as a major mediator of the cellular response to stress (53). Loss of tuberous sclerosis 1 leads to constitutive mTORC1 activation in macrophages making them resistant to M2 polarization and producing an increased inflammatory response (54). Accordingly, Raptor deficiency in macrophages reduced chemokine gene expression (55) and loss of mTORC1 in hematopoietic cells impaired myelopoiesis at steady state with dampening of some innate immune responses (56). Thus, Akt-mTORC1 signaling is coupled to metabolic input to regulate a key enzyme of Acetyl-CoA synthesis, leading to increased histone acetylation and induction of a subset of M2 genes in macrophages (57).

Compared to mTORC1, our understanding of the role of mTORC2 in macrophage polarization is less well defined. Brown and co-workers (58) were the first to demonstrate that mTORC2 negatively regulates the Toll-like receptor 4-mediated inflammatory response acting via Forkhead box protein O1, a transcription factor regulating glucose metabolism. Festuccia and co-authors later reported that Rictor deletion induces M1 macrophage polarization potentiating pro-inflammatory responses (41). More recent studies revealed that loss of Rictor inhibits the generation of M2 macrophages while preserving the production of classically activated M1 cells (42). Furthermore, mTORC2 operates in parallel with the STAT6 pathway to facilitate increased glycolysis during M2 activation (43).

Depending on the degree of activation, PI3K-Akt signaling crucially contributes to macrophage polarization with subsequent activation or dampening the immune response (59). The individual Akt isoforms promote distinct polarization phenotypes in macrophages. For example, macrophage Akt1 ablation induces M1, whereas Akt2 deficiency promotes the M2 phenotype (60). Recently we have shown that Akt2−/− macrophages express significantly lower levels of inflammatory genes and display the M2 phenotype with a suppressed ability for M1 polarization and CCR2 induction (61). In addition to the ratio of Akt1/Akt2 isoforms, the levels of Akt signaling are also crucial for macrophage polarization. For example, overexpression of the PI3K-Akt pathway caused by myeloid cell-specific deficiency of SH2-containing inositol phosphatase or phosphatase and tensin homolog (PTEN), which are negative regulators of PI3K signaling, significantly promote M2 macrophage differentiation decreasing inflammatory cytokine production in macrophages (62–64). In contrast, genetic deficiency of IKKα as well as pharmacologic inhibition of IKK, significantly reduces Akt S473 phosphorylation via suppression of mTORC2 signaling, and this is accompanied by an M1-related increase in the expression of inflammatory genes (30). Our current results are consistent with these data and indicate that suppression of Akt signaling increases of inflammatory gene expression in MRictor−/− macrophages. Moreover, further suppression of signaling with a low dose of Akt inhibitor IV additionally increased cytokine gene expression levels. Importantly, the genetic loss of Raptor, the main component of mTORC1, eliminated this increase, indicating that mTORC1 mediates the increased expression of these pro-inflammatory genes. Together these data support the concept that the PI3K-Akt-mTOR pathway is critical for restriction of the inflammatory reaction and that overexpression of this signaling pathway reduces macrophage activation by LPS, whereas the inhibition of Akt signaling significantly augments NF-κB activity (65). Furthermore our results suggest an opportunity to pharmacologically control Akt signaling activity and polarization of macrophages in order to modulate innate or adaptive immune responses.

Atherosclerosis remains the number one cause of death and disability in modern societies. Surprisingly, relatively little is known about the role of mTORC2 in atherosclerosis. One can propose mechanisms by which loss of mTORC2 might promote atherosclerosis, including increased inflammatory cytokines in response to LPS or increased production of damage-associated molecular patterns; whereas reduced proliferation and increased apoptosis of macrophages would be predicted to reduce the extent of early atherosclerosis. Therefore, we examined the impact of mTORC2 elimination in hematopoietic myeloid cells on atherosclerosis in vivo. MRictor−/− → Ldlr−/− recipients had smaller atherosclerotic lesions enriched in apoptotic cells compared to Rictorfl/fl → Ldlr−/− mice. Thus, loss of Rictor in hematopoietic myeloid cells significantly suppressed atherosclerosis in Ldlr−/− mice, and these results demonstrate for the first time that macrophage mTORC2 plays a critical role of in atherogenesis. The reduction of atherosclerotic lesions was likely mediated through several inter-related mechanisms such as the inhibition of proliferation and suppression of viability of monocytes that cause monocytopenia in MRictor−/− → Ldlr−/− mice. In addition, we found decreased proliferation and viability of MRictor−/− macrophages, which are the major type of cells atherosclerotic lesions. These results are consistent with the current concepts that low numbers of circulating monocytes and high sensitivity of macrophages to pro-apoptotic stimuli are key drivers that suppress atherogenesis (66, 67). Our study also suggests a potential role of targeted inhibition of mTORC2 in monocytes and macrophages as a novel approach for the treatment of atherosclerotic cardiovascular disease.
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During induction of trained immunity, monocytes and macrophages undergo a functional and transcriptional reprogramming toward increased activation. Important rewiring of cellular metabolism of the myeloid cells takes place during induction of trained immunity, including a shift toward glycolysis induced through the mTOR pathway, as well as glutaminolysis and cholesterol synthesis. Subsequently, this leads to modulation of the function of epigenetic enzymes, resulting in important changes in chromatin architecture that enables increased gene transcription. However, in addition to the beneficial effects of trained immunity as a host defense mechanism, we hypothesize that trained immunity also plays a deleterious role in the induction and/or maintenance of autoimmune and autoinflammatory diseases if inappropriately activated.
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INTRODUCTION

Since the introduction of the term trained immunity for the non-specific memory of the innate immune system in 2011 (1), an increasing number of studies have investigated its role in homeostasis and disease. Innate immune memory has been described in plants and non-vertebrates for a relatively long time, representing the immune adaptation in these species that lack an adaptive immune system (2). In vertebrates, it was firstly shown that NK cells possess a non-specific memory that contributes in the innate host defense (3, 4). Later also monocytes and macrophages were shown to have a non-specific memory (5, 6). When human monocytes were exposed in vitro with microbial components such as β-glucan of the Candida albicans cell wall or the Bacillus Calmette-Guérin (BCG) vaccine, and a week later restimulated with non-related stimuli, the capacity of cells to produce cytokines was increased compared with non-trained (naive) cells (3, 5). Moreover, when mice were challenged (or “trained”) with β-glucan or BCG in vivo, they showed lower mortality after lethal C. albicans or Staphyococcus aureus infections, a process that was largely dependent on the innate immune system (3, 5, 6). Moreover, in humans, BCG vaccination results in trained monocytes with increased responsiveness against microorganisms, which probably explains at least partly the lower mortality from a variety of infections in vaccinated children (3, 6–9).

There are a set of important characteristics that distinguish innate and adaptive immune memory processes. In case of the classical adaptive immune memory, a specific antigen is recognized and specific T- and/or B-lymphocytes expand that specifically respond to that antigen. The breadth of needed responses is insured by gene recombination of V-D-J system. Upon reinfection, long-term memory cells will respond very specifically to the same antigen: thus, adaptive memory is both specific and enhanced, compared to the primary response. In contrast, the molecular substrate of trained immunity is epigenetically mediated, with genome-wide changes in histone marks and thus chromatin architecture playing a major role in the change of the phenotype of monocytes and macrophages (6, 10). By stimulation of an innate immune cell (or its precursors) an enhanced non-specific immunological reaction will be evoked due to differences in which gene transcription takes place due to changes in chromatin configuration (11). Innate immune memory (trained immunity) will thus evoke an increased response, but which is non-specific.

Also changes in cellular metabolism of trained monocytes and macrophages were shown to be a major important component of the trained immunity phenotype. Induction of glycolysis in an mTOR/HIF-1α-dependent manner is indispensible for the induction of trained immunity (12, 13), just as induction of glutamine metabolism that results in fumarate accumulation (14, 15). Interestingly, there is a tight link between metabolic and epigenetic changes that occur in cells (16). We have for example recently shown, that induction of glycolysis is essential for the induction of epigenetic changes seen in trained immunity. When glycolysis was inhibited also the induction of trained immunity by its epigenetic changes was inhibited (12, 13). How induction of glycolysis exactly leads to epigenetic changes is still unclear, but accumulation of acetyl-CoA has been suggested as a mechanism, inducing histone acetylation (11). Moreover, also accumulation of fumarate (one of the intermediates of the TCA cycle) was shown to induce trained immunity by inhibiting histone demethylases and therefore inducing epigenetic changes in human monocytes (14). Recently, we have shown that induction of the cholesterol synthesis pathway, which results in mevalonate accumulation, is also one of the contributors to the induction of epigenetic changes in trained immunity (17). However, this remains a rather new topic of research and more research has to be performed to better understand the exact link between metabolism en epigenetics and its role in trained immunity.

Induction of trained immunity may be important for diseases characterized by defective function of innate immune responses. We have recently shown that the induction of trained immunity by β-glucan is able to counteract the epigenetic changes induced in monocytes in postsepsis immunoparalysis (18): this may represent a potential new therapy. However, trained immunity could also be the cause or play a role in maintaining disease activity in diseases characterized by excessive inflammation, although this needs to be investigated in future studies. In this review, we give an overview of literature that provides indications for the potential role of trained immunity in autoimmune and autoinflammatory diseases. We focus on the possibility that increased function of the myeloid cells in these conditions may be mediated by epigenetic rewiring, and thus possibly a trained immunity phenotype. Another possible mechanism how monocytes of patients with autoimmune and autoinflammatory diseases are more responsive is by specific genetic variations: this hypothesis has been extensively discussed in other reviews, and it will therefore be not presented here. Importantly, adaptive memory responses are also very well known to play a crucial part in autoimmune diseases. However, the role of the adaptive immune system in these diseases has been discussed elsewhere in very good recent review articles (19–21) and was therefore not included in this review.



RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is one of the most common inflammatory arthritis. The pathogenesis of this autoimmune disease is complex and remains partially elusive; it is partly genetically regulated, but environmental factors also play a role, finally leading to synovial inflammation and destruction of bone and cartilage (22). Initially, the role of the adaptive immune system was mainly studied, as the loss of self tolerance of CD4+ T lymphocytes was considered the main defect in RA (23). However, this paradigm is changing and nowadays the focus has also shifted to the role of the innate immune system in RA (24–26). Innate immune cells have been defined as being the cause of the tissue-damaging inflammatory lesions, with macrophages as main producers of proinflammatory cytokines. Macrophages are considered the cause of cartilage and bone destruction by inducing inflammation and regulating osteoclast activity, e.g., by inducing RANKL production (27–30). The number of infiltrated macrophages seems to negatively correlate with response to therapy and the degree of joint erosion (31, 32) and patients with highly active RA show a greater amount of M1-type macrophages in the synovial fluid compared to those with lower disease scores (33). Targeting the cytokines produced by macrophages [e.g., tumor necrosis factor α (TNFα)] has been proven to be a very successful treatment (34).

When circulating monocytes from RA patients were analyzed, gene expression of several proinflammatory cytokines was increased (35, 36). CD14+ monocytes showed an increased expression of CD11b, and when ex vivo stimulated, increased production of IL-1β and IL-6 is observed (37). Interestingly, PI3K/mTOR and MAPK signaling pathways are also activated in RA monocytes (36, 38), and inhibiting mTOR reduced synovial osteoclast formation and protected against local bone erosions and cartilage loss (39, 40). In addition, epigenetic changes have been suggested to play a role, although no genome wide epigenetic analyses in monocytes/macrophages have been performed. In RA synovial tissue the HAT/HDAC balance is moved into the direction of histone acetylation (41). HDAC1 and HDAC2 activity has been specifically analyzed in synovial fibroblasts (not in synovial macrophages), but no difference was found (42). Interestingly, etanercept and adalimumab downregulate trimetylation of H3K4, H3K27, H3K36, and H3K79, as well as acetylation of histone 3 and 4 at the promoter site of CCL2 (MCP-1) in monocytes which correlated with RA disease activity (43). In contrast, a recent study did not identify an increase in H3K4me3 at TNFA and IL6 genes of circulating monocytes in RA patients (44). In addition, the metabolic changes that occur in trained immunity also occur in macrophages from RA patients: upon stimulation with LPS higher levels of ATP are present in the patient-derived macrophages (45). Glycolysis is also upregulated, as are rate-limiting enzymes (e.g., PKM2, PFKFB3, and HK2) and the glucose transporters GLUT1 and GLUT3 (46). Functionally, glucose uptake and oxygen consumption are increased (46), whereas accumulation of glutamate, succinate, and fumarate are present as signs of a highly metabolic active state of an RA proinflammatory macrophage (47, 48), similar to a trained immunity phenotype (12, 14).

Hence, multiple similarities exist between tissue macrophages or circulating monocytes in RA and trained monocytes or macrophages. Interestingly, in RA patients an increased risk for atherosclerotic disease is seen (49), which corresponds with the hypothesis that trained macrophages contribute to the development of atherosclerotic lesions (50). How the training in RA is induced remains unknown, although several danger-associated molecular patterns (DAMPs), that could be released by local sterile inflammation and tissue damage in the joint have been proposed to induce trained immunity (51), just as the increased production of IL-32 (52). Future studies to investigate these mechanisms are warranted.



SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)

In SLE several immunological abnormalities are present. The production of a number of antinuclear antibodies is the most prominent and well-known process, and they are used for diagnostic purposes. However, monocytes and macrophages also play a prominent role in the disease activity, which increasingly becomes a topic of research (53–55). In SLE patients, macrophages are characterized by a proinflammatory status and show an increased production of proinflammatory cytokines, such as IFNα, TNFα, and IL-6 (56–58). CD16+ monocytes express more CD80, CD86, HLA-DR, and CX3CR1 (59) and also expression data of CD14+ and non-classical monocytes demonstrate a proinflammatory phenotype (60–64). Inflammasome and interferon-regulated genes that were regulated by IRF1 (65), with IFNα as one of the main mediators (66–70), are induced in SLE monocytes. Moreover, monocytes show an improved antigen presentation capacity and are easily activated (71). It is therefore suggested that monocytes and macrophages are better capable of presenting self-antigens to autoreactive T cells and therefore inducing or maintaining disease activity (56). Interestingly, a SNP in the IL1B gene that was associated with lower IL-1β production upon LPS stimulation was protective for SLE (72).

Epigenetic modulation in monocytes clearly plays a role in SLE. Histones around the TNFA genomic region are highly acetylated in SLE monoyctes resembling high accessibility for transcription (73). Also whole-genome assessment of histone H4 of monocytes reveals hyperacetylation (74–76) and also at enhancers of monocytes SLE-specific alterations for H3K4me3 and H3K27me3 could be determined (77). Whole-genome epigenetic analysis of H3K4me3 of primary monocytes of SLE patients reveals a strong association with inflammation and immune responses related genes (78, 79). When H3K4me3 modulations were related to gene promoter site, and these were compared with the major epigenetically modulated promoter sites in in vitro β-glucan-trained monocytes (10), the M2 and M3 clusters (defined in β-glucan training) were also significantly modulated in SLE monocytes (Table 1). In another article in which monocytes from six SLE patients were compared with six controls, 136,573 DNase hypersensitivity sites (DHS) were defined. Of these DHS, 4,583 showed SLE-specific changes for H3K4me3 and 1,714 for H3K27me3 at promoter sites. At enhancer site theses numbers were 12,109 and 3,046, respectively (55). Transcription factor binding motifs analysis revealed PU.1 and CEBPB as main transcription factors related to the H3K4me3 induced genomic areas, just as seen for β-glucan-induced training (10). Also BLIMP1 and interferon-related transcription factors as STAT1/6, and IRF1/4/8 were defined (55).


TABLE 1 | Comparison of H3K4me3-related GO-terms in β-trained monocytes and monocytes of SLE patients.
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In trained immunity induced by β-glucan and also by BCG, it has been shown that important changes in cellular metabolism are induced, and that changing concentrations of metabolites play a role in the modulation of epigenetic rewiring (10, 12–14).

In immune cells from SLE patients, metabolic changes are present and might influence the epigenetic landscape as well (80). SAMs are cofactors in DNA and histone methyltranferase reactions and in T cells in SLE SAMs have been shown to be modulated and influence the epigenetic landscape, both at DNA (81, 82) and histone methylation level (83, 84). Histone demethylases need α-ketogluterate and Fe2+ as cofactors, which were shown to be modulated in T cells of SLE patients (84). Acetyl CoA functions as an acetyl donor for histone acetyl transferases. Histone acetylation is defective in SLE, and when in mice in an SLE model HDACs were inhibited, this showed a positive effect on disease activity and nephritis (85–87).

Finally, also activation of the mTOR pathway is a marker of disease and of onset of disease in SLE. The mTOR pathway is activated in many immune cells, among others also in monocytes (88–90). Inhibition of mTOR with rapamycin has shown beneficial effects on several outcome measures, but monocytes/macrophages were unfortunately not part of the analysis [reviewed in Ref. (88)].

The modulation of monocytes from the peripheral blood could be due to changes induced in the bone marrow. Gene expression analysis of mononuclear bone marrow cells from SLE patients reveals that ERK, JNK, and p38 MAP kinases and STAT3 are significantly upregulated (91). As anti-dsDNA antibodies can bind to TLR4 and activate the NLRP3 inflammasome, it is tempting to speculate whether they might be the factor inducing trained immunity in SLE patients (92, 93).



SJÖGREN’S SYNDROME (SS)

Sjögren’s syndrome is a chronic autoimmune disease characterized by salivary and lacrimal gland dysfunction (94). Also in the case of SS, clues can be found in literature to suggest that a trained immunity profile may characterize its myeloid cells. Immune cell infiltrates of the salivary glands in SS mainly contain macrophages and DCs with increased IL-12 and IL-18 expression and depletion of macrophages in the gland tissue improved disease symptoms in a mouse model (95–97). When peripheral CD14+ monocytes were stimulated with apoptotic cells, they showed an increased production of TNFα or IL-1β and a decreased production of IL-10, thus displaying a proinflammatory profile (98, 99). Also when monocyte-derived dendritic cells were stimulated with LPS a clear proinflammatory profile was seen, with among others higher levels of TNFα, MIG, IFNα, IL-6, IL-12, MIP1α/β, MCP1 compared to healthy volunteers (100). In non-stimulated circulating monocytes, type I IFN-related genes were higher expressed compared to control monocytes, which correlated with the induction of B-cell activating factor (BAFF) (101–103). When monocytes were stimulated with IFNγ, increased IL-6 and BAFF production was seen as well (104). However, others have reported different effects, with decreased cytokine production upon PPD stimulation of PBMCs isolated from SS patients (105). Furthermore, NFκB activation is promoted by reduced IκBα expression in Sjögren monocytes (106). Increased STAT1 is seen in SS monocytes (107), similar to constitutive STAT5 activation (108).

No epigenetic assessment of monocytes from SS patients has been performed, apart from increased expression of miRNA 146a and 181a in PBMCs (109–113), and miR-34b-3p, miR-4701-5p, miR-609, miR-300, miR-3162-3p, and miR-877-3p upregulation in monocytes. These miRNAs collectively suppress TGFβ signaling, as opposed to proinflammatory interleukin-12 and Toll-like receptor/NFκB pathways (114). Analysis of cellular metabolic processes and induction of mTOR activation in monocytes/macrophages in SS has not been performed, but treatment with a rapamycin nanoparticle reduced destruction of lacrimal glands in a mouse model (115).



BEHÇET’S DISEASE (BD)

Behçet’s disease is an inflammatory disorder that is characterized by oral en genital lesions, arthritis, and uveitis. The exact cause of BD is unknown (116). Myeloid cells play an important role in Behçet’s disease activity, as granulocyte and monocyte adsorption apheresis reduced disease symptoms in two patients (117). Furthermore, peripheral monocytes of BD patients are activated and produce more proinflammatory cytokines, which might be a first clue for the presence of a trained immunity phenotype in monocytes of BD patients (118–122). The P2X7 receptor, involved in the activation of IL-1β production, has an increased expression on monocytes in BD, which is regulated by TNFα (123), while the expression of TLR2 and TLR4 is also upregulated (124, 125). The response of CD14+ monocytes from BD patients to IFNγ showed increased production of CXCL9 and CXCL10; however, the CXCL10 production might be increased due to dysregulated posttranslational regulation (126). A whole-genome DNA methylation profiling of monocytes revealed 383 CpG sites to be differently regulated compared to healthy controls (and only 123 were found in CD4+ T cells), with cytoskeleton modulation as one of the main regulated pathways (127).



SYSTEMIC SCLEROSIS (SSc)

Systemic sclerosis is a complex autoimmune disease with extensive fibrosis, vascular alterations and immune activation among its principal features (128). Also in SSc the monocyte compartment appears to play an important role. CD14+ monocytes levels are increased in peripheral blood and in skin infiltrates (129, 130). An increased type I IFN signature was observed in early and definite SSc patient monocytes, which correlated with increased BAFF mRNA expression. Production of other cytokines, chemokines and their receptors (among others IL6, TNFα, and TGFβ) is upregulated as well (131–145). Monocytes of SSc patients produce more reactive oxygen species (146, 147), whereas nitric oxide production was decreased (148). SSc PBMCs produce more IL-8 and CCL18 when stimulated with IgG (149). In the vascular alterations present in SSc patients, monocytes appear to play a role as they can differentiate into fibroblast-like cells and produce extracellular matrix (modulating) proteins, resulting in a proangiogenic but impaired vasculogenic environment (132, 150–156). The macrophage activation markers CD163 and CD204 are more expressed in SSc (129, 132), which by some authors has been linked to a M2 macrophage phenotype with anti-inflammatory and profibrotic features (157). The alveolar macrophages in SSc patients with pulmonary fibrosis have a strong M2 phenotype with expression of CCL17, CCL18, and CCL22 and increased activation of STAT 3 (158). Increased TNFα production by these cells was also reported (159).

On the level of epigenetic profiles, hardly any data are available in monocytes or macrophages from SSc patients. The only data available in monocytes show that histone demethylation plays a role in the production of tissue inhibitor of metalloproteinases 1 in the presence of TLR8 stimulation (160). However, given the broad amount of data present in the literature, an epigenetic analysis on circulating monocytes in SSc would be a logical next step.



WEGENER’S GRANULOMATOSIS (WG)

Wegener’s granulomatosis is a systemic inflammatory disorder characterized by vasculitis of the small- and medium-size vessels in many organs. The exact cause remains unknown, but monocytes have been suggested to play a role in disease activity (161).

Monocytes of WG patients are activated, as shown by increased CD11b and CD64 expression, and increased concentrations of neopterin and IL-6 are found in the serum (162). The expression of adhesion molecules is increased on monocytes from WG patients (163). Interestingly, anti-PR3 induces cytokine production by monocytes and it was shown that when monocytes are primed with ANCA or PR3 antibodies, their responses to LPS and LTA stimulation increase, with more TNFα, IL-6 and IL-8 production (164) and increased expression of CD14, CD18, and several PRRs (165, 166). Monocytes of WG patients that did not respond to methotrexate showed increased intracellular levels of IL-12 and TNFα (but no IL-8) that normalized after cyclophosphamide treatment (167). Also IL-8, IL-12, and MCP-1 production was increased in WG monocytes (166, 168–170). In contrast, other studies have shown that monocytes from WG patients are shown to produce less reactive oxygen species and have impaired phagocytosis (171) and in one report, monocytes of WG patients were stimulated with LPS, they produced less TNFα compared to healthy controls (172). No studies on epigenetic modulation of cellular metabolism of monocytes in WG are available. In order to assess whether a trained immunity phenotype is indeed responsible for the functional changes observed, such studies should be performed.



SARCOIDOSIS

Sarcoidosis is a complex systemic granulomatous disorder of unknown etiology. Circulating monocytes op sarcoidosis patients produce less IL-10 (173), express more CD16+ (174, 175), BAFF (166), TLR2 and TLR4 (176), IL-2R (177), adhesion molecules (178), produce more proinflammatory cytokines (176, 179–181) and oxygen radicals (182), and have increased phagocytic activity (183), thus showing an increased activated phenotype (184). Moreover, monocytes of sarcoidosis patients are more likely to form giant cells (185). Fibrin, which is newly formed in granulomas, is able to induce IL-1β production and might therefore serve as an inductor of trained immunity (186).

RNA-sequencing analysis of monocytes of sarcoidosis patients revealed several differentially expressed genes, with enrichment of ribosome, phagocytosis, lysosome, proteasome, oxidative phosphorylation, and metabolic pathways are the main pathways (187). No epigenetic analysis of monocytes in sarcoidosis has been done so far (188).



TYPE 1 DIABETES MELLITUS (T1DM)

Type 1 diabetes mellitus is an important autoimmune disease resulting in profound defects in glucose metabolism. The exact underlying mechanism is unknown, but autoimmune destruction of β-cells of the pancreas is the cause of insulin deficiency (189). Monocytes and macrophages are thought to play a key role in the development of T1DM (190, 191). When peripheral blood monocytes from recent-onset T1DM patients were assessed, more CD14+CD16+ monocytes were found, which was negatively correlated with insulin and C-peptide serum levels. Furthermore, these monocytes showed higher expression of HLA-DR and CD86, and showed an activated proinflammatory phenotype (192–196). In recent-onset T1DM patients, plasma TNFα levels were higher which correlated with CD14 expression (197). However, another study showed decreased total number of monocytes in T1DM (198). Serum levels of MIF and MCP-1 are also increased (199). Prior to development of T1DM, children show an IFN transcriptional signature in PBMCs, which might be a result of a recent upper respiratory infection. Increased expression of SIGLEC-1 on CD14+ monocytes was also found (200). Furthermore, it was shown that IL-1β plays a central role in the inflammation seen in T1DM (201) and that during the development of T1DM TLR-induced IL-1β and IL-6 production from monocytes is enhanced (202). Importantly, inhibiting IL-1β production or IL-1β signaling can improve T1DM outcome (203–206). In contrast, monocyte-derived DCs did not appear to be affected in recent-onset T1DM (191).

