

[image: mTOR Signaling Pathway Regulates the Release of Proinflammatory Molecule CCL5 Implicated in the Pathogenesis of Autism Spectrum Disorder]
mTOR Signaling Pathway Regulates the Release of Proinflammatory Molecule CCL5 Implicated in the Pathogenesis of Autism Spectrum Disorder





ORIGINAL RESEARCH

published: 29 March 2022

doi: 10.3389/fimmu.2022.818518

[image: image2]


mTOR Signaling Pathway Regulates the Release of Proinflammatory Molecule CCL5 Implicated in the Pathogenesis of Autism Spectrum Disorder


Baojiang Wang 1,2, Yueyuan Qin 1, Qunyan Wu 1, Xi Li 2, Dongying Xie 3, Zhongying Zhao 3* and Shan Duan 1*


1 Institute of Maternal and Child Medicine, Affiliated Shenzhen Maternity and Child Healthcare Hospital, Southern Medical University, Shenzhen, China, 2 Laboratory of Medical Genetics, Shenzhen Health Development Research and Data Management Center, Shenzhen, China, 3 Department of Biology, Faculty of Science, Hong Kong Baptist University, Kowloon Tong, Hong Kong SAR, China




Edited by: 

Ute Christiane Meier, Ludwig Ma

ximilian University of Munich, Germany

Reviewed by: 

Ben Marlow, East Suffolk and North Essex NHS Foundation Trust, United Kingdom

Victorio Bambini-Junior, University of Central Lancashire, United Kingdom

*Correspondence: 

Shan Duan
 szippl@163.com 

Zhongying Zhao
 zyzhao@hkbu.edu.hk

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


Received: 19 November 2021

Accepted: 04 March 2022

Published: 29 March 2022

Citation:
Wang B, Qin Y, Wu Q, Li X, Xie D, Zhao Z and Duan S (2022) mTOR Signaling Pathway Regulates the Release of Proinflammatory Molecule CCL5 Implicated in the Pathogenesis of Autism Spectrum Disorder. Front. Immunol. 13:818518. doi: 10.3389/fimmu.2022.818518



Autism spectrum disorder (ASD) is a complex pervasive neurodevelopmental disorder and neuroinflammation may contribute to the pathogenesis of ASD. However, the exact mechanisms of abnormal release of proinflammatory mediators in ASD remain poorly understood. This study reports elevated plasma levels of the proinflammatory chemokine (C-C motif) ligand 5 (CCL5) in children with ASD, suggesting an aberrant inflammatory response appearing in the development of ASD. Mining of the expression data of brain or blood tissue from individuals with ASD reveals that mTOR signaling is aberrantly activated in ASD patients. Our in vitro study shows that suppression of mTOR reduces the gene expression and release of CCL5 from human microglia, supporting that CCL5 expression is regulated by mTOR activity. Furthermore, bacterial lipopolysaccharide (LPS)-induced CCL5 expression can be counteracted by siRNA against NF-κB, suggests a determining role of NF-κB in upregulating CCL5 expression. However, a direct regulatory relationship between the NF-κB element and the mTOR signaling pathway was not observed in rapamycin-treated cells. Our results show that the phosphorylated CREB can be induced to suppress CCL5 expression by outcompeting NF-κB in binding to CREB-binding protein (CREBBP) once the mTOR signaling pathway is inhibited. We propose that the activation of mTOR signaling in ASD may induce the suppression of phosphorylation of CREB, which in turn results in the increased binding of CREBBP to NF-κB, a competitor of phosphorylated CREB to drive expression of CCL5. Our study sheds new light on the inflammatory mechanisms of ASD and paves the way for the development of therapeutic strategy for ASD.
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Introduction

Autism spectrum disorder (ASD) is a complex and heritable neurodevelopmental condition, with a global prevalence of 0.62% (1). The prevalence of ASD is around 1% in China (2), while a higher prevalence rate is estimated to be 1 in 59 children in the USA (3). Although hundreds of genes have been found to be susceptible to ASD, the pathogenesis of ASD remains poorly understood. Microglia, the brain’s resident immune cells, have been shown to be activated in the brains of patients with ASD. There is emerging evidence indicating that inflammation of the brain is associated with microglial activation and might be implicated in the pathogenesis of neuropsychiatric diseases (4). Inflammation would affect a wide array of neurodevelopmental processes, such as neurogenesis, proliferation, apoptosis, synaptogenesis, and synaptic pruning (5), further hence inducing autistic-like behaviors (6, 7). A series of inflammatory molecules have been shown to increase in the brain, cerebrospinal fluid, and peripheral blood of patients with ASD, such as cytokines IL-1β, IL-6, and IL-8 (8).

Chemokine (Cysteine-cysteine motif) ligand 5 (CCL5) is a proinflammatory chemoattractant cytokine, which is produced by platelets, macrophages, eosinophils, fibroblasts, endothelium, epithelial and endometrial cells, indicating the diverse roles of CCL5 in many physiological and pathological processes (9). CCL5 responses are usually mediated through four receptors: CCR1, CCR3, CCR4, and CCR5 (10, 11), which belong to the G protein-coupled receptor family. This chemokine functions as a proinflammatory mediator that can recruit leukocytes to sites of tissue infection, thereby involved in various infectious diseases such as tuberculosis (TB), HIV, hepatitis C virus (HCV), and hand, foot, and mouth disease (HFMD) (12–14). On the other hand, CCL5 was observed to be released from human microglia with stimulation by neurotensin (15). Neurotensin is a proinflammatory neuropeptide that is found to be increased in serum of children with ASD (15). Although CCL5 can be constitutively expressed in the central nervous system (CNS) (16), and our findings also show that it is present at higher levels in the plasma of children with ASD than healthy controls, little is known about the relationship of CCL5 with ASD. Thus, to investigate why this chemokine is significantly increased in ASD will help us understand the underlying mechanisms of immune dysfunction in ASD.

