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Post-traumatic stress disorder (PTSD) is a psychiatric disorder and patients diagnosed with PTSD often express other comorbid health issues, particularly autoimmune and inflammatory disorders. Our previous reports investigating peripheral blood mononuclear cells (PBMCs) from PTSD patients showed that these patients exhibit an increased inflammatory T helper (Th) cell phenotype and widespread downregulation of microRNAs (miRNAs), key molecules involved in post-transcriptional gene regulation. A combination of analyzing prior datasets on gene and miRNA expression of PBMCs from PTSD and Control samples, as well as experiments using primary PBMCs collected from human PTSD and Controls blood, was used to evaluate TP53 expression, DNA methylation, and miRNA modulation on Th17 development. In the current report, we note several downregulated miRNAs were linked to tumor protein 53 (TP53), also known as p53. Expression data from PBMCs revealed that compared to Controls, PTSD patients exhibited decreased TP53 which correlated with an increased inflammatory Th17 phenotype. Decreased expression of TP53 in the PTSD population was shown to be associated with an increase in DNA methylation in the TP53 promotor region. Lastly, the most significantly downregulated TP53-associated miRNA, let-7a, was shown to negatively regulate Th17 T cells. Let-7a modulation in activated CD4+ T cells was shown to influence Th17 development and function, via alterations in IL-6 and IL-17 production, respectively. Collectively, these studies reveal that PTSD patients could be susceptible to inflammation by epigenetic dysregulation of TP53, which alters the miRNA profile to favor a proinflammatory Th17 phenotype.




Keywords: post-traumatic stress disorder, tumor protein 53, microRNA, inflammation, T helper 17 cells



Introduction

Post-traumatic stress disorder (PTSD) is a psychiatric disorder caused by exposure to a severe traumatic event, such as combat, domestic violence, sexual assault, and natural disasters (1–3). In addition to classic psychiatric and psychologic symptoms of this disorder, such as emotional numbing, repetitive recollections of the traumatic event, and states of hyperarousal (4), other medical disorders have been linked to PTSD, including arthritis, diabetes, cardiovascular-associated conditions, and various inflammatory disorders (5–8). Increased risk of these comorbid medical disorders and medical complications in PTSD patients reduces the effective treatment of these patients, and studies have shown that PTSD patients have increased annual healthcare costs (4.2-9.3%) when compared to patients with other mental disorders (9). While the prevalence of PTSD was relatively low (8%) in the general population for a time (10), PTSD reported in combat veterans was found to be as high as 30% (11, 12), and reports are already showing increased prevalence of PTSD in numerous populations around the world due to the COVID-19 pandemic (13–15). Therefore, it is becoming increasingly critical to better understand why individuals diagnosed with PTSD have increased risk of other comorbid disorders. A better understanding of these mechanisms could provide both better treatment options and significantly improve the overall quality of life of the affected patient population.

Several reports link PTSD with increased inflammation and occurrence of inflammatory disorders (16–25). In an early report by Gola et al, researchers found that peripheral blood mononuclear cells (PBMCs) from PTSD patients exhibited a more pre-activated phenotype, having higher levels of secreting inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and IL-1β when compared to control samples (26). We have since published extensively on the correlation between PTSD and inflammation, showing how epigenetic modifications (e.g. histone and DNA methylation) and modulation of microRNA (miRNA or miR), small noncoding RNA nucleotides involved in post-transcriptional regulation of genes, could potentially make PTSD patients more prone to inflammatory immune responses (27–31). Among these reports, published results revealed PBMCs from PTSD patients showed increased plasma IL-17 levels and CD4+ T helper-17 (Th17) phenotypes, which correlated with PTSD severity and global downregulation of miRNAs (22). Despite these observations, key regulators or promoters of this Th17 inflammatory phenotype in PTSD patients are yet to be fully understood.