Epigenetics has been proposed to play a role in T1DM as well (207). Assessment of DNA methylation profiles of 32 T1DM patients versus 31 healthy individuals revealed 153 hypomethylated and 225 hypermethylated loci in whole blood, and, respectively, 155 and 247 in monocytes. However, whether these are causative to the disease or a consequence of the pathological process remains unclear (208). In another study methylation variable positions were assessed in monocytes prior to development of T1DM: 132 positions were identified and associated with a gene, with important immunology-related genes as HLA-DQB1, HLA-DRB1, NFKB1A, and TNF as major examples (209). Also important histone modifications were seen in H3K9ac in monocytes, but also these were more likely to be induced after development of the disease (210). However, in one study, H3K9ac at HLA-DRB1 and HLA-DQB1 of monocytes was shown to correlate with T1DM susceptibility prior to disease (211). Differences in H3K9me3 in inflammatory and autoimmune-related pathways were found in lymphocytes of T1DM patients, but no differences were found in monocytes (212).

Cellular metabolism of monocytes in T1DM prior to disease onset is still poorly known. Only one study revealed changes in the transcriptional signature of cell metabolism, cell survival, and oxidative stress in monocytes of recent-onset DM1. Interestingly, one of the main induced genes was HIF1A (213), although mTOR does not appear among the significantly differently regulated genes.

Lastly, as BCG is able to induce trained immunity, it could be expected that BCG-vaccinated children are at higher risk to develop T1DM. However, in an observational trial no such correlation has been found (214, 215). Interestingly, in a randomized controlled trial, BCG was suggested to have a beneficial effect on insulin production, as induction of TNF production resulted in reduced autoimmune phenotype of innate immune cells and induction of Tregs (216, 217).



AUTOINFLAMMATORY DISORDERS

Autoinflammatory disorders or periodic fever syndromes consist of a set of diseases that are characterized by periodic episodes of fever and inflammation. Common symptoms are joint pain, rash, abdominal pain, and long-term disease can result in amyloidosis. These diseases are not induced by autoantibodies or autoreactive T-cells but are the result of a hyperfunctional innate immune system, which is due to genetic defects. The familial autoinflammatory syndromes are generally rare, and the pathogenesis is not well understood for some of them (218). Here, we argue that trained immunity could be a likely contributor in these diseases.

Tumor necrosis factor receptor-associated periodic syndrome (TRAPS) is a multisystemic autoinflammatory condition associated with heterozygous TNFRSF1A mutations, presenting with a variety of clinical symptoms, many of which still unexplained. TRAPS monocytes shown an inflammatory baseline state, with enhanced IL1B and IL1R1 gene expression, also in non-active disease, whereas IFN and TGFβ are downregulated (219, 220). Also CD16 expression is upregulated (221) and MAPK can be spontaneously activated (220). Interestingly, a TRAPS patient with a monocytic fasciitis has been successfully treated with tacrolimus (an mTOR inhibitor) (222).

Cryopyrin-associated periodic syndromes (CAPS) are caused by a mutation in NLRP3 inflammasome, resulting in increased IL-1β and IL-18 production, but impaired production of the anti-inflammatory IL-6 and IL-1RA cytokines (223, 224). Interestingly, although the genetic defect is the main cause of these abnormalities, epigenetic analysis of CAPS monocytes revealed that DNA methylation was also affected, resulting at increased expression of inflammasome-related genes. When CAPS patients were treated with IL-1 neutralizing therapies, their methylation profile reversed toward that of healthy controls (225).

In familial Mediterranean fever (FMF), ex vivo LPS-stimulated PBMCs and monocytes produce more IL-1α and β, IL-6, IL-8, IL-12, IL-18, and TNFα, and in non-stimulated PBMCs higher production of IL-6 and TNFα was found (226–230), and also expression of CD11b was increased (231).

Hyper-IgD syndrome (HIDS) is an autoinflammatory disorder caused by a mutation in mevalonate kinase (232, 233), in which patients experience periodic attacks of sterile inflammation with symptoms such as fever, skin lesions, lymphadenopathy, and arthralgia (234). Interestingly, PBMCs of HIDS patients produce more cytokines in unstimulated as well as stimulated state and the IgD itself was able to induce cytokine production (235–238). In a whole-blood transcriptome analysis several glycolysis-related genes were higher expressed in HIDS patients, which decreased after canakinumab treatment (239). In addition, we recently have shown broad genome-wide changes in the H3K27Ac marker in monocytes of HIDS patients, which are due to mevalonate accumulation and are believed to express a trained immunity profile (Bekkering et al., 2018 Cell in press).

The common factor in these autoinflammatory syndromes is overproduction of IL-1β, which is one of the reasons why anti-IL-1 therapeutic approaches are successful (240). As IL-1β is considered as a causal factor and plausibly plays a role in maintaining disease, accumulating evidence suggests that IL-1β is an important inducer of trained immunity. Interestingly, old studies have shown that injection of IL-1β in mice prevented death from subsequent bacterial and fungal infections (241, 242). It is tempting to hypothesize that IL-1β induces trained immunity and prevent from the subsequent infections, by epigenetically modifying monocytes and macrophages resulting in more proinflammatory immune cells. To further substantiate this hypothesis, we have recently performed experiments in which human monocytes are ex vivo trained with IL-1β. This indeed resulted in trained monocytes that produced more IL-6 and TNFα upon restimulation with LPS, and also increased H3K4me3 occupancy at the promoters of IL6 and TNFA was observed (Arts et al., Cell Host Microbe 2018, in press). While IL-1 can induce beneficial effects in infections through induction of trained immunity, a negative consequence could be induction of overinflammation, which might result in an autoinflammatory disease. This thus opens a potential new field of research, where trained immunity in these autoinflammatory diseases should be further evaluated.



CHRONIC GRANULOMATOUS DISEASE (CGD)

Chronic granulomatous disease is an inherited immunological disorder, in which intracellular superoxide radical production is deficient. Although CGD is an immunodeficiency, it also has autoinflammatory characteristics, which is why it is discussed here as well. Normally CGD presents in the first years of life with severe recurrent bacterial and fungal infections, but it can also present later in life (243). CGD phagocytes are impaired in destroying phagocytozed microorganisms, rendering the patients susceptible to bacterial and fungal infections. Besides this immunodeficiency, CGD patients suffer from various auto inflammatory symptoms, such as granuloma formation and Crohn-like colitis (244). Also monocytes from CGD patients display a proinflammatory phenotype with increased secretion of inflammasome-mediated cytokines (IL-1β, IL-18) possibly due the inflammasome triggering effect of ROS, but also increases of other cytokines and chemokines, and NKκB and ERK expression upon stimulation (245–247). Circulating monocytes display an inflammatory phenotype with more CD16+ expression and more intracellular IL-1β and TNFα (247). However, others have shown lower TNFα production by CGD monocytes (248). Incubation of CGD monocytes with rapamycin (an mTOR inhibitor) counterbalanced the preactivation state of monocytes ex vivo (247), hence implicating a role for mTOR. IL-1 inhibition reduced inflammation in humans and reduced disease activity of, e.g., CGD-associated colitis, possibly also by restoring autophagy (249, 250). Interestingly, injection of fungal β-glucan results in hyperinflammation and necrosis in CGD mice associated with increased IL-1β, IL-6, and TNFα production (251–253).

Metabolically also clear differences were found in CGD monocytes. Several metabolites of the tryptophan pathway accumulate and indoleamine 2,3-dioxygenase is activated (254), just as seen in monocytes stimulated with LPS or IFNγ (255). CGD monocytes have been shown to higher acidification (256), which might be the result of increased lactate production.



CONCLUSION

In this review, we present an overview of the data supporting the concept that monocytes from patients with several autoimmune and autoinflammatory diseases display features consistent with a trained immunity phenotype. The phenotype of a trained monocyte has been defined with characteristics as (1) increased cytokine production, (2) changes in cellular metabolism (mainly increased glycolysis and lactate production), and (3) epigenetic rewiring (Table 2). Trained immunity could serve a role in the initiation of the disease and in the maintenance or aggravation of the symptoms. In the case of disease initiation, a genetic or environmental factor (or combinations of both) would induce trained monocytes/macrophages that initiate the disease. In the case of disease progression, monocytes/macrophages become trained and are therefore easier activated, which would result in the maintenance or deterioration of disease symptoms. This is an important distinction to take into account, as different experimental approaches would apply.


TABLE 2 | Overview of trained immunity-related patterns in autoimmune and autoinflammatory diseases.
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By providing a molecular mechanism in the described diseases in terms of trained immunity, we inherently describe potential novel therapies. For certain components of the metabolic pathways and epigenetic pathways described to be important for trained immunity, specific and non-specific inhibitors are already available and new ones are being developed. We have shown before that by inhibiting specific metabolic pathways or by specifically inhibiting certain epigenetic modulating enzymes, the induction of trained immunity can be counteracted (12–15). Hence, by identifying the specific trained immunity pathways that play a role in the induction and progression of disease activity in these autoinflammatory and autoimmune diseases, it is hoped that novel targeted immunotherapies will be developed.

However, all data presented here are circumstantial and do not prove a causal relation between the disease symptoms and monocyte function. Therefore, specifically applied experiments on the role of trained immunity in these diseases are essential to further unravel the role of trained immunity. By elucidating the potential role of trained immunity in these (but supposedly also other) diseases, new steps can be made in better understanding the pathophysiology of these diseases. Even more importantly, this could potentially lead to new approaches for therapeutic intervention in these diseases.
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Activation and reprogramming of hematopoietic stem/progenitor cells play a critical role in the granulopoietic response to bacterial infection. Our current study determined the significance of Sonic hedgehog (SHH) signaling in the regulation of hematopoietic precursor cell activity during the host defense response to systemic bacterial infection. Bacteremia was induced in male Balb/c mice via intravenous injection (i.v.) of Escherichia coli (5 × 107 CFUs/mouse). Control mice received i.v. saline. SHH protein level in bone marrow cell (BMC) lysates was markedly increased at both 24 and 48 h of bacteremia. By contrast, the amount of soluble SHH ligand in marrow elutes was significantly reduced. These contrasting alterations suggested that SHH ligand release from BMCs was reduced and/or binding of soluble SHH ligand to BMCs was enhanced. At both 12 and 24 h of bacteremia, SHH mRNA expression by BMCs was significantly upregulated. This upregulation of SHH mRNA expression was followed by a marked increase in SHH protein expression in BMCs. Activation of the ERK1/2–SP1 pathway was involved in mediating the upregulation of SHH gene expression. The major cell type showing the enhancement of SHH expression in the bone marrow was lineage positive cells. Gli1 positioned downstream of the SHH receptor activation serves as a key component of the hedgehog (HH) pathway. Primitive hematopoietic precursor cells exhibited the highest level of baseline Gli1 expression, suggesting that they were active cells responding to SHH ligand stimulation. Along with the increased expression of SHH in the bone marrow, expression of Gli1 by marrow cells was significantly upregulated at both mRNA and protein levels following bacteremia. This enhancement of Gli1 expression was correlated with activation of hematopoietic stem/progenitor cell proliferation. Mice with Gli1 gene deletion showed attenuation in activation of marrow hematopoietic stem/progenitor cell proliferation and inhibition of increase in blood granulocytes following bacteremia. Our results indicate that SHH signaling is critically important in the regulation of hematopoietic stem/progenitor cell activation and reprogramming during the granulopoietic response to serious bacterial infection.
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INTRODUCTION

Primitive hematopoietic precursor cells, specifically hematopoietic stem cells (HSCs), are rare event cells in the bone marrow. In normal circumstances, most of these upstream precursors are maintained in the quiescent state with only a small proportion of them entering into cell cycling for self-renewal and/or proliferation (1). The homeostasis of HSC quiescence, self-renewal, proliferation, and differentiation secures maintaining the appropriate pool of HSCs while giving rise to all types of blood cells in the body. Our recent studies have revealed that primitive hematopoietic precursor cells in the adult bone marrow constitute a key component of the host immune defense system (2–4). During bacterial infection, marrow primitive hematopoietic precursor cells activate rapidly. While increasing proliferation to expand their own population in the bone marrow, these cells reprogram their transcriptional polarization toward enhancing commitment to granulocyte lineage (lin) development. Evoking the granulopoietic response to bacterial infection is critically important for boosting granulocyte production in order for reinforcing the phagocytic defense against invading pathogens. Currently, knowledge about cell signaling mechanisms underlying the activation and reprograming of primitive hematopoietic precursor cells in the process of the granulopoietic response to bacterial infection remains scant.

Hedgehog (HH) signaling has been reported to regulate stem cell activity during embryogenesis (5, 6) and in adulthood (7, 8). In mammals, three HH genes, including Sonic (shh), Indian (ihh), and Desert (dhh) HH, have been identified (9, 10). These gene products are initially 45-kDa precursor proteins, which are cleaved and then subjected to cholesterol and palmitoyl modification to produce a 19 kDa active N-terminal fragment (11–13). Among three HH proteins, Sonic hedgehog (SHH) is the best studied ligand (14). SHH molecules are expressed on the cell surface as transmembrane proteins (8, 15–17). SHH signals can be mediated through cell-to-cell contact between adjacent cells expressing the SHH receptor patched (PTCH) 1 and 2. Alternatively, NH2-terminal cleavage of SHH can generate a soluble SHH ligand to interact with distal cells expressing PTCH receptors. Binding of SHH ligand to PTCH abolishes PTCH-exerted repression of Smoothened (SMO) allowing SMO to become active, which activates SHH target gene transcription through the glioma-associated oncogene (Gli) transcription factor family (15–17). In the Gli family, Gli2 exists in both a full-length active form and a truncated repressor form (18, 19). Activated SMO prevents cell process of full-length Gli2 transcription factor into a truncated repressor, enabling Gli2 nuclear translocation to activate the transcription of target genes, particular Gli1 (19–22). Gli1 is a key transcriptional activator for expression of genes for cell proliferation and survival. Gli1 also activates Gli1 and PTCH (1 and 2) gene expression, which serves as positive and negative feedbacks of SHH signaling, respectively (17–23). SHH has been reported to promote primitive hematopoietic precursor proliferation and myeloid differentiation in mouse models (8, 24, 25). At the present time, nevertheless, it remains elusive if SHH–Gli1 signaling participates in the regulation of primitive hematopoietic precursor cell activation and reprograming in host defense against serious bacterial infection.

In this study, we employed both in vivo and in vitro model systems with manipulations of specific genes to determine the alteration of SHH–Gli1 signal system in bone marrow hematopoietic niche environment and in primitive hematopoietic cells. Our focus was on delineating the role of SHH–Gli1 signaling in the regulation of hematopoietic precursor cell activity during the granulopoietic response to systemic bacterial infection.



MATERIALS AND METHODS


Animals

Male BALB/c mice (6–8 weeks old) were purchased from Charles River Laboratories (Wilmington, MA, USA). Male Gli1null mice (6–8 weeks old, derived from STOCK Gli1tm2Alj/J Gli1lacZ mutant mice with 129S1/SvImJ strain background) were bred at Northeast Ohio Medical University Comparative Medicine Unit. Breeding pairs of Gli1null (STOCK Gli1tm2Alj/J Gli1lacZ, Stock No. 008211) and the background control (129S1/SvImJ, Stock No. 002448) mouse strains were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All animals were housed in specific pathogen-free facilities with a 12 h light/dark cycle. This study was carried out in accordance with the recommendations of National Institutes of Health guidelines. The protocol was approved by the Institutional Animal Care and Use Committees of Northeast Ohio Medical University and Michigan State University prior to initiation of all experiments.

Bacteremia was induced in mice as described previously with minor modifications (4). Briefly, an intravenous (i.v. through the penile vein) injection of live Escherichia coli (E. coli, strain E11775 from the American Type Culture Collection, Rockville, MD; 5 × 107 CFUs in 100 μl of pyrogen-free saline/mouse) was given to mice under anesthesia with inhalation of isoflurane (Henry Schein Animal Health, Dublin, OH, USA). Control mice received i.v. injection of an equal volume of pyrogen-free saline. In a subset of experiments, E. coli (5 × 107 CFU in 50 μl pyrogen-free saline/mouse) or saline was i.v. injected into mice. Bromodeoxyuridine (5-bromo-2′-deoxyuridine or BrdU, BD Biosciences, San Diego, CA, USA; 1 mg in 100 μl of saline/mouse) was i.v. administered at the same time. Animals were sacrificed at scheduled time points as indicated in each figure legend in the Section “Results”.

At the time of sacrifice, a heparinized blood sample was obtained by cardiac puncture. White blood cells (WBCs) were quantified under a light microscope with a hemocytometer. Both femurs and tibias were collected. Bone marrow cells (BMCs) were flushed out from these bones with a total volume of 2 ml RPMI-1640 medium (Life Technologies, Grand Island, NY, USA) containing 2% bovine serum albumin (BSA, HyClone Laboratories, Logan, UT) through a 23-gage needle. BMCs were filtered through a 70-μm nylon mesh (Sefar America Inc., Kansas City, MO, USA). Contaminating erythrocytes in BMC samples were lysed with RBC lysis solution (Qiagen Sciences, Germantown, MD). Nucleated BMCs were washed with RPMI-1640 medium containing 2% BSA and then quantified under a light microscope with a hemocytometer. For determination of SHH level in bone marrow elute and nucleated BMC lysate samples, collected femurs, and tibias from each mouse were flushed with a total volume of 0.5 ml of phosphate-buffered saline (PBS, Life Technologies Co, Grand Island, NY, USA) through a 23-gage needle. Bone marrow elute samples were filtered through a 70-μm nylon mesh. After centrifugation at 500 × g for 5 min, bone marrow eluate (supernatant) samples were collected. Contaminating erythrocytes in the remaining BMC samples were lysed with RBC lysis solution as above. After washing twice with PBS, nucleated BMCs were collected. BMC lysate samples were prepared by lysing cells with a lysing buffer (10 mM Tris–HCl buffer containing 1% Triton X-100, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 1 mM PMSF, 50 mM sodium fluoride, 5 mg/ml aprotinin, 5 mg/ml pepstatin, and 5 mg/ml leupeptin, pH 7.6). After centrifugation at 10,000 × g for 10 min at 4°C, the supernatant of BMC lysate sample was collected. Bone marrow eluate and cell lysate samples were stored at −80°C till determination of SHH level.



Preparation of Bacteria

For each experiment, a frozen stock culture of E. coli was added to tryptic soy broth and incubated for 18 h at 37°C in an orbital shaker. Bacteria were collected and washed twice with PBS. Suspension of bacteria in saline at appropriate concentrations was prepared based on its optical density at 600 nm. Actual numbers of viable bacteria were verified by standard plate counts of the bacterial suspensions on MacConkey agar plates following overnight incubation at 37°C.



Culture of Primary Mouse BMCs

Isolated mouse BMCs were suspended in StemSpan serum-free medium (StemCell Technologies, Vancouver, BC, Canada) containing 20% mouse plasma and then plated into 24-well tissue culture plates with 500 μl of cell suspension (containing 5 × 106 cells) per well. Culture of cells was conducted without or with lipopolysaccharide (LPS, E. coli 0111:B4, 20 ng/ml, Sigma-Aldrich Co., LLC, St. Louis, MO, USA) stimulation in the absence and presence of specific mitogen-activated protein kinase kinase1/2 (MEK1/2) inhibitor PD98059 (25 μM, LC Laboratories, Woburn, MA, USA) for 18 h.



Determination of SHH Level with ELISA

Sonic hedgehog level in bone marrow elute and cell lysate samples was determined with enzyme-linked immunosorbent assay (ELISA) using the Mouse Shh-N ELISA Kit (Abcam, Cambridge, MA, USA) and the protocol provided by the manufacturer.



Determination of Protein Content with BCA Protein Assay

Protein content in biological samples was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA) with the protocol provided by the manufacturer.



Flourochrome Conjugation of Antibody

Flourochrome labeling of anti-human/mouse Gli1 antibody (Clone #388516, R&D Systems, Minneapolis, MN, USA) and the matched isotype control antibody (Clone # 54447, R&D Systems) was performed using DyLight 405 Microscale Antibody Labeling Kit (Thermo Fisher Scientific) with the protocol provided by the manufacturer.



Flow Cytometric Analysis and Cell Sorting

Cell phenotype, cell membrane expression of SHH, and intracellular expression of specificity protein 1 (SP1) as well as Gli1 was determined with flow cytometry as previously described (2–4). Briefly, nucleated BMCs or WBCs suspended in RPMI-1640 containing 2% BSA (1 × 106 cells in 100 μl medium) were added with a mixed panel of biotinylated anti-mouse lin markers [10 μg/ml of each antibody against CD3e (clone 145-2C11), CD45R/B220 (clone RA3-6B2), CD11b (Mac-1, clone M1/70), TER-119 (clone TER-119)] with or without granulocyte differentiation antigen-1 (Gr-1 or Ly-6G/Ly-6C, clone RB6-8C5), or isotype control antibodies (clones A19-3, R35-95, A95-1) (BD Biosciences). Following incubation for 20 min at 4°C, flourochrome-conjugated streptavidin, anti-mouse stem cell growth factor receptor (c-kit or CD117, clone 2B8) and anti-mouse stem cell antigen-1 (anti-Sca-1, Ly-6A/E, clone D7) without or with anti-Gr1 (Ly-6G, clone 1A8), or the matched isotype control antibodies (BD Biosciences) were added into the incubation system at the final concentration of 10 μg/ml for each agent. Samples were further incubated in the dark for 20 min at 4°C. Antibody-stained cells were then washed with cold PBS containing 2% BSA. For measuring cell BrdU incorporation, cells were further processed using a BD BrdU Flow Kit (BD Biosciences) with the procedure provided by the manufacturer. For measuring cell expression of SHH and SP1, cells were further processed to make both cell membrane and nuclear membrane permeable for antibody using the procedure (without the step of DNA digestion with DNase) provided by BD BrdU Flow Kit (BD Biosciences). Permeablized cells were incubated with 10 μg/ml of anti-human/mouse SHH (Clone E1, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and anti-human/mouse SP1 antibody (Clone E3, Santa Cruz Biotechnology, Inc.), respectively, in the dark for 20 min at room temperature. Each cell sample was then added with 10 μg/ml of the corresponding flourochrome-conjugated second antibody [polyclonal goat anti-mouse IgG (H + L), Life Technologies, Eugene, OR, USA and anti-mouse IgG2a, clone R-1915, BD Biosciences]. The cells were further incubated in the dark for 20 min at room temperature. The background staining control samples were incubated with the respective flourochrome-conjugated second antibody only. For determining cell expression of Gli1, permeablized cells were incubated with 10 μg/ml of flourochrome-conjugated anti-human/mouse Gli1 antibody (Clone #388516, R&D Systems) and the isotype control antibody (Clone # 54447, R&D Systems), respectively, in the dark for 20 min at room temperature. At the end of the staining procedure, cells were washed with the washing buffer provided with the BD BrdU Flow Kit (BD Biosciences) and then suspended in 0.5 ml of PBS containing 1% paraformaldehyde. Analysis of cell phenotypes, BrdU incorporation, expression of SHH, SP1, and Gli1 was performed on a FACSAria Fusion flow cytometer with FACSDiva software (Becton Dickinson, San Jose, CA, USA). Cell populations of interest were gated based on their marker or marker combinations. Depending on the cell types being analyzed, the number of cells acquired in each sample was in the range of 5,000–300,000. In a subset of experiments, gated bone marrow lin−c-kit+ cells were sorted with FACSAria Fusion flow cytometer (Becton Dickinson).



Granulocyte-Macrophage Colony-Forming Unit (CFU-GM) Assays

Granulocyte-macrophage colony-forming unit assays of freshly sorted bone marrow lin−c-kit+ cells were performed by culturing the cells in Methocult GF M3534 medium (StemCell Technologies, Vancouver, BC, Canada) in the absence and presence of recombinant murine SHH (200 ng/ml, eBioscience/Thermo Fisher Scientific). One milliliter of Methocult GF M3534 medium containing 100 cells was plated to a 35 mm NunclonTM dish (Nunc, Rodkilde, Denmark). The cultures were conducted for seven days at 37°C in an atmosphere of 5% CO2. Colonies containing 50 or more cells were then enumerated.



Western Blot Analysis

Western blot analysis of phosphorylated extracellular signal-regulated kinase 1/2 (phospho-ERK1/2) and total ERK1/2 protein expression by cells was performed using the protocol reported previously (4, 26, 27) with minor modifications. Protein was extracted from nucleated BMCs with the lysis buffer described above. Protein concentration was determined using BCA protein assay kit (Thermo Fisher Scientific). Thirty micrograms of protein sample were resolved using the 12% SDS-PAGE ready gel (Bio-Rad Laboratories, Hercules, CA, USA) and transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories). The membrane was blocked with 5% milk in tris-buffered saline (Bio-Rad Laboratories) containing 0.1% Tween 20 (Sigma-Aldrich Co.) (TBST buffer) and hybridized sequentially with the primary antibody against phospho-ERK1/2 (anti-mouse phospho-p44/42 MAPK Thr202/Tyr204) and the corresponding HRP-conjugated secondary antibody (Cell Signaling Technology). Determination of the bound antibody was conducted using Amersham ECL Prime Western blotting Detection System (GE Healthcare, Piscataway, NJ) and imaged using Amersham Imager 600 (GE Healthcare Biosciences AB, Uppsala, Sweden). The membrane was stripped with Re-Blot Plus Mild Antibody Stripping Solution (EMD Millipore Cop., Billerica, MA, USA) and then re-probed sequentially with rabbit anti-mouse total ERK1/2 or anti-β-actin antibody (Cell Signaling Technology) and the corresponding HRP-conjugated goat anti-rabbit IgG to determine total ERK1/2 or anti-β-actin content, respectively. Semi-quantification was performed using the ImageJ software. Data are presented as the normalized intensity ratio of the detected protein band versus the loading reference (total ERK1/2 or β-actin) band in the same sample.