Mammalian target of rapamycin (mTOR), a serine/threonine kinase, mediate cellular responses to environmental nutrient deprivation and thereby control protein synthesis, cell growth, and proliferation (17, 18). Dysregulation in the mTOR pathway could contribute to aberrant synaptic protein synthesis and induce autism development (19), and cause ASD-associated syndromes such as macrocephaly, seizures and learning deficits (20, 21). Approximately 8-10% of autism cases have been identified due to an abnormal mTOR signaling pathway (21). Up to 58% of autism predisposition genes are related to the mTOR signaling activity directly or indirectly (22). All of these evidence suggest that mTOR signaling as a converging pathway is implicated in ASD. mTOR has also been reported to be involved in the regulation of gene expression of inflammatory cytokines produced from various immune cells (23). Here, we report the elevated plasma levels of the chemokine CCL5 in children with ASD, and find out that rapamycin-induced mTOR suppression can down-regulate the expression of CCL5, implying that the use of the mTOR inhibitor may reduce the level of inflammation. Thus, effectively inhibiting this pathway could serve as a potential treatment strategy for ASD. The more detailed mechanisms of how mTOR regulates CCL5 expression were investigated in this study.



Materials and Methods


Participants

All children were assessed by trained ASD clinicians. Total 54 children diagnosed with ASD (mean age: 6.61 ± 3.16 y; range: 1.5-14.75 y) based on the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) symptom list were enrolled into the study. Twenty age-and sex-matched healthy children (mean age, 6.70 ± 3.50 y; range, 1-13 y) were taken as controls. Parents signed an appropriate consent form according to the Helsinki principles. The study was approved by the Ethics Committee of the Shenzhen Maternity and Child Healthcare Hospital, Shenzhen, China.



CCL5 Assay

Fasting blood was collected in the morning from all participants by using EDTA as an anti-coagulant. The plasma was obtained by centrifuging the blood at 3000 × g for 10 minutes at 4°C. The concentration of CCL5 in the plasma samples was determined by using MILLIPLEX MAP Human neurodegenerative disease magnetic bead panel (cat.no.HNDG3MAG-36K, Millipore). Release of CCL5 in cell culture medium was determined by using specific ELISA kits (R&D Systems, USA) according to the corresponding manufacturer’s protocol and measured at 450nm with ELIZA reader (GloMax-Multi+ Detection System, Promega).



Bioinformatics Analysis

Microarray transcriptome data were downloaded from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database under the accession codes of GSE28521 from postmortem brain tissue and GSE18123 from peripheral blood cells. Gene set enrichment analysis (GSEA) was performed for the enrichment of functionally related genes involved in ASD patients based on expression profiles of sample tissues from GEO datasets. GSEA software version 4.0.3 was used, and predefined gene sets from the Molecular Signatures Database (MSigDB) were selected for GSEA (24, 25). On the other hand, differentially expressed genes lists achieved by using online software GEO2R were applied to the “core analysis” module of QIAGEN’s Ingenuity Pathway Analysis (IPA, Version 8.8, Ingenuity ® Systems) to explore those canonical pathways involved in ASD. Fisher’s exact test was used to calculate a p-value for each enriched pathway, with a threshold of 0.05 set for significance.



Microglia Treatments

Human microglia cell HMC3 was purchased from ATCC and cultured in MEM supplemented with 10% (vol/vol) FBS. siRNA (50nM) transfection was carried out using Lipofectamine RNAiMAX in Opti-MEM reduced serum and antibiotic-free medium for 48h. Inflammation response was stimulated by bacterial lipopolysaccharide (LPS, 0 – 8 µg/mL, 48 h; Cell Signaling Technology). mTOR inhibitor treatment was carried out by adding rapamycin (0-600nM, 48 h; MCE) to the culture medium. To inhibit the interaction between kinase-inducible domain (KID) from phosphorylated CREB and KID-interacting domain (KIX) from CREB binding protein (CREBBP), NSC 228155 (100 µM; MCE) was employed to treat HMC3 cells for 15min.



qRT-PCR and Western Blot Analysis

Evaluation of gene expression at the transcriptional level was carried out by quantitative real-time (qRT)-PCR using the double Delta-Ct method with GAPDH as the reference gene. Primers used are as follows: CCL5 5’-TCTACACCAGTGGAAGTGCTC-3’ (forward) and 5’- CACACACTTGGCGGTTCTTC -3’ (reverse); GAPDH 5’-GTCAGCCGCATCTTCTTTTG-3’ (forward) and 5’-GCGCCCAATACGACCAAATC-3’ (reverse). Separation of proteins were performed on the WES system (ProteinSimple, USA) equipped with 12-230 kDa Separation Module according to the manufacturer’s instruction, and the following antibodies were used for detection: anti-phospho-mTOR (Ser2448) (Abcam, ab109268, 1:200), anti-mTOR (Cell Signaling Technology, #2983, 1:50), anti-NF-κB p65 (Cell Signaling Technology, #6956, 1:200), anti-phospho-NF-κB p65 (Ser536) (Cell Signaling Technology, #3033, 1:25), anti-CREB (Invitrogen, 35-0900, 1:25), anti-phospho-CREB (Ser133) (MilliporeSigma, 06-519, 1:50), anti-GSK-3β (Cell Signaling Technology, #12456, 1:50), anti-phospho-GSK-3β (Ser9) (Cell Signaling Technology, #9323, 1:50) and anti-GAPDH (Abcam, ab128915, 1:2000).



Statistical Analysis

The analysis for plasma CCL5 levels is presented as a scattergram with symbols representing individual data points and horizontal lines indicating the median with interquartile range for each group. Comparison between ASD group and the control group was performed using a Student-t test or Mann-Whitney U test according to their distribution properties, as determined by the Shapiro-Wilk test for normality. The significance of comparisons is denoted by p < 0.05. The analysis was performed using GraphPad Prism software (version 7.0).




Results


Levels of Plasma CCL5 Are Elevated in Children With ASD

Immune system deregulation could result in the release of proinflammatory cytokines and chemokines, which affect the development of the brain during childhood (26). As shown in Figure 1A, the plasma levels of CCL5 are significantly higher in ASD children (median: 19.47, range: 0.2-61.295 ng/mL, p<0.0001) as compared with control children (6.235, 0.2-26.124 ng/mL). Since ASD has a higher prevalence in boys than in girls, we further analyzed the effect of gender on CCL5 release. However, there were no significant differences in CCL5 levels between boys and girls with ASD (p>0.05, Mann-Whitney U test, and data not shown), suggesting that gender does not influence the CCL5 level. In summary, children with ASD are shown to have higher CCL5 production regardless of gender (Figures 1B, C) and gender was unable to reveal differences in the CCL5 expression (Figure 1D). These results indicate that this disease’s inherent properties may be the predominant causes responsible for the enhanced CCL5 expression.




