

[image: Circulating Metabolomic Signature in Generalized Pustular Psoriasis Blunts Monocyte Hyperinflammation by Triggering Amino Acid Response]
Circulating Metabolomic Signature in Generalized Pustular Psoriasis Blunts Monocyte Hyperinflammation by Triggering Amino Acid Response





ORIGINAL RESEARCH

published: 08 September 2021

doi: 10.3389/fimmu.2021.739514

[image: image2]


Circulating Metabolomic Signature in Generalized Pustular Psoriasis Blunts Monocyte Hyperinflammation by Triggering Amino Acid Response


Ning Yu 1, Chen Peng 1, Wenjuan Chen 1, Ziwen Sun 1, Jianfeng Zheng 1, Shujie Zhang 2*†, Yangfeng Ding 1*† and Yuling Shi 1*†


1 Department of Dermatology, Shanghai Skin Disease Hospital, Institute of Psoriasis, Tongji University, Shanghai, China, 2 Eye Institute and Department of Ophthalmology, Eye & ENT Hospital, Fudan University, NHC Key Laboratory of Myopia, Chinese Academy of Medical Sciences, Shanghai Key Laboratory of Visual Impairment and Restoration, Shanghai, China




Edited by: 

Chaofeng Han, Second Military Medical University, China

Reviewed by: 

Shuyu Zhang, Sichuan University, China

Zhenke Wen, Soochow University, China

*Correspondence: 

Yuling Shi
 Shiyuling1972@tongji.edu.cn 

Shujie Zhang
 shujiezhang@fudan.edu.cn 

Yangfeng Ding
 dingyangfeng@hotmail.com


†These authors share last authorship


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


Received: 11 July 2021

Accepted: 23 August 2021

Published: 08 September 2021

Citation:
Yu N, Peng C, Chen W, Sun Z, Zheng J, Zhang S, Ding Y and Shi Y (2021) Circulating Metabolomic Signature in Generalized Pustular Psoriasis Blunts Monocyte Hyperinflammation by Triggering Amino Acid Response. Front. Immunol. 12:739514. doi: 10.3389/fimmu.2021.739514



Generalized pustular psoriasis (GPP), the most grievous variant of psoriasis, is featured by dysregulated systemic inflammatory response. The cellular and molecular basis of GPP is poorly understood. Blood monocytes are key players of host defense and producers of inflammatory cytokines including IL-1β. How the immune response of monocytes is affected by metabolic internal environment in GPP remains unclear. Here, we performed a metabolomic and functional investigation of GPP serum and monocytes. We demonstrated a significant increase in IL-1β production from GPP monocytes. In GPP circulation, serum amyloid A (SAA), an acute-phase reactant, was dramatically increased, which induced the release of IL-1β from monocytes in a NLRP3-dependent manner. Using metabolomic analysis, we showed that GPP serum exhibited an amino acid starvation signature, with glycine, histidine, asparagine, methionine, threonine, lysine, valine, isoleucine, tryptophan, tyrosine, alanine, proline, taurine and cystathionine being markedly downregulated. In functional assay, under amino acid starvation condition, SAA-stimulated mature IL-1β secretion was suppressed. Mechanistically, at post-transcriptional level, amino acid starvation inhibited the SAA-mediated reactive oxygen species (ROS) formation and NLRP3 inflammasome activation. Moreover, the immune-modulatory effect of amino acid starvation was blocked by silencing general control nonderepressible 2 kinase (GCN2), suggesting the involvement of amino acid response (AAR) pathway. Collectively, our results suggested that decreased serum amino acids in GPP blunted the innate immune response in blood monocytes through AAR pathway, serving as a feedback mechanism preventing excessive inflammation in GPP.
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Introduction

Generalized pustular psoriasis (GPP) is an uncommon and life-threatening disease, which is featured by generalized erythema, desquamation, and dramatic cutaneous neutrophilic infiltration (1). There is a significant systemic inflammatory component in GPP including fever, fatigue and neutrophilia. Up to now, the immunopathogenesis of GPP remains unclear.

IL-1 is one of the dominant cytokines in GPP autoinflammation (2, 3). The pathological role of IL-1β in psoriasis has been reported (4, 5). Recently, it was reported that GPP patients treated with anti-IL-1β monoclonal antibodies had dramatic clinical improvement (6, 7). As one of major producers of IL-1β, monocytes initiate and promote inflammation in the context of sterile and sterile injury, and during autoinflammatory diseases (8, 9). During inflammation, secretion of IL-1β must be tightly controlled to avoid tissue damage. However, it would be of critical importance to investigate the production and regulation mechanism of IL-1β in GPP.

The mature form of IL-1β is regulated transcriptionally and post-transcriptionally (10, 11).

NF-κB mediates the transcription of pro-IL-1β gene, while inflammasome promotes the production of IL-1β at post-transcriptional level. In the process of infection and tissue injury, serum amyloid A (SAA), an acute-phase reactant, is highly increased in circulation (12–14). Previously, we reported that epidermis-derived SAA was a trigger of IL-1β secretion from keratinocytes (15). However, the impact of SAA on circulatory immune cells is largely unknown.

Metabolomics refers to the identification and analysis of multiple end products in metabolism. The systemic metabolism is closely related to the pathological process of disease (16, 17). In previous metabolomic researches, metabolite perturbations in psoriasis vulgaris (PV) have been identified. The metabolite profiles might serve as potential biomarkers of PV severity and predictors of therapeutic response (18–24). However, the metabolomic signature of GPP and its effects on hyperinflammation in GPP remains to be investigated.