Real-time RT-PCR Determination

Total RNA samples were prepared from nucleated BMCs and sorted marrow lin−c-kit+ cells with TRIzol reagent (Thermo Fisher Scientific) and RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA) using procedures provided by the manufacturers. Real-time RT-PCR analysis of mRNA expression by cells was performed as reported previously (28). Each RNA sample was subjected to 2-step real-time RT-PCR using iScriptTM Reverse Transcription Supermix kit and SsoFastTM EvaGreen® Supermix kit (Bio-Rad Laboratories), respectively, on the CFX96TM Real-Time System (Bio-Rad Laboratories). The amplification primer pairs were as follows:

SHH

Forward 5′-TCCAAAGCTCACATCCACTG

Reverse 5′-CGTAAGTCCTTCACCAGCTTG

Gli1

Forward 5′-TTGTGGGAGGGAAGAAACCG

Reverse 5′-AGCCAGATCCATATGCTGCC

18SrRNA

Forward 5′-ATTCGAACGTCTGCCCTATAA

Reverse 5′-GTCACCCGTGGTCACCATG

These sets of primers were designed using Primer Express software (Life Technologies Co.). The expression of SHH and Gli1mRNA was determined by normalizing the cycle threshold number of their individual mRNA with that of 18S rRNA in each sample. Changes in specific gene mRNA expression by cells from groups with different treatments are expressed as fold alterations over the baseline expression by cells from the corresponding control group.



Reporter Gene Analysis of Murine SHH Promoter Activity

HEK 293T cells (ATCC CRL-11268, American Type Culture Collection) were cultured in Opti-MEM reduced serum medium (Thermo Fisher Scientific) and transfected with pGL4.20[luc2/Puro] promoter reporter vector (Promega, Madison, WI, USA) containing murine shh promoter sequence [240 bp (from −258 to − 497) including 10 SP1 binding sites] in the absence and presence of co-transfection with SP1 expression vector (pUNO1-mSP1 vector, InvivoGen, San Diego, CA, USA). The activity of shh promoter in transfected HEK 293 T cells were determined following culture of cells for 48 h with the Dual-Luciferase® Reporter (DLR™) Assay System on a Glomax 96 Microplate Luminometer (Promega).



Statistical Analysis

Data are presented as mean ± SEM. The sample size is indicated in each figure legend. Statistical analysis was conducted using Student’s t-test for comparison between two groups and one-way ANOVA followed by Student–Newman–Keuls test for comparison among multiple groups. Difference with statistical significance is accepted at p < 0.05.




RESULTS


Upregulation of SHH Expression by BMCs in Response to Bacteremia

Flow cytometric analysis showed that cells in marrow lin+ and lin−c-kit+ subpopulations significantly increased their expression of SHH 24 and 48 h following i.v. challenge with E. coli (Figure 1). Marrow lin− cells also exhibited a significant increase in SHH expression 48 h following initiation of bacteremia. This increase in cell expression of SHH in response to systemic bacterial infection was validated by ELISA analysis (Figure 2). In association with the increase in SHH protein expression, SHH mRNA expression by BMCs was markedly upregulated 12 and 24 h following bacteremia (Figure 3A), indicating that the regulation at the transcriptional level was involved in the increase in SHH ligand expression by marrow cells in response to E. coli bacteremia. In contrast to the increase in cell-associated SHH level, the level of soluble SHH in bone marrow elute samples was markedly reduced at both 24 and 48 h post i.v. E. coli challenge (Figure 2), suggesting that either the release of SHH ligand by BMCs was reduced or cell binding of soluble SHH ligand in the hematopoietic niche environment was enhanced or possibly both following the systemic bacterial infection.
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FIGURE 1 | Changes in Sonic hedgehog (SHH) expression by bone marrow cells following systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli; MCF, mean channel fluorescent intensity. Data are presented as mean ± SEM. N = 5. Bars with different letters in each panel are statically different (p < 0.05).



[image: image1]
FIGURE 2 | Changes in Sonic hedgehog (SHH) protein level in bone marrow cells lysate and bone marrow elute samples following systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Data are presented as mean ± SEM. N = 5. Bars with different letters in each panel are statically different (p < 0.05).



[image: image1]
FIGURE 3 | (A) Changes in Sonic hedgehog (SHH) mRNA expression by bone marrow cells (BMCs) following systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Data are mean ± SEM. N = 4–9. *p < 0.05 compared to Saline group; †p < 0.01 compared to Saline group. (B) Activation of ERK1/2 in BMCs at 8 h of systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli; pERK: phospho-ERK1/2; tERK: total ERK1/2. Data in the bar figure panel are mean ± SEM. n = 5. † p < 0.01 compared to Saline group. (C,D) Changes in SP1 expression by BMCs at 18 h of systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli; MCF: mean channel fluorescent intensity. Data are mean ± SEM. N = 5. *p < 0.05 compared to Saline group; †p < 0.01 compared to Saline group. (E) Block of lipopolysaccharide (LPS)-induced SHH expression by BMCs by PD0325901. Control, control cell culture; LPS, LPS stimulation; LPS + Inh, LPS stimulation in the presence of PD0325901. Data are mean ± SEM. N = 5. Bars with different letters in each cell subpopulation are statistically different (p < 0.05). (F) SP1-induced enhancement of shh promoter activity in cultured HEK293 T cells. No SP1: cell transfected with control vector; SP1: cell transfected with SP1 expression vector; pGL4.20: cells transfected with control pGL4.20 promoter reporter vector; pGL4.20-shh: cells transfected with pGL4.20 promoter reporter vector containing murine shh promoter sequence. Data are mean ± SEM. N = 6. *p < 0.05 compared to the corresponding group transfected with control vector without SP1 gene.




Activation of ERK1/2-SP1 Signaling in Mediating Upregulation of SHH Expression

Analysis of murine shh promoter sequence using the AliBaba2.1 database predicted 14 Sp1 transcription factor binding sites with the identity of sequence greater than 80%. Toll-like receptor 4 (TLR4)-ERK1/2 signaling promotes SP1 expression (29, 30). We, therefore, determined if ERK-SP1 signaling was involved in the regulation of SHH expression during the host response to bacteremia. As shown in Figure 3B, phospho-ERK1/2 level in BMCs was markedly increased at the early stage (8 h) of bacteremia. Flow cytometric analysis showed that SP1 expression in marrow lin+, lin−c-kit+ and lin−c-kit+Sca-1+ (LKS, a cell population enriched with HSCs) cells was significantly upregulated 18 h post i.v. challenge with E. coli (Figures 3C,D). In the in vitro culture system, stimulation with LPS caused a significant increase in SHH expression by cultured BMCs (Figure 3E). This LPS-stimulated increase in SHH expression was abolished by specific MEK1/2 inhibitor PD98059. Reporter gene analysis demonstrated that SP1 markedly activated murine SHH promoter-driven luciferase expression or activity in HEK 293T cells (Figure 3F).



Baseline Gli1 Expression by BMC Subpopulations

Activation of Gli1 expression by target cells responding to the SHH ligand stimulation is a key step in the SHH signal pathway, which promotes expression of downstream genes for modification of cell activities. We measured the level of Gli1 expression by mouse BMC subpopulations at different stages of differentiation and observed that marrow LKS cells expressed the highest level of Gli1 (Figure 4). Gli1 expression reduced with the maturation of hematopoietic cells. Lin+ cells expressed the lowest level of Gli1. These data suggest that primitive hematopoietic precursor cells, particularly HSCs, might be the most active cells responding to the stimulation of SHH ligand under the homeostatic circumstance.
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FIGURE 4 | Baseline expression of Gli1 by subtypes of bone marrow cells. Data are presented as mean ± SEM. N = 4. Bars with different letters are statistically different (p < 0.05).




Increase in Gli1 Expression in BMCs following Bacteremia

Twenty-four hours following bacteremia, the percentage of Gli1+ cells was significantly increased in LKS, lin−c-kit+ and lin+ cell subpopulations (Figures 5 and 6). The numbers of Gli1+LKS and Gli1+lin+ cells in BMCs were significantly increased. Whereas the number of Gli1 positive lin−c-kit+Sca-1− cells (LKS− cells, an enriched myeloid progenitor cell population downstream of LKS cells) in BMCs was markedly reduced (Figure 5). Mean channel fluorescent intensity (MCF, reflecting the level of specific antigen in the gated cell population) of Gli1 was significantly elevated in LKS and lin+ cell subpopulations 24 h following bacteremia (Figure 7). Real-time RT-PCR determination showed that Gli1 mRNA expression was significantly upregulated in lin−c-kit+ cells 24 h following bacteremia (Figure 8A). By 48 h of bacteremia, the percentage of Gli1+ cells was significantly increased in LKS, LKS−, lin−c-kit+, lin−, and lin+ cell subpopulations (Figures 5 and 6). The numbers of Gli1+LKS, Gli1+lin−c-kit+, and Gli1+lin+ cells in BMCs were also significantly increased. However, the number of Gli1+LKS− cells in BMCs remained significantly reduced (Figure 5). MCF of Gli1 was significantly elevated in LKS, LKS−, lin−c-kit+, lin−, and lin+ cell subpopulations 48 h following bacteremia (Figure 7).
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FIGURE 5 | Changes in Gli1+ cells in marrow lin−ckit+, LKS−, and LKS cell subpopulations 24 and 48 h following systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Data are mean ± SEM. N = 5–7. *p < 0.05; †p < 0.01 compared to the corresponding Saline group.
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FIGURE 6 | Changes in Gli1+ cells in marrow lin− and lin+ cell subpopulations 24 and 48 h following systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Data are mean ± SEM. N = 5–7. †p < 0.01 compared to the corresponding Saline group.
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FIGURE 7 | Changes in mean channel fluorescent intensity (MCF) of Gli1 expression by marrow cell subpopulations 24 and 48 h following systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Data are mean ± SEM. N = 5–7. †p < 0.01 compared to the corresponding Saline group.
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FIGURE 8 | (A) Change in Gli1 mRNA expression by marrow lin−ckit+ cells at 24 h of systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Values are mean ± SEM. N = 3. *p < 0.05 compared to the Saline group. (B) Change in percent of BrdU+Gli1+ LKS cells in the bone marrow and (C) Fold changes in the number of proliferating (BrdU+) LKS cells with and without Gli1 expression in the bone marrow at 24 h of systemic E. coli infection. Saline: i.v. injection of saline; E. coli: i.v. injection of E. coli. Data are mean ± SEM. N = 4 in each group. †p < 0.01 compared to the corresponding Saline group in (B); bars with different letters in (C) are statistically different (p < 0.05). (D) Sonic hedgehog (SHH)-stimulated increase in granulocyte-macrophage colony-forming unit (CFU-GM) formation in cultured marrow lin−ckit+ cells. Control, without SHH stimulation; SHH, with SHH stimulation. Data are mean ± SEM. N = 4. †p < 0.01 compared to the control group.




SHH–Gli1 Signaling in Activation of Primitive Hematopoietic Precursor Cells

To determine the role of SHH–Gli1 signaling in the activation and reprograming of primitive hematopoietic precursor cells during the granulopoietic response to systemic bacterial infection, we conducted in vivo cell BrdU incorporation and in vitro CFU-GM forming activity experiments. As shown in Figure 8B, the percentage of BrdU+Gli1+ cells in LKS cell subpopulation was significantly increased 24 h following bacteremia. The interesting observation was that the increase in BrdU incorporation into LKS cells following bacteremia was essentially in those cells expressing Gli1 (Figure 8C). Gli1−LKS did not show any increase in BrdU incorporation. These data suggest that upregulation of Gli1 expression may play a critical role in LKS activation of proliferation during the host response to bacteremia. In vitro culture of sorted marrow lin−c-kit+ cells in Methocult GF M3534 medium showed that stimulation with recombinant murine SHH ligand significantly increased CFU-GM forming activity of lin−c-kit+ cells (Figure 8D), indicating the enhancement of these hematopoietic precursor cell commitment toward myeloid differentiation and granulocyte lin development in response to SHH stimulation.



Impairment of the Granulopoietic Response to Bacteremia with Gli1 Gene Deletion

To further verify the role of SHH–Gli1 signaling in the activation of primitive hematopoietic precursor cells during the granulopoietic response to serious bacterial infection, we employed an in vivo model of mice with Gli1 deletion. As shown in Figure 9A, the activity of BrdU incorporation into LKS cells was significantly increased in wild-type mice 24 h following bacteremia. Gli1 deletion did not affect the baseline activity of BrdU incorporation into LKS cells. However, bacteremia-induced activation of BrdU incorporation into LKS cells was significantly attenuated in mice with Gli1 deletion. The activity of BrdU incorporation into marrow lin− cells was also tended to increase (though did not reach the static significance) in response to bacteremia in wild-type mice (Figure 9B). This tendency was not seen in mice with Gli1 deletion. Furthermore, the number of granulocytes in the systemic circulation was significantly increased following bacteremia in wild-type mice (Figure 9C). Gli1 gene deletion inhibited the increase in granulocytes in the blood stream following systemic E. coli infection.
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FIGURE 9 | Alteration of BrdU incorporation into marrow LKS (A) and lin− (B) cells as well as the number of circulating granulocytes (C) 24 h after i.v. challenge with E. coli in mice with Gli1 gene deletion. Data are presented as mean ± SEM. N = 5–6. Bars with different letters in each panel are statistically different (p < 0.05).





DISCUSSION

Activation of the SHH–Gli1 signal transduction pathway initiates at the engagement of SHH ligand to its receptors (PTCH 1 and 2) on the surface of cells (31). Our current study revealed that E. coli bacteremia significantly upregulated SHH expression by bone marrow hematopoietic cells. Twenty-four hours post intravenous challenge with E. coli, SHH protein expression by arrow lin+ and lin-c-kit+ cells was significantly upregulated. Furthermore, marrow lin+, lin−, and lin-c-kit+ cells all exhibited a significant increase in SHH expression at 48 h of E. coli bacteremia. This increase in SHH expression by marrow hematopoietic cells may support the activation of SHH signaling in the SHH responding cells. Since lin+ cells constitute the major hematopoietic cell population in the bone marrow. They apparently serve as the predominant resource for producing SHH ligand in the bone marrow. An interesting observation was that in contrast to the significant increase in the level of cell-associated SHH, the soluble SHH level in the bone marrow reduced markedly following E. coli bacteremia. Therefore, the potential for soluble SHH ligand to activate the SHH signal pathway in distant cells seems to be restricted in this circumstance. Rather, the direct contact between adjacent cells expressing SHH ligand and the correspondent receptors, respectively, is likely critical for effective activation of SHH signaling in the SHH responding cells following systemic bacterial infection. Studies have shown that primitive hematopoietic precursor cells, such as HSCs and upstream progenitors, preferentially lodge in their specific niche compartment relatively separating from sites for storing more mature cells in the bone marrow (32). Even within the HSC population, those maintaining the status of dormancy are believed to reside in the unique niche structures differing from places housing their counterparts undergoing proliferation in the bone marrow (33). Take these facts into consideration, it is likely that the enhanced expression of SHH by primitive hematopoietic precursor cells may play an important role in initial activation of SHH signaling in themselves. The upregulated expression of SHH by more mature lin+ hematopoietic cells may provide continuing support to activation of SHH signaling in lin-committed precursor cells during the granulopoietic response to systemic E. coli infection. In this study, changes in SHH expression were analyzed primarily in marrow hematopoietic cells. Bone marrow niche environment contains other cell types, including osteoblast cells, stromal cells, and endothelial cells. Further investigation on the alteration of SHH expression by these niche cell types will be helpful for further elucidating their possible involvement in the regulation of SHH signaling in hematopoietic precursor cells during the host response to systemic bacterial infection.

In this study, we observed that SHH mRNA expression by nucleated BMCs was significantly upregulated during the early stage of E. coli bacteremia, indicating the involvement of transcriptional regulation in the enhancement of SHH expression. To delineate the underlying signaling mechanism, we analyzed murine shh promoter sequence using the AliBaba2.1 database. Fourteen SP1 transcription factor binding sites with the identity of sequence greater than 80% were detected. Previous studies have shown that hematopoietic cells including HSCs express full profiles of TLRs (34). Ligand (such as LPS) binding to TLR4 activates the Ras-c-Raf-mitogen-activated protein kinase ERK kinase 1/2 (MEK1/2) system which in turn activates the ERK1/2 signaling component (35, 36). Phosphorylation of ERK1/2 promotes its nuclear translocation to activate SP1 expression (29, 30). In the current study, we observed that the level of phospho-ERK1/2 in BMCs was markedly increased at 8 h of bacteremia. SP1 expression in marrow lin+, lin−c-kit+, and LKS cells was significantly increased 18 h following E. coli infection. Inhibition of ERK1/2 activation with specific MEK1/2 inhibitor PD98059 abolished LPS-stimulated increase in SHH expression by cultured BMCs. Furthermore, reporter gene analysis demonstrated that SP1 markedly activated murine SHH promoter. These results demonstrate that the TLR4–ERK1/2–SP1 signal pathway plays a key role in the regulation of SHH expression by hematopoietic cells in the bone marrow during the host response to bacteremia.

Gli1 is a key transcription factor in the SHH signal pathway, activation of which promotes expression of downstream gene products for programming cell fate and modulating cell activities (17–23). We determined the level of Gli1 expression by BMC subtypes at different stages of differentiation in control mice. Under homeostatic circumstance, the marrow LKS cells expressed the highest level of Gli1. Gli1 expression reduced with the maturation of hematopoietic cells. The lowest level of Gli1 expression was seen in Lin+ cells. These observations suggest that primitive hematopoietic precursor cells, particularly HSCs (LKS cells), have a strong activity of SHH signaling in normal state. Our data support the significant role of SHH signaling in the regulation of HSC and upstream progenitor cell function under homeostatic condition. Previous studies have shown that SHH promotes primitive hematopoietic precursor cell proliferation and their myeloid differentiation (8, 24, 25). With cell differentiation into the mature stage, the SHH signaling activity reduces. This observation suggests that mature hematopoietic cells might no longer heavily rely on SHH signaling for the regulation of their functional activities in the homeostatic state.

In response to systemic E. coli infection, marrow hematopoietic cells significantly increased Gli1 expression in our current study. In marrow lin− hematopoietic precursor cell fraction, LKS cells were most active in increasing Gli1 expression. E. coli bacteremia caused a marked increase in both the number of Gli1+LKS cells and the level of Gli1 protein expression by LKS cells. These data demonstrate that marrow primitive hematopoietic precursor cells possess a substantial capacity to actively respond to enhanced stimulation of SHH ligand in their niche environment during the host response to an infectious challenge. Although the percentage of Gli1+ cells in the LKS− subpopulation and the level of Gli1 protein expression by LKS− cells increased, the total number of Gli1+ LKS− cells in BMCs significantly reduced by 48 h following bacteremia. This observation suggests that SHH signaling is also activated in LKS− cells following systemic E. coli infection. The reduction in the number of Gli1+ LKS− cells in BMCs is likely caused by conversion of LKS− cells to cells no longer belonging to the LKS− phenotype. Our previous investigations have shown that re-expression of Sca-1 by LKS− cells leads to phenotypic conversion of LKS− cells to LKS cells, which play an important role in the rapid expansion of LKS cell pool in the bone marrow during the host response to serious bacterial infection (2, 3, 37). It is apparent that the phenotypic conversion of Gli1+ LKS− cells may also contribute to the marked increase in the number of Gli1+ LKS cells in BMCs following bacteremia in our current study. Transcriptional activation is involved in the increase in Gli1 expression by hematopoietic precursor cells in response to E. coli infection. In our current study, Gli1 mRNA expression was significantly upregulated in lin−c-kit+ cells at 24 h following bacteremia. The enhancement of Gli1 expression was also detected in marrow lin+ cells during systemic E. coli infection in this study. This increase in Gli1 expression in marrow lin+ cells appears to imply that the activation of the SHH signaling may also participate in the regulation of functional activities in lin-committed hematopoietic progenitors during the granulopoietic response to the systemic bacterial infection.

The HH signal pathway is a developmentally conserved regulator for stem cell activities. Studies have shown that HH signaling is involved in the regulation of adult HSC function. Neutralization of HH ligands with specific antibodies inhibits cytokine-induced proliferation of primitive human hematopoietic cells (8). Conversely, SHH treatment induces the expansion of pluripotent human hematopoietic repopulating cells in the recipient immunodeficient mice. Downstream activation of the HH signal pathway induces expansion of primitive bone marrow hematopoietic cells under homeostatic conditions and during acute regenerative response to 5-fluorouracil-induced ablation of actively cycling cells in the hematopoietic system (7). Deletion of Gli1 in mice causes accumulation of more quiescent HSCs as well as decrease in myeloid development (25). In the current study, we examined the role of SHH–Gli1 signaling in the activation of primitive hematopoietic precursor cells during the granulopoietic response to system bacterial infection. The results showed that the increase in proliferative activity (as reflected by cell BrdU incorporation) in LKS cells following bacteremia was essentially in those cells expressing Gli1. By contrast, Gli1−LKS did not exhibit any activation of proliferation. Furthermore, in vitro stimulation with recombinant murine SHH ligand significantly increased CFU-GM forming activity of sorted lin−c-kit+ cells. These data indicate that the SHH–Gli1 signal pathway participates in mediating primitive hematopoietic precursor cell activation and reprograming for enhancing their commitment toward granulocyte lin development.

Employing an in vivo murine model with Gli1 deletion, we further verified the role of SHH–Gli1 signaling in mediating primitive hematopoietic precursor cell activation during the granulopoietic response to systemic E. coli infection. Our data showed that bacteremia-induced activation of proliferation in primitive hematopoietic precursor cells was significantly attenuated in mice with Gli1 deletion. Accompanied with the inhibition of primitive hematopoietic precursor cell activation, the increase in the number of granulocytes in the systemic circulation during the host response to E. coli bacteremia was also inhibited in mice with Gli1 gene deletion. Our results from the current investigation demonstrate that activation of SHH–Gli1 signaling plays a pivotal role in mediating primitive hematopoietic precursor cell activation during the granulopoietic response to serious bacterial infection.
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The goal of this investigation was to define the molecular mechanism underlying physiologic conversion of immune tolerance to resolution of the acute inflammatory response, which is unknown. An example of this knowledge gap and its clinical importance is the broad-based energy deficit and immunometabolic paralysis in blood monocytes from non-survivors of human and mouse sepsis that precludes sepsis resolution. This immunometabolic dysregulation is biomarked by ex vivo endotoxin tolerance to increased glycolysis and TNF-α expression. To investigate how tolerance switches to resolution, we adapted our previously documented models associated with acute inflammatory, immune, and metabolic reprogramming that induces endotoxin tolerance as a model of sepsis in human monocytes. We report here that mitochondrial sirtuin 4 (SIRT4) physiologically breaks tolerance and resolves acute inflammation in human monocytes by coordinately reprogramming of metabolism and bioenergetics. We find that increased SIRT4 mRNA and protein expression during immune tolerance counters the increase in pyruvate dehydrogenase kinase 1 (PDK1) and SIRT1 that promote tolerance by switching glucose-dependent support of immune resistance to fatty acid oxidation support of immune tolerance. By decreasing PDK1, pyruvate dehydrogenase complex reactivation rebalances mitochondrial respiration, and by decreasing SIRT1, SIRT4 represses fatty acid oxidation. The precise mechanism for the mitochondrial SIRT4 nuclear feedback is unclear. Our findings are consistent with a new concept in which mitochondrial SIRT4 directs the axis that controls anabolic and catabolic energy sources.
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INTRODUCTION

When stressed through TLR4 and other inflammatory and innate immune receptors, monocytes sequentially reprogram their highly conserved life-protection sequence of resistance, tolerance, and resolution (1). Emerging data support that metabolism and bioenergetics coordinately reprogram immune resistance and tolerance during acute inflammation, and that this integrated immunometabolic network dysregulates during many acute and chronic inflammation disorders (2, 3). Different metabolic and energy needs drive functions of distinct immune cell lineages, such as monocytes, macrophages, dendritic cells, T effector, and repressor cells (4), but the energy sources are consistent: glucose and amino acids support the metabolic and anabolic biosynthetic needs of the effector immune cells that resist inflection; fatty acid oxidation (FAO) with decreased lipogenesis support the catabolic processes associated with tolerance and immune repressor cells (5–7). Despite these gains in understanding how immunity and metabolism are integrated during resistance and tolerance, the reprogramming processes that promote inflammation resolution are unclear. The goal of this investigation was to identify the physiologic path that resolves the acute inflammatory response.

In this context, we have previously reported that epigenetic reprogramming of tolerance in human and mouse monocytes is directed by a nuclear sirtuin 1 (SIRT1) and SIRT6 axis (8) and SIRT1-RelB-SIRT3 axis (9). This NAD redox sensing checkpoint switches the glycolysis-dependent resistance phenotype to the FAO-dependent tolerance phenotype (10, 11). We also discovered that mitochondrial pyruvate dehydrogenase kinase 1 (PDK1) persistently deactivates pyruvate dehydrogenase complex (PDC), which is downstream of nuclear epigenetic reprogramming of tolerance by nuclear SIRT1 in mice and human septic monocytes. PDC is the rate-limiting step in decarboxylating pyruvate to acetyl CoA and oxidizing Krebs cycle glucose-based carbons that support oxidative phosphorylation (12). SIRT1 is a key regulator of fatty acid lipolysis and FAO (13). Glucose is known to primarily support anabolism and FAO to support catabolic processes. Dominance of catabolic energy over anabolic energy during tolerance deprives immune cells of glucose carbons needed to resist infection.