Figure 1 | Comparison of levels of plasma CCL5 between ASD and the controls. (A) Plasma levels of CCL5 were significantly higher in ASD children, as compared with age- and sex-matched control children. (B) Plasma levels of CCL5 were significantly higher in ASD boys compared to age- and sex-matched boys in the control group. (C) Plasma levels of CCL5 were significantly higher in ASD girls compared to age- and sex-matched girls in the control group. (D) No difference in plasma levels of CCL5 between boys and girls enrolled in the study. Statistical analyses were performed using the non-parametric Mann-Whitney U test. Statistical significance is denoted by *p < 0.05, **p < 0.01, and ****p < 0.0001.





mTOR Signaling Is Activated in ASD Patients

To investigate the signaling pathway associated with ASD, we performed in silico pathway enrichment analysis for two independent microarray datasets GSE28521 and GSE18123. GSE28521 was obtained from postmortem brain tissue including 39 autistic and 40 normal brain samples, and the expression profiles were based on the GPL6883 Illumina HumanRef-8 v3.0 expression beadchip platform. GSE18123 dataset was obtained from peripheral blood samples including 31 autistic and 31 normal blood samples and the expression profiles were based on the Affymetrix GPL570 platform. GSEA for GSE28521 and GSE18123 revealed genes that are highly expressed in ASD are enriched for PI3K/AKT pathway (Figures 2A, B), and AKT can act as a positive regulator to further activate mTOR (p<0.001, Figure 2C).




Figure 2 | Signaling pathways identified to confer ASD risk. (A) Enrichment analysis for dataset GSE28521 and (B) GSE18123, indicated that PI3K/AKT signaling pathway was positively correlated with ASD. (C) Enrichment analysis for dataset GSE18123, indicating that mTOR signaling was also positively correlated with ASD. (D) Canonical pathway analysis of the differentially expressed genes from dataset GSE28521, sorted by –log(p-value). (E) Canonical pathway analysis of the differentially expressed genes from dataset GSE18123, sorted by –log(p-value). Positive z-scores indicate the activation of the corresponding signaling pathways. Signaling pathways that can be enriched in both datasets are indicated by black arrows.



On the other hand, differentially expressed genes with p-value <0.05 were also achieved from the above two GEO datasets by using the online tool GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r), and then analyzed with IPA suite for the enrichment of canonical pathways. As shown in Figures 2D, E, the up-regulated genes were not only significantly enriched for mTOR signaling pathway, but also be detected in those pathways responsible for translation initiation and protein synthesis, such as EIF2 signaling, regulation of eIF4 and p70S6K signaling, indicating a potentially enhanced effect of cell growth and cell proliferation appearing in ASD. In summary, these results suggest that the mTOR signaling cascade is involved in the pathogenesis of ASD.



mTOR Signaling Is Involved in the Production of CCL5

To investigate whether mTOR signaling is involved in the production of CCL5, we use HMC3 cells as cell models to examine the expression of CCL5. HMC3 cells derived from human microglia retain the properties of primary microglial cells able to secrete inflammatory mediators. HMC3 cells were incubated for 48 h with rapamycin (50-600nM) to suppress mTOR activity (Figure 3A). The lower gene transcription level of CCL5 in response to rapamycin treatment (Figure 3B) leads to a decreased release of CCL5 (Figure 3C). mTOR signaling is therefore considered an important regulator for the occurrence of inflammation in ASD.




Figure 3 | Release of CCL5 from microglia is attenuated by the mTOR inhibitor. HMC3 cells were treated with rapamycin (Rapa, 0-600nM) for 48 h, and the activity of mTOR signaling and expression of CCL5 were assessed. (A) The total and phosphorylated levels of mTOR were analyzed by Western blotting with GAPDH as loading control. (B) The mRNA expression level of CCL5 was determined by qRT-PCR with or without rapamycin treatment (n=3 each group). (C) Release of CCL5 was measured from cell culture supernatants by quantitative ELISA test (n=3 each group). Data are presented as mean ± SD. Significance of differences between cells treated with and without rapamycin was determined by Student-t test and denoted by **p < 0.01, ***p < 0.001, and ****p < 0.0001.





LPS-Induced CCL5 Expression Is Mediated via mTOR Activation

LPS is a ubiquitously used inflammatory inducer, which can be used to increase the expression of proinflammatory cytokines and chemokines. When HMC3 cells were treated with LPS, a significant increase of CCL5 release in the cell culture medium (Figure 4A) and enhanced mTOR phosphorylation level at Ser2448 (Figure 4B) were observed. The results suggest that the production of CCL5 is associated with mTOR activation. Noteworthy, inhibiting the mTOR pathway by using rapamycin reversed the effect of LPS on CCL5 production (Figure 4C), further indicating that CCL5 production is dependent on mTOR activity. Collectively, LPS can induce proinflammatory mediator CCL5 release from microglial cells via mTOR signaling pathway.




Figure 4 | LPS induces the release of CCL5 from microglia through activation of mTOR signaling. HMC3 cells were treated with LPS (0-8 µg/mL) for 48 h, and the expression of CCL5 and activity of mTOR signaling were assessed. (A) Release of CCL5 was measured by quantitative ELISA test (n=3 each group). (B) The total and phosphorylated levels of mTOR were analyzed by Western blotting with GAPDH as loading control. (C) Release of CCL5 was measured by ELISA (n=3 each group). HMC3 cells were co-incubated with LPS (2 µg/mL) and rapamycin (400nM) for 48 h Data are presented as mean ± SD. Statistical significance was determined by Student-t test and denoted by **p < 0.01 and ***p < 0.001.