Here, we have applied serum non-targeted and targeted metabolomic analysis in patients with GPP. A significant decrease of overall levels of serum amino acids were observed in GPP patients. In functional study, we demonstrated that amino acid starvation dampened NACHT, LRR and PYD domains-containing protein 3 (NLRP3) inflammasome activation and IL-1β production induced by SAA in monocytes. The subsequent mechanistic study revealed a critical role for general control nonderepressible-2 kinase (GCN2) activation underlying the immune-modulatory effect of amino acid starvation. Our data suggested that amino acid starvation might function as a feedback mechanism preventing the hyperinflammation in GPP progression.



Materials and Methods


Subjects

24 GPP patients, 12 PV patients and 12 healthy controls (HC) were recruited between April 2017 and October 2019. All the patients were Chinese and inpatients at Shanghai Skin Disease Hospital of Tongji University. Clinical information on age, gender, body mass index (BMI), serum albumin, C-reactive protein (CRP), serum calcium, lymphocyte count, neutrophil count, neutrophil/lymphocyte ratio, arthritis and nonalcoholic fatty liver disease (NAFLD) status were recorded. The GPP severity score in each case was calculated with reference to the Japanese Dermatological Association (JDA) severity score for GPP. Serum samples from patients and HC were collected and stored at -80°C.



Non-Targeted Metabolomic Profiling and Data Extraction

Metabolite extraction and gas chromatography-mass spectrometry (GC-MS) were carried out as described previously (25). 200 μl of methanol was mixed with each sample to precipitate proteins and then left standing at room temperature for 10 min. 150 μl supernatant was obtained by centrifugation and then dried in the nitrogen stream at 40°C. The dried samples were mixed with methoxyamine pyridine solution. We performed an oximation reaction and silylation reaction in 40°C oven, then we centrifuged the solution following the derivatization reaction. Finally, we analyzed the supernatant using GC-MS.

We then analyzed the samples with GC-MS based on an Agilent 7890B GC system linked to an Agilent 5977A MSD system (Agilent Technologies Inc, Folsom, California). The carrier gas was Helium (1 ml/ml). The injector temperature and volume were 260°C and 1 µl. To get a better sensitivity of the chromatographic process, the adopted temperature procedure was: the initial 60°C, to 125°C (8°C/min), to 210°C (5°C/min), to 270°C (10°C/min), to 305°C (20°C/min) and 305°C (5 min). In addition, the temperature of MS quadrupole was 150°C, while ion source was 230°C. We carried out the detection using electron impact ionization (70 eV) in the full-scan monitor mode (m/z 50-500). Then we randomized the injection sequence and used a quality control (QC) to verify the quality of the data. We obtained the crude data sets comprising peak names, sample information, peak area, retention time, and quality score ratio. After deleting all the pseudo positive peaks, the data were normalized. The peaks of the same compounds were combined.



Metabolomic Data Analysis

The differential metabolite identification was performed using the Progenesis QI software (Waters Corporation, Milford, USA) and the metabolome database of Shanghai Lu-Ming Biotech Co. Ltd (Shanghai, China). Univariate assay was adopted to determine significantly perturbed metabolites between GPP patients and healthy controls using two-sample t-test. Crude P was adjusted by Benjamini and Hochberg method. We performed a false discovery rate (FDR) control in multiple comparisons. For multivariate assay, we carried out principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). R2 and Q2 scores were obtained to examine the model validity, which was further verified by the permutation test. In OPLS-DA model, variable importance in the projection (VIP) values were calculated, while P-values were examined in t-test. In the comparison between GPP and HC, those metabolites with VIP > 1.0 and P-values < 0.05 were deemed to be significantly different.



Weighted Correlation Network Analysis (WGCNA)

Network and clustering analysis were performed using the WGCNA R package (26). Topological overlap matrix (TOM) was generated from adjacency matrix. Based on the TOM‐based dissimilarity, we allocated metabolites into 3 modules. In order to determine critical modules, minimal module size was set as 20, cut height as 0.25, and soft-thresholding power as 3 (scale free R2 = 0.9). The module with the strongest association with disease status was chosen to investigate the biological function by pathway enrichment analysis. Associations among metabolites within the blue module were projected as nodes and edges with Cytoscape (version 3.8).



Pathway Enrichment Analysis

Pathway enrichment analysis was performed on metabolites within the blue module in WGCNA for further biological interpretation. For pathway topology assay, we calculated the relative-betweenness centrality. Pathway enrichment analysis (P-values < 0.05) and pathway topology analysis (impact values > 0.1) were used to choose potential targets. Identification of pathways was carried out utilizing MetaboAnalyst 4.0 (27).



Amino Acid-Targeted Metabolomics

The levels of serum amino acids were measured using ultra-performance liquid chromatography-tandem-mass spectrometry (UPLC-MS/MS) as reported previously (28). UPLC separation was carried out by an Agilent 1290 Infinity II series UPLC System (Agilent Technologies), equipped with a Waters ACQUITY UPLC BEH Amide column. A gradient elution program was used in the UPLC system. The metabolite analysis was performed using Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies). For quantification, the optimal multiple reaction monitoring (MRM) parameters for each metabolite were determined. Agilent MassHunter Work Station Software (Agilent Technologies) was adopted to acquire and process the MRM data.