In this study of inflammation resolution, we adapted our published models of mouse and human acute inflammation that simulate sepsis, which use primary monocytes and THP-1-transformed monocytes to reprogram glucose anabolic fueling of the immune resistance phenotype to FAO fueling of the immune tolerance (10). Based on the known ability of mitochondrial sirtuin 4 (SIRT4) (14) to oppose the catabolic effects of mitochondrial SIRT3 that support fatty acid β oxidation and tolerance (15, 16), we surmised that SIRT4 might reprogram tolerance to resolution. Here, we report that SIRT4 breaks tolerance and promotes acute inflammation resolution in monocytes.



MATERIALS AND METHODS


Chemicals and Standards

Bacterial endotoxin [lipopolysaccharide endotoxin (LPS)] was purchased from Sigma (Escherichia coli 0111:B4); D-[5-3H(N)]-glucose, D-[6-14C]-glucose, 1-[14C]-palmitic acid and hyamine were obtained from Perkin-Elmer; Mito stress kit was from Seahorse Bioscience; Cell-Tak was from BD company; colorimetric assay kits for pyruvate dehydrogenase (PDH), lactate dehydrogenase (LDH) activities and for pyruvate and lactate levels were from Biovision; gene-specific TaqMan primer/probe sets were from Applied Biosystems; SIRT4 gene-specific siRNA and control siRNA were from Santa Cruz Biotechnology; SIRT4 Flag (Plasmid #13815) (17), control pcDNA3.1+ without SIRT4 sequence, lentiCRISPRv2 vector, lentivirus helper plasmids psPAX2 and pND2.G were from Addgene; gene-specific antibodies were purchased from Gentex company.



Modeling the Acute Inflammatory Response in THP-1 Human Monocytes

THP-1 cells from the American Type Culture Collection were maintained in RPMI 1640 medium (Invitrogen) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum (HyClone, Logan, UT) in a humidified incubator with 5% CO2 at 37°C. Cells were stimulated with 1 μg/ml of bacterial endotoxin LPS (Escherichia coli 0111:B4, Sigma) for indicated times to generate inflammatory phases of initiation (0–8 h), endotoxin tolerance (24–48 h), and resolution (48–96 h). Endotoxin tolerance is determined after a second stimulation with LPS at 1 μg/ml for 1 h.



Modeling the Acute Inflammatory Response in Human Peripheral Blood Mononuclear Cells

Healthy human blood samples were collected according to the protocol approved by Shanghai Public Health Clinical Center Ethics Committee, Fudan University. Peripheral blood mononuclear cells were purified by ficoll-hypaque density gradient centrifugation. Cells were maintained in complete RPMI 1640 culture medium for the indicated times in the presence or absence of 100 ng/ml LPS for SIRT4 gene expression and protein assay.



Measuring Glucose and FAO

Oxidation of glucose and fatty acid was measured by radiolabeling as described previously (10). Briefly, cells were starved in triplicate in polypropylene vials for 30 min at 37°C in glucose-free Hank’s buffer. The vials were then placed into glass scintillation tube. After addition to cells 1 μCi of D-[6-14C]-glucose and 2.5 mM cold glucose or 1 μCi of 1-[14C]-palmitic acid in 0.2% BSA-Hank’s buffer, the scintillation tubes were sealed and rotated at 37°C in a water bath for 1 h. Metabolic reaction was then stopped by injecting 200 μl of 2N HCl into the central vials, and 500 μl of hyamine (Perkin-Elmer) was injected into the scintillation tube. 14CO2 generated by the oxidation of D-[6-14C]-glucose or 1-[14C]-palmitic acid was collected by overnight shaking at room temperature, 14CO2 in hyamine was counted using a β-counter. One μCi of D-[6-14C]-glucose alone or 1-[14C]-palmitic acid alone in the same amount of buffer was set for background counts.



Glycolysis Assays

Glycolysis was measured by the conversion of D-[5-3H(N)]-glucose to tritiated water as described elsewhere (10). In brief, after starvation with glucose-free RPMI (Gibco) medium, Cells were incubated in triplicates with 1 μCi of D-[5-3H(N)]-glucose (Perkin-Elmer) at 37°C for 1 h in scintillation tubes containing 1 ml of H2O. The reaction was stopped by adding HCl (1N final) and scintillation tube was sealed. [3H]2O generated by enolase activity from D-[5-3H(N)]-glucose was vaporized for overnight at 50°C oven and cooled down for another overnight at 4°C. After removal of the central wells, [3H]2O was counted using a β-counter for detection of glycolytic rate. One μCi of D-[5-3H(N)]-glucose alone in triplicates was set for background control. One μCi of [3H]2O (Perkin-Elmer) alone in triplicates was set for detecting the efficiency of this water vapor exchange.



Mitochondrial Respiration Monitoring

Mitochondrial oxidative phosphorylation reactions were assessed by comparing the ratio of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) with a cell Mito stress kit using an XFe-24 Extracellular Flux Analyzer (Seahorse Bioscience) (9). XFe sensor was pre-calibrated in XFe calibrate medium for overnight at 37°C in a CO2-free incubator. The 24-well microplate was pretreated for 20 min with Cell-Tak 3.5 μg/cm2 surface area (BD Biosciences) in 0.1 M sodium bicarbonate (pH 8.0) buffer. Excess Cell-Tak was removed by two washes with sterile water. THP-1 cells (2 × 105/well) in bicarbonate-free and Hepes-free RPMI medium (pH 7.4, Invitrogen) supplemented with 2% FBS were set into a Cell-Tak pretreated microplate and pre-incubated for 1 h at 37°C in a CO2-free incubator. Then 10-fold concentrated compounds (Seahorse Biosciences) of oligomycin (Complex V inhibitor), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, electron transport chain uncoupler), or a mixture of rotenone (Complex I inhibitor) and antimycin A (Complex III inhibitor) were loaded into a sensor cartridge to produce final concentration of them at 1 μM, 1.5 μM, 100 nM, and 1 μM, respectively. After a 30 min calibration of the XFe sensor with the pre-incubated sensor cartridge, the cell plate was loaded into the analyzer, OCR and ECAR were analyzed under basal condition and followed by sequential injection of the complex inhibitors oligomycin, FCCP, and the mixture of rotenone and antimycin A. Data were analyzed using XFe software (Seahorse Bioscience) and normalized with protein loaded in each well. Four replicates of each sample were analyzed.



Enzyme Activity Assays

Colorimetric assay kits (Biovision) were used to biochemically assess the enzymatic activities of PDH and LDH according to the manufacture’s instruction. In brief, cells (1 × 106) were lysed for 10 min in ice cold assay buffer, supernatants were collected by centrifugation and 10 μl of supernatant of each sample were loaded into 96-well plate in duplicates and adjusted the volume to 50 μl/well with assay buffer. Optic density (OD) at 450 nm was read immediately (OD-0) and 30 min (OD-30) after incubation at room temperature. Sample OD was calculated by subtracting OD-0 from OD-30. NADH standard curve was generated by adding 0, 2, 4, 6, 8, and 10 μl of 1.25 mM NADH Standard into a series of wells to generate 0, 2.5, 5.0, 7.5, 10, and 12.5 nmol/well of NADH Standard after adjusting the volume to 50 μl/well with assay buffer. Data were normalized with loaded protein.



Intracellular Pyruvate and Lactate Levels

Intracellular pyruvate and lactate were measured by colorimetric assay kits (BioAssay Systems, CA, USA) according to manufacturer’s instruction. Briefly, 10 μl of samples or standards were transferred into 96-well plates in duplicates. Ninety microliters of working solution were added into each wells and incubated for 30 min at room temperature. Optical density at 570 nm was read and concentration of pyruvate or lactate was calculated from standard curve.



Real-time RT-PCR

Levels of human TNF-α, SIRT1, SIRT4, and PDK1 mRNA were measured as describe previously (8–10) by quantitative real-time RT-PCR using gene-specific TaqMan primer/probe sets in an ABI prism 7000 Sequence Detection System (Applied Biosystems). GAPDH mRNA transcription was used for internal loading control.



SIRT4 Gene-Specific Knockdown and Knockout

For SIRT4 knockdown, 60 pMol of a pool of three target-specific siRNA (Santa Cruz Biotechnology) were electronically transfected into responsive THP-1 cells for 24 h using Amaxa Nucleofector kit V and Amaxa nucleofector II device (Lonza, Inc.) and a pool of scrambled siRNAs was transfected as a negative control. The inhibition efficiency of knockdown is ~70% mRNA reduction on basal and after LPS stimulation.

For over-expression of SIRT4, THP-1 cells were electronically transfected with SIRT4 Flag (Plasmid #13815) (17) or pcDNA3.1+ without SIRT4 sequence for 24 h, cells were then processed for experiments. Basal SIRT4 mRNA level of SIRT4 plasmid transfected cells was 2.5-fold higher than that of control cells.

For SIRT4 knockout using CRISPR-Cas9 technique, the gRNA in lentiCRISPRv2 vector (Addgene, Cambridge, MA, USA) was designed as follows Oligo 1: 5′-CACCGGAGGCTCCTAGTAATGACCG-3′, Oligo 2: 3′-AAACCGGTCATTACTAGGAGCCTCC-5′. The lentiCRISPRv2 plasmid harboring the gRNA sequence and Cas9 gene, lentivirus helper plasmids psPAX2 and pND2.G (Addgene, Cambridge, MA, USA) were co-transfected into HEK-293T cells (American Type Culture Collection) using HG-trans293 (Healthgene, Canada) according to the manufacturer’s protocol. Virus-containing supernatants were collected 48 h and 72 h after transfection, respectively, filtered to eliminate cells, and infect target cells in the presence of 8 μg/ml polybrene. 72 h later, infected cells were cultured with 1 μg/ml puromycin for 7 days, puromycin resistant cells were set for experiments. LentiCRISPRv2 vector without SIRT4 gRNA sequence was used as control. SIRT4 gRNA containing cells reduced more than 90% SIRT4 protein level based on immunoblotting assay.



Western Blot Analysis

Protein levels were analyzed as described previously (8). In brief, equal amounts (50 μg) of cell lysates were separated by SDS-PAGE electrophoresis and transferred to a polyvinylidene difluoride membrane (Perkin-Elmer Life Sciences). Blots were blocked with 5% milk-PBST for 1 h at room temperature and probed for overnight at 4°C using primary antibodies against SIRT4, PDK1, PDC, p-PDC E1α-S232 (Genetex), and GAPDH. Protein complexes were detected by incubation for 1 h at room temperature with secondary antibodies conjugated to horseradish peroxidase (Sigma) diluted at 1:2,000 in blocking buffer and then detected by Enhanced Chemiluminescence Plus (GE Healthcare). Protein binds were scanned and densitometry analysis was performed using ImageJ software.



Statistical Analyses

Differences of immune metabolic changes between two related conditions were analyzed by Student’s t-test using GraphPad Prism version 6 (San Diego, CA, USA). P-values of less than 0.05 were considered significant. For experiments with more than two groups, Prism’s Two Way Analysis of Variance (ANOVA) was used with post hoc analysis of across multiple means. Exact P values are shown. Data points are Mean ± SEM of replicates.




RESULTS


Simultaneous Immune Metabolic Switches Reprogram Physiological Resolution of Acute Inflammatory Response

To understand if the physiological switch of immune suppression to inflammatory resolution also aligns with metabolic and energetic changes, we first timed the recovery of acute inflammatory response using a validated human monocyte THP-1 cell model of sepsis (8–10). THP-1 cells were stimulated with high dose (1 μg/ml) LPS for different times till 96 h. Pro-inflammatory cytokine TNF-α gene was monitored by real-time RT-PCR analysis. TNF-α mRNA of THP-1 cells was emerged peak transcription at 1 h (P = 0.0021), repressed at 8 h (P = 0.0025) and sustained at low level till 96 h after primary LPS stimulation. To determine the time of physiological recovery from immune suppression, THP-1 cells received second LPS stimulation at different time points after the first LPS stimulation. TNF-α transcription was not significantly induced at 8 h (P = 0.1262) and 24 h (P = 0.2625), indicating the generation of immune tolerance; however, TNF-α was significantly induced at 48 h after first LPS (P = 0.0006) and was gradually increased at 72 h (P = 0.0003) and 96 h (P = 0.0006) in response to second LPS stimulation (Figure 1A). This observation indicates that immune tolerant monocytes are physiologically able to resolve their immune repressor state.
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FIGURE 1 | Time-dependent immunometabolic reprogramming of the acute inflammatory response to endotoxin in THP-1 human monocytes. (A) THP-1 cells received a primary dose of 1 μg/ml of lipopolysaccharide endotoxin (LPS) and were monitored for 96 h. A second LPS dose was given to track development and resolution of immune tolerance, as assessed by TNF-α mRNA induction by real-time RT-PCR. (B) Cellular metabolic rates of glucose (GO) and fatty acid oxidation (FAO) were analyzed using D-[6-14C]glucose and 1-[14C]palmitic acid, and expressed as GO/FAO ratios of 14CO2 production. (C) Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) were determined using Seahorse XFe-24 Analyzer and energy index was platted as the ratio of the two. (A) N = 3, (B) N = 3, (C) N = 4. P values from analysis of variance and post hoc comparisons.


As the immune tolerance in monocytes requires a switch from glucose to fatty acid metabolism (10), we reasoned the second switch from tolerance to resolution might reverse this alignment. To test this possibility, we assessed the dynamics of metabolic ratio of glucose oxidation (GO) to fatty acid oxidation (FAO) during the course of acute inflammatory response using radiolabeling analysis. Consistence with our premise, the ratio of 14CO2 production of 14C-glucose to that of 14C-palmitic acid was significantly decreased at 24 h (P = 0.0003), but increased 48 h after LPS stimulation (resolving switch, P = 0.0086) and restored toward the basal level (P = 0.1797, Figure 1B).

Concordant with this metabolic shift, the ratio of mitochondrial OCR and glycolytic ECAR increased at 24 h and returned to baseline at 48 h (Figure 1C) as described previously (9). These findings are consistent with the notion that physiological resolution of acute inflammation restores metabolic and energy homeostasis.



Increases in SIRT4 Expression Parallel Development of Immune Tolerance Reprogramming and Precede Resolution of the Acute Inflammatory Response

Since mitochondrial SIRT4 may counter the effects of SIRT3 (14), which we reported links to SIRT1 epigenetic reprogramming of immune tolerance (8), we hypothesized that SIRT4 activity might contribute to acute inflammatory resolution by countering SIRT1 and SIRT3 effects support of catabolic immune repressor pathways. To test this possibility, we determined the dynamics of gene expression of the seven mammalian sirtuin members in THP-1 cell model of acute inflammatory response. In contrast to the moderate increases in SIRT1, SIRT3, and SIRT6 gene expression during the early phase, SIRT4 was the only gene that was dramatically induced during the tolerance phase (Figure 2A). We further detailed the time course of SIRT4 expression and found that LPS stimulation did not significantly induce SIRT4 expression at 8 h (P = 0.0666), but its mRNA level was significantly increased at 24 h (P = 0.0093), reached its peak at 48 h, and then returned toward baseline (P = 0.0006, Figure 2B). Consistent with an increase in gene expression, we found elevated SIRT4 protein levels at 24 h, with peaking at 48 h (Figure 2C). The delay in SIRT4 induction by LPS paralleled with the time course of endotoxin tolerance emergence, suggesting SIRT4 might play a role in counteracting effects of SIRT1-RelB-SIRT3 immune tolerance axis during recovery of acute inflammatory response.
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FIGURE 2 | Dynamics of sirtuin 4 (SIRT4) induction during early resolution of the acute inflammation response. THP-1 cells were stimulated with 1 μg/ml lipopolysaccharide (LPS) for indicated times. Gene expression dynamics of mammalian sirtuin family members (A) and SIRT4 gene transcription (B) were evaluated using real-time RT-PCR analysis. (C) Changes of SIRT4 protein level were determined by immunoblotting. Triplicate mean values ± SE of one of five independent experiments displays in bar graph (A–C), N = 3. P values from analysis of variance and post hoc comparisons.




SIRT4 Regulates Glycolysis

Since glucose is a substrate for glycolysis and contributes to immune anabolic resistance mechanisms, which are repressed by the SIRT1-SIRT6 axis while increasing fatty acid as substrate for catabolic energetics (10), we tested whether SIRT4 participates in the regulation of glycolysis dynamics during inflammatory resolution. Using gene-specific RNAi technology, we assessed glycolysis dynamics by monitoring 3H2O production of 3H-glucose in THP-1 cells. In response to LPS stimulation, 3H2O generation in control THP-1 cells increased at 8 h, decreased at 24 h and returned toward baseline at 48 h. In contrast, SIRT4 knockdown sustained high 3H2O count at 24 (P = 0.0003) and 48 h (P = 0.0113) compared with control vector effects (Figure 3A). Consistent with radiolabeling results, biochemical analysis showed significant increases in LDH activity (Figure 3B) and increased the lactate to pyruvate ratio (Figure 3C) in SIRT4 knockdown cells comparing to that of control THP-1 cells at 24 and 48 h after LPS stimulation. These data suggested that SIRT4 enhances glycolysis-dependent increases in pyruvate support of glucose oxidation, and a possible reversal mechanism for immune tolerance (10).
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FIGURE 3 | Depleting sirtuin 4 (SIRT4) sustains glycolytic activity during physiological resolution of acute inflammatory response. Control knockdown and SIRT4 knockdown THP-1 cells were stimulated with 1 μg/ml lipopolysaccharide (LPS) for indicated times. (A) Cellular glycolytic activity was assessed by the conversion of D-[5-3H(N)]glucose to 3H2O, the changes of 3H2O generation rate in control and SIRT4 knockdown cells were plotted. (B) Changes of lactate dehydrogenase (LDH) activity and (C) Changes of ratio of cellular lactate to pyruvate level in both control and SIRT4 knockdown cells were assayed using colorimetric assay kit. One of three independent experiments is presented as mean values ± SE of triplicates. KD, knockdown.




SIRT4 Increases PDC Activity by Repressing PDK1 Expression

The decarboxylase activity of PDC by increasing acetyl CoA levels in mitochondria directs the oxidation of glucose-based carbons by the TCA cycle and in doing so may alter the cytosol glycolysis to glucose oxidation ratio. To study the dynamics of PDC activity, we used a biochemical assay of PDC enzymatic activity in wild-type and SIRT4 knockdown THP-1 cells. In response to LPS stimulation, PDC activity significantly decreased at 24 hour in both control and SIRT4 deficient cells (P = 0.0091, P = 0.0171, respectively). PDC enzymatic activity of control cells significantly increased at 48 h (P = 0.0004) and restored to the basal level (P = 0.1019). In contrast, PDC enzymatic activity in SIRT4 knockdown cells did not change significantly at 48 h compared to 24 h (P = 0.3488), but was significantly lower than that of control cells (P = 0.0064, Figure 4A). These findings suggest that SIRT4 expression restores PDC enzymatic activity, the major rate-limiting step in glucose oxidation, as immune tolerance resolves and catabolic energetics switch toward glucose driven anabolic oxidative fueling.
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FIGURE 4 | Depleting sirtuin 4 (SIRT4) hampers recovery of PDC inhibition by increasing PDK1 expression during physiological resolution of acute inflammatory response. Control and SIRT4 knockdown or control and SIRT4 knockout THP-1 cells were stimulated with 1 μg/ml lipopolysaccharide (LPS). (A) PDC decarboxylase activity was evaluated by commercial colorimetric assay kit (N = 3). (B) PDK1 mRNA transcription was measured using real-time RT-PCR. PDK1 protein levels (C) and PDC protein levels and S232 phosphorylated PDC E1α levels (D) were shown by immunoblotting. Bar graphs depict mean values ± SE of N = 3. PDC, pyruvate dehydrogenase complex, PDK1, pyruvate dehydrogenase kinase 1, GAPDH, glyceraldehyde 3-phosphate dehydrogenase, KD, knockdown, KO, knockout.


Pyruvate dehydrogenase complex activity is primarily regulated by PDK-mediated posttranslational phosphorylation of its E1α subcomponent on specific serines (10, 18). We asked if SIRT4 expression alters PDK1 regulation of PDC during acute inflammatory resolution by comparing PDK1 gene expression in control and SIRT4 knockdown THP-1 cells in response to LPS stimulation. After stimulating for 48 h, the peak time of SIRT4 induction, control THP-1 cells decreased PDK1 mRNA levels. In contrast, SIRT4 knockdown significantly increased PDK1 mRNA level (P = 0.00296, Figure 4B).

To determine if PDK1 transcription was efficiently translated, we established SIRT4 knockout THP-1 cells using CRISPR/Cas9 strategy. Consistent with the dynamics of SIRT4 and PDK1 mRNA levels, LPS stimulation induced a time-dependent increase in SIRT4 protein levels while decreasing PDK1 protein levels in wild-type THP-1 cells. In contrast, PDK1 protein level gradually increased in SIRT4 knockout cells (Figure 4C).

We then tested the association of PDK1 induction with PDC E1α phosphorylation. LPS stimulation dramatically induced PDK1 phosphorylation at residue functional serine 232 (S232) on E1α at 1 h, sustained the high level at 24 h, at which time it decreased to basal level at 48 h in wild-type THP-1 cells. In contrast, SIRT4 knockout increased the basal level of phosphorylated PDC E1α-S232 and maintained high levels in response to LPS stimulation (Figure 4D). This paralleled low level of PDC activity in SIRT4 knockdown THP-1 cells (Figure 4A).



SIRT4 Alters Mitochondrial Respiration

We next asked the effect of SIRT4 on glucose oxidation by PDC activation might change mitochondrial respiration. To test this, wild-type and SIRT4 knockout THP-1 cells were stimulated with LPS across time points that estimate basal, resistant, and tolerant states (0, 24, and 48 h) and measured changes of OCR and ECAR using the Agilent Seahorse respiration analyzer. OCR and ECAR were significantly increased at 24 h and returned to baseline at 48 h (P = 0.1058) in control knockout cells stimulated with LPS. In contrast, OCR and ECAR were dramatically enhanced at 24 h and sustained high levels for 48 h in SIRT4 knockout cells following LPS stimulation (Figures 5A,5B; Figure S1 in Supplementary Material). We assessed the cell energy index as OCR/ECAR, and found that it returned to baseline at 48 h in control knockdown cells, but remained high in SIRT4 knockdown cells (Figure 5C; Figure S1 in Supplementary Material). These data suggest that SIRT4 rebalances mitochondrial bioenergetics by increasing PDC activation as immune tolerance decreases and inflammation resolves toward a homeostasis state.
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FIGURE 5 | Depleting sirtuin 4 (SIRT4) impedes restoration of energetic homeostasis during physiologic resolution of acute inflammatory response. Control knockout and SIRT4 knockout THP-1 cells were stimulated with 1 μg/ml lipopolysaccharide (LPS) for 0, 24, or 48 h, changes of energetics were examined using Seahorse XFe-24 analyzer, the difference of basal oxygen consumption rate (OCR) (A) and extracellular acidification rate (ECAR) (B) in response to LPS stimulation in the presence or absence of SIRT4 was presented as mean values ± SE of three independent experiments in (A,B). OCR to ECAR ratio (C) is plotted as mean values ± SE of multiple reading points within 8 min measurements, N = 3.




SIRT4 Represses SIRT1 Expression during the Monocyte Acute Inflammatory Response

SIRT1 is master metabolic sensor and regulator and key energy rheostat during the acute inflammatory response, and drives immune resistance to immune tolerance (8). Blocking SIRT1 during the immune tolerance sepsis phenotype in mice restores immunometabolic and energy homeostasis, resolves systemic inflammation and markedly improves survival (19). It also may epigenetically regulate a set of genes that includes PDK (10). We reasoned SIRT4 might counteract SIRT1 activity to promote physiological resolution of acute immunometabolic response. To test this possibility, we assessed LPS-mediated SIRT1 gene expression in the SIRT4 knockdown or SIRT4 overexpressing cells. In response to LPS stimulation, SIRT4 knockout cells expressed significantly higher SIRT1 mRNA than that of control knockdown cells at 24 (P = 0.0142) and at 48 h (P = 0.0053, Figure 6A). In support of this observation, SIRT1 protein level was increased in SIRT4 knockdown cells comparing to that of control knockdown cells (Figure 6B). Moreover, overexpression of SIRT4 significantly suppressed SIRT1 transcription at 24 h (P = 0.0038) and at 48 h (P = 0.0032) (Figure 6C). Thus, SIRT4 may contribute to physiological resolution of acute inflammation by limiting SIRT1 control over specific gene sets during immune tolerance in monocytes.
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FIGURE 6 | Sirtuin 4 (SIRT4) represses SIRT1 expression in response to endotoxin. Control knockdown and SIRT4 knockdown THP-1 cells were stimulated with 1 μg/ml lipopolysaccharide endotoxin (LPS) for indicated times, (A) SIRT1 transcription was evaluated using real-time RT-PCR, data are shown as mean values ± SE of one of two independent experiments. (B) Changes of SIRT1 proteins in control and SIRT4 knockout cells were shown by immunoblotting. (C) THP-1 cells were electronically transfected either with SIRT4 plasmid or control plasmid for 24 h and stimulated with 1 μg/ml LPS for indicated times, SIRT1 transcription was evaluated using real-time RT-PCR, data are displayed as triplicate mean values ± SE of one of N = 3. Bar graphs depict mean values ± SE of N = 3.