CCL5 Production Depends on NF-κB Activation

Nuclear factor-kappa B (NF-κB) is a pleiotropic transcription factor present in many biological processes. Inappropriate activation of NF-κB has been associated with a number of inflammatory diseases. We therefore detected the level of phosphorylated NF-κB by blotting its p65 subunit. As shown in Figure 5A, LPS-treated HMC3 cells show an increase of phosphorylated NF-κB at Ser536, suggesting that LPS can activate NF-κB. To determine whether NF-κB mediates the LPS-stimulated CCL5 release, knockdown of NF-κB was performed with small interfering RNA (siRNA). A pronounced abolishment effect was observed in HMC3 cells transfected with siRNA targeting the p65 subunit of NF-κB (p65-siRNA), whereas the cells with scrambled siRNA retain normal level for NF-κB expression (Figure 5B). The qRT-PCR analysis further ensured the down-regulation of CCL5 gene expression at mRNA level. When NF-κB was silenced, the stimulating effect of LPS on CCL5 expression was significantly attenuated in NF-κB silencing cells (Figure 5C). A similar rescue effect was also observed in the protein level of CCL5 (Supplementary Figure 1). These data suggest that NF-κB mediates the CCL5 expression.




Figure 5 | NF-κB mediates CCL5 expression. (A) The total and phosphorylated levels of p65 subunit of NF-κB were analyzed by Western blotting with GAPDH as loading control. (B) The NF-κB p65-siRNA could efficiently down-regulate the expression of p65. HMC3 cells were transfected with NF-κB p65-siRNA or scrambled control (Sc) for 48 h, and the cellular p65 protein level was analyzed by Western blotting. (C) The stimulating effect of LPS on CCL5 expression could be suppressed by NF-κB knockdown. LPS-stimulated HMC3 cells were transfected with siRNA for 48 h The mRNA expression level of CCL5 was determined by qRT-PCR (n=3 each group). Statistical significance was determined by Student-t test and denoted by ****p < 0.0001.





CCL5 Production Is Dependent on the Suppression of CREB Activity

Our findings suggest that mTOR signaling and transcriptional regulation element NF-κB are all involved in CCL5 production. Therefore, we further investigated whether there is a regulatory relationship between NF-κB and mTOR signaling. However, the activity of NF-κB remains unchanged after the suppression of mTOR signaling with rapamycin, as indicated by no discernible difference in the protein level of phosphorylated NF-κB relative to total NF-κB (Figure 6A and Supplementary Figure 2A). This result allowed us to speculate that the activity of NF-κB may be mTOR-independent regulation. In order to investigate whether there was another downstream element of the mTOR pathway involved in CCL5 production, we analyzed the phosphorylation level of CREB. The results show that suppression of mTOR signaling can stimulate phosphorylation of CREB at Ser133 (Figures 6B, C). The phosphorylated CREB at serine residue 133 is an activated transcriptional regulatory factor that can activate transcription of numerous anti-inflammatory cytokines but needs to interact with CREB binding protein (CREBBP) (27). As shown in Supplementary Figure 2B, an increased gene expression of CCL5 is observed in HMC3 cells treated with NSC 228155, a recognized inhibitor that inhibits CREB-mediated gene transcription by disrupting the interaction between phosphorylated CREB and CREBBP. CREBBP has been reported to be the co-binding partner of NF-κB and phosphorylated CREB (28). It can be inferred that CREBBP prefers to bind to NF-κB in the presence of NSC 228155, thereby promoting the over-expression of CCL5.




Figure 6 | Cross-talk between mTOR signaling cascades, NF-κB, and CREB regulates the production of CCL5. HMC3 cells were treated with rapamycin (Rapa, 0-600nM) for 48 h, and the activation of NF-κB and mTOR signaling was assessed. (A) The total and phosphorylated levels of p65 subunit of NF-κB were analyzed by Western blotting, and GAPDH served as the loading control. (B) The total and phosphorylated levels of CREB were analyzed by Western blotting, and (C) active CREB (pCREB) protein level is further quantified (n=5 each group). (D) Transcriptional cross-talk between CREB, NF-κB, and mTOR pathway. NSC 228155 rescued the mTOR inhibitor (rapamycin)-mediated reduction of the gene expression level of CCL5, while p65-siRNA further counteracted NSC 228155’s stimulating effect on CCL5 expression. The gene expression level of the CCL5 was determined by qRT-PCR (n=3 each group). (E) NSC 228155 reversed the repressive effect of rapamycin on CCL5 production. The concentration of CCL5 protein in the cell culture medium was measured by ELISA (n=3 each group). (F) The total and phosphorylated levels of GSK-3β were analyzed by Western blotting. Data are presented as mean ± SD. Statistical significance was determined by Student-t test and denoted by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



However, if the p65-siRNA was added, the stimulating effect of NSC 228155 on CCL5 expression was severely suppressed (Figure 6D), suggesting the determining role of NF-κB in CCL5 expression. More importantly, another addition of rapamycin further reduced CCL5 expression compared with the group incubated with NSC 228155 and p65 siRNA, suggesting that phosphorylated CREB caused by rapamycin could block CCL5 production (Figures 6B, D). The mediating role of CREB in CCL5 expression was further validated through a rescue experiment in which NSC 228155 reversed the suppressing effect of rapamycin on the protein level of CCL5 (Figure 6E). Our results suggest that NF-κB and CREB have opposing effects on CCL5 gene regulation and function as co-regulators of CCL5 expression.

Here, we also investigated the potential molecular mechanism for mTOR-induced CREB suppression. It has been reported that GSK-3β is involved in CREB phosphorylation (29). GSK-3β is a ubiquitously expressed serine-threonine protein kinase whose activity can be mediated by AKT-mediated phosphorylation and inactivated by phosphorylation at serine residue 9 (30). We found the increased phosphorylation level of GSK-3β at Ser9 after treatment with rapamycin, suggesting that the suppression of mTOR signaling would inactivate GSK-3β (Figure 6F). All of these data suggest that ASD-stimulated CCL5 production may attribute to the activation of AKT/mTOR and the inactivation of GSK-3β-induced CREB pathway.




Discussion

There have been clear evidence that exposure to environmental modifiers increases the levels of systemic inflammation, which has been linked to ASD pathogenesis. For example, hyperglycemia caused by maternal diabetes can induce autistic-like behaviors in off-spring due to the persistent oxidative stress generation (31). Excessive elevation of reactive oxygen species (ROS) arising from oxidative stress would lead to microglial activation and damage interactions between neurons and glial cells (21), in turn causing inflammatory responses with upregulation of proinflammatory cytokines (32, 33). The abnormal inflammatory level has been proved to be significantly relevant to inducing autistic-like behaviors (34, 35). We identified the increase of CCL5 expression in the plasma of children with ASD, and also uncovered the ability of microglia to produce CCL5. Since CCL5 servers as a proinflammatory mediator, its elevation suggests that inflammatory responses occur in ASD.