Monocyte Isolation and Culture Conditions

We isolated human monocytes using Ficoll-Paque density-gradient centrifugation and EasySep Direct Human Monocyte Isolation Kit (Stemcell Technologies, Grenoble, France). The monocytes were cultured in the presence or absence of SAA (0.01-10 μg/ml; Peprotech, Rocky Hills, NJ, USA) in either amino acid-free (AAF) medium or normal DMEM medium for up to 24 h. The “AAF” culture indicate amino acid-free DMEM (USBiological, Massachusetts) plus 10% FBS.



Enzyme-Linked Immunosorbent Assay (ELISA)

Monocytes were seeded in 12-well plates. After treatment, we collected the culture supernatants and pelleted cell debris by centrifuging. IL-1β ELISA kit (R&D systems, Minneapolis, MN, USA) was used to analyze the supernatants. Serum SAA levels were evaluated by ELISA kit (R&D systems).



Real-Time RT-PCR

RNA isolation and real-time RT-PCR was performed as described earlier (15). Sample data are presented as fold induction compared to control cells.



Flow Cytometry

The monocytes were pretreated with normal medium or AAF medium overnight, and then stimulated with 10 μg/ml SAA for 15 min. Phosphorylation of NF-κB 65 was analyzed by flow cytometry as described previously (15). In short, the monocytes were fixed and permeabilized.

We then stained the monocytes with phycoerythrin (PE)-labelled phospho-p65 antibody (BD Biosciences). LSRII FACS analyzer (BD Biosciences) was used to analyze the stained monocytes. To measure ROS levels, treated monocytes were cultured with CM-H2DCFDA (Invitrogen, Carlsbad, CA, USA) for 30 min at 37°C, and tested by flow cytometry.



Western Blot

We collected treated monocytes and lysed them with RIPA buffer. Electrophoresis with 8%-12% SDS-polyacrylamide gel was used to separate proteins. We then transferred the proteins onto a PVDF membrane (Millipore, Bedford, MA). After blocking the membrane with 2% BSA for 1 hour at room temperature, we incubated the membrane overnight at 4°C with the primary antibodies against NLRP3 (ab263899, Abcam), cleaved caspase-1 (D57A2, Cell Signaling Technology), GCN2 (ab134053, Abcam), phospho-GCN2 (ab75836, Abcam) and β-actin (ab8227, Abcam). We probed the membranes with horseradish peroxidase-conjugated secondary antibodies, and then developed the membranes with an enhanced chemiluminescence system.



Knockdown of NLRP3 and GCN2 Expression

To knockdown endogenous NLRP3 and GCN2 expression, transfection of siRNA oligonucleotides (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were adopted as described previously (15). The healthy monocytes were transfected with either a siRNA targeting NLRP3, GCN2 or a control siRNA and cultured for 7 h at 37°C. The monocytes were then stimulated with SAA (10 μg/ml) in the presence of AAF medium for 24 h, the supernatant was collected for IL-1β ELISA analysis.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9 or the R (http://www.R-project.org). Unpaired Student’s t-test or one-way ANOVA with Dunnett’s post hoc test were used to determine the significance of differences between groups. All data represent the mean ± SD. P < 0.05 was considered a statistically significant difference.




Results


Circulating SAA Induces IL-1β Secretion From GPP Monocytes

Monocytes are producers of a variety of inflammatory cytokines, thus a major contributor in cytokine storm (29). However, whether monocytes can actually contribute to the pathogenesis of GPP needs investigation. Therefore, we sought to examine the mRNA level of IL-1β (pro-IL-1β mRNA) in human blood monocytes isolated from GPP, PV patients and HC. Pro-IL-1β mRNA was upregulated in GPP monocytes compared to that in PV and HC monocytes (Figure 1A). Analysis of monocyte culture supernatants confirmed the significant upregulation of IL-1β in GPP group, as compared to PV and HC groups (Figure 1B). Moreover, NLRP3 mRNA was also upregulated in GPP monocytes, suggesting NLRP3 inflammasome activation (Figure 1C).




Figure 1 | Production of IL-1β from blood monocytes induced by SAA. (A) Blood monocytes were isolated from GPP, PV and HC. Pro-IL-1β mRNA levels were measured by real-time RT-PCR. (B) Monocytes from GPP (n = 8), PV (n = 8) and HC (n = 8) were cultured ex vivo for 24 h, and then IL-1β in the supernatants was quantified by ELISA. (C) NLRP3 mRNA fold change in monocytes from GPP (n = 8), PV (n = 8) and HC (n = 8) were examined using real-time RT-PCR. (D) Serum levels of SAA in patients with GPP (n = 24), PV (n = 12), and HC (n = 12). (E) Healthy monocytes were transfected with siRNA targeting NLRP3 (siNLRP3) or a non-specific siRNA (siControl), and then cultured with SAA (10 μg/ml) for 24 h The supernatants were tested with IL-1β ELISA. Data are presented as mean ± SD, and are assessed by One-way ANOVA and Dunnett’s post hoc test.



Previous reports and our work suggested that SAA was an inducer of IL-1β production (15, 30). Here, we tested serum SAA levels in GPP and PV as well as HC. The levels of serum SAA in GPP patients were significantly higher than PV patients and HC, while the difference between PV and HC groups was not significant (Figure 1D).