In the current report, we noted several significantly dysregulated miRNA in PTSD PBMCs were associated with TP53, the human gene encoding for tumor protein 53 (TP53 or p53). Analysis of gene expression profile data in the public domain and our own evaluation of human PBMCs revealed TP53 is downregulated in PTSD subjects when compared to Controls. Whole genome methylated DNA immunoprecipitation sequencing (MeDIP-seq) data of PBMCs also showed that there was increased DNA methylation in the TP53 promoter region of PTSD subjects compared to controls, which would suggest decreased transcription of this gene. Elsewhere in this report, we highlight that among the dysregulated miRNAs associated with TP53, let-7a was not only found to be the most significantly altered miRNA, but pathway analysis also revealed let-7a had direct and indirect links to Th17 cells. Lastly, transfection of activated CD4+ T cells purified from human PBMCs to modulate let-7a levels showed that this miRNA is directly involved in both Th17 development and function. The current report highlights an important role for the p53/miRNA(let-7a) axis in promoting a potential inflammatory Th17-skewed phenotype in the PTSD population.



Materials and Methods


Human Patient Samples

Procedures to collect human samples presented in this report were approved and reviewed by the Institutional Review Boards (IRBs) from the University of South Carolina, the University of Michigan, and the University of North Carolina-Chapel Hill. Blood sample collection from participants was performed after obtaining proper informed and written consent. In the current report, human samples were collected from two main sources: 1) veterans from the William Jennings Bryan Dorn Veterans Medical Center (VMC) (27), or 2) study participants from the Detroit Neighborhood Health Study (DNHS) (32). PTSD samples obtained from veterans at the William Jennings Bryan Dorn (VMC) were clinically assessed by medical VMC professionals using psychometric properties of the PTSD Checklist (PCL), Clinician Administered PTSD Scale (CAPS), and formal criteria from the Diagnostic and Statistical Manual of Mental Disorder (DSM-V), as previously described (29). For DNHS samples, PTSD diagnosis was performed using structured telephone interviews and the PTSD Checklist-Civilian Version (PCL-C), which was subsequently validated with in-person clinical interviews, as previously reported (32). The source and number of PTSD and Control samples were used for the following analyses present in the current report: A.) miRNA microarray evaluation of PBMCs: Control (n=4), PTSD (n=8); source: PBMCs from William Jennings Bryan Dorn VA participants; demographics data published in previous report (29). B.) TP53 and IL-17A expression from PBMCs from public database set: Control (n=16), PTSD (n=17); source: Gene expression profiles of PBMCs from combat veterans in public database Gene Expression Omnibus (GEO) database (ID GSE860); demographics data published in previous report (33). C.) TP53/Mdm2 PCR expression and correlation data from collected PBMCs: Control (n=6), PTSD (n=19); source: PBMCs from William Jennings Bryan Dorn VA participants; demographics data available in Table 1. D.) DNA methylation of the TP53 promoter region: Control (n=5); PTSD (n=5); source: PBMCs from DNHS project; demographic data available in Table 1. For Control samples, non-PTSD volunteers were found to be comparable to PTSD samples based on age, race, and sex, as detailed in Table 1. In addition, exclusion criteria for both the Control and PTSD samples included non-adult participants (< 18 years of age), participants with active infection(s) during PBMC collection, or other potentially immunocompromising conditions such as HIV, cancer, active pregnancy among female participants, or recorded history of chronic steroid use.


Table 1 | Demographics and clinical history of Control and PTSD samples for PCR gene expression and DNA methylation analysis.