The overgrowth of synapse has been associated with the development of macrocephaly, social behavioral deficits, and learning deficits (36). Children with ASD usually have enhanced head development, which lead to enlarged overall brain size during infancy (37). All these phenotypes imply that the pathway responsible for cell growth and protein synthesis may be activated in ASD. In fact, a recent study has shown that the AKT-mTOR activity is robustly enhanced in mouse models of autism and leads to overgrowth of neural progenitor cells (NPCs) and pathological phenotype of macrocephaly (38). mTOR is well-known as a master regulator of protein synthesis and cell growth (39), so it may play an important role in ASD development. Based on two irrelevant datasets GSE18123 and GSE28521, our study shows that mTOR signaling is consistently increased in ASD patients across brain and peripheral blood tissue as determined by pathway-enrichment analysis. In addition, the previous study has shown an elevated expression activity of PI3K/AKT in ASD leukocytes (40). Patel et al. ever reported that increased neurotensin (NT) concentration able to be observed in ASD led to the activation of mTOR signaling kinase (15). Since ASD is a complex disorder, the abnormal NT level should not be the only cause. PTEN and TSC1/2 are upstream negative regulators of mTOR, mutations of them can also lead to the hyperactivity of the mTOR pathway and are associated with a high risk of ASD (20, 36, 41). Everolimus, an mTOR inhibitor, has shown the ability to reverse social behavior deficits in TSC2 mice without an additional epilepsy model (42). Hence, Trifonova et al. proposed more attention should be paid on the mTOR signaling pathway for ASD investigation (22, 43). Our results thereby strongly support this notion.

Neuroinflammation has been reported to be accompanied by the activation of mTOR signaling in microglia (44). We also found that the production of CCL5 is significantly suppressed in the presence of mTOR inhibitor, rapamycin, demonstrating that CCL5 expression is associated with mTOR activity. Additionally, NF-κB has been present to serve as a positive transcriptional regulator to mediate CCL5 expression in our study. However, no association was found between mTOR and NF-κB. Our results reveal that GSK-3β serves as a vital role in mediating mTOR-induced release of CCL5. GSK-3β has been reported to be involved in the pathogenesis of Alzheimer’s disease (AD) by phosphorylating tau protein to develop into paired helical filaments, leading to AD patients’ degenerative neuritis (45). The present study demonstrated that mTOR could inhibit the phosphorylation of GSK-3β at Ser9. Although GSK-3β phosphorylation at Ser9 inhibits itself (46), it invokes the activity of CREB in the form of phosphor-S133. Phosphorylated CREB then inhibits the exertion of NF-κB by competitively binding to CREBBP. Our results indicate that mTOR activation induces the reduction of phosphorylated CREB at Ser133 through regulating phosphorylation of GSK-3β, which further lead to the increased binding of NF-κB to CREBBP, thereby activating the inflammatory responses and the over-expression of the CCL5 gene (Figure 7).




Figure 7 | Schematic representation of a proposed mechanism of CCL5 release involving activation of the mTOR pathway. In our study, mTOR signaling is activated in ASD patients. Phosphorylated mTOR at serine residue 2448 down-regulates the phosphorylation of GSK-3β at Ser9, and contributes to the reduction in phosphorylation of CREB at Ser133, which leads to the decreased binding of CREB to CREBBP. Thereby more available CREBBP could bind with NF-κB, which promotes the CCL5 production. The up-regulation and down-regulation of the component involved in the signaling pathway are indicated with an up arrow (red) and a down arrow (blue), respectively.



Collectively, the findings presented here increase our understanding of the mechanistic pathway by which inflammatory mediators like CCL5 was released from microglia of autistic patients. The abnormal activation of mTOR signaling in ASD is shown to be associated with elevated CCL5 gene expression. It is thus inferred that environmental risk factors act as likely potential driving forces for these aberrant activation of signaling pathways correlated with inflammation, which can lead to persistent neuro-inflammatory responses and contribute to the pathogenesis of autism. Although there is currently no effective pharmacological cure for ASD, the use of anti-inflammatory reagent, such as resveratrol, has shown the ability to prevent social deficits in autism animal models (47, 48). Luteolin-containing dietary with anti-inflammatory properties has been reported to improve attention and sociability defects of children with ASD (49–51). Hence, targeting mTOR would meet higher levels of inflammation-control requirement, which can effectively provide a potential therapeutic strategy for ASD. Furthermore, the analytic approach to digging out the core signaling pathways relevant to ASD, takes an important step in moving from dedicating to discovering autism-specific mutations and their functional effects to an understanding of cross-talk between the phenotypic heterogeneity and aberrant signaling pathways in ASD.
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Supplementary Figure 1 | The stimulating effect of LPS on CCL5 production could be suppressed by NF-κB silencing. LPS-stimulated HMC3 cells were transfected with siRNA for 48 h. CCL5 protein level was measured by ELISA (n=3 each group). Statistical significance was determined by Student-t test and denoted by **p < 0.01.

Supplementary Figure 2 | The effect of rapamycin on the activity of NF-κB and the effect of NSC 228155 on CCL5 expression. (A) HMC3 cells were treated with rapamycin for 48h and the quantitation of Western blot for active NF-κB (pNF-κB p65/NF-κB p65) was shown. (B) HMC3 cells were treated with NSC 228155 (0-200 µM) for 48 h and the mRNA expression level of CCL5 was measured by qRT-PCR. Data are presented as mean ± SD. Statistical significance was determined by Student-t test and denoted by ***p < 0.001, and ****p < 0.0001.