We postulated that elevated SAA in GPP serum might stimulate IL-1β production in monocytes. To explore this speculation, healthy monocytes were cultured with SAA, and then IL-1β secretion was measured. As shown in Figure 1E, SAA significantly enhanced the expression of IL-1β. Moreover, NLRP3 knockdown by siRNA significantly suppressed SAA-mediated IL-1β release, suggesting an involvement of NLRP3 inflammasome in the process.



GPP Serum Exhibits a Distinct Metabolomic Signature

During cytokine storm in GPP, the immune function of monocytes is affected and regulated by the mediators in circulation. We speculated that the end-point products of metabolism in circulation might be possible candidates. Therefore, we explored the metabolomic signature in GPP serum. 24 GPP patients, 12 PV patients and 12 HC were recruited. The prevalence of general factors such as age, gender, BMI, as well as comorbidities like arthritis and NAFLD were not significantly different among the three groups (Table 1). The serum albumin level, CRP, neutrophil count, neutrophil/lymphocyte ratio in GPP were higher than healthy controls, while serum calcium and lymphocyte count were lower in GPP patients.


Table 1 | Baseline demographics and disease characteristics.



363 metabolites were identified using GC-MS. The PCA scoring plot showed a distinct separation in samples of GPP vs HC, and PV vs HC (Figure 2A). Figure 2B also showed that the GPP patients and HC are well distinguished by the OPLS-DA scores plot. The OPLS-DA model (R2Xcum = 0.152, R2Ycum= 0.771, Q2cum= 0.711) generated by 10-fold cross-validation indicated a satisfied robustness of the model (Figure 2C). To further validate this OPLS-DA model, a 1000-time permutation test was performed. Figure 2D showed that the empirical P-values for R2Y and Q2 were all < 0.001. In addition, PV patients and HC were well separated by OPLS-DA model (Supplementary Figure S1). These results demonstrated that the serum metabolic perturbation can distinguish GPP and PV patients from HC.




Figure 2 | Non-targeted metabolomics profiling analysis for serum from GPP, PV and HC. (A) PCA scores plot of non-targeted GC-MS from the GPP (n = 24), PV (n = 12) and HC (n = 12) groups. (B) OPLS-DA score plots from the GPP (n =24) and HC (n = 12) groups. (C) Parameters of the OPLS-DA model (R2Y = 0.771, Q2Y = 0.711). (D) 1000-fold cross-validation of the OPLS-DA model by label permutation. P < 0.001 for R2Y and Q2Y. (E) Number of significantly different metabolites between GPP vs HC and PV vs HC. (F) The shared differential metabolites in the GPP vs HC and PV vs HC were visualized by Venn diagram. (G) Heatmap representing the contents of 69 differential metabolites, showing clear separation of GPP from PV and HC.



Based on VIP-values (VIP > 1) in the OPLS-DA model and t-test (P < 0.05) separating GPP patients from HC, a set of 69 metabolites were screened as significantly changed in GPP patients compared to HC, including 34 increased metabolites and 35 decreased metabolites (Table 2). Compared with HC, 110 metabolites were detected in PV group, including 98 increased metabolites and 12 decreased metabolites (Figure 2E). Furthermore, there were 37 common metabolites in the comparisons between GPP vs HC group and PV vs HC group (Figure 2F). Figure 2G showed a heatmap visualizing the metabolic perturbations in GPP.


Table 2 | Significantly altered serum metabolites in GPP patients.





Amino Acid Starvation Is Characteristic of GPP Circulation

To further identify clusters of metabolites that might be associated with GPP, a metabolite co-abundance network was constructed on the 363-metabolite data set using WGCNA method. Using average linkage hierarchical clustering, a total of 3 modules of co-abundant metabolites, ranging from 31 to 195 metabolites, were constructed (Figure 3A). To determine disease-relevant modules associated with GPP, we investigated the module-trait relationships by computing the biweight midcorrelations between each module eigenmetabolite (the module representative which summarises metabolite profiles within the module) and disease status. The blue module, comprising 37 metabolites, was negatively correlated with GPP phenotype, but positively correlated with PV and HC group (Figure 3B). The module eigen-metabolite (ME) values were significantly decreased in GPP samples compared to PV and HC samples (Figure 3C). Within GPP group, ME values showed negative correlation with severity scores and CRP levels, and positive correlation with albumin levels, but no correlation with neutrophil counts (Figure 3D).




Figure 3 | Metabolite co-abundant network analysis. (A) Network cluster dendrogram constructed by hierarchical clustering of the metabolomic dataset. Three network modules were demonstrated in different colors. (B) Heatmap of the correlation between module eigen-metabolites and disease status. The heatmap cell color signified the correlation coefficients (red = positive, blue = negative). In the cells, the figure without parentheses showed the correlation coefficients. The P-values were indicated below in parentheses. (C) The eigen-metabolite values of blue module separate GPP (n = 24) from both HC (n = 12) and PV (n =12) groups by one way ANOVA. (D) The correlation between blue module eigen-metabolite values and GPP clinical parameters including severity scores, GPP levels, neutrophil counts, and albumin levels, as assessed by Pearson’s correlation. (E) Summary of pathway topology analysis of the metabolites within the blue module, with the target pathways being selected and labeled. (F) Network of metabolites within the blue module was constructed by Cytoscape (edge weight > 0.3. The metabolites and connections between them are represented by nodes and edges. The red color indicates the top 5 metabolites with the highest number of connections. Strong connections are visualized as wider lines.