PBMC Isolation From Blood Samples

For PBMC isolation, researchers obtained deidentified blood samples (10-20 ml) collected in EDTA-coated tubes and began the isolation procedure within 1-2 hours of the sample collection. Blood samples were diluted in twice the volume of 1X PBS (Sigma-Aldrich, St. Louis, MO) before being layered on top of 20 ml of Ficoll-Paque (GE Healthcare, Uppsala, Sweden) and centrifuged at room temperature for 30 minutes at 1300 rpm. The upper plasma layer was carefully removed before collecting the PBMC interphase layer. PBMCs were diluted in twice the volume of 1X PBS before being centrifuged at 4°C for 5 minutes at 1300 rpm. Isolated PBMCs were washed twice in 1X PBS before further downstream processing of the cells (e.g. DNA/RNA isolation).



miRNA Microarray and Analysis of PTSD and Control Samples

PTSD (n=8) and Control (n=4) samples were processed for miRNA microarray as previously reported (27). In the current report, significantly dysregulated miRNAs associated with direct or indirect links to TP53 were the major focus, thus preventing redundant or overlapping results from the previous report using this dataset. Briefly, total RNA was isolated from PBMC samples using the miRNeasy Mini kit (Qiagen, Valencia, CA), and RNA integrity was analyzed using an Agilent 2100 BioAnalyzer (Agilent Tech, Palo Alto, CA). Microarray was performed by the Deep Sequencing and Microarray Core Facility at John Hopkins Memorial Institute in Baltimore, MD. miRNA hybridization to the Affymetrix miRNA-v1 gene chip (ThermoFisher Scientific, Waltham, MA), microarray data normalization, microarray quality control, and calculation of linear fold change of miRNA between PTSD and Control samples were performed as previously reported (27). Ingenuity Pathway Analysis (Qiagen Valencia, CA), also known as IPA, was used to analyze significantly dysregulated miRNA in PTSD samples compared to Controls (defined as ± 1.5-fold change with p value of < 0.05) in relation to known and predicted gene targets. IPA was also used to identify and visualize dysregulated miRNA, target genes, and the potential interacting networks involved in reported or highly predicted functions (e.g. Diseases and Functions, Molecular and Cellular Functions). Raw miRNA microarray data is available at ArrayExpress (Accession# E-MTAB-4880).



Evaluation of PTSD and Control Gene Expression Data From the Public Database

Initial analysis involving expression of genes of interest based on miRNA microarray data (e.g. TP53, Th17-related genes) was first evaluated in the public database, specifically from the NCBI (www.ncbi.nlm.nih.gov/) GEO database. The dataset used was ID GSE860 (33), which included normalized gene expression array data using the Affymetrix Human Genome U95A Array platform on PBMCs collected from PTSD (n=17) and Control (n=16) samples at two different time points (initial ER visit and 4 months after). Controls were defined as ER patients that experienced psychological trauma but did not develop PTSD over time. Normalized expression data was expressed as fold change relative to the average of gene expression of either Control or PTSD samples during the initial ER visit, prior to evaluation after 4 months. In the current report, results included evaluation of TP53 (31618_at) and IL-17A (1359_at) gene expression in the total of 33 PBMC samples included in the publicly available dataset, thereby reducing overlapping and repetitive results from the previous manuscript for which this data was associated with.



Evaluation of Gene Expression in PTSD and Control Samples Using Quantitative Real-Time PCR

In addition to the aforementioned publicly available dataset, we evaluated gene expression in PBMCs from William Jennings Bryan Dorn VA participants between Control (n=6) and PTSD (n=19) groups for TP53 and the TP53 regulatory protein, Mdm2, using qRT-PCR. PBMC and RNA isolation procedures were performed from collected blood samples as described above. Complementary DNA (cDNA) was synthesized using miScript II RT kit (Qiagen, Valencia, CA), followed by gene transcript detection using iQ universal SYBR Green supermix (Bio-Rad Laboratories, Hercules, CA) on a Bio-Rad CFX384 PCR platform. A total of 10ng of cDNA was used per sample for the PCR reactions, and primers for TP53 (forward: CCTCAGCATCTTATCCGAGTGG; reverse: TGGATGGTGGTACAGTCAGAGC) and Mdm2 (forward: TGTTTGGCGTGCCAAGCTTCTC; reverse: CACAGATGTACCTGAGTCCGATG) were designed and created using Integrated DNA Technologies (IDT, Coralville, IA). Expression of genes were first normalized to 18S and then expressed as fold change using the delta-delta CT method (2–ΔΔCt method). PCR reactions were performed using the following 2-step cycling protocol: initial denaturing and enzyme activation (95°C, 2:00 mins,1 cycle), denaturing (95°C, 15 secs, 40 cycles), annealing and extension (55°C, 30 secs, 40 cycles), melt curve (55-95°C with 0.5°C increments, 30 secs, 1 cycle). Control and PTSD participants used in these PCR assays and subsequent correlation studies were found to be comparable in terms of age, race, and sex.