References

1. Elsabbagh, M, Divan, G, Koh, YJ, Kim, YS, Kauchali, S, Marcín, C, et al. Global Prevalence of Autism and Other Pervasive Developmental Disorders. Autism Res (2012) 5(3):160–79. doi: 10.1002/aur.239

2. Sun, X, Allison, C, Wei, L, Matthews, FE, Auyeung, B, Wu, YY, et al. Autism Prevalence in China Is Comparable to Western Prevalence. Mol Autism (2019) 10:7. doi: 10.1186/s13229-018-0246-0

3. Singh, S, Sangam, SR, and Senthilkumar, R. Regulation of Dietary Amino Acids and Voltage-Gated Calcium Channels in Autism Spectrum Disorder. Adv Neurobiol (2020) 24:647–60. doi: 10.1007/978-3-030-30402-7_24

4. Theoharides, TC, Weinkauf, C, and Conti, P. Brain Cytokines and Neuropsychiatric Disorders. J Clin Psychopharmacol (2004) 24(6):577–81. doi: 10.1097/01.jcp.0000148026.86483.4f

5. Lai, MC, Lombardo, MV, and Baron-Cohen, S. Autism. Lancet (2014) 383(9920):896–910. doi: 10.1016/s0140-6736(13)61539-1

6. Bjorklund, G, Saad, K, Chirumbolo, S, Kern, JK, Geier, DA, Geier, MR, et al. Immune Dysfunction and Neuroinflammation in Autism Spectrum Disorder. Acta Neurobiol Exp (Wars) (2016) 76(4):257–68. doi: 10.21307/ane-2017-025

7. Onore, C, Careaga, M, and Ashwood, P. The Role of Immune Dysfunction in the Pathophysiology of Autism. Brain Behav Immun (2012) 26(3):383–92. doi: 10.1016/j.bbi.2011.08.007

8. Theoharides, TC, Tsilioni, I, Patel, AB, and Doyle, R. Atopic Diseases and Inflammation of the Brain in the Pathogenesis of Autism Spectrum Disorders. Transl Psychiatry (2016) 6(6):e844. doi: 10.1038/tp.2016.77

9. Li, M, Sun, X, Zhao, J, Xia, L, Li, J, Xu, M, et al. Ccl5 Deficiency Promotes Liver Repair by Improving Inflammation Resolution and Liver Regeneration Through M2 Macrophage Polarization. Cell Mol Immunol (2020) 17(7):753–64. doi: 10.1038/s41423-019-0279-0

10. Keophiphath, M, Rouault, C, Divoux, A, Clément, K, and Lacasa, D. Ccl5 Promotes Macrophage Recruitment and Survival in Human Adipose Tissue. Arterioscler Thromb Vasc Biol (2010) 30(1):39–45. doi: 10.1161/atvbaha.109.197442

11. Seki, E, De Minicis, S, Gwak, GY, Kluwe, J, Inokuchi, S, Bursill, CA, et al. Ccr1 and Ccr5 Promote Hepatic Fibrosis in Mice. J Clin Invest (2009) 119(7):1858–70. doi: 10.1172/jci37444

12. Ben-Selma, W, Harizi, H, Bougmiza, I, Ben Kahla, I, Letaief, M, and Boukadida, J. Polymorphisms in the Rantes Gene Increase Susceptibility to Active Tuberculosis in Tunisia. DNA Cell Biol (2011) 30(10):789–800. doi: 10.1089/dna.2010.1200

13. Huik, K, Avi, R, Pauskar, M, Kallas, E, Jõgeda, EL, Karki, T, et al. A Ccl5 Haplotype Is Associated With Low Seropositivity Rate of Hcv Infection in People Who Inject Drugs. PLoS One (2016) 11(6):e0156850. doi: 10.1371/journal.pone.0156850

14. Li, MZ, Pang, LL, Bai, AY, Yu, SC, Gong, X, Liu, N, et al. Association of Chemotactic Chemokine Ligand 5 Polymorphisms With the Risk of Developing Severe Enterovirus 71 Infection. Am J Trop Med Hyg (2015) 93(4):709–13. doi: 10.4269/ajtmh.14-0745

15. Patel, AB, Tsilioni, I, Leeman, SE, and Theoharides, TC. Neurotensin Stimulates Sortilin and Mtor in Human Microglia Inhibitable by Methoxyluteolin, a Potential Therapeutic Target for Autism. Proc Natl Acad Sci U S A (2016) 113(45):E7049–e58. doi: 10.1073/pnas.1604992113

16. Stuart, MJ, and Baune, BT. Chemokines and Chemokine Receptors in Mood Disorders, Schizophrenia, and Cognitive Impairment: A Systematic Review of Biomarker Studies. Neurosci Biobehav Rev (2014) 42:93–115. doi: 10.1016/j.neubiorev.2014.02.001

17. Hay, N, and Sonenberg, N. Upstream and Downstream of Mtor. Genes Dev (2004) 18(16):1926–45. doi: 10.1101/gad.1212704

18. Huber, KM, Klann, E, Costa-Mattioli, M, and Zukin, RS. Dysregulation of Mammalian Target of Rapamycin Signaling in Mouse Models of Autism. J Neurosci (2015) 35(41):13836–42. doi: 10.1523/jneurosci.2656-15.2015

19. Chen, J, Alberts, I, and Li, X. Dysregulation of the Igf-I/Pi3k/Akt/Mtor Signaling Pathway in Autism Spectrum Disorders. Int J Dev Neurosci (2014) 35:35–41. doi: 10.1016/j.ijdevneu.2014.03.006

20. Yeung, KS, Tso, WWY, Ip, JJK, Mak, CCY, Leung, GKC, Tsang, MHY, et al. Identification of Mutations in the Pi3k-Akt-Mtor Signalling Pathway in Patients With Macrocephaly and Developmental Delay and/or Autism. Mol Autism (2017) 8:66. doi: 10.1186/s13229-017-0182-4

21. Bhandari, R, Paliwal, JK, and Kuhad, A. Neuropsychopathology of Autism Spectrum Disorder: Complex Interplay of Genetic, Epigenetic, and Environmental Factors. Adv Neurobiol (2020) 24:97–141. doi: 10.1007/978-3-030-30402-7_4

22. Trifonova, EA, Klimenko, AI, Mustafin, ZS, Lashin, SA, and Kochetov, AV. The Mtor Signaling Pathway Activity and Vitamin D Availability Control the Expression of Most Autism Predisposition Genes. Int J Mol Sci (2019) 20(24):6332. doi: 10.3390/ijms20246332

23. Temiz-Resitoglu, M, Kucukkavruk, SP, Guden, DS, Cecen, P, Sari, AN, Tunctan, B, et al. Activation of Mtor/Iκb-A/Nf-Kb Pathway Contributes to Lps-Induced Hypotension and Inflammation in Rats. Eur J Pharmacol (2017) 802:7–19. doi: 10.1016/j.ejphar.2017.02.034

24. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci U S A (2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

25. Mootha, VK, Lindgren, CM, Eriksson, KF, Subramanian, A, Sihag, S, Lehar, J, et al. Pgc-1alpha-Responsive Genes Involved in Oxidative Phosphorylation Are Coordinately Downregulated in Human Diabetes. Nat Genet (2003) 34(3):267–73. doi: 10.1038/ng1180

26. Gardener, H, Spiegelman, D, and Buka, SL. Prenatal Risk Factors for Autism: Comprehensive Meta-Analysis. Br J Psychiatry (2009) 195(1):7–14. doi: 10.1192/bjp.bp.108.051672

27. Gee, K, Angel, JB, Ma, W, Mishra, S, Gajanayaka, N, Parato, K, et al. Intracellular Hiv-Tat Expression Induces Il-10 Synthesis by the Creb-1 Transcription Factor Through Ser133 Phosphorylation and Its Regulation by the Erk1/2 Mapk in Human Monocytic Cells. J Biol Chem (2006) 281(42):31647–58. doi: 10.1074/jbc.M512109200

28. Wang, H, Brown, J, Gu, Z, Garcia, CA, Liang, R, Alard, P, et al. Convergence of the Mammalian Target of Rapamycin Complex 1- and Glycogen Synthase Kinase 3-B-Signaling Pathways Regulates the Innate Inflammatory Response. J Immunol (2011) 186(9):5217–26. doi: 10.4049/jimmunol.1002513

29. Tullai, JW, Chen, J, Schaffer, ME, Kamenetsky, E, Kasif, S, and Cooper, GM. Glycogen Synthase Kinase-3 Represses Cyclic Amp Response Element-Binding Protein (Creb)-Targeted Immediate Early Genes in Quiescent Cells. J Biol Chem (2007) 282(13):9482–91. doi: 10.1074/jbc.M700067200

30. Lin, L, Cao, J, Yang, SS, Fu, ZQ, Zeng, P, Chu, J, et al. Endoplasmic Reticulum Stress Induces Spatial Memory Deficits by Activating Gsk-3. J Cell Mol Med (2018) 22(7):3489–502. doi: 10.1111/jcmm.13626

31. Wang, X, Lu, J, Xie, W, Lu, X, Liang, Y, Li, M, et al. Maternal Diabetes Induces Autism-Like Behavior by Hyperglycemia-Mediated Persistent Oxidative Stress and Suppression of Superoxide Dismutase 2. Proc Natl Acad Sci U S A (2019) 116(47):23743–52. doi: 10.1073/pnas.1912625116

32. Goines, PE, and Ashwood, P. Cytokine Dysregulation in Autism Spectrum Disorders (Asd): Possible Role of the Environment. Neurotoxicol Teratol (2013) 36:67–81. doi: 10.1016/j.ntt.2012.07.006

33. Pickering, M, Cumiskey, D, and O'Connor, JJ. Actions of Tnf-Alpha on Glutamatergic Synaptic Transmission in the Central Nervous System. Exp Physiol (2005) 90(5):663–70. doi: 10.1113/expphysiol.2005.030734

34. Filiano, AJ, Xu, Y, Tustison, NJ, Marsh, RL, Baker, W, Smirnov, I, et al. Unexpected Role of Interferon-Γ in Regulating Neuronal Connectivity and Social Behaviour. Nature (2016) 535(7612):425–9. doi: 10.1038/nature18626

35. Choi, GB, Yim, YS, Wong, H, Kim, S, Kim, H, Kim, SV, et al. The Maternal Interleukin-17a Pathway in Mice Promotes Autism-Like Phenotypes in Offspring. Science (2016) 351(6276):933–9. doi: 10.1126/science.aad0314

36. Wong, CW, Or, PMY, Wang, Y, Li, L, Li, J, Yan, M, et al. Identification of a Pten Mutation With Reduced Protein Stability, Phosphatase Activity, and Nuclear Localization in Hong Kong Patients With Autistic Features, Neurodevelopmental Delays, and Macrocephaly. Autism Res (2018) 11(8):1098–109. doi: 10.1002/aur.1950

37. Hazlett, HC, Gu, H, Munsell, BC, Kim, SH, Styner, M, Wolff, JJ, et al. Early Brain Development in Infants at High Risk for Autism Spectrum Disorder. Nature (2017) 542(7641):348–51. doi: 10.1038/nature21369

38. Zhang, W, Ma, L, Yang, M, Shao, Q, Xu, J, Lu, Z, et al. Cerebral Organoid and Mouse Models Reveal a Rab39b-Pi3k-Mtor Pathway-Dependent Dysregulation of Cortical Development Leading to Macrocephaly/Autism Phenotypes. Genes Dev (2020) 34(7-8):580–97. doi: 10.1101/gad.332494.119

39. Park, KK, Liu, K, Hu, Y, Kanter, JL, and He, Z. Pten/Mtor and Axon Regeneration. Exp Neurol (2010) 223(1):45–50. doi: 10.1016/j.expneurol.2009.12.032

40. Gazestani, VH, Pramparo, T, Nalabolu, S, Kellman, BP, Murray, S, Lopez, L, et al. A Perturbed Gene Network Containing Pi3k-Akt, Ras-Erk and Wnt-B-Catenin Pathways in Leukocytes Is Linked to Asd Genetics and Symptom Severity. Nat Neurosci (2019) 22(10):1624–34. doi: 10.1038/s41593-019-0489-x

41. Wiznitzer, M. Autism and Tuberous Sclerosis. J Child Neurol (2004) 19(9):675–9. doi: 10.1177/08830738040190090701

42. Petrasek, T, Vojtechova, I, Klovrza, O, Tuckova, K, Vejmola, C, Rak, J, et al. Mtor Inhibitor Improves Autistic-Like Behaviors Related to Tsc2 Haploinsufficiency But Not Following Developmental Status Epilepticus. J Neurodev Disord (2021) 13(1):14. doi: 10.1186/s11689-021-09357-2

43. Trifonova, EA, Klimenko, AI, Mustafin, ZS, Lashin, SA, and Kochetov, AV. Do Autism Spectrum and Autoimmune Disorders Share Predisposition Gene Signature Due to Mtor Signaling Pathway Controlling Expression? Int J Mol Sci (2021) 22(10):5248. doi: 10.3390/ijms22105248