To reveal potential biological functions of metabolite within the blue module, pathway enrichment analysis was conducted via an interactive visualization framework. Pathway enrichment and topology analysis was performed to select the potential target pathways. As shown in Figure 3E, amino acid metabolism constituted all the selected 6 biological pathways.

The connections between the metabolites in the blue module were selected from the metabolite network with an edge weight > 0.3, generating a network of 27 nodes and 88 edges. Cytoscape was used to visualize the networks highlighting edge weight and degree (Figure 3F). Top 5 metabolites (UDP-GlcNAc, tryptophan, threonine, alanine and lysine) demonstrated the highest number of connections, highlighting them as potentially co-regulated hub metabolites in GPP.

Our non-targeted metabolomic analysis showed significant perturbations of amino acids in sera of GPP patients, suggesting a possible role of amino acid metabolism in GPP. Next, the levels of amino acids in GPP patients, PV patients and HC were confirmed by amino acid-targeted metabolomics. The levels of glycine, histidine, asparagine, methionine, threonine, lysine, valine, isoleucine, tryptophan, tyrosine, alanine, proline, taurine and cystathionine were significantly decreased in GPP patients compared to HC, while only histidine, tryptophan, taurine and cysathionine were significantly different between PV and HC (Figure 4).




Figure 4 | Amino acid alterations in GPP serum identified by targeted metabolomics. Boxplot of the 14 differential amino acids including glycine, histidine, asparagine, methionine, threonine, lysine, valine, isoleucine, tryptophan, tyrosine, alanine, proline, taurine and cystathionine in GPP (n = 24), PV (n = 12) and HC (n =12) serum. Data are presented as mean ± SD, and are assessed by One-way ANOVA and Dunnett’s post hoc test.



We next investigated the correlation between the levels of the perturbed amino acids and clinical and serological markers of disease activity in GPP using Pearson partial correlation analysis (adjusted for gender, age and BMI). Tryptophan, histidine, tyrosine, alanine and taurine were significantly correlated with all the GPP clinical parameters (Figure 5A). In particular, the most strongly correlated amino acid was tryptophan, suggesting an inflammation-associated tryptophan catabolism.




Figure 5 | Biomarker analysis of the amino acid in GPP. (A) Pearson partial correlation analysis (adjusted for gender, age and BMI) between 14 amino acids and clinical traits of GPP including JDA severity scores, CRP levels, albumin levels and calcium levels. (B) The performance prediction of metabolites as potential biomarkers is demonstrated as ROC curves. Four metabolites of AUC values higher than 0.9 were shown.



Next, multivariate receiver operating characteristic (ROC) curve analysis was performed to separate GPP from HC. A high-efficiency prediction of potential biomarkers was well achieved, with the area under the curve (AUC) values of 4 amino acids (alanine, threonine, proline and histidine) ranging from 0.90 to 1.00 (Figure 5B).



Amino Acid Starvation Dampens SAA-Triggered IL-1β Production in Monocytes

Our results revealed that most of the amino acid species were significantly decreased in GPP serum, however, the role of the alteration in amino acid levels in GPP pathogenesis is unknown. It was therefore of interest to investigate whether amino acid limitation could influence SAA-induced IL-1β secretion from monocytes. To this aim, normal human monocytes were cultured in the presence of SAA in either amino acid-free (AAF) medium or normal complete medium. AAF medium incubation significantly dampened the SAA-induced IL-1β secretion (Figure 6A).




Figure 6 | Inhibition of SAA-induced IL-1β by amino acid starvation. (A, B) Healthy monocytes were exposed to normal complete medium or AAF medium in the presence of SAA for 24 h IL-1β secretion was examined by ELISA (n = 6), while pro-IL-1β mRNA was measured by real-time RT-PCR (n = 6). (C) Healthy monocytes were exposed to normal complete medium or AAF medium for 12 h, and then were stimulated with SAA (10 μg/ml) for 15 min. The phosphorylation of NF-κB p65 was measured using flow cytometry. Representative dot plots and mean phospho-p65+ cells (%); mean ± SD were acquired from four independent analyses. (D) Healthy monocytes were cultured with 10 μg/ml SAA for 24 h plus normal complete medium or AAF medium. NLRP3 and active caspase-1 were examined using Western blot. Representative figures of four independent analyses are shown. (E) Healthy monocytes were cultured with SAA for 2 h, 12 h and 24 h in the presence of normal complete medium or AAF medium. Then the melanocytes were stained by CM-H2DCFDA, and ROS generation was tested using flow cytometry. Representative histograms and mean fluorescence intensities (MFI) were acquired from four independent analyses.



The production of mature IL-1β is mediated transcriptionally and post-transcriptionally. AAF medium incubation did not modify SAA-induced pro-IL-1β mRNA expression (Figure 6B). Consistently, SAA-triggered NF-κB activation was not influenced by AAF medium culturing (Figure 6C). These data suggested that amino acid starvation might reduce IL-1β secretion in monocytes on post-transcriptional level instead of transcriptional level. At the post-transcriptional level, AAF medium culturing modulated the expression of NLRP3 and active caspase-1 induced by SAA (Figure 6D), suggesting the activation of NLRP3 inflammasome by SAA could be suppressed by amino acid deficiency.