Methylated DNA Immunoprecipitation Sequencing of PTSD and Control PBMC Aamples

To investigate whole genome DNA methylation patterns, PBMCs were isolated from Control (n=5) and PTSD samples (n=5) provided from the DNHS project as described above. Genomic DNA was purified using a Zymo DNA purification kit (Zymo Research, Irvine, CA) and fragmented by Bioruptor sonicator (Diagenode, Denville, NJ). DNA fragments with sizes from 200 bp to 400 bp were purified and sequencing adaptors were added using Illumina Chip-seq library preparation kit. dsDNA was then denatured and immunoprecipitated with anti 5-methylcytosine antibody using a MeDIP kit from Diagenode. Precipitated DNA was purified and amplified. MeDIP-seq libraries were then sequenced by Nextseq550 with single-end reads. Raw sequencing reads were mapped to human genome build hg19 using Bowtie software by allowing two mismatches in the read (34). The mapped reads were then analyzed with MEDIPS software (35). Generated WIG files were visualized in the IGB genome browser (www.bioviz.org). Control and PTSD participants used in these in the DNA methylation studies were found to be comparable in terms of age and race. However, there were uneven distributions based on sex, with males being more proportionally represented in the Control group compared to females.



MicroRNA let-7a Transfections in Activated and Purified CD4+ T Cell Cultures

PBMCs were isolated from blood of Control, non-PTSD volunteer samples as described above. PBMCs were purified for CD4 using an EasySep kit (StemCell Technologies, Cambridge, MA) and PE-conjugated monoclonal antibody (mAb) (Cat #555347, BD Biosciences, San Jose, CA). Purified CD4+ cells were assessed using FC500 flow cytometer (Beckman Coulter, Indianapolis, IN) and plated at 130,000 cell density per well in 24-well plates in complete RPMI media (Sigma-Aldrich, St. Louis, MO). Cells were left unactivated or activated with Dynabeads Human T-Activator CD3/CD28 (1:1 bead-to-cell ratio) (Cat. #111.61D, ThermoFisher Scientific, Waltham, MA) in 5% CO2 at 37 °C for 24 hours. In addition to activation, some cultures were transfected with either mock, Anti-hsa-let-7a-5p (inhibitor), or syn-has-let-7a-5 (mimic) from Qiagen (Valencia, CA). Transfections were performed using HiPerFect Transfection Reagent (Qiagen, Valencia, CA), following manufacturer’s instructions, with a final concentration of inhibitors and mimics at 20 µM. Mock cultures only contained transfection reagent without addition of either the mimics or inhibitors. After 24 hours, RNA was isolated from cultured cells to test let-7a transfection by PCR as described above. PCR was performed using miScript SYBR Green PCR kit (Qiagen, Valencia, CA) and human let-7a-specific primers using Qiagen-based miScript Primer Assay as per instructions from the manufacturer. In addition, Th17 cell phenotyping by flow cytometry using fluorescently-labeled mABs for CD4 (Cat #555347, BD Biosciences, San Jose, CA) and IL-17A (Cat# 555347, Biolegend, San Diego, CA) was performed. IL-17A intracellular staining was achieved using a BD Cytofix/Cytoperm solution kit as per manufacturer’s instructions (BD Biosciences, San Jose, CA). Cell culture supernatants were also assessed with human IL-17A and IL-6 ELISA kits from Biolegend (San Diego, CA).