SIRT4 Reprograms Immune Tolerance in Human Peripheral Blood Mononuclear Cells

To add support of concept in THP-1 cells, we used human primary blood mononuclear cells stimulated with high dose LPS (100 ng/ml), and monitored SIRT4 and PDK1 expression and mitochondrial energy indices by the Seahorse mitochondrial stress test. In principle with our observations in THP-1 cells, LPS stimulation significantly induced SIRT4 gene transcription (Figure 7A) and protein translation (Figure 7B). PDK1 protein levels decreased when SIRT4 levels increased, suggesting a bioenergy switch (Figure 7B). In support of this, OCR/ECAR ratio energy increased at 8 h to reflect an anabolic fueling, sustained at 24 h and returned toward baseline at 48 h (Figure 7C; Figure S2 in Supplementary Material). Together, these data support our THP-1 derived concept in a primary immune cell circulating population strongly stressed over time by endotoxin.
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FIGURE 7 | Sirtuin 4 (SIRT4) expression and the mitochondrial bioenergy indices are reprogrammed in human primary blood mononuclear cells during an acute inflammatory response. Healthy peripheral blood mononuclear cells were stimulated with 100 ng/ml lipopolysaccharide (LPS) for indicated times, (A) SIRT3 and SIRT4 gene induction was assessed using real-time-RT-PCR analysis (n = 3). (B) Protein levels of SIRT4 and pyruvate dehydrogenase kinase 1 (PDK1) were detected by western blotting. (C) Cellular energetic changes of OCR to extracellular acidification rate (ECAR) ratio were evaluated using Seahorse XFe-24 analyzer (N = 3). (D) Schematic of mechanism of SIRT4 regulating inflammatory resolution. P values from analysis of variance and post hoc comparisons. Bar graphs depict mean values ± SE of N = 5.





DISCUSSION

This study shows that NAD-dependent SIRT4 is a physiologic contributor to acute inflammatory resolution in human monocytes that acts by breaking immune tolerance. The first step in this reprogramming pathway is that SIRT4 expression is selectively increased over other SIRTs as immune tolerance peaks and TNF α expression capacity returns. SIRT4 increases the ratio of glucose oxidation to fatty acid oxidation, as previously reported after inhibiting SIRT1 (9). This study shows SIRT4 physiologically converts the FAO pathway for catabolic energetics to glucose oxidation. As a mechanism by which increased SIRT4 controls energy use and distribution, this study shows that SIRT4 acts by controlling the expression of PDK1 and SIRT1 (Figure 7D), which are master metabolic bioenergy sensors and metabolic regulators of cell energetics and metabolism, as found in tolerant monocytes, septic mice splenocytes, and septic human blood monocytes (10). The clinical importance of this metabolic and immune switch by SIRT1-PDC/PDK1 axis is that blocking SIRT1 in septic mice resolves immune and metabolic tolerance and improves survival in septic mice (19). This study also highlights the importance of substrate selection and bioenergetics in driving innate immune cell fate and function (5–7). This substrate selection paradigm of glucose and amino acids for immune resistance and FAO for immune tolerance applies to innate and antigen specific cells (5–7).

In this study, mitochondrial SIRT4 appears to be indirectly promoting anabolism by increasing glucose metabolism after inhibiting expression of mitochondrial PDK1, which increases glycolysis and opens the pyruvate gate for glucose oxidative fueling. In contrast, mitochondrial SIRT3 directly supports catabolic energy by supporting the functions of TCA cycle proteins (20) and by activating glutamate dehydrogenase (21), which SIRT4 can counter (22). Mitochondrial SIRT4 further supports anabolic biosynthetic processes by repressing malonyl-CoA decarboxylase to increase lipid biosynthesis (23). In contrast, SIRT 3 promotes long-chain fatty acid β oxidation (24) as catabolic fuel during states of nutrient deficiency, which is typical of tolerance. Whether or how SIRT4 and SIRT3 directly control PDC function is unclear. SIRT4 is reported to directly inactivate rather activate PDC (25), but these effects as a lipoamidase and deacylase are controversial (26–28).

A surprising finding in this study is that SIRT4 may signal nuclear processes from its known mitochondrial site, although that SIRT4 may transfer into the nucleus is not excluded in this study. However, there are precedents for how mitochondrial SIRT4 may cross signal to the nucleus. One way is by generating reactive oxygen species and converting superoxide to H2O2 as a diffusible signaling molecule (29). For example, mitochondrial generated H2O2 activates the cytoplasmic Keap-1/Nrf2 antioxidant system (30). H2O2 also directly and reversibly oxidizes nuclear SIRT1 (31) and SIRT6 cysteine thiols (32) to inactivate or reactivate glycolysis and glucose transport during the acute inflammatory response in monocytes. Other mitochondrial signaling pathways could link SIRT4 mitochondrial effects with the nucleus, including levels of citrate (33), fumarate (34), succinate (35), and alpha ketoglutarate (36). Other important unanswered questions raised by this study are: what nuclear transcription and epigenetic system supports SIRT4 transcription and translation and movement to mitochondria, and how SIRT1 and PDK1 and SIRT4 are reciprocally controlled by transcriptional and epigenetic processes.

In summary, we show that SIRT4 operates at the intersection of inflammation tolerance and resolution in monocytes. It reverses fatty acid energy expenditure to glucose energetics by controlling expression and functions of the nuclear SIRT1 axis and the mitochondrial PDC/PDK1 axis. These two cross-roads restore lipid biogenesis as one pathway that retrieves the biosynthetic needs of immunometabolic homeostasis. Expanding this cell-based concept at the mechanistic level and translating it to human or animal diseases may provide clarity to understanding and treating inflammatory diseases.
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Neutrophils are known to perform a series of effector functions that are crucial for the innate and adaptive responses, including the synthesis and secretion of a variety of cytokines. In light of the controversial data in the literature, the main objective of this study was to more in-depth reevaluate the capacity of human neutrophils to express and produce cytokines of the IL-17 family in vitro. By reverse transcription quantitative real-time PCR, protein measurement via commercial ELISA, immunohistochemistry (IHC) and immunofluorescence (IF), flow cytometry, immunoblotting, chromatin immunoprecipitation (ChIP), and ChIP-seq experiments, we found that highly pure (>99.7%) populations of human neutrophils do not express/produce IL-17A, IL-17F, IL-17AF, or IL-17B mRNA/protein upon incubation with a variety of agonists. Similar findings were observed by analyzing neutrophils isolated from active psoriatic patients. In contrast with published studies, IL-17A and IL-17F mRNA expression/production was not even found when neutrophils were incubated with extremely high concentrations of IL-6 plus IL-23, regardless of their combination with inactivated hyphae or conidia from Aspergillus fumigatus. Consistently, no deposition of histone marks for active (H3K27Ac) and poised (H3K4me1) genomic regulatory elements was detected at the IL-17A and IL-17F locus of resting and IL-6 plus IL-23-stimulated neutrophils, indicating a closed chromatin conformation. Concurrent experiments revealed that some commercial anti-IL-17A and anti-IL-17B antibodies (Abs), although staining neutrophils either spotted on cytospin slides or present in inflamed tissue samples by IHC/IF, do not recognize intracellular protein having the molecular weight corresponding to IL-17A or IL-17B, respectively, in immunoblotting experiments of whole neutrophil lysates. By contrast, the same Abs were found to more specifically recognize other intracellular proteins of neutrophils, suggesting that their ability to positively stain neutrophils in cytospin preparations and, eventually, tissue samples derives from IL-17A- or IL-17B-independent detections. In sum, our data confirm and extend, also at epigenetic level, previous findings on the inability of highly purified populations of human neutrophils to express/produce IL-17A, IL-17B, and IL-17F mRNAs/proteins in vitro, at least under the experimental conditions herein tested. Data also provide a number of justifications explaining, in part, why it is possible to false positively detect IL-17A+-neutrophils.
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INTRODUCTION

The IL-17 family of cytokines consists of six members, namely IL-17A (usually referred to as IL-17), IL-17B, IL-17C, IL-17D, IL-17E (also known as IL-25), and IL-17F (1). After the discovery of a subtype of CD4+ T helper, expressing IL-17A and IL-17F (currently known as Th17 cells), plenty of studies have been published correlating Th17 cells with a wide range of physiological and pathological processes. IL-17A and IL-17F are not only the most studied but also the most closely related, since they share 50% of amino acid sequence identity, adjacent gene localization (2) and binding to the same IL-17R, in this case composed by the IL-17RA and IL-17RC subunits (1). The IL-17R group comprises, in fact, five receptor subunits, IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE (3). IL-17RA was the first to be described, is ubiquitously expressed (particularly in hematopoietic cells), and functions as a common receptor subunit used by at least four ligands, namely IL-17A, IL-17C, IL-17E, and IL-17F (3). IL-17F is often coproduced with IL-17A, so that together they can also form an IL-17F/IL-17A heterodimer (4) binding to the IL-17RA/IL17RC complex as either homodimers or heterodimers (3). IL-17A and IL-17F are proinflammatory cytokines that play key regulatory roles in host defense and inflammatory diseases. They mainly mediate immune regulatory functions by promoting the generation of proinflammatory cytokines/growth factors (including G-CSF, GM-CSF, and IL-6) and chemokines (such as CXCL8, CXCL6, and CXCL1) by epithelial and other stromal cells, which ultimately lead to the attraction and activation of neutrophils and macrophages into the inflammatory site (5), as well as to granulopoeisis (6). Although crucial in protecting the host from invasion by many types of pathogens, including bacteria and fungi (7), dysregulated IL-17A and IL-17F production can lead to the development of autoimmune diseases, such as psoriasis, multiple sclerosis, and rheumatoid arthritis (RA), as well as cancer progression (5, 8). The latter observations hence make IL-17A/F as a very important target for the development of new therapies (1, 8).

As mentioned, Th17 cells are considered the main sources of IL-17A and IL-17F. However, other innate immune cells produce these cytokines, including γδ T cells, natural killer T cells, invariant natural killer cells, Paneth cells, TCRβ+ natural Th17 cells, lymphoid-tissue inducer-like cells, IL-17-expressing type 3 innate lymphoid cells, and mast cells (8, 9). By contrast, it is still questionable whether human polymorphonuclear neutrophils represent sources of IL-17A or IL-17F. It is currently well established that neutrophils are crucial players in innate immune responses, not only for their capacity to perform defensive functions (10) but also for their ability to produce a large variety of cytokines (11). Concerning IL-17A and/or IL-17F, in 2010, we reported that highly purified populations of human neutrophils (>99.7%), incubated for up to 20 h with IFNγ and/or LPS in vitro, do not produce IL-17A (12). While a few papers substantially confirm our findings (13–17), the majority of the subsequent studies report that human neutrophils may represent sources of IL-17A (18–53). Experimental evidence proving that human neutrophils express IL-17A mostly, but not only, derives by immunohistochemistry (IHC) and/or immunofluorescence (IF) studies documenting IL-17A+-neutrophils in tissue specimens from a variety of pathological conditions (18, 19, 21, 22, 25, 27, 28, 30–32, 34, 36–39, 41–43, 45, 47–49, 51, 53). Interestingly, many of these studies focus on psoriasis (20, 25, 30, 32, 35, 49), a disease characterized by an early accumulation of neutrophils in skin lesions in which neutrophil-derived mediators (such as reactive oxygen species, granule proteins, and cytokines) may alter the homeostatic state of keratinocytes and endothelial cells (54). At the end of 2014, however, Tamarozzi et al. (13) not only reported the absence of IL-17A mRNA expression and production by highly pure (99.9%) populations of resting or activated neutrophils but also demonstrated that some of the commercial polyclonal anti-IL-17A antibodies (Abs) stain neutrophils for their non-specific recognition of various intracellular proteins different from antigenic IL-17A. Nevertheless, reports describing either IL-17A-positive neutrophils in tissue samples from diseases or in vitro-stimulated neutrophils as sources of IL-17A, continue to be published (20, 23, 24, 26, 29, 33, 35, 40, 44, 46, 50, 52). Based on these premises, we decided to more accurately analyze the issue of whether human neutrophils produce IL-17A, as well as other IL-17 members in vitro.



MATERIALS AND METHODS


Cell Purification and Culture

Neutrophils were isolated from buffy coats of healthy donors (HDs) and manipulated under endotoxin-free conditions (12). In selected experiments, neutrophils were also isolated from peripheral blood of patients with severe psoriasis, as defined by either >10% body surface area involved, or Psoriasis Area and Severity Index score >10, or Dermatology Life Quality Index score >10 (55). After Ficoll-Paque gradient centrifugation of buffy coats or peripheral blood, followed by dextran sedimentation of granulocytes and hypotonic lysis of erythrocytes, neutrophils were isolated to reach 99.7 ± 0.2% purity by positively removing all contaminating cells using the EasySep neutrophil enrichment kit (StemCell Technologies, Vancouver, BC, Canada) (56). Neutrophils were then suspended at 5 × 106/ml in RPMI 1640 medium supplemented with 10% low (<0.5 EU/ml) endotoxin FBS (BioWhittaker-Lonza, Basel, Switzerland), incubated with or without 5 μM R848, 500 μg/ml particulate β-glucan (Invivogen, San Diego, CA, USA), 100 ng/ml ultrapure LPS (from E. coli 0111:B4 strain, Alexis, Enzo Life Sciences, Farmingdale, NY, USA), 1 μg/ml Pam3CSK4 (Invivogen), 50 μg/ml poly(I:C) (Invivogen), 1,000 U/ml G-CSF (Myelostim, Italfarmaco Spa, Milano, Italy), 100 U/ml IFNγ (R&D Systems, Minneapolis, MN, USA), 10 ng/ml GM-CSF (Miltenyi Biotec), 5 ng/ml TNFα (Peprotech, Rocky Hill, NJ, USA), 2–20 μg/ml IL-6 (R&D Systems), 0.2–2 μg/ml IL-23 (R&D Systems), 100–500 ng/ml IL-17A (R&D Systems), 10 μg/ml anti-IL-17A neutralizing Abs (secukinumab, Novartis, Basel, Switzerland), 100 nM fMLF, 500 μg/ml curdlan (Sigma, Saint Louis, MO, USA), 20 ng/ml phorbol mysistate acetate (PMA) (Sigma), 1 μg/ml Ionomycin (Sigma), 100 μg/ml CpG oligodeoxynucleotides (ODN) (Invivogen), and 1,000 U/ml PEGylated IFNα-2a (Pegasys, Roche, Basel, Switzerland). Inactivated conidia and hyphae from Aspergillus fumigatus were kindly provided by prof. Luigina Romani (University of Perugia, Italy), and used at a neutrophil-fungi ratio of 1:5 for A. fumigatus conidia and 1:1 for A. fumigatus hyphae, as previously described (57). Neutrophils were plated either in 6/24-well tissue culture plates or in polystyrene flasks (from Greiner Bio-One, Kremsmünster, Austria) for culture at 37°C, 5% CO2 atmosphere. After the desired incubation period, neutrophils were either processed for chromatin immunoprecipitation (ChIP) experiments or collected and spun at 300 × g for 5 min for other types of assays. In the latter case, cell-free supernatants were immediately frozen in liquid nitrogen and stored at −80°C, while the corresponding cell pellets were either extracted for total RNA or lysed for protein analysis. Th1 and Th17 clones (58) were kindly provided by prof. Francesco Annunziato (University of Firenze). CD4+ T cells were isolated by CD4+ T Cell Isolation Kit (Miltenyi Biotec) and stimulated for up 72 h with anti-CD3 and anti-CD28 mAbs (5 μg/ml, BD Biosciences).



Flow Cytometry Experiments

For flow cytometry, 105 neutrophils were harvested after the desired treatment, centrifuged, and suspended in 100 μl PBS containing 10% complement-inactivated human serum for FcγR blocking. Neutrophils were then stained for 15 min at T room with: APC anti-human IL-17RA/CD217 (clone 424LTS) and APC mouse IgG1к, as isotype control (clone P3.6.2.8.1) from eBioscience (San Diego, CA, USA); PE anti-human IL-17RC (clone 309822) and mouse PE IgG2B isotype control from R&D systems; PE-vio770 anti-human CD11b (clone ICRF44), FITC anti-human CD66b (clone G10F5), and PerCP-Cy5.6 anti-human CD16 (clone 3G8) from BioLegend (San Diego, CA, USA); APC anti-human CD62L (clone 145/15 Miltenyi Biotec), all at working dilutions specified in the corresponding datasheets. Sample fluorescence was then measured by MACSQuant Analyzer (Miltenyi Biotec), while data analysis performed using FlowJo software version 10 from Tree Star (Ashland, OR, USA) (59). For neutrophils of psoriatic patients, 100 μl whole blood were stained with APC anti-human IL-17RA and PE anti-human IL-17RC Abs in combination with the following mAbs: VioBlue anti-human CD14 (clone TÜK4), PE anti-human CD56 (clone AF12-7H3), PE-Vio770 anti-human CD3 (clone BW264/56), APC anti-human CD19 (clone LT19) from Miltenyi; Brilliant Violet anti-human CD45 (clone 2D1), PerCP-Cy5.5 anti-human CD16 (clone 3G8), and APC-Cy7 anti-human HLA-DR (clone L243) from BioLegend. After red cells lysis by the ammonium chloride buffer, sample fluorescence was immediately measured as previously described.



Superoxide Anion Measurement

After isolation, neutrophils were suspended at the concentration of 2 × 106 cells/ml in HBSS buffer containing 0.5 mM CaCl2 and 1 mg/ml glucose. Neutrophils (100 μl/well) were then distributed in a 96-well plate and incubated for 10 min at 37°C prior to the addition of 80 μM cytochrome c, 2 mM NaN3 (Sigma) and the indicated stimuli, including 20 ng/ml PMA as control. Plates were then incubated at 37°C in an automated ELx808IU microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) to record cytochrome c reduction (via absorbance at 550 and 468 nm, at intervals of 5 min for 90 min). [image: image1] production was finally calculated using an extinction coefficient of 24.5 mM (60).



Immunocitochemistry, IHC and IF

Cytospin preparations of neutrophils (61) previously cultured with the indicated stimuli were stained by ematoxylin and eosin for morphological evaluation. After coverslip removal, specimens were rehydrated through a scale of alcohols, with endogenous peroxidase activity blocked by treatment with 0.3% H2O2 in methanol for 20 min. Anti-human IL-17A (AF-317-NA), IL-17B (AF1248), and CXCL8 (AF-208) goat IgG pAbs from R&D Systems were 1:50 diluted, added to specimens for 60 min and then revealed using the goat-on-Rodent HRP-polymer (Biocare Medical, Pacheco, CA, USA) followed by diaminobenzidine. Omission of the primary antibody, as well as isotype control staining, was also performed as negative controls. For IL-17A and IL-17B tissue immunostaining, 4-μm tissue sections from two FFPE cases of pustular psoriasis were deparaffinized and rehydrated through a scale of alcohols. Endogenous peroxidase activity was then blocked by treatment with 0.3% H2O2 in methanol for 20 min. Epitope retrieval was performed using a microwave oven in 1.0 mM EDTA buffer (pH 8.0), for 3 cycles of 5 min at 750 W. IL-17A and IL-17B were diluted 1:50 and revealed using the goat HRP-polymer (IHC) or the horse anti-goat IgG biotinylated (Vector Laboratories, Peterborough, UK) followed by streptavidin-FITC (Southern Biotech, Birmingham, AL, USA). DAPI was used for counterstaining. For double IHC, anti-IL-17A and IL-17B Abs were diluted 1:500, and after revelation (as detailed above), anti-CD66b Abs (diluted 1:80 from BioLegend) were added to the sections. Mach4 AP polymer was used as secondary antibody followed by Ferangi Blue as chromogen. Ematoxylin was used for counterstaining.



Cytokine Production

Cytokine concentrations in cell-free supernatants and cell lysates were measured by commercial enzyme-linked immunosorbent (ELISA) kits, specific for: IL-17A (DY317 from R&D systems and 88-7176 from eBioscience), IL-17A/F (88-7117, eBioscience), IL-17B [ABKA2223 from Abnova (Taipei, Taiwan) and ab171344 from Abcam (Cambridge, United Kingdom)], IL-17F (887478, eBioscience), and CXCL8 (Mabtech, Nacka Strand, Sweden). ELISA detection limits were 4 pg/ml (eBioscience) and 15.6 pg/ml (R&D) for IL-17A, 30 pg/ml for IL-17A/F, 24 pg/ml (Abnova) and 10 pg/ml (Abcam) for IL-17B, 16 pg/ml for IL-17F, and 8 pg/ml for CXCL8.



Reverse Transcription Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from neutrophils by the RNeasy Mini Kit (Qiagen, Venlo, Limburg, Netherlands), as previously detailed (62). To completely remove any possible contaminating DNA, an on-column DNase digestion with the RNase-free DNase set (Qiagen) was performed during total RNA isolation. Total RNA was then reverse-transcribed into cDNA using Superscript III (Life Technologies, Carlsbad, CA, USA) and random hexamer primers (Life Technologies), while qPCR was carried out using Fast SYBR® Green Master Mix (Life Technologies). Sequences of gene-specific primer pairs (Life Technologies) are listed in Table S1 in Supplementary Material. Data were calculated by Q-Gene software1 and expressed as mean normalized expression units after GAPDH normalization (63).



Immunoblotting Experiments

Total neutrophil proteins were recovered from protein-rich flow-through solutions after the first centrifugation step of the RNeasy mini kit (Qiagen) procedure used for total RNA extraction, as previously described (62). Protein-rich flow-through from neutrophils were then immunoblotted by standard procedures using the anti-human IL-17A (AF-317-NA) and IL-17B (AF1248) goat IgG pAbs from R&D Systems; anti-human phospho-STAT3 (Tyr705) rabbit pAbs (#9131, Cell Signaling, Beverly, MA, USA); anti-human STAT3 rabbit pAbs (sc-482, Santa Cruz Biotechnology, Dallas, TX, USA), and anti-human β-actin mAbs (A5060 from Sigma). Blotted proteins were detected by using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA) (62).



ChIP Assays

Chromatin immunoprecipitation experiments were performed exactly as previously described (62). Briefly, nuclear extracts from 2 × 106 neutrophils or Th17 cell lines were immunoprecipitated using 1 μl anti-H3K4me1 (ab8895) and anti-H3K27Ac (ab4729) pAbs (both from Abcam, Cambridge, United Kingdom). Coimmunoprecipitated material was subjected to qPCR analysis using the specific promoter primers (purchased from Life Technologies) listed in Table S2 in Supplementary Material. Data from qPCR were expressed as percentage over input DNA and are displayed as mean ± SEM.



ChIP-seq

Purified DNA from H3K27Ac and H3K4me1 ChIP assays (performed as described in the previous paragraph) was adapter-ligated and PCR-amplified for sequencing on HiSeq2000 platform (Illumina, Cambridge, UK) using TruSeq DNA Library Prep Kit (Illumina). After sequencing, reads were quality-filtered according to the Illumina pipeline. Single end (51 bp) reads were then mapped to the human genome (Genome Reference Consortium GRCh37, Feb/2009) using BOWTIE v1.0.0 (64). Only reads with no more than two mismatches (when compared to the reference genome) were converted to tag directories using HOMER’s module known as “makeTagDirectory,” and then converted to BedGraph format using HOMER’s module known as “makeUCSCfile,” to be finally normalized to 107 total tag counts. ChIP-seq signals were visualized using Integrative Genomics Viewer. For H3K4me1 and H3K27Ac ChIP-seqs of Th17 cells, 36 bp reads, already filtered and mapped, were downloaded from database of the “roadmap epigenomics project”2 (NIH Epigenomics Roadmap Initiative). Aligned reads were then converted to BedGraph format and normalized to 107 total tag counts.



Gene Expression Data Set of Normal Hematopoietic Stem and Progenitor Cells

Gene expression profiles of cells from normal bone marrow at different stages of human granulopoiesis were downloaded from Gene Expression Omnibus Database (GEO number: GSE42519) (65). Gene expression means and SEs were calculated from the values of the biological replicates present in the GEO database.



Statistical Analysis

Data are expressed as mean ± SEM or mean ± SD. Statistical evaluation was performed by using, depending on the experiment type, Student’s t-test or two-way ANOVA followed by Bonferroni’s post hoc test. P values <0.05 were considered as statistically significant.



Study Approval

Human samples were obtained following informed written consent by both HDs and psoriatic patients. This study was carried out in accordance with the recommendations of Ethic Committee of the Azienda Ospedaliera Universitaria Integrata di Verona (Italy). All the experimental protocols were approved by the Ethic Committee and all subjects gave written informed consent in accordance with the Declaration of Helsinki.