We previously reported that ROS was involved in SAA-mediated inflammasome activation and IL-1β release at the post-transcriptional level (15). We therefore examined the effect of amino acid starvation on SAA-induced ROS generation. As shown in Figure 6E, ROS formation in monocytes increased significantly following SAA stimulation, while AAF medium incubation partially abrogated this effect, suggesting that amino acid starvation might inhibit IL-1β production through ROS suppression.



The Modulatory Effect of Amino Acid Starvation on IL-1β Release Is Dependent on GCN2

The sensing of amino acid deficiency by GCN2 and triggering of downstream events is referred to as amino acid response (AAR) pathway (31, 32). Given that amino acid starvation decreased the ROS generation and IL-1β production induced by SAA, we tested whether amino acid depletion could activate the GCN2 in monocytes. While phosphorylation of GCN2 was not increased by SAA stimulation, co-stimulation with SAA and AAF medium induced GCN2 activation in monocytes (Figure 7A). To examine the role of GCN2 in the effect of amino acid starvation on NLRP3 inflammasome and IL-1β production, we inhibited GCN2 expression by siRNA (Figure 7B). Knockdown of GCN2 rescued the reduction in NLRP3 and caspase-1 expression induced by AAF medium (Figure 7C). Inhibition of GCN2 expression restored the ROS levels decreased by AAF medium (Figure 7D). Consistently, the reduction of IL-1β by AAF medium was also rescued by GCN2 knockdown (Figure 7E). These data indicated that the suppressed NLRP3 inflammasome, ROS generation and IL-1β production by amino acid starvation is dependent on GCN2.




Figure 7 | Involvement of GCN2 in the effects of amino acid starvation. (A) Healthy monocytes were stimulated with SAA in the presence of normal complete medium or AAF medium. Protein expression of phosphor-GCN2 and GCN2 were measured by Western blot. Data are from one experiment representative of four. (B) Healthy monocytes were transfected by siRNA targeting GCN2 (siGCN2) or a non-specific siRNA (siControl). GCN2 protein was examined by Western blot. Data are from one analysis representative of four. (C) siRNA-transfected monocytes were treated with 10 μg/ml SAA for 24 h in the presence of normal complete medium or AAF medium. NLRP3 and the active caspase-1 were measured by Western blot. Representative blots of four independent analyses are shown. (D) siRNA-transfected monocytes were then cultured with 10 μg/ml SAA under AAF condition for 24 h Then the melanocytes were stained by CM-H2DCFDA, and ROS generation was tested using flow cytometry. Representative histograms and MFI were acquired from four independent analyses. (E) siRNA-transfected monocytes were then stimulated by SAA (10 μg/ml) plus AAF medium, and culture supernatants were tested for IL-1β. The data represent the mean ± SD of four analyses.






Discussion

Metabolomics focuses on the relationship between disease and metabolic perturbation, based on techniques such as UPLC-MS/MS and GC-MS (17). In the present study, our results identified perturbations in circulating metabolome of GPP patients compared with healthy controls using non-targeted GC-MS and targeted UPLC-MS/MS. In particular, we noted differences in metabolites related to amino acid metabolism. Although a clear linkage between PV and perturbed circulating amino acids has been established in several studies (18–22), there is a paucity of information on GPP. A significantly upregulation of most amino acids in PV has been reported, paralleling with the disease severity score (18, 21). Moreover, treatment of psoriasis shifted the disease-specific trends in plasma metabolites toward that of normal subjects. In contrast, a downregulation of glucogenic amino acids, branched-chain amino acids, sulfur-containing amino acids and essential amino acids in GPP were observed in the current study. The sharp contrast in metabolic shift in PV and GPP suggested that GPP might not be, from a metabolomic view, an escalation of PV along a common metabolic spectrum, but a particular variant of psoriasis.

The responsible mechanisms for the observed shifts in circulating metabolites are largely unknown. It was speculated that increased levels of amino acids in PV is due to enhanced protein synthesis during keratinocyte hyperproliferation (18). The acute onset of GPP is frequently accompanied by elevated levels of acute-phase protein and decreased levels of serum albumin. The catabolic rates of patients during acute-phase reaction are faster than the anabolic rates (33). This phenomenon might be associated with inflammatory cytokines like IL-1β, IL-6 and TNF-α (34). We thus speculated that GPP is related to elevated metabolic level in the liver. Triggered by systemic inflammatory cytokines, amino acids are transferred to the liver for protein synthesis, like acute-phase proteins, leading to downregulation of serum amino acid levels in GPP.

Granulocyte and monocyte apheresis (GMA) has been recently used in GPP treatment. During GMA treatment, circulating granulocytes and monocytes are eliminated from bloodstream (35). GMA has shown clinical efficacy in patients with GPP (36, 37). In addition, a significant downregulation in IL-1β, IL-6, and TNF-α has been observed following GMA therapy (38). Monocytes take part in a variety of immune function processes including cytokine production, phagocytosis and antigen presentation. Circulating monocytes also migrate into peripheral tissues to differentiate into macrophages or dendritic cells. The dramatic immunomodulatory effects of GMA on GPP supports the speculation that blood monocytes, as a major source of inflammatory cytokines, might be an essential part of innate immune response of GPP.