Statistical Analysis

Statistical analysis was performed using Graphpad Prism version 9 software. For matching Control and PTSD samples to be comparable with one another, continuous variables (age, PTSD scores, anxiety score, depression score) were expressed as means with standard deviations, and p-values calculated using an unpaired, two-tailed standard t test. For categorical variables (sex and race), these were expressed as numbers with overall proportions represented within each respective group (e.g. PTSD or Control) for qualitative comparisons. For other comparison data (e.g. miRNA fold change, PCR gene expression) between two groups, an unpaired, two-tailed standard t test was performed. When comparing 3 or more groups (e.g. in vitro cell culture studies with flow cytometry, miRNA fold change PCR, and ELISAs), one way ANOVA and post-hoc multiple comparisons Tukey’s test was performed. In vitro assays were performed at least three times and are shown as representative replicate data. For correlation studies, Pearson correlation tests were used to determine significance. Significance was defined as having a p value ≤ 0.05. For DNA methylation studies using Me-DIPseq, qualitative observations with intensity of signal (peak height and width) in the focused gene promoter regions (e.g. TP53) were evaluated as previously reported (28).




Results


Dysregulated miRNA in PTSD PBMCs Is Associated With TP53 and Inflammatory Th17 Response

In our previous study, we noted that compared to healthy controls, PTSD patients had significant downregulation of a number of miRNA (27). Using IPA analysis software, we noted that of the top 6 networks affected by significantly dysregulated miRNA in PTSD samples, 4 of these included TP53 (Table 2). Further analysis revealed that of the 184 miRNAs significantly downregulated in PTSD samples, 21 of these altered miRNAS were found to be associated with TP53 (Figures 1A, B). The most significantly downregulated TP53-associated miRNA with the lowest p value was let-7a (Figure 1C), which was followed by miR-145, miR-16, miR-221, and miR-320b (Figures 1D–G). To better understand what processes and functions were affected by these particular miRNAs, only the 21 TP53-associated miRNAs were input back into IPA to determine how their alteration might affect disease and function. As shown in Figure 1H, Inflammatory Response and Inflammatory Disease were ranked within the top 5 Disease and Functions affected by these specific miRNA. In addition to Disease and Functions, the top Molecular and Cellular processes linked to these altered TP53-associated miRNAs included Cellular Development, as well as Cellular Growth and Proliferation (Figure 1I). Lastly, among the 21 TP53-associated miRNA, let-7a and TP53 were found to have direct and indirect interactions linked to Th17 development and function by way of their association with IL-6 and IL-17A, respectively (Figure 2). Prediction analysis based on the miRNA profiles also suggested that TP53 would be inhibited in PTSD samples, while IL-6 and IL-17A were predicted to be activated. These data suggested that through a TP53/let-7a axis, PTSD patients could be more prone to developing an abnormal Th17 phenotype.


Table 2 | IPA-generated networks highlighting dysregulated miRNA and target genes between Control and PTSD samples.






Figure 1 | Dysregulated miRNA in PBMCs from PTSD patients are associated with TP53. miRNA array data from PBMCs from Control (n=4) and PTSD subjects (n=8) was analyzed using IPA analysis software. (A) Volcano plot depicting miRNA fold change values (x-axis) of PTSD vs. Control plotted against p-values (y-axis). Yellow dots represent TP53-associated miRNAs. (B) Heat Map depicting 21 TP53-associated miRNA that were significantly downregulated in PTSD samples compared to control. (C–G) Box and whisker plots depicting top 5 downregulated TP53-associated miRNA between Control and PTSD samples to include (C) let-7a, (D) miR-145, (E) miR-16, (F) miR-122, (G) miR-321b. Box and whisker bars depict maximum and minimum values, with middle bar depicted at the median. (H, I) Top ranked networks (as determined by IPA-derived –log p-values and # of molecules) for 21 total dysregulated miRNA associated with TP53 to include (H) Disease and Functions, as well as I) Molecular and Cellular Functions. Significance in linear fold change was determined as any value ≥1.5 or ≤ -1.5 fold, and p-value was determined significant if this value ≤ 0.05 using an unpaired standard t test. P-values: ≤ 0.005 (***), ≤ 0.001 (****).