RESULTS


Human Neutrophils Incubated With a Variety of Agonists In Vitro Do Not Express IL-17 Members at Both mRNA and Protein Levels

We have previously shown that human neutrophils (>99.7% purity), incubated with 100 U/ml IFNγ and/or 100 ng/ml ultrapure LPS for up to 20 h in vitro, do not produce IL-17A protein (12). Additional RT-qPCR experiments not only confirmed our previous data (Figure 1A) but also revealed that other agonists, including 5 μM R848 and/or 1,000 U/ml IFNα (Figure 1B), 10 ng/ml GM-CSF, 100 nM fMLF (Figure 1C), 1,000 U/ml G-CSF, and 5 ng/ml TNFα (Figure 1D), similarly fail to induce an accumulation of transcripts encoding IL-17A (Figures 1A–D, left panels), IL-17F (Figures 1A–D, middle panels), IL-17B, IL-17C, IL-17D, and IL-17E (data not shown) in neutrophils. LPS and/or IFNγ, R848 and/or IFNα, GM-CSF or fMLF, however, were found to modulate the expression of CXCL8 mRNA (Figures 1A–C, right panels), while G-CSF or TNFα modulated that of IL-1ra mRNA (Figure 1D, right panel), as expected (62, 66, 67). Consistent with the gene expression data, neither IL-17A, IL-17F (Table 1) nor IL-17A/F and IL-17B (data not shown) proteins could be detected in supernatants harvested from neutrophils incubated for 20 h with the stimuli used for the experiments shown in Figure 1, as well as with 500 μg/ml β-glucan, 500 μg/ml curdlan, 1 μg/ml Pam3CSK4, 50 μg/ml poly(IC), and 100 μg/ml CpG ODN. Noteworthy, we used ELISA kits from two different commercial sources (see Materials and Methods) for either IL-17A or IL-17B, in both cases giving equivalent information. On the other hand, stimulus-dependent levels of CXCL8 could be measured in supernatants from our stimulated neutrophils, indicating that agonists were effective and cells fully responsive (Table 1). In any case, validity of both IL-17 primers and ELISA kits was demonstrated by the detection of either IL-17A, IL-17D, IL-17E, and IL-17F transcripts in human Th17, but not Th1, cell lines (Figure S1 in Supplementary Material), or IL-17A and IL-17F proteins in supernatants from CD4+ T cells activated with anti-CD3/anti-CD28 mAbs (Table 1). We could also detect intracellular IL-17B in lysates of human cerebral cortex (data not shown), as expected (68).


[image: image1]
FIGURE 1 | IL-17A, IL-17F, CXCL8, and IL-1ra mRNA expression levels in human neutrophils activated by a variety of stimuli. Human neutrophils were cultured at 5 × 106/ml for up to 20 h with (A) 100 U/ml IFNγ and/or 100 ng/ml LPS; (B) 1,000 U/ml IFNα and/or 5 μM R848; (C) 10 ng/ml GM-CSF or 100 nM fMLF; (D) 1,000 U/ml G-CSF or 5 ng/ml TNFα. IL-17A, IL-17F, CXCL8, and IL-1ra mRNA expression was evaluated by reverse transcription quantitative real-time PCR (RT-qPCR) and data depicted as mean normalized expression (MNE) units after GAPDH mRNA normalization. The experiments depicted in each panels (A–D) are representative of at least three ones with similar results. Error bars stand for SEs calculated from triplicate qPCR reactions.



TABLE 1 | Lack of IL-17A and IL-17F production by activated human neutrophils.

[image: image1]


In other experiments, neutrophils were incubated for 3 h with 20 μg/ml IL-6 plus 2 μg/ml IL-23, in the presence or the absence of inactivated conidia, or hyphae, from A. fumigatus. These experiments were done with the purpose to mimic, as much as possible, recently described experimental conditions shown to induce not only IL-17A and IL-17F but also IL-17RC, mRNA expression (23, 24, 29, 39, 40, 44). Neutrophils were also incubated with 100–500 ng/ml IL-17A to reinvestigate (12) whether they respond to IL-17A or not. As shown in Figure 2, neutrophils treated with either IL-17A or IL-6 plus IL-23 (in the presence or the absence of inactivated A. fumigatus conidia/hyphae), showed neither induction of IL-17A (Figure 2A), IL-17F (Figure 2B), and IL-17RC (Figure 2C) mRNAs nor upregulation of the constitutively expressed IL-17RA transcript levels (Figure 2D). Similar results were obtained when incubation was prolonged up to 6 h (data not shown), or when neutrophils were stimulated with PMA/ionomycin after pretreatment for 1 h with IL-6 plus IL-23 (Figure S2 in Supplementary Material). Elevated levels of IL-17RC mRNAs were, however, detected in HBECs (data not shown), used as control cells (12), thus confirming that our primers were correctly designed. Importantly, the capacity of IL-6 plus IL-23 to stimulate neutrophils was evidenced by their ability to time-dependently promote STAT3 phosphorylation (Figure 2E), as well as to upregulate SOCS3 mRNA expression (Figure 2F), such an effect being potentiated by inactivated A. fumigatus conidia/hyphae (Figure 2F). By contrast, IL-17A-treatment influenced neither SOCS3 (Figure 2F) nor CXCL8 (data not shown) mRNA levels in neutrophils. Furthermore, no IL-17A (Figure 3A), IL-17F, or IL-17AF (data not shown) proteins were detected by ELISA either intracellularly or in supernatants harvested from neutrophils incubated with IL-6 plus IL-23, in the presence or the absence of inactivated A. fumigatus conidia/hyphae. Under the same experimental conditions, CXCL8 protein was newly synthesized and released by neutrophils incubated with IL-6 plus IL-23 in the presence of inactivated A. fumigatus conidia/hyphae, but not in their absence (Figure 3B). Finally, no IL-17A was detected in IL-6 plus IL-23-stimulated neutrophils by intracellular staining experiments (data not shown), using the anti-human IL-17A eBio64DEC17 mouse IgG1 (from eBioscience) previously shown to function under identical experimental conditions by Taylor et al. (39). We have no clues explaining why we did not reproduce the positive effects on IL-17 expression by IL-6 plus IL-23 (23, 24, 29, 39, 40), with or without inactivated A. fumigatus conidia/hyphae. One possibility is that the hyphal extracts from A. fumigatus used by Taylor and colleagues (39), but not our inactivated conidia/hyphae, contain some undefined PAMP(s) that effectively promote(s) IL-17A production/IL-17RC expression by human neutrophils.


[image: image1]
FIGURE 2 | No induction of IL-17A, IL-17F, and IL-17RC mRNA expression in neutrophils incubated with IL-6 plus IL-23, in combination with inactivated Aspergillus fumigatus hyphae or conidia. Neutrophils (5 × 106/ml) were incubated either with 100 ng/ml rIL-17A for 2 h or with or without 20 μg/ml IL-6 plus 2 μg/ml IL-23 for 1 h, prior to adding, or not, inactivated A. fumigatus conidia (1:5 neutrophils/conidia ratio) and hyphae (1:1 neutrophils/hyphae ratio) for additional 1 h. Neutrophils were then harvested for RNA extraction to evaluate IL-17A (A), IL-17F (B), IL-17RC (C), IL-17RA (D), and SOCS3 (F) mRNA expression by reverse transcription quantitative real-time PCR. Gene expression data are depicted as mean normalized expression (MNE) units after GAPDH mRNA normalization (mean ± SEM, n = 4). Asterisks stand for significant differences as compared to untreated cells: *P < 0.05, **P < 0.01, by Student’s t-test. (E) Immunoblot displaying STAT3 tyrosine phosphorylation in neutrophils, either untreated or cultured for 15 or 60 min with 20 μg/ml IL-6 plus 2 μg/ml IL-23 (representative experiment, n = 2).



[image: image1]
FIGURE 3 | Lack of IL-17A and IL-17F production by human neutrophils activated by IL-6 plus IL-23 in combination with inactivated Aspergillus fumigatus hyphae or conidia. Neutrophils (5 × 106/ml) were incubated with or without 20 μg/ml IL-6 plus 2 μg/ml IL-23 and then cultured for three more hours in the presence or not of inactivated A. fumigatus conidia and hyphae (used at 1:5 and 1:1, respectively). After incubation, IL-17A (A) and CXCL8 (B) levels were determined in cell-free supernatants and in corresponding cell pellets by specific ELISA. Values are depicted as the mean ± SD or as not detected (nd) when values were under the detection limit (n = 3). Asterisks stand for significant differences as compared to untreated cells: *P < 0.05, **P < 0.01, by Student’s t-test.


Taken together, our data extend previous findings on the inability of human neutrophils to express IL-17 members at the mRNA and protein levels under various activating conditions (13–16). Data also confirm and extend our previous findings (12) on the inability of IL-17A to directly modify IL-17A, IL-17F, IL-17RA, IL-17RC, SOCS3, and CXCL8 gene expression in human neutrophils.



Human Neutrophils Incubated With IL-6 Plus IL-23, in the Presence or the Absence of Inactivated A. fumigatus Hyphae/Conidia, Do Not Express IL-17RC

Flow cyometry experiments confirmed (12) that neutrophils, either freshly isolated, or incubated for 3 h in the absence, or the presence of IFNγ plus LPS (Figure 4A), display only surface IL-17RA, but not IL-17RC. No IL-17RC surface levels were also observed in neutrophils incubated with either R848 (Figure 4A), or IL-6 plus IL-23, in the latter case in the absence, or in the presence of either inactivated A. fumigatus conidia/hyphae, or IL-17A (Figure 4B). IL-17RA surface levels were downregulated in neutrophils treated with IFNγ plus LPS, R848 (Figure 4A) and IL-6 plus IL-23 with IL-17A (Figure 4B). In these experiments, HBEC were, again, used as positive control for both IL-17RA and IL-17RC surface expression (data not shown) (12). It should be pointed out that, for the investigation of surface IL-17RC, we have been using the same anti-IL-17RC, directly PE-conjugated, Abs used in Taylor et al.’s study (39), other than the anti-IL-17RC biotin-conjugated Abs that necessitate PE-conjugated streptavidin for detection (12), without noticing any difference between them. By the way, IFNγ plus LPS and R848 (Figure S3A in Supplementary Material), as well as IL-6 plus IL-23 in the presence of inactivated A. fumigatus conidia/hyphae (Figure S3B in Supplementary Material), variably modulated both CD11b and CD62L expression. All in all, data illustrate that IL-6 plus IL-23, regardless of their combination with inactivated A. fumigatus conidia/hyphae, and despite their capacity to upregulate SOCS3 mRNA expression (Figure 2F), do not induce the expression of IL-17RC in our hands, contradicting some studies (39, 44).


[image: image1]
FIGURE 4 | Expression of surface IL-17RA and IL-17RC in neutrophils activated under various experimental conditions. Expression of surface IL-17RA (left panel) and IL-17RC (right panel) was evaluated by flow cytometry in neutrophils either freshly isolated or cultured for 3 h without or with 100 U/ml IFNγ plus 100 ng/ml LPS, 5 μM R848 (A), 20 μg/ml IL-6 plus 2 μg/ml IL-23 alone or in the presence of inactivated Aspergillus fumigatus conidia, hyphae or 500 ng/ml rIL-17A (B). Graphs depict a representative experiment out of three independent ones with similar results. Histograms show staining by specific and isotype control Abs, respectively, for each stimulatory condition.




[image: image1] Production by Neutrophils Stimulated With Inactivated A. fumigatus Hyphae After Preincubation With IL-6 plus IL-23 Is Not Modified by Either Exogenous IL-17A or IL-17A Inhibitors

We then measured the capacity to release [image: image1] by neutrophils preincubated with or without IL-6 plus IL-23 for 1 h, and then treated for one additional hour with inactivated A. fumigatus hyphae, in the presence or the absence of either IL-17A or anti-IL-17A neutralizing Abs (Figure S4 in Supplementary Material). As control, neutrophils were also stimulated with either inactivated A. fumigatus hyphae alone or 20 ng/ml PMA. As shown in Figure S4 in Supplementary Material, inactivated A. fumigatus hyphae were found to trigger a remarkable [image: image1] production by neutrophils, even though lower than PMA. However, A. fumigatus hyphae-stimulated [image: image1] release was not potentiated by the preincubation of neutrophils with IL-6 plus IL-23 (which, by themselves, did not trigger any [image: image1] production) (Figure S4 in Supplementary Material). Under the latter experimental conditions, addition of either IL-17A or anti-IL-17A neutralizing Abs (αIL-17A Abs) did not influence the effect of inactivated A. fumigatus hyphae on neutrophil-derived [image: image1] (Figure S4 in Supplementary Material), supporting the lack of induction of surface IL-17RC expression and endogenous IL-17A, respectively.



Chromatin Organization at the IL-17A and IL-17F Genomic Loci of Human Neutrophils

Signatures of histone posttranslational modifications at a specific gene locus provide indicative elements to predict whether such a gene can be transcribed or not (69, 70). Therefore, we evaluated the presence of histone marks associated to active (e.g., H3K27Ac) and poised (e.g., H3K4me1) genomic regulatory elements (71) at the IL17A and IL17F loci of human neutrophils. Genome-wide ChIP-seq assays demonstrated that, in freshly isolated neutrophils, the entire genomic region containing IL17A and IL17F loci is completely devoid of H3K27Ac and H3K4me1 (Figure 5). By contrast, based on data available from the NIH Epigenomics Roadmap Initiative (72), multiple H3K4me1 peaks are present in the same genomic regions of PMA/ionomcyin-stimulated Th17 cells, while H3K27Ac peaks localize at the IL17A locus only (Figure 5). To validate the previous data, we performed H3K27Ac and H3K4me1 qPCR ChIPs using neutrophils incubated for 1 h either with or without 20 μg/ml IL-6 plus 2 μg/ml IL-23, as well as Th17 cell lines (in which IL-17A and IL-17F mRNA is constitutively transcribed), used as positive controls (Figure 6). Based on the H3K4me1 peaks from the ChIP-seqs of Th17 cell lines (72) (Figure 5), we designed specific primers amplifying potential regulatory regions at the IL17A and IL17F genomic loci, namely IL-17A#1 and IL-17F#1 for enhancers, and IL-17A#2, IL-17A#3, and IL-17F#2 for promoters (Figures 6A,B). As expected, Th17 cell lines displayed constitutively bound H3K4me1 at their IL-17A and IL-17F promoters and enhancers (Figures 6A,B, left panels). We also detected high levels of H3K27Ac at the IL-17A and IL-17F promoters and enhancers of Th17 cell lines (Figures 6A,B, right panels), in line with their constitutive expression of both IL-17A and IL-17F mRNA (data not shown). By contrast, we did not observe any H3K4me1 or H3K27Ac at the IL17A and IL17F loci of neutrophils, either under resting conditions (thus confirming the ChIP-seq data shown in Figure 5) or after incubation with IL-6 plus IL-23 (Figures 6A,B). In fact, the H3K4me1 and H3K27Ac levels at the IL-17A and IL-17F enhancers in neutrophils were similar to those ones present at the PRL promoter, a genomic region with a closed chromatin conformation in myeloid cells, herein used to determine the signal background (Figures 6A,B). Notably, measurable amounts of H3K4me1 and H3K27Ac were found at the SOCS3 promoter of neutrophils under resting conditions, as well as in Th17 cell lines (Figure 6C). Interestingly, H3K27Ac levels tended to increase in neutrophils incubated with IL-6 plus IL-23 (Figure 6C), in accordance with a supposed STAT3-dependent induction of SOCS3 mRNA (73). Taken together, data indicate that the organization of the IL17A and IL17F loci in human neutrophils is characterized by the absence of poised chromatin marks, unlike that of IL-17A- and IL-17F-producing Th17 cell lines. Data also indicate that human neutrophils do not reorganize the chromatin of the IL17A and IL17F loci in response to IL-6 plus IL-23, consistent with their inability to de novo accumulate IL-17A and IL-17F mRNA.
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FIGURE 5 | Chromatin immunoprecipitation (ChIP)-Seq profiles of H3K4me1 and H3K27Ac at the IL17A and IL17F loci in human neutrophils and Th17 cell lines. Representative snapshots depicting H3K4me1 and H3K27Ac ChIP-seqs at the IL17A and IL17F genomic loci in freshly isolated human neutrophils or, as retrieved from NIH Epigenomics Roadmap Initiative (72), in phorbol mysistate acetate/ionomycin-stimulated Th17 cell lines.
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FIGURE 6 | H3K4me1 or H3K27Ac levels at the IL-17A, IL-17F, and SOCS3 genomic loci of Th17 cell lines and resting/IL-6 plus IL-23-activated neutrophils. Enrichment levels of H3K4me1 (left panels) and H3K27Ac (right panels) at the IL-17A (A), IL-17F (B), and SOCS3 (C) genomic loci by chromatin immunoprecipitation (ChIP) analysis in human Th17 cell lines and neutrophils incubated for 1 h with or without 20 μg/ml IL-6 plus 2 μg/ml IL-23. (A–C) Schemes illustrating the positions of the designed primer pairs amplifying promoter and potential enhancer regions of IL-17A, IL-17F, and SOCS3 for ChIP analysis are depicted at the top of each panel. Coimmunoprecipitated DNA samples were expressed as percent of the total input. Panels in (A–C) depict a representative experiment out of two independent ones with similar results. Error bars represent SEs calculated from triplicate qPCR reactions.




Human Neutrophils From Patients With Psoriasis Do Not Express IL-17A and/or IL-17F mRNA

We subsequently investigated whether neutrophils isolated from patients with active psoriasis could express/produce IL-17A, IL-17F, and/or IL-17RC mRNA, either constitutively or upon incubation for 20 h with IFNγ plus LPS, R848, or IL-17A. As shown in Figure 7A, the latter was not the case, as psoriatic neutrophils behaved similarly to neutrophils from HDs. Psoriatic neutrophils did not also respond to IL-17A (Figure 7A), due to their lack of surface IL-17RC expression (Figure 7B). Nonetheless, psoriatic neutrophils fully responded to either R848 or IFNγ plus LPS, as they accumulated CXCL8, TNFα, and SOCS3 transcripts at levels comparable to those in HD neutrophils (Figure 7A).


[image: image1]
FIGURE 7 | IL-17A, IL-17F, IL-17RA, IL-17RC, CXCL8, TNFα, and SOCS3 mRNA expression, as well as IL-17R surface expression, in neutrophils from patients with psoriasis. (A) Neutrophils isolated from healthy donors (HDs) (n = 3) or psoriatic patients (n = 3) were cultured for 20 h with 100 U/ml IFNγ plus 100 ng/ml LPS, 5 μM R848, or 500 ng/ml IL-17A to evaluate IL-17A, IL-17F, IL-17RA, IL-17RC, CXCL8, TNFα, and SOCS3 mRNA expression by reverse transcription quantitative real-time PCR. Gene expression data are depicted as mean normalized expression (MNE) units after GAPDH mRNA normalization. (B) Surface IL-17RA and IL-17RC expression evaluated by flow cytometry in human neutrophils from HDs or psoriatic patients. Values represent the mean ± SEM (n = 3). For the data of panels (A,B) no significant differences between HDs or psoriatic patients were observed by two-way ANOVA followed by Bonferroni’s post-test.




Commercial Anti-IL-17A Abs (AF-317-NA) Positively Stain Cytospins of Resting and Activated Neutrophils due to Their Non-Specific Recognition of Neutrophil Intracellular Proteins Different From IL-17A

In additional experiments, cytospin slides of resting and R848-stimulated neutrophils were incubated with goat anti-human IL-17A AF-317-NA Abs, previously shown to stain neutrophils in pathological tissues (18–22, 25, 27, 28, 30–33, 35, 36, 41–43, 45, 47–50), as also confirmed by our IHC/IF staining of inflamed psoriatic tissue (Figure 8A). Consistently, neutrophil cytospin slides became strongly positive upon incubation with AF-317-NA, yet with no difference between resting or R848-activated neutrophils (Figure 8B). By contrast, immunostaining of the same cytospins slides with anti-human CXCL8 Abs showed a strong positivity only in R848-treated neutrophils (Figure 8B), thus excluding methodological artifacts. Not surprisingly, neutrophils from the same experiments were found totally negative for both IL-17A mRNA expression and IL-17A production once processed for RT-qPCR analysis and ELISA. The detection of IL-17A-positive neutrophils by IHC, in the absence of IL-17A mRNA, could be explained by the fact that the cytokine may be synthesized in bone marrow neutrophil precursors, at stages during which granule proteins, such as myeloperoxidase (MPO), elastase, and azurocidin 1, are formed (74). However, in transcriptomes made by Rapin et al., generated from cells isolated at different stages during granulopoiesis (65), we did not identify any IL-17A mRNA accumulation (Figure 9). In the same database, we not even detected IL-17RC and IL-10 mRNA (Figure 9), consistent with the inability of mature neutrophils to express them (12, 70). By contrast, we did find MPO, elastase, and azurocidin 1 mRNA expression only in transcriptomes of neutrophil precursors, as expected (74), thus validating the reliability of the database (65) (Figure 9). In any case, consistent with the absence of intracellular IL-17 (Figure 3A), immunoblots performed with AF-317-NA revealed that whole neutrophil lysates did not show any positive signal in correspondence of recombinant human IL-17A (rhIL-17A) molecular weight (MW) (Figure 8C). In these experiments, neutrophils were either freshly isolated (D1 and D2 in Figure 8C), or cultured for 3 h with or without R848, 2 μg/ml IL-6 plus 0.2 μg/ml IL-23 (low IL-6 plus IL-23 in Figure 8C), or 20 μg/ml IL-6 plus 2 μg/ml IL-23 (high IL-6 plus IL-23 in Figure 8C). By contrast, AF-317-NA strongly reacted in correspondence of neutrophil proteins displaying higher MW than that of rIL-17A, with no difference in signals among freshly isolated, stimulated, or untreated neutrophils (Figure 8C). While these data confirm the observations reported by Tamarozzi et al. (13), who also used mouse anti-IL-17A mAbs (#41802, from R&D) in addition to AF-317-NA, they are in contrast with Lin et al.’s findings (30) illustrating a constitutive IL-17A (but not IL-17F) expression in neutrophil lysates, as revealed by immunoblotting with #41802. Halwani et al. (23) too found constitutive IL-17A amounts in lysates of neutrophils from asthmatic patients, even increasing upon cell incubation with IL-21 and/or IL-23 for 18 h, as revealed by immunoblotting with unspecified Abs from R&D. However, since only portions of the immunoblots are shown in Halwani et al. (23) and Lin et al. (30) paper, it is not known whether additional proteins were recognized by Abs used. Whatever the case is, our experiments suggest that the positive staining of neutrophils detected by IHC and IF using AF-317-NA on cytospins and, possibly, tissue slides, stands for an IL-17A-unrelated binding(s) to neutrophils.


[image: image1]
FIGURE 8 | Staining human neutrophils by anti-IL-17A (AF-317-NA) polyclonal antibodies (Abs). (A) Immunofluorescence (top panels) and immunohistochemistry (lower panels) stainings of two FFPE cases of human pustular psoriasis using anti-IL-17A (AF-317-NA) and anti-CD66b Abs (as labeled). Top panels show DAPI, FITC channel, and merge to recognize neutrophil shape; lower panels show different magnification of IHC and double IHC to characterize IL-17A+ cells with the neutrophil marker CD66b. (B) Cytospins of neutrophils, either untreated (top panels) or treated with 5 μM R848 (bottom panels) for 3 h, were stained with anti-IL-17A (AF-317-NA, left panels) and anti-CXCL8 (right panels) Abs. Original magnification 200× [first row in (A) and left image in third row, scale bar 100 μm] and 400× [second row in (A), center/right images in third row in (A), as well as in (B), scale bar 50 μm]. Images of the second row in (A) represent magnifications of images in first row. (C) AF-317-NA immunoblot of lysates from neutrophils either freshly isolated (T0, from two donors) or incubated for 3 h with or without 2 μg/ml IL-6 plus 0.2 μg/ml IL-23 (low), 20 μg/ml IL-6 plus 2 μg/ml IL-23 (high), or 5 μM R848. Recombinant human IL-17A (rhIL-17A) was used as positive control. Panels (B,C) display representative experiments out of two independent ones with similar results.
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FIGURE 9 | Levels of IL-17A, IL-17B, IL-17F, IL-10, IL-17RC, IL-17RA, azurocidin, neutrophil elastase, and myeloperoxidase (MPO) mRNA expression in neutrophils at different stages of maturation. mRNA expression data derive from Gene Expression Omnibus database (accession number GSE42519) (65). (A) IL-17A, IL-17B, IL-17F, IL-10, IL-17RC, and IL-17RA or (B) azurocidin (AZU1), neutrophil elastase (ELANE), and MPO mRNA expression levels were measured in the following cell types: hematopoietic stem cells (HSCs), multipotent progenitors (MPPs), common myeloid progenitors (CMPs), granulocyte-macrophage progenitors (GMPs), early and late promyelocytes (PMs), myelocytes (MYs), metamyelocytes (MMs), band cells (BCs), and bone marrow polymorphonuclear neutrophil granulocytes. Values represent the mean ± SEM as calculated from data of the biological replicates present in the database.




Human Neutrophils Do Not Express/Produce IL-17B

In a separate set of experiments, we also tested goat anti-IL-17B (AF1248) Abs that, in recent publications, have been shown to positively stain, by IHC and IF, neutrophils present in tissue samples from RA (75) and colon carcinoma (CCR) (76) patients. Consistently, we found that also neutrophils present in inflamed psoriatic tissue were strongly detectable by IHC and IF stainings with AF1248 (Figure 10A). On cytospin slides, AF1248 stained neutrophils isolated from the blood of HDs and incubated for 3 h with or without 5 μM R848 in an equivalent manner (Figure 10B). However, by immunoblotting of whole lysates prepared from neutrophils treated with R848 or IL-6 plus IL-23, AF1248 did not recognize any protein corresponding to the rhIL-17B MW (Figure 10C). These negative observations were also confirmed by measurement of intracellular, as well as, released IL-17B by two commercial ELISA (see Materials and Methods). Accordingly, no antigenic IL-17B could be measured in supernatants and whole lysates from neutrophils incubated with 5 μM R848 with or without 1,000 U/ml IFNα, 100 μg/ml LPS with or without 100 U/ml IFNγ, 2/20 μg/ml IL-6 plus 2 μg/ml IL-23 (data not shown), in agreement with the lack of IL-17B mRNA induction. Detectable IL-17B levels were, however, measured in lysates of human cerebral cortex (68), demonstrating that our two IL-17B ELISA kits were sensitive enough. Altogether, our data indicate that, similarly to the case of AF-317-NA, the positive stainings of neutrophils in cytospin slides and, possibly, tissue samples by AF1248, likely stand for an IL-17B-unrelated, non-specific, recognition occurring in human neutrophils.
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FIGURE 10 | Staining human neutrophils by anti-IL-17B (AF1248) antibodies (Abs). (A) Immunofluorescence (top panels) and immunohistochemistry (lower panels) staining of two FFPE cases of human pustular psoriasis using anti-IL-17B (AF1248) and CD66b Abs (as labeled). Top panels show DAPI, FITC channel, and merge to recognize neutrophil shape; lower panels show different magnification of IHC and double IHC to characterize IL-17A+ cells with the neutrophil marker CD66b. (B) Cytospins of neutrophils incubated without (top panel) or with 5 μM R848 (bottom panel) for 3 h. Original magnification 200× [first row in (A) and left image in third row, scale bar 100 μm] and 400× [second row in (A), center/right images in third row in (A), as well as in (B), scale bar 50 μm]. Images of the second row in (A) represent magnifications of images in first row. (C) AF1248 immunoblot of lysates from neutrophils either freshly isolated (T0, from two donors) or incubated for 3 h with or without 2 μg/ml IL-6 plus 0.2 μg/ml IL-23 (low), 20 μg/ml IL-6 plus 2 μg/ml IL-23 (high), or 5 μM R848. Recombinant human IL-17B (rhIL-17B) was used as positive control. Panels (B,C) display representative experiments out of two independent ones with similar results.