A principal determinant of GPP appears to be a cytokine storm corresponding to that seen in other sterile and non-sterile inflammation. Clinical markers of cytokine storm include increased circulating CRP and erythrocyte sedimentation rate. Observational studies have noted upregulation of a variety of circulating cytokines in GPP (39, 40). It has been shown that GPP lesions furnished higher IL-1β and IL-1RN mRNA expression than PV (2). Recently, it was reported that patients with severe pustular psoriasis showed substantial clinical response to anti-IL-1β gevokizumab and canakinumab (6, 7), suggesting a critical involvement of IL-1β in GPP pathogenesis. Despite IL-1β mRNA is elevated in GPP skin, it is not conclusive whether IL-1β protein expression is also upregulated in circulating myeloid cells like monocytes. Here, we showed that blood monocytes from GPP patients secret increased pro-inflammatory IL-1β, which parallels with the speculation that circulating monocytes boost a cytokine storm during GPP progression.

One critical question is how IL-1β secretion is triggered and regulated in GPP monocytes. Our previous studies have shown that SAA stimulated NLRP3 inflammasome pathway in keratinocytes resulting into IL-1β upregulation (15). Here, our data suggested that monocyte was another target of SAA. In systemic inflammation, the synthetic capacity of the liver has been focused on the production of SAA and other acute-phase proteins (41). Moreover, previous studies demonstrated that SAA was increased in psoriatic epidermis (42, 43). Here, we speculated that both liver and inflamed skin might be source of increased SAA in GPP patients. Considering that IL-1β is a trigger for SAA production, SAA might act as a connection in monocyte function and acute-phase reaction, forming a feed-forward and vicious loop in GPP.

Amino acid are not only vital nutrients for cellular homeostasis but also as the signaling molecules. To maintain cellular homeostasis, the availability of amino acids should be efficiently sensed (44). The amino acid starvation environment is sensed by GCN2, which is referred to as AAR pathway. During amino acid scarcity, uncharged tRNAs accumulate in the cell and activate GCN2 to launch a downstream pathway (32). In our study, the WGCNA and pathway analysis revealed aminoacyl-tRNA biosynthesis as the metabolic pathway most strongly associated with GPP, suggesting the activation of AAR pathway by amino acid decrease.

The NLRP3 inflammasome activation is dependent on both NF-κB pathway and generation of intracellular ROS (10). Previously, it has been shown that GCN2 knockout mice produced more ROS (31). Consistently, in the present study, we demonstrated that amino acid starvation could dampen the ROS generation. ROS-associated signaling pathway might be involved in the pathogenesis of systemic inflammation like psoriasis (45). Therefore, we hypothesize that amino acid abundance might be a promising therapeutic target in ROS-associated pathogenesis in a vast array of inflammatory disorders.

In summary, we explored the GPP serum metabolic profile using a global metabolomics approach. The levels of circulating amino acids were decreased in GPP and were useful in monitoring the severity of the disease. In functional study, we demonstrated that amino acid deficiency suppressed the IL-1β production from monocytes through GCN2-AAR pathway. Our data revealed a novel regulatory mechanism of circulating metabolomic signature on innate immune responses in GPP (Figure 8). These data might contribute to the comprehension of immunopathogenesis of GPP, and help to design therapeutic intervention against this severe inflammatory disease.