44. Ye, X, Zhu, M, Che, X, Wang, H, Liang, XJ, Wu, C, et al. Lipopolysaccharide Induces Neuroinflammation in Microglia by Activating the Mtor Pathway and Downregulating Vps34 to Inhibit Autophagosome Formation. J Neuroinflamm (2020) 17(1):18. doi: 10.1186/s12974-019-1644-8

45. Takashima, A. Gsk-3 Is Essential in the Pathogenesis of Alzheimer's Disease. J Alzheimers Dis (2006) 9(3 Suppl):309–17. doi: 10.3233/jad-2006-9s335

46. Wang, MY, Meng, M, Yang, CC, Zhang, L, Li, YL, Zhang, L, et al. Cornel Iridoid Glycoside Improves Cognitive Impairment Induced by Chronic Cerebral Hypoperfusion Via Activating Pi3k/Akt/Gsk-3β/Creb Pathway in Rats. Behav Brain Res (2020) 379:112319. doi: 10.1016/j.bbr.2019.112319

47. Bambini-Junior, V, Zanatta, G, Della Flora Nunes, G, Mueller de Melo, G, Michels, M, Fontes-Dutra, M, et al. Resveratrol Prevents Social Deficits in Animal Model of Autism Induced by Valproic Acid. Neurosci Lett (2014) 583:176–81. doi: 10.1016/j.neulet.2014.09.039

48. Ahmad, SF, Ansari, MA, Nadeem, A, Bakheet, SA, Alzahrani, MZ, Alshammari, MA, et al. Resveratrol Attenuates Pro-Inflammatory Cytokines and Activation of Jak1-Stat3 in Btbr T(+) Itpr3(Tf)/J Autistic Mice. Eur J Pharmacol (2018) 829:70–8. doi: 10.1016/j.ejphar.2018.04.008

49. Tsilioni, I, Taliou, A, Francis, K, and Theoharides, TC. Children With Autism Spectrum Disorders, Who Improved With a Luteolin-Containing Dietary Formulation, Show Reduced Serum Levels of Tnf and Il-6. Transl Psychiatry (2015) 5(9):e647. doi: 10.1038/tp.2015.142

50. Taliou, A, Zintzaras, E, Lykouras, L, and Francis, K. An Open-Label Pilot Study of a Formulation Containing the Anti-Inflammatory Flavonoid Luteolin and Its Effects on Behavior in Children With Autism Spectrum Disorders. Clin Ther (2013) 35(5):592–602. doi: 10.1016/j.clinthera.2013.04.006

51. Theoharides, TC, Asadi, S, and Panagiotidou, S. A Case Series of a Luteolin Formulation (Neuroprotek®) in Children With Autism Spectrum Disorders. Int J Immunopathol Pharmacol (2012) 25(2):317–23. doi: 10.1177/039463201202500201




Conflict of Interest: 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Qin, Wu, Li, Xie, Zhao and Duan. 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) and the copyright owner(s) 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.


OEBPS/Images/fimmu-13-818518-g002.jpg
reubis oL
et i
g —

(GSE18123)

etz

T et voru
R p—
Ao et nopu3 oty

{ TR

L

osezssz






OEBPS/Images/fimmu-13-818518-g007.jpg
1 (Activation)

/(mmm..] Eﬂnplﬁsww

Rapamycin (Inactivation)

l/ factvaton)

(
Nsc 228155

Nucleus.

1* *





OEBPS/Images/fimmu-13-818518-g005.jpg
LPS (ugimt)
PP 5 (ser536)

pes

capoH

0025 1 2 4






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        mTOR Signaling Pathway Regulates the Release of Proinflammatory Molecule CCL5 Implicated in the Pathogenesis of Autism Spectrum Disorder

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Participants

          



          		

            CCL5 Assay

          



          		

            Bioinformatics Analysis

          



          		

            Microglia Treatments

          



          		

            qRT-PCR and Western Blot Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Levels of Plasma CCL5 Are Elevated in Children With ASD

          



          		

            mTOR Signaling Is Activated in ASD Patients

          



          		

            mTOR Signaling Is Involved in the Production of CCL5

          



          		

            LPS-Induced CCL5 Expression Is Mediated via mTOR Activation

          



          		

            CCL5 Production Depends on NF-κB Activation

          



          		

            CCL5 Production Is Dependent on the Suppression of CREB Activity

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-818518-g001.jpg
Conc. of CCLS
in plasma (ng/mi)
8 8 83 8

All

Conc. of CCLS
in plasma (ng/mi)
& 3 8

3

°

& Males
1190 0001 *p=0.0118
80
v E
H 60- .
: g2 :
52w
. i2
. ‘8 g ; 20
s o
Controls ASD Controls ASD
(n=20) (n=13) (n=37)
°
_80.
v E
gee
s 240
£8
8 ; 20
0
Controls ASD
(n=7) (n=17)






OEBPS/Images/fimmu-13-818518-g003.jpg
A B -3
Rapaoh) 0 50 200 400
orirom sorzces [

. s o S





OEBPS/Images/fimmu-13-818518-g006.jpg
A g
Rapa(n) 0 50 200 400 Rapa (M) 0

50 200 400 600

PNFx@ pes (sorse)| NN NN W M| ocree (sor13)

T e TT—r— cres

‘oApon arpon
e

. 2%
e 2350
Ep B2E
i 33301
HE HH
Fos 83gon

00
NS 228155 (100,00
Rapamyein doonk)

NSc 228155 (100,00
Rapamycin doon)
e 5 B P

s poREBCRED

Reltive expression
of pCREB protein

Rapalh) 0 s0 20000600 50 20400610

Rapa(nM) 0 50 200 600

POSK.3p (Ser9) -

GsKap

GAPDH






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2022.818518_cover.jpg
’ frontiers
in Immunology

mTOR Signaling Pathway

Regulates the Release of
Proinflammatory Molecule CCL5
Implicated in the Pathogenesis of

Autism Spectrum Disorder





OEBPS/Images/fimmu-13-818518-g004.jpg
=

Incerva mocm
(ova co

H

P (ugimt)

LPS(ugml) 0 025 2 4

TR (sar26se) s e NN |

mToR

GAPDH

prot

178 @ugm
g