DISCUSSION

In this study, we have reinvestigated in-depth whether human neutrophils produce IL-17A, IL-17B, IL-17F, and IL-17A/F in vitro. According to the literature, in fact, information on such an issue appears discordant, as the majority of papers sustain that human neutrophils do express/produce IL-17A (18–53), while a minority fail to detect it (12–17). This issue is even more critical if one takes into account that also the capacity of murine neutrophils to produce IL-17A, shown in a variety of mouse models of infectious and autoimmune inflammation (24, 39, 40, 77–81), has been recently questioned (82, 83). Preclinical models evidencing neutrophil-derived IL-17 as pathogenic in diseases might be, in fact, prematurely taken as proof-of-concept for immediate translational applications in humans.

Herein, by using multiple methodological approaches (RT-qPCR, ChIP, ChIP-seq, ELISA, intracellular staining, and immunoblotting), we confirm and greatly extend our previous findings (12) showing that highly purified (>99.7%) populations of human neutrophils, either resting or activated by a variety of stimulatory conditions, including TLR and dectin ligands, fungal PAMPs and cytokines, used singly or in combinations, neither express IL-17A, IL-17F, IL-17B, IL-17C, IL-17D, and IL-17E mRNA nor produce IL-17A, IL-17F, IL-17A/F, and IL-17B in vitro. Similarly, we show that also neutrophils isolated from patients with active psoriasis do not express IL-17F, IL-17B, IL-17C, IL-17D, and IL-17E as well as IL-17RC mRNA when activated by R848, IFNγ plus LPS, and IL-17A in vitro. In such regard, RNA-Seq experiments made by Tamarozzi et al. (13), using neutrophils isolated by negative-selection (>99.9% pure) from HDs or RA patients (as we do), then treated for 1 h with a range of inflammatory cytokines (TNFα, GM-CSF, G-CSF, IL-6, IL-1β, CXCL8, IFNα, and IFNγ), also failed to detect any of the mRNA for IL-17 cytokine family. By contrast, Yamanaka et al. (15) have been recently reported the presence of constitutive IL-17A transcripts in neutrophils from HDs and psoriasis patients isolated by density gradient cell separation (92% purity). However, when the same cell populations were further purified by magnetic sorting (reaching a 99% purity), they were found totally devoid of IL-17A mRNA (15), indicating that contaminating monocytes/lymphocytes were actually responsible for the IL-17A mRNA expression in unsorted “neutrophils.” Needless to say that Yamanaka et al.’s observations (15) are example of a notion that we have been always recommending in our studies (56, 59, 84), namely the requirement of using highly purified cell populations if one wants to obtain correct results when examining neutrophil gene expression or neutrophil-derived cytokines.

Interestingly, other studies confirm that human neutrophils do not constitutively contain IL-17A transcripts (13, 24, 29, 30, 35, 39, 40, 44), including those ultimately showing a concurrent positivity for IL-17A protein, as revealed by intracellular flow cytometry (24, 39, 40), ELISA (24, 39), confocal microscopy (39), or IHC (29). Some authors (30, 35) speculated that the absence of IL-17A mRNA in mature neutrophils indicates that the cytokine is synthesized in bone marrow neutrophil precursors, at the stages when granule proteins are formed (74). However, we would exclude such a hypothesis, as our analysis of transcriptomes generated from all types of bone marrow cell populations (65) failed to identify an IL-17A mRNA accumulation at any stage of neutrophil maturation.

We were unable to detect IL-17A and IL-17F mRNA/production/release even by human neutrophils incubated with IL-6 plus IL-23, in contrast to what repeatedly found (23, 24, 29, 39, 40). In our experiments, neutrophils did, however, respond to IL-6 plus IL-23 in terms of STAT3 phosphorylation and SOCS3 mRNA induction, indicating that the two cytokines are effectively stimulatory for neutrophils. It is intriguing that, apart from Halwani et al. (23), who found that either 20 ng/ml IL-6 or 20 ng/ml IL-23, singly used, directly induced IL-17A mRNA and protein in a fraction of neutrophils from asthmatic patients, other groups highlighted the necessity to use at least 20 μg/ml IL-6 plus 2 μg/ml IL-23 (29, 39, 40) (as we did). In this context, the paper by Hu et al. (24), based on the use of neutralizing Abs and pharmacological inhibitors, identified endogenous IL-6 and IL-23 as indirect inducers of IL-17A expression in a fraction of neutrophils either infected with Mycobacterium tuberculosis (MTB), or stimulated with LPS or Pam3CSK4. In this latter study, however, IL-6 and IL-23 levels corresponded to 1 ng/ml at the best. Herein, we failed to detect IL-17A mRNA expression and production in neutrophils incubated with either LPS or Pam3CSK4, even if it is true that they produce IL-6 (62) and IL-23 (our unpublished observations). Whether stimulation of neutrophils with MTB effectively promotes IL-17A expression via endogenous IL-6 and IL-23 remains to be verified. However, no IL-17A, IL-17B, IL-17C, or IFNγ secretion from Mycobacterium bovis Bacille-Calmette Guerin (BCG)-stimulated neutrophils was recently reported (14). It should be also remarked that the purity of neutrophils in studies showing an IL-17 production in response to IL-6 plus IL-23 (23, 29, 39, 40), reported to be >96% at the best (29), does not sufficiently secure fully genuine results at least in our opinion.

Nevertheless, we investigated potential mechanisms helping to clarify whether human neutrophils respond to IL-6 plus IL-23 in terms of IL-17A expression or not. ChIP assays revealed that, in resting, as well as in IL-6 plus IL-23-stimulated, neutrophils, but not in Th17 cell lines, the IL17A locus does not contain any H3K4me1 and H3K27Ac, which are two histone marks that are usually present in those genomic regions that act as active enhancers (85). On the other hand, the levels of H3K27Ac were found increased at the SOCS3 promoter of neutrophils incubated with IL-6 plus IL-23, consistent with the potentially inducible SOCS3 mRNA transcription. Notably, the complete absence of H3K4me1 at the IL17A locus of neutrophils is particularly informative, since such a histone modification is known to precede very early, but time-consuming (86), events necessary for the assembly of the transcriptional machinery, including nucleosomal depletion, H3K27Ac deposition, and enhancer activation (85). Based on our data, it appears that the chromatin at the IL17A locus of human neutrophils likely displays a closed conformation, inaccessible to transcription factors and, consequently, RNA polymerase, ultimately preventing IL-17A mRNA transcription in resting as well as stimulated neutrophils. It is thus very unlikely that H3K4me1 modification could be induced within 1 h, e.g., the time-point at which IL-17 mRNA expression in IL-6 plus IL23-stimulated neutrophils has been observed (29, 39, 40). Obviously, this does not exclude that there could exist some stimulatory conditions able to modify the chromatin at the IL17A or IL17F loci of human neutrophils.

A variety of studies report the presence of IL-17A+-neutrophils in sample tissues from many diseases, including psoriasis (20, 25, 30, 32, 35, 49), skin inflammation (27), bullous pemphigoid (28), hidradenitis suppurativa (50), fungal keratitis (26), RA (31, 75), ankylosing spondylitis (18), systemic lupus erythematosus (41, 52), human ANCA-associated glomerulonephritis (47), cystic fibrosis (19, 36, 44), nasal polyps (53), chronic obstructive pulmonary disease (22), lung tissues during bacterial pneumonia (46), alcoholic liver diseases (48), acute renal allograft rejection (42), atherosclerotic plaques (21), cutaneous T cell lymphoma lesions (45), gastric cancer (29), cervical cancer (33), and prostate cancer (51), as revealed by IHC, IF, or intracellular flow cytometry using various commercial anti-IL-17A Abs. Not surprisingly, results occasionally appear discordant. For example, while Moran et al. (31) reported IL-17A-positive synovial tissue neutrophils using the AF-317-NA, van Baarsen et al. (16) show that synovial tissue neutrophils from arthritis patients are not stained by another antibody, namely #41802. By IHC experiments using AF-317-NA, we too detected IL-17A+-neutrophils not only in skin sections of psoriasis patients but also in cytospin slides of neutrophils isolated from HDs and incubated for 3 h with or without R848, at similar levels. By contrast, we found that whole lysates of the same neutrophil populations displayed major signals at levels of proteins having MW not corresponding to that of IL-17A when immunoblotted with AF-317-NA. Our findings substantially confirm the observations previously made by Tamarozzi et al. (13) who also did not detect any IL-17A expression in highly pure populations of neutrophils (99.9%) by using a variety of assays including RT-qPCR, RNA-seq, western blot and ELISA, despite of finding IL-17A+-neutrophils in Wolbachia Onchocerca volvulus-positive nodules by IHC using AF-317-NA. Notably, by immunoprecipitation experiments followed by mass spectrometry, Tamarozzi et al. (13) also uncovered that both AF-317-NA and #41802 bind to several proteins expressed in granules (including MPO, lactoferroxin, and lysozyme C) and cytoskeleton (such as keratin and profilin) of neutrophils, while other anti-human IL-17A Abs (sc-6077 from Santa Cruz, and PRS4877 from Sigma) were found to recognize multiple non-specific bands in neutrophil immunoblots (13). All in all, data suggest that the IL-17A-positivity of human neutrophils detected by AF-317-NA and #41802 is, at least in vitro, likely an artifact. Whether these or other anti-IL-17A Abs, including sc-7927 (from Santa Cruz) (33, 43), ab9565 (from Abcam) (37), ab136668 (from Abcam) (46), 500-P07 and 500-P07G (from Peprotech) (43), and eBio64Dec17 (from eBioscience) (20, 26, 43), are instead reliable in specifically detecting IL-17A+-neutrophils in tissue samples should be more convincingly established. For instance, in models of skin inflammation resembling psoriasis (27), accumulated neutrophils stained by AF-317-NA were shown to express IL-17 mRNA transcripts. In other studies, tissue neutrophil staining by AF-317-NA was blocked after antibody pre-adsorption with rIL-17A (18, 47), or confirmed by costaining of the same section by eBio64DEC17 (47). It is worth recalling that neutrophils express high levels of IL-17RA (12) that could in theory bind exogenously derived IL-17A, consequently leading to a positive signal in IHC or IF experiments without actual intracellular IL-17 production (87), as observed in the case of mast cells (88). Whatever the case is, we would recommend to always validate by multiple investigation methods an eventual detection of IL-17A-positive neutrophils exclusively by IHC, or IF or intracellular flow cytometry (18, 19, 21, 22, 28, 32–34, 36–38, 42, 43, 48–52).

Similar concerns can be made for the, to date, reported IL-17B expression by human neutrophils. Accordingly, IL-17B has been detected in neutrophils infiltrating the synovial membrane of RA patients (75) and the stroma of CCR cancer (76) by IHC/IF, as well as in freshly isolated neutrophils by immunoblotting (75), in all cases using #AF1248 Abs. We also detected IL-17B-positive neutrophils in psoriasis plaques and cytospin slides of freshly isolated neutrophils by IHC using #AF1248. However, we could not measure any IL-17B in lysates of freshly isolated/activated neutrophils either by using two different commercial ELISA or by #AF1248 immunoblotting. In the latter experiments, many proteins with MW different from that of rIL-17B were recognized by #AF1248, thus invalidating at least the cytospin results. Intriguingly, Kouri et al. (75) did detect IL-17B protein in lysates of neutrophils (95% pure), by both ELISA and immunoblotting using #AF1248. However, these authors showed only a portion of the western blot (75), thus rendering impossible to know whether additional major proteins were recognized by #AF1248. Curiously, we, Tamarozzi et al. (13) and Kouri et al. (75), all found that human neutrophils do not transcribe IL-17B mRNA under resting or activating condition. Furthermore, no IL-17B secretion from BCG-stimulated neutrophils was recently shown (14). In such regard, Koury et al. (75) suggested that IL-17B is synthesized only at the promyelocyte and myelocyte stage in the bone marrow, disappearing in mature neutrophils. However, our analysis of transcriptomes generated from all types of bone marrow cell populations (65) revealed that, similarly to IL-17A, also IL-17B is never transcribed during the different stages of neutrophil maturation. Altogether, data suggest that human neutrophils do not express IL-17B in vitro. They also suggest that the positive staining of neutrophils by IHC using AF1248 is likely due to a non-specific, IL-17B independent, binding of these Abs.

In conclusion, data shown in this study are consistent with the notion that human neutrophils are unable to express and produce IL-17A, IL-17B, or IL-17F in vitro.
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Avian influenza A of the subtype H7N9 has been responsible for almost 1,600 confirmed human infections and more than 600 deaths since its first outbreak in 2013. Although sustained human-to-human transmission has not been reported yet, further adaptations to humans in the viral genome could potentially lead to an influenza pandemic, which may have severe consequences due to the absence of pre-existent immunity to this strain at population level. Currently there is no influenza A (H7N9) vaccine available. Therefore, in case of a pandemic outbreak, alternative preventive approaches are needed, ideally even independent of the type of influenza virus outbreak. Bacillus Calmette–Guérin (BCG) is known to induce strong heterologous immunological effects, and it has been shown that BCG protects against non-related infection challenges in several mouse models. BCG immunization of mice as well as human induces trained innate immune responses, resulting in increased cytokine responses upon subsequent ex vivo peripheral blood mononuclear cell restimulation. We investigated whether BCG (Statens Serum Institut-Denmark)-induced trained immunity may protect against a lethal avian influenza A/Anhui/1/2013 (H7N9) challenge. Here, we show that isolated splenocytes as well as peritoneal macrophages of BCG-immunized BALB/c mice displayed a trained immunity phenotype resulting in increased innate cytokine responses upon ex vivo restimulation. However, after H7N9 infection, no significant differences were found between the BCG immunized and the vehicle control group at the level of survival, weight loss, pulmonary influenza A nucleoprotein staining, or histopathology. In conclusion, BCG-induced trained immunity did not result in protection in an oseltamivir-sensitive influenza A/Anhui/1/2013 (H7N9) challenge mouse model.
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INTRODUCTION

Since its first outbreak in China in 2013 until December 2017, avian influenza A (H7N9) has been responsible for 1,565 confirmed human cases, including 612 deaths (1). Infections are characterized by a high incidence of pneumonia, respiratory failure, and acute respiratory distress syndrome. Avian influenza A (H7N9) is transmitted after contact with live poultry or exposure to contaminated environments. Apart from some small reported clusters, sustained human-to-human transmission is rare (2). Nevertheless, because immunity to this strain at population level is negligible, public authorities fear that possible additional mutations and reassortment with circulating other human-adapted influenza viruses may enable human–human transmission and infection, which could potentially lead to a severe H7N9 influenza pandemic (3).

Vaccine development is part of pandemic preparedness strategies. Although numerous inactivated and live attenuated H7 vaccines are being developed, the immunogenicity of non-adjuvanted or aluminum hydroxide-adjuvanted candidate H7 vaccines is low (4, 5). Therefore, novel approaches for protection against influenza A (H7N9) are needed. Adjuvanted (MF59 or AS03) vaccines have shown to elicit enhanced immunogenicity against H7N9 (6–8). An alternative approach is to make use of non-specific beneficial effects of already existing vaccines, via the induction of the newly described process of trained immunity. Bacillus Calmette–Guérin (BCG) immunization confers broad heterologous protection after vaccination. Thereby, BCG could potentially offer directly available protection in case of an outbreak, independent of the type of influenza virus outbreak.

Bacillus Calmette–Guérin, the widely used live attenuated vaccine against tuberculosis, has long been known for its immune modulatory effects. Upon its introduction in Sweden in 1932, the Swedish physician Carl Näslund observed a strong decrease in childhood mortality in the first year of life in the provinces in which BCG was introduced (9). This improvement could not be explained by prevention of tuberculosis alone. Similar observations were made several times upon introduction of BCG vaccination in other countries and were validated in randomized controlled trials (10, 11). Non-specific beneficial effects after BCG immunization have been demonstrated in several mouse studies, such as Plasmodium (12–14), Schistosoma (15), and disseminated Candida infection models (16). Moreover, it has been shown that BCG administration improves the outcome of a lethal challenge with the seasonal influenza A/Puerto Rico/8/34 (H1N1) in an experimental mouse model (17). The heterologous protective effects of BCG vaccination are at least partially explained by the induction of trained immunity: monocytes of BCG-vaccinated individuals display increased immune responsiveness, such as enhanced cytokine production upon restimulation with unrelated pathogens and toll-like receptor (TLR) ligands, a process which is dependent on epigenetic and metabolic rewiring of myeloid cells (16, 18). In epidemiological studies, the non-specific effects of BCG vaccination are most pronounced in the first year of life, suggesting that trained immunity is most strongly activated during this first year (10, 19). This is in line with the study by Kleinnijenhuis et al. showing 1-year duration for trained immunity (20). Moreover, BCG vaccination resulted in heterologous T-helper cell 1 (Th1) and T-helper cell 17 (Th17) immune responses and enhanced immunogenicity after subsequent influenza vaccination in healthy volunteers (20, 21). Recently, we have shown that BCG vaccination resulted in reduced peak viremia after subsequent yellow fever vaccination of healthy volunteers, a process depending on the induction on monocyte responses, rather than T-cell heterologous immunity (22).

We therefore hypothesized that BCG vaccination may induce non-specific protection against influenza A (H7N9) infection, a strategy that may offer important public health benefits. In this study, we assessed the effects of BCG immunization in an experimental lethal avian influenza A/Anhui/1/2013 (H7N9) infection in BALB/c mice.



MATERIALS AND METHODS


H7N9 Influenza Virus Stock Preparation and TCID50 Determination

A/Anhui/1/2013 (H7N9) seed virus was obtained from the National Institute for Biological Standards and Control (UK). A new influenza A/Anhui/1/2013 (H7N9) virus stock was obtained after propagation in 11-day-old embryonic chicken eggs for 32 h at 37°C. Aliquots were stored at <−70°C and were confirmed to be negative for endotoxin and mycoplasma. No novel mutations were introduced in the hemagglutinin and neuraminidase segments. The homology compared to the reference amino acid sequence (GenBank) was >99%. For the 50% tissue culture infectious dose (TCID50) assay, Madin–Darby Canine Kidney (MDCK) cells (ATCC CCL-34) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Life technologies) with Glutamax (Gibco, Life technologies), 10% fetal calf serum (FCS) (Lonza, Switzerland), supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco, Life technologies), and 1× non-essential amino acids (Gibco, Life technologies) at 5% CO2 and 37°C. One day prior to the start of the assay, 30,000 cells per well were seeded in 96-well flat-bottom plates (Corning) and incubated overnight (37°C, 5% CO2). The cells were washed and incubated with serial dilutions of the influenza virus in culture medium (DMEM + glutamax, supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 0.0004% trypsin-EDTA). After 7 days of incubation at 34°C, wells were scored for the cytopathic effect (CPE). The TCID50 titer was calculated using the Reed–Muench method (23).



Animal Ethics Statement

Animals experiments were performed in accordance with the guidelines of the European Communities (Directive 2010/63/EU) and Dutch legislation (The experiments on Animals Act, 1997). The animal experimental protocols were approved by an independent Animal Ethics Committee (TNO, Zeist, the Netherlands) under project license 3387 and performed in the AAALAC accredited animal facility of Triskelion. All animals were housed in a temperature and light-cycle controlled facility with unlimited access to food and water. All procedures involving live H7N9 viruses, including the animal experiments, were carried out in a biosafety level 3 (BSL-3) containment facility at Triskelion. The animals were monitored for clinical signs of influenza disease twice daily with intervals of at least 5 h. All observations, including behavioral aspects were recorded. If lethargy was observed longer than 48 h, the animal was euthanized (humane endpoint).



Influenza Challenge Model

Female BALB/cAnNCrl (BALB/c) mice were obtained (Charles River, Germany) and maintained under SPF conditions. At commencement of the experiments, animals were 6–8 weeks old. All experiments were performed with 8–10 mice per group. On day 0, mice were challenged intranasally (i.n.) with influenza A/Anhui/1/2013 (H7N9) diluted in 50 μl phosphate buffered saline (PBS) under anesthesia with ketamine/xylazine (50 and 5 mg/kg, respectively). To determine the 50% mouse lethal dose (MLD50), six groups of eight animals were challenged with 7.31, 6.17, 5.02, 3.87, 2.73, or 1.58 log10 TCID50 per mouse and monitored until they succumbed to infection or until scheduled sacrifice 14 days post-infection. The MLD50 was calculated using the Spearman–Kärber method. Throughout the experiment, clinical signs were monitored twice daily and body weight was recorded once daily until death or scheduled sacrifice.

As a reference control for the lethal challenge model, two additional groups received the neuraminidase inhibitor oseltamivir phosphate (Tamiflu®; Roche, Switzerland) dissolved in sterile water (Fresenius Kabi, the Netherlands) and stored at 2–10°C until use. One group of animals was treated with 100 mg/kg twice daily per os (p.o.) starting 1 h prior to the challenge on day 0 continuing until day 4, while another group received oseltamivir on days 1–5. The control group was treated with vehicle PBS (Gibco, Life technologies) p.o. on days 0–4. For evaluation of the effect of BCG, animals received either 750 μg BCG (Danish strain 1331; Statens Serum Institut, Denmark) dissolved in 200 μl PBS intravenously (i.v.), containing 2–8 × 106 colony-forming units, or PBS i.v. on day –7. To demonstrate induction of trained innate immune responses after BCG vaccination, five animals per group were sacrificed prior to the influenza challenge on day 0, after which splenocytes and peritoneal macrophages were isolated for ex vivo restimulation experiments. On day 0, the animals were challenged with a 4MLD50 dose influenza A/Anhui/1/2013 (H7N9) and monitored until they succumbed to infection or until scheduled sacrifice at 21 days post-infection. Three days after viral challenge, eight animals per group were sacrificed, and lungs were collected and prepared for histopathological analysis.



Ex Vivo Stimulations of Splenocytes and Peritoneal Macrophages

Spleen cells were isolated by gently squeezing spleens in a sterile 200 μM filter chamber. After washing with sterile PBS (1,200 rpm, 5 min, 4°C), cells were resuspended in 4 ml Roswell Park Memorial Institute (RPMI) 1640 culture medium (RPMI medium; Invitrogen, CA, USA) supplemented with 10% FCS. Cells were counted and concentrations were adjusted to 1 × 107 cells/ml. Cells were cultured in 24-well plates (Greiner, the Netherlands) at 5 × 106 cells/well, in a final volume of 1,000 μl and stimulated in duplo with RPMI, Escherichia coli lipopolysaccharide (LPS) (10 ng/ml, Sigma-Aldrich), phytohemagglutin (PHA) (10 μg/ml from Phaseolus vulgaris, Sigma-Aldrich). Poly I:C (50 μg/ml, Invivogen), heat-killed Candida albicans (1 × 106 microorganisms/ml, strain UC820), heat-killed Salmonella typhi (1 × 107 microorganisms/ml), or heat-killed Staphylococcus aureus (1 × 107 microorganisms/ml). After 2 days of incubation, 500 μl supernatant was collected and the plates were incubated for another 3 days before the remaining supernatants were har-vested. The supernatants were stored at –80°C until levels of tumor necrosis factor-alpha (TNF-α), interferon (IFN)-α, IFN-γ, interleukin (IL)-17, and IL-22 were determined.

Peritoneal macrophages were isolated by injecting 5 ml of ice-cold sterile PBS in the peritoneal cavity. After centrifugation and washing, cells were resuspended in RPMI supplemented with 10 μg/ml gentamicin, 10 mM Glutamax, and 10 mM pyruvate. Cells were counted using a Z1 Coulter Particle Counter (Beckman Coulter, the Netherlands) and adjusted to 1 × 106 cells/ml. Cells were cultured in 96-well round-bottom microtiter plates (Costar, Corning, the Netherlands) at 1 × 105 cells/well, in a final volume of 200 μl. After 24 h of incubation with abovementioned stimuli in duplo {plus Pam3Cys [10 μg/ml, EMC microcollections (L2000)] instead of PHA} at 37°C in air and 5% CO2, the plates were centrifuged at 1,400 × g for 8 min, and the supernatants were collected and stored at –20°C until levels of TNF-α, IL-1α, IL-1β, IL-6, and IL-10 were determined.