Figure 8 | Proposed model of the feedback mechanism by which low amino acids suppress IL-1β expression in GPP. In GPP, IL-1β and other inflammatory cytokines induce dramatic upregulation of acute-phase proteins including SAA. SAA activates the NLRP3 inflammasome pathway and secretion of mature IL-1β from blood monocytes as an amplification loop; on the other hand, the acute-phase reaction results into amino acid starvation in circulation. Low amino acids induce activation of GCN2, which decreases ROS levels, thereby inhibiting NLRP3 inflammasome pathway and IL-1β release, as a negative feedback mechanism.
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OEBPS/Images/table2.jpg
Classification Metabolite vIP* P-valuet FC* Trend AUC
Amino acids, peptides, and analogues 4-aminobutyric acid (GABA) 229 5.97E-07 2.33 Up 1.000
Glyeyl proline 1.03 4.72E-04 1.27 Up 0.917
Tranexamic acid 241 3.53E-07 2.48 Up 1.000
Tyramine 1.62 2.40E-08 1.44 Up 1.000
Kynurenine 1.63 9.41E-04 1.7 Up 0.910
3-amino-2-piperidone 1.48 1.07E-02 0.56 Down 0.851
Allantoic acid 1.40 8.77E-03 0.59 Down 0.806
Glycine 1.44 6.61E-03 0.56 Down 0.840
Alanine 143 4.11E-05 0.65 Down 0.944
Asparagine 1.63 7.65E-03 0.50 Down 0.826
Cystathionine 121 6.82E-03 0.64 Down 0.799
Histidine 278 8.68E-06 0.29 Down 0.962
Isoleucine 1.14 1.07E-02 0.66 Down 0.781
Lysine 1.65 5.97E-05 0.56 Down 0.927
Methionine 1.16 1.10E-02 0.65 Down 0.760
Proline 1.67 2.04E-05 0.59 Down 0.951
Threonine 1.68 4.68E-04 0.52 Down 0.931
Tyrosine 1.33 3.96E-03 0.65 Down 0.823
Valine 1.16 1.85E-03 071 Down 0.833
Taurine 1.99 1.20E-03 0.43 Down 0.875
Tryptophan 1.21 2.35E-02 0.68 Down 0.778
Cysteine-glycine 237 2.04E-05 0.37 Down 0.944
N-methylleucine 1.99 4.31E-02 0.24 Down 0.806
Benzene and substituted derivatives 4-aminophenol 1.39 4.68E-04 0.68 Down 0.889
3-hydroxybenzoic acid 1.83 4.68E-04 1.92 Up 0.993
Phthalic acid 1.61 2.29E-03 0.56 Down 0.875
Organic acids and derivatives Pyruvic acid 1.96 3.29E-02 2.25 Up 0.760
2-hydroxybutyric acid 163 4.51E-02 2.08 Up 0.844
3-hydroxybutyric acid 2.30 2.65E-02 5.02 Up 0.861
Maleic acid 131 1.88E-02 0.57 Down 0.799
Alpha-ketoisovaleric acid 1.56 6.61E-03 1.58 Up 0.788
Aconitic acid 121 7.65E-03 1.47 Up 0.844
Isocitric acid 1.34 7.53E-03 1.69 Up 0.931
Organic oxygen compounds Glucose 270 6.94E-06 3.32 Up 1.000
Glucose-1-phosphate 1.60 5.11E-03 1.80 Up 0.927
D-xylose 1.28 6.16E-03 0.66 Down 0.844
Quinic acid 214 4.95E-02 0.17 Down 0.760
Phytanic acid 1.23 7.65E-03 0.67 Down 0.802
Lipids and lipid-like molecules 3-hydroxyisovaleric acid 147 4.85E-02 2.03 Up 0.837
4-hydroxybutyric acid 125 7.95E-04 1.41 Up 0.868
Behenic acid 1.03 3.57E-02 1.34 Up 0.809
Cis-gondoic acid 218 9.71E-04 242 Up 0.927
Heptadecanoic acid 1.03 1.49E-02 1.34 Up 0.868
Palmitelaidic acid 266 1.69E-03 3.49 Up 0.899
Palmitic acid 1.22 1.35E-03 1.38 Up 0.941
Stearic acid 1.00 6.61E-03 1.28 Up 0.913
Oleic acid 218 4.32E-05 0.37 Down 0.858
Delta-tocopherol 1.54 9.71E-04 1.63 Up 0.885
Linoleic acid 1.44 4.05E-03 1.60 Up 0.882
Dodecanol 1.80 6.86E-05 1.78 Up 0.972
Hydroxycoumarins Scopoletin 1.86 1.40E-04 1.88 Up 0.931
Non-metal pyrophosphates Pyrophosphate 224 3.82E-07 0.43 Down 0.983
Organoheterocyclic compounds Allantoin 174 6.61E-03 0.52 Down 0.830
7-methylguanine 1.63 9.41E-04 0.52 Down 0.854
2-picolinic acid 121 3.96E-03 1.41 Up 0.931
Pyridoxine 1.21 1.13E-03 0.73 Down 0.851
Uracil 1.72 2.43E-03 1.89 Up 0.969
Unclassified 4-(dimethylamino)azobenzene 1.63 1.40E-03 1.73 Up 0.892
Uridine 1.33 4.68E-04 0.63 Down 0.865
1,3-dihydroxypyridine 1.05 3.83E-03 1.31 Up 0.854
3-desoxypentitol 1.37 1.61E-02 1.68 Up 0.861
Dihydroxymalonic acid 1.04 6.82E-03 1.29 Up 0.844
1,2-Hexadecanediol 1.30 6.60E-04 1.48 Up 0.896
Xylofuranose 1.63 2.94E-03 1.81 Up 0.948
3-hydroxy-3-(4'-hydroxy-3'-methoxyphenyl)propionic acid 1.32 6.58E-04 0.69 Down 0.882
5-tert-butyl-1H-indole-2,3-dione 1.60 1.25E-06 0.65 Down 0.962
Diglycerol 142 2.04E-05 0.78 Down 0.972
Methanephosphonothioic acid 1.59 5.24E-08 0.67 Down 0.979
Methy! glycolate 1.35 2.04E-05 0.70 Down 0.944

*Variable importance in the projection (VIP) was acquired from OPLS-DA with a threshold of 1.0.

"P-values were corrected by Benjamini-Hochberg method with FDR < 5%.
#FC (Fold change) was obtained from the arithmetic mean values of each group. FC > 1 suggests a relatively higher concentration present in model cell while FC < 1 represents a lower

concentration compared with the controls.
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GPP patients (n = 24)

Age (years), mean + SD 46.2 £ 141
Male, % (n) 25.0 ()
BMI (Kg/m?), mean + SD 245+ 6.7
Albumin (g/L), mean + SD 34.0 £ 5.5
CRP (mg/L), mean + SD 89.0 £ 55.1**
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Neutrophil count (x10%/L), mean + SD 9.3+ 4.1™
Neutrophil/Lymphocyte, mean + SD 9.0+ 7.4
PASI, mean + SD /
Severity index, median (range) 11.5 (8-16)
Psoriatic arthritis, % (n) 45.8 (11)
NAFLD, % (n) 41.7 (10)

PV patients (n = 12)

42.0 £ 14.4
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HCs (n = 12)
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GPP, generalized pustular psoriasis; PV, psoriasis vulgaris; HCs, healthy controls; BMI, body mass index; CRP, C-reactive protein; PASI, psoriasis area and severity index; NAFLD,
nonalcoholic fatty liver disease; *P < 0.05 and ***P < 0.001 for the dlifference between GPP and HC, as well as difference between PV patients and healthy controls. P-values are calculated

according to ANOVA (continuous data) or Fisher’s exact test (categorical data).
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