Quantification of Cytokine Concentrations

Cytokine concentrations were determined in supernatants using commercial enzyme-linked immunosorbent assay (ELISA) kits according to instructions of the manufacturer. TNF-α (R&D systems, MN, USA), IL-1α, IL-1β, IL-6, IL-10, IFN-α, and IFN-γ (Sanquin, the Netherlands) were determined in supernatants harvested after 2 days of culture. IL-17 and IL-22 (R&D systems) were determined in supernatants after 5 days of incubation.



Histopathology and Immunohistochemistry

For histopathological examination, the lungs of both BCG and PBS treated animal groups were isolated 3 days post-challenge. Formalin fixed lung tissues were embedded in paraffin wax, sectioned at 4 μm, and stained with hematoxylin and eosin. Per animal, three consecutive HE-stained lung sections were semi-quantitatively scored for the presence of signs of inflammation, epithelial damage, and repair. Influenza nucleoprotein (NP) was visualized by immunohistochemistry using anti-influenza A NP antibody (Millipore, clone H16-L10-4R5, mouse IgG2a) as a measure for the amount of virus present in cells in the lung according to the protocol described in Rimmelzwaan et al. (24). NP-stained sections were semi-quantitatively scored for the presence of viral protein. All parameters were scored as absent (0), minimal (1), moderate (2), or marked (3).



Statistical Analysis

Data were analyzed using Graphpad Prism 5.0 (La Jolla, CA, USA). *p-Value < 0.05, **p-value < 0.01. Cytokine data are shown as mean ± SEM. The survival proportion at day 21 after treatment was compared to the vehicle control group using a Fisher exact two-sided test, corrected for multiple comparisons. Survival times after viral challenge of the groups were compared using a log-rank test. Change in body weight was summarized as area under the curve (AUC) in which the last observed body weight was carried forward if a mouse died/was euthanized during the study. Briefly, the weight per mouse at day 0 was used as baseline and weight change was determined relative to baseline. The AUCs for each group were summarized as mean, SD, and adjusted p-value for comparison to the vehicle control group.




RESULTS


Determination of Tissue Culture Infective Dose (TCID) and 50% MLD

Based on the CPE observed in the MDCK cells incubated with the dose formulation of A/Anhui/1/2013 (H7N9), a TCID50 of 6.11 log10 TCID50/ml was calculated (data not shown). To assess the potency of BCG vaccination in vivo, we established a lethal A/Anhui/1/2013 (H7N9) influenza challenge model in female BALB/c mice, by inoculating groups of mice i.n. with a dose of 7.31, 6.17, 5.02, 3.87, 2.73, or 1.58 log10 TCID50/mouse. During the subsequent MLD experiment, progress of infection the body weights correlated with an increase in the number and severity of the clinical signs. Recovery of the animals was demonstrated by an increase in body weight and a decrease in clinical signs. Intranasal administration of influenza A/Anhui/1/2013 (H7N9) was lethal to female (BALB/c) mice, which has been shown previously (25). The MLD50 determined for the A/Anhui/1/2013 (H7N9) influenza was calculated at 4.45 log10 TCID50. The infectious dose for the subsequent experimental challenge infection study was set at 4MLD50, a dose where 0–10% of the animals were expected to survive the intranasal challenge with the virus (Figures 1A,B).
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FIGURE 1 | Virulence of influenza A/Anhui/1/2013 (H7N9) in BALB/c mice. Female BALB/c mice (n = 8 per group) were intranasally inoculated with serial dilutions of the A/Anhui/1/2013 (H7N9) influenza virus on day 0 and survival was monitored for 14 days. Kaplan–Meyer survival curve (A) and mean body weight change is depicted (B). The MLD50 was calculated using the Reed–Muench method.




Assessment of Oseltamivir Sensitivity of A/Anhui/1/2013 (H7N9) Challenge Model

To determine the sensitivity of the challenge model, we tested the efficacy of the most widely used anti-influenza virus drug, the neuraminidase inhibitor oseltamivir phosphate, as a reference control. Animals were challenged with an intranasal dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9). The control group (n = 10) was treated with PBS twice daily p.o. for 5 days, starting from day 0. Eight animals were treated twice daily with 100 mg/kg oseltamivir p.o. for 5 days, starting 1 h before challenge at day 0. Another eight mice started on day 1 with 100 mg/kg oseltamivir treatment twice daily for the duration of 5 days. Figure 2A presents the Kaplan–Meier survival curve. In the animals of the vehicle control group, 10% survival was observed after influenza A/Anhui/1/2013 (H7N9) challenge. Treatment with 100 mg/kg oseltamivir twice daily p.o. from day 0 to day 4 resulted in 100% survival, which was significantly improved compared to the vehicle control group (p-value < 0.01) (Table S1 in Supplementary Material). Although treatment with 100 mg/kg oseltamivir twice daily p.o. from day 1 to day 5 also resulted in an increased survival proportion of 25%, this was not statistically different from the control group (Table S2 in Supplementary Material). Nevertheless, survival time was significantly increased in both oseltamivir treated groups (treatment day 0–4 p-value < 0.01, treatment day 1–5 p-value < 0.05) (Table S2 in Supplementary Material). Oseltamivir treatment starting from day 0 showed a significantly reduced body weight loss compared to the control group (p-value < 0.001), while initiating oseltamivir treatment 1 day post-challenge, did not reduce the body weight loss compared to the control group (Figure 2B; Table S3 in Supplementary Material).
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FIGURE 2 | Efficacy of oseltamivir in a lethal BALB/c mouse model. Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on day 0. Mice received 100 mg/kg twice daily p.o. Oseltamivir treatment from days 0–4 or 1–5 (n = 8 per group) or the vehicle control (n = 10) from days 0–4. Kaplan–Meyer survival curve (A) and mean body weight change (B) are depicted. Survival proportion in the oseltamivir treated groups was analyzed using a Fisher’s exact two-sided test with Bonferroni correction for multiple comparisons. The effect of oseltamivir treatment on body weight was analyzed by comparing the area under curve of treatment groups with vehicle and was analyzed using a two-way ANOVA with Bonferroni correction. Error bars depict SEM. ****p < 0.001, ****p < 0.0001.




BCG Vaccination Prior to H7N9 Infection Challenge

To test the effect of BCG against lethal influenza challenge, a total of 13 mice were BCG immunized and 13 mice were injected with PBS 1 week prior to A/Anhui/1/2013 (H7N9) challenge.



Cytokine Responses After Ex Vivo Splenocyte and Peritoneal Macrophage Restimulation

To assess the systemic trained immunity responses, splenocytes as well as peritoneal macrophages (5 mice per group) were isolated 7 days after BCG immunization. Both cell suspensions were restimulated with several TLR-ligands and pathogens. Cytokines were determined by ELISA in collected supernatants. TNF-α production was significantly increased in the BCG-vaccinated group after restimulation of splenocytes with all stimuli except RPMI medium control (p-value < 0.01 for all stimuli) (Figure 3A). Splenocyte-derived IFN-γ responses were significantly upregulated after LPS (p-value < 0.01), C. albicans (p-value < 0.05), and S. typhi (p-value < 0.05) restimulation (Figure 3B). No significant differences were found on splenocyte-derived IL-17 and IL-22 responses (Figures 3C,E). IFN-α was only determined in supernatants of splenocytes restimulated with RPMI and poly I:C. Restimulation with poly I:C resulted in a small but statistically significantly higher IFN-α response in the BCG-vaccinated group (p-value < 0.05) (Figure 3D). Significantly higher TNF-α production in the BCG-immunized mice was found when peritoneal macrophages were restimulated with S. typhi (p-value < 0.05) and S. aureus (p-value < 0.05) (Figure 3F). Although a consistent trend in increased IL-6 production was observed when peritoneal macrophages of the BCG-vaccinated group were restimulated with all pathogens and TLR ligands, only stimulation with C. albicans resulted in a statistically significant increase in comparison to the control group (p-value < 0.05) (Figure 3G). IL-1α, IL-1β, and IL-10 responses (Figures 3H–J) did not differ between groups.
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FIGURE 3 | Bacillus Calmette–Guérin (BCG)-induced trained immunity cytokine responses. To demonstrate increased innate immune response after BCG vaccination, spleen cells and peritoneal macrophages were isolated 7 days after administration of either BCG or phosphate buffered saline. Concentrations of tumor necrosis factor-alpha (TNF-α), interferon (IFN)-α, IFN-γ, interleukin (IL)-17, and IL-22 determined by enzyme-linked immunosorbent assay (ELISA) in supernatants of restimulated splenocytes with Roswell Park Memorial Institute (RPMI), lipopolysaccharide (LPS), phytohemagglutin (PHA), poly I:C, Candida albicans, Salmonella typhi, and Staphylococcus aureus are shown (A–E). Concentrations of IL-1α, IL-1β, IL-6, IL-10, and TNF-α determined by ELISA in supernatants of restimulated peritoneal macrophages with RPMI, LPS, poly I:C, C. albicans, S. typhi, and S. aureus are shown (F–J). Data are shown as mean ± SEM, n = 5 per group, *p < 0.05, **p < 0.01 Mann–Whitney U (two-sided).




BCG Vaccination Does Not Protect Mice During H7N9 Influenza Infection

No survival (0%) was observed in the animals of vehicle control group 11 days after A/Anhui/1/2013 (H7N9) challenge. Despite the heterologous induction of trained immunity responses, as reported above, vaccination with BCG did not result in a statistically significant improvement in survival proportion compared to the vehicle control group (12.5% survival in BCG treated group) (Table S1 in Supplementary Material). Furthermore, BCG vaccination did not result in a statistically significant improvement in survival time compared to the vehicle control group (p-value = 0.82) (Figure 4A; Table S2 in Supplementary Material). The percentage body weight change per animal was determined relative to day 0. Similar to the vehicle control group, all animals in the BCG-vaccinated displayed a steep reduction in bodyweight starting from day 1 until day 11. The single surviving animal in the BCG-treated group started to recover after day 11. BCG vaccination did not result in a significant difference in body weight loss compared to the vehicle control group (p-value = 0.15) (Figure 4B; Table S3 in Supplementary Material). From day 0 onward, the severity of influenza infection was graded as a clinical score based on the observation of one or multiple clinical signs typical for influenza infection. The mean clinical scores did not differ between the vehicle control group and BCG-immunized group (Figure S1 in Supplementary Material).
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FIGURE 4 | Bacillus Calmette–Guérin (BCG) vaccination does not protect mice during H7N9 influenza infection. Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on day 0. Mice received 750 μg BCG or the vehicle control (phosphate buffered saline) i.v. on day −7. Kaplan–Meyer survival curve (A) and mean body weight change (B) are depicted. Survival proportion in the BCG treated group was statistically analyzed using a Fisher’s exact two-sided test. Survival time was statistically analyzed using a Mantel and Cox log-rank test. The effect of BCG treatment on body weight was analyzed by comparing the area under curve of treatment groups with vehicle and was statistically analyzed using a two-way ANOVA with Bonferroni correction. Data are shown as mean ± SEM, n = 8 per group.




BCG Vaccination Does Not Reduce Histopathological Damage, Inflammation, or Viral Replication

Three days after challenge infection, histopathological lung examination was performed in a subgroup of both vehicle control and BCG-vaccinated mice. The pathological changes observed in the lungs isolated from these mice corresponded with acute lung injury, characterized by epithelial necrosis and infiltration of macrophages, lymphocytes, and granulocytes (Figures 5A,B). In addition, squamous metaplasia was observed. No differences in pathological changes between the lungs of the BCG vaccinated and vehicle control mice were observed at day 3 after challenge infection (Figures 5C,D). Histological scores for the amount of granulocytes, macrophages, and lymphocytes were similar between the BCG immunized and control group (Figure 5E). Although BCG did not have an effect on pulmonary tissue inflammation or immune cell composition, we wanted to determine the effect of BCG immunization on local influenza infection and replication (by scoring of influenza infected cells). Lung tissue sections slides were stained with influenza NP to determine the quantity of influenza virions (Figures 6A,B). The scores of NP stained small bronchi, large bronchi, or alveoli did not differ between groups (Figure 6C). This indicates that intravenous BCG administration did not reduce influenza A (H7N9) infection or replication in mice.
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FIGURE 5 | Bacillus Calmette–Guérin (BCG) vaccination does not lead to reduction of histopathological damage and inflammation. Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on day 0. Mice received 750 μg BCG or vehicle control (phosphate buffered saline) i.v. on day –7 (n = 8 per group). Three days after viral challenge, lungs were fixed in formalin. Paraffin-embedded tissue sections were then stained for hematoxylin and eosin. Representative histopathological image of vehicle versus BCG-treated mice are depicted (A,B). Lung sections were scored from absent to marked: score “0” (absent), score “1” (minimal), score “2” (moderate), and score “3” (marked) for epithelial necrosis (damage) (C), inflammation markers (D), and inflammatory cell types (E). Results were statistically analyzed using the Cochran–Mantel–Haenszel test. Data are shown as mean ± SEM.
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FIGURE 6 | Nucleoprotein (NP) staining of bronchi and alveoli indicates that bacillus Calmette–Guérin (BCG) does not reduce influenza virus replication. Female BALB/c mice were challenged with a dose of 4MLD50 influenza A/Anhui/1/2013 (H7N9) on day 0. Mice received 750 μg BCG or the vehicle control (phosphate buffered saline) i.v. on day –7 (n = 8 per group). Three days after viral challenge, lungs were fixed in formalin. Paraffin-embedded tissue sections were then stained for influenza NP. Representative images of influenza A NP-stained lungs of mice treated with vehicle versus BCG-treated mice are depicted (A,B). NP-staining was scored from absent to 3: score “0” (absent), score “1” (minimal), score “2” (moderate), and score “3” (marked) (C). Results were statistically analyzed using the Cochran–Mantel–Haenszel test. Data are shown as mean ± SEM.





DISCUSSION

The avian influenza A (H7N9) virus appears to have become more virulent during recent epidemics in China, underlining the risk of a global human pandemic in the absence of specific immunity. In case of an outbreak in the absence of available specific vaccines, BCG might contribute to control of avian influenza through its non-specific protective effects, which are probably related to its capacity to induce trained immunity in monocytes. In this study, we tested the effect of intravenous BCG against a lethal influenza A/Anhui/1/2013 (H7N9) infection in mice.

We were able to reproduce previous findings regarding induction of systemic trained immunity after BCG administration in mice (16). Intravenous BCG immunization resulted in significantly increased cytokine responses upon ex vivo restimulation with unrelated TLR-ligands and pathogens, both in splenocytes (TNF-α, IFN-α, and IFN-γ) and peritoneal macrophage (TNF-α and IL-6). However, increased ex vivo cytokine production was not associated with differences in experimental avian influenza A/Anhui/1/2013 (H7N9) infection in terms of survival, clinical scores, or pulmonary inflammation.

A recent study demonstrated that low dose BCG (TICE strain) administration protects against mouse-adapted influenza virus A/Puerto Rico/8/34 (PR8) (H1N1) strain by increased efferocytosis of alveolar phagocytes, but only after i.n. and not after subcutaneously administration of BCG (26). Similar observations were reported previously; i.n. BCG (strain unspecified) immunized mice showed enhanced protection against influenza A (H1N1) PR8 challenge compared to intraperitoneally immunized mice (17). This suggests the route of BCG administration might be important in case of protection against influenza. In the study of Mukherjee et al. (26), mice were inoculated with a lower dose of BCG compared to the administered dose in our study, pointing out that not only the route of administration but maybe also the dose and inherent dose-dependent kinetics might be crucial for heterologous protection. For several TLR-ligands, it has been shown that the dose during initial priming determines if monocytes will either become trained or tolerized during the in vitro trained immunity model (27). One could hypothesize that induction of either training or tolerance may be different per cell and tissue type as well. Although in vivo dose response studies of BCG priming in the context of trained immunity have not been performed yet, these in vitro data indicate the initial dose might be discriminative between being protective or not. That being said, a similar dose, route of administration as well as BCG strain were nevertheless protective against a lethal C. albicans challenge infection in severe combined immunodeficient mice, resulting in enhanced survival, decreased kidney yeast burden, and ex vivo trained immunity responses (16). This may suggest that the beneficial effects of BCG vaccination have specificity, and thus induce protection against some, but not all, infections.

As reviewed by Kuiken et al. (28), the innate immune system plays an important role in the first line defense against influenza infections. Influenza recognition by TLR and RIG-1 signaling leads to production of pro-inflammatory cytokines and type I IFNs. Especially type I IFNs are known to exert antiviral activity. Nevertheless, an imbalanced cytokine response or so-called cytokine storm could be detrimental for the host. Compared to seasonal strains, severe infections with highly pathogenic H5N1 and 1918 H1N1 are more frequently associated with a dysregulated cytokine response (29, 30). Likewise, severe cases of H7N9 infections are complicated by hypercytokinemia (3, 31, 32). In the study of Mukherjee et al., intranasal BCG inoculation resulted in decreased TNF-α mRNA and increased IL-10 mRNA expression in alveolar macrophages 2 days post PR8 (H1N1) infection (26). We did not study the local pulmonary mucosal cytokine responses after intravenous administration of BCG, but our findings regarding cytokine responses of ex vivo restimulated splenocytes and peritoneal macrophages are pointing toward priming in a different direction, with potentiation of cytokine responses. Future studies should focus on the role of alternative cell types like alveolar macrophages.

One unavoidable limitation for the conclusions of this study is that it investigated the effect of BCG vaccination in mice. Anti-mycobacterial as well as anti-influenza responses are different in mice and humans, and it is conceivable to hypothesize that BCG vaccination may exert stronger beneficial effects in humans, including against influenza infection. Recently, we have shown that BCG vaccination in healthy human volunteers protects against experimental yellow fever vaccine viremia, while the protective serological response retains intact (22). The absence of IL-1β upregulation after BCG vaccination by splenocytes and peritoneal macrophages in the current study can be explained by the differences between the human and murine immunological responses. Humans have an increased IL-1β response compared to mice and mice lack important regulators of the IL-1 pathway such as IL-37 (33).

Another limitation of the study is represented by the particularities of the BCG vaccination in mice, compared to humans. Earlier studies done in mice have shown that systemic trained immunity by BCG is induced after intravenous administration, rather than intradermal administration (34). In line with this, an earlier study by Spencer et al. showed protection against influenza A (H1N1) infection after intraperitoneal vaccination with BCG, indicating that systemic administration of BCG was protective against influenza (17). Furthermore, the administered dose of BCG the animals received and the timing of 7 days before the experimental avian influenza A/Anhui/1/2013 (H7N9) infection were equivalent to our previous intravenous BCG vaccination experimental protocols and comparable to the intraperitoneal BCG vaccination of mice (16–18). We hypothesized that in BCG-vaccinated mice, the infiltration of trained immune cells in the lungs during the experimental avian influenza A/Anhui/1/2013 (H7N9) infection would result in increased clearance of the influenza infection. While our data clearly demonstrate that this BCG vaccination model does not protect against H7N9 influenza infection, we cannot exclude that the different route of BCG administration in humans may have an effect.

Partial protection of BCG vaccination has been observed in a human-controlled malaria infection model as well, in which decreased parasitemia correlated with accelerated immune activation and trained immunity in vivo upon blood stage parasitemia (Walk, de Bree et al., submitted). A previous randomized controlled trial has shown BCG vaccination prior to trivalent influenza vaccination resulted in enhanced immunogenicity of the influenza vaccine, resulting in increased antibody response and seroconversion against the 2009 pandemic influenza A (H1N1) strain (21). Future studies should explore if BCG could function as an adjuvant to avian influenza vaccines as well.

In conclusion, intravenous administration of BCG enabled the induction of trained immunity, but this was not protective in a lethal influenza A/Anhui/1/2013 (H7N9) challenge infection in BALB/c mice. Future studies are needed to evaluate the anti-influenza effects of BCG vaccination in humans.
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(A) 1Up-regulated, Pretreated versus mock (fold change) 4hLpPs 8hLPS
Rank Gene  Gene title Saccharomyces cerevisiae  BG65 ~ BG75  ScCW  BG65  BGT5
cell wall (ScCW)

1 Cst2 Colony stimulating factor 2 (granulocyte-macrophage) 18 203 14.0 42 649 431
2 Fhi2 Four and a half LIM domains 2 24 433 311 17 41.0 3.7
3 Hbegf  Heparin-binding EGF-like growth factor 28 113 83 60 460 326
4 Inhba Inhibin beta-A 163 201 153 209 410 209
5 Carz  Carbonic anhydrase Il 109 292 196 98 %69 272
6 Dok7 ~ Docking protein 7 9.4 196 181 1.8 340 229
7 Csf3 Colony stimulating factor 3 (granulocyte) 321 1.4 127 162 212 19.2
8 Cish Cytokine inducible SH2-containing protein 2.9 30 21 15 19.8 130
9 3 Coaguiation factor I 18 56 48 24 131 1.4

10 Vasn  Vasorin 16 45 33 32 133 108

(B) 1Up-regulated, f-glucan (BG)- versus Saccharomyces cerevisiae 4hLPS 8hLPS

cell wall-pretreated (fold change)

Rank Gene  Gene title BGeS  BG75 BGe5  BGT5
1 Fhi2 Four and a half LIM domains 2 18.0 13.0 241 209
2 Csf2 Colony stimulating factor 2 (granulocyte-macrophage) 13 78 155 103
3 Cish Cytokine inducible SH2-containing protein 87 59 18.1 86
4 Lme32  Leucine rich repeat containing 32 82 60 11.0 80
5 Ccli7  G-G motif chemokine ligand 17 64 43 103 66
6 3 Goaguiation factor i (thromboplastin, tissue factor) 32 27 64 55
2 Hbegf Heparin-binding EGF-like growth factor 4.0 29 76 54
8 Tnisf18  Tumor necrosis factor superfamiy member 18 17 18 49 48
9 Spry! Sprouty RTK signaling antagonist 1 18 15 51 a7

10 Eg2 Early growth response 2 43 34 54 a7
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Neutrophils
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100 ng/mi LPS nd nd 089 +022"
5 M RB48 nd nd 947 +335"
100 pg/mi CpG ODN nd nd 557£1.4
100 U/mi IFNy nd nd 010004
100 U/ml IFNy + 100 ng/ nd nd 251 £ 1.1
miLPS

CD4* T cells

- nd nd 25111

5g/ml anti-CD3/CD28  739.6 + 56.6™  948.9 + 95.4™  172.6 + 25.1**"

Human neutrophils (5 x 10%/m) were cuttured for 20 h with the indicated stimuli. CD4*
T cells were stimulated for up to 72 h with ant-CD and anti-CD28 mAbs. Cell-free
supematants were then harvested and IL-17A, IL-17F; and CXCL8 content measured
by specifc ELISA. Values represent the mean + SD (n = 3).

Asterisks stand for significant increases as compared to untreated cells: °P < 0.05,
P <0.01, *P < 0.001, by Student’s t-test.

nd, not detected: ODN, oligodeoxynucleotides.
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TABLE 2 | Continued

Cytokines and chemokines Metabolism of immune cells Epigenetic marks mTOR signaling Others
Wegeners  Increased IL-6 expression (162) ? ? ? Increased CD11b and CDB4 expression
granulomatosis - Increased production of several (162) and CD14, CD18, and several
proinflammatory cytokines PRRs (165, 166)
(164, 166, 168-170) Increased expression of adhesion
molecules (163)
Sarcoidosis  Higher production of proinfiammatory RNA-sequencing of monocytes ? ? Higher expression of CD14:CD16*
cytokines (176, 179-181) shows enrichment of oxidative (174,175), BAFF (166), TLR2 and 4 (176),
phosphorylation and metabolic IL-2R (177), adhesion molecules (178)
pathways (187) Higher production of oxygen radicals
(182) and increased phagocytic activity
(183)
More ikely to form giant cells (185)
TIDM Higher plasma levels of TNF, MCP-1, Gene expression of recent-onset  Several DNA hypo and ? More CD14 + CD16 + monocytes in
and MIF (197, 199), and TLR-induced T1DM monocytes shows signature hypermethylated loci were recent-onset T1DM patients, with higher
IL-1p and IL-6 production by monocytes is  with cellular metabolism and defined in TIDM monocytes HLA-DR and CD86 expression and
increased (200-202). IL-1p inhibition oxidative stress as main pathways, (208, 209). H3K9ac marks are proinflammatory phenotype (192-196).
improves T1DM outcome (203-206) and with HIF1A among the induced  correlated with TIDM (210, 211)
genes (213)
TRAPS Enhanced IL18 and IL1R1, and decreased ? ? Monocytic fascilis successfuly  Upregulated CD16 expression (221)
IFN and TGFB expression (219, 220) treated with tacroimus (222) Spontaneous MAKP activation (220)
cAPS Increased IL-1p and IL-18 production, DNA methylation was affected, ? ? ?
Production of I6 and IL-1RA appears resulting at increased expression of
to be impaired (223, 224) inflammasome-related genes (225)
FMF LPS-stimuiated PBMCs and monocytes ? ? 2 Higher expression of CD11b (231)
produce more IL-1a and f and non-
stimulated PBMCs produce more of IL-6
and TNFa (226-228)
HIDS PBMCs produce more cytokines in ? ? ? ?
unstimulated or stimulated state (235-238)
cGD Monocytes display a proinflammatory Metaboites of the tryptophan pathway ? Incubation of monocytes with Increased NK-xB and ERK expression

‘phenotype with increased secretion of IL-1p
and IL-18, but also other cytokines and
chemokines (245-247)

More IL-1p and TNFa expression (247)

‘accumulate and

indoleamine 2,3-dloxygenase
(IDO)is activated (254)
Monocytes show higher
acidification (256)

rapamycin counterbalanced
the preactivation state (247)

Upon stimulation (246, 247)
More CD16* expression (247)
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