Figure 2 | Network of TP53 interactions with dysregulated miRNA from PTSD patients. IPA-derived network depicting dysregulated miRNA associated with TP53 from mean fold changes of Control (n=4) vs. PTSD (n=8) PMBCs. miRNA are depicted in green to denote downregulation (darker green denotes more downregulation) or red to denote decreased expression. Genes depicted in the network are predicted to be activated (orange) or inhibited (blue) based on interactions present, as noted in the Prediction Legend. A separate legend (lower right corner) is provided to identify components depicted in the network. Solid lines indicate direct interactions, and doted lines indicate either indirect or highly-predicted interactions.





TP53 Downregulation in PTSD PBMCs Correlates With Increased Inflammatory IL-17A

Since so many downregulated miRNA in PTSD samples were linked to TP53, initial evaluation of TP53 expression was undertaken in the public database. In database GSE860, normalized expression of gene data was available between PTSD and Control samples during two major time points: 1) a visit to the ER caused by trauma, and then 2) 4 months after their initial ER visits. Control subjects were deemed to not develop PTSD after the 4-month period. Control and PTSD subjects were found to have no significant differences in age, race, or sex, as detailed in the previous published report (33). As the data shows, when compared to Control samples, PBMCs collected from PTSD subjects exhibited a decrease in TP53 4 months after trauma was experienced, which trended towards significance (Figure 3A). In addition, it was interesting to note that in this same cohort of PTSD subjects, IL-17A expression had a noticeable trending increase after 4 months (Figure 3B). While both these observations trended towards significance, data showed there was in fact a significant negative correlation between TP53 and inflammatory cytokine IL-17A levels (Figure 3C). In addition to this publicly available data, we evaluated TP53 expression in PBMCs collected from local veterans at the William’s Jennings Bryan VMC. In this study, we collected PBMCs from both PTSD (n=19) and Control volunteers (n=6), with demographic data supplied in Table 1. Control and PTSD participants matched comparatively in terms of age, race, and sex, with no noted significant differences among these criteria between the two groups. There was however a larger overall proportion of male to female participants in this particular study, due to limited numbers of both Control and PTSD female volunteers. However, we found that veterans diagnosed with PTSD had significantly lower expression of TP53 compared to Controls (Figure 3D). Interestingly, there was no significant difference in the expression of TP53-inhibiting protein Mdm2 (Figure 3E), suggesting that TP53 expression was being specifically altered in the PTSD group, independent of other confounding factors or regulatory mechanisms related to TP53. Indeed, based on these studies, there was a clear significant negative correlation between TP53 expression and PTSD severity (Figure 3F), inasmuch as when the TP53 expression decreased, PTSD scores increased among the sampled population. Additionally, even though PTSD samples in this particular cohort had significantly higher anxiety and depression scores compared to Controls (Table 1), TP53 expression appeared to only be correlated with PTSD score, as there was no significant correlation between TP53 expression and the two commonly comorbid psychological conditions associated with PTSD (Figures 3G–I). Taken together, these data revealed that when compared to Controls, PBMCs from persons diagnosed with PTSD had lower expression of TP53.




Figure 3 | Expression of TP53 in PBMCs is downregulated in PTSD samples compared to Control. (A–C) Normalized expression data was analyzed from public database (ID. GSE860) between PTSD (n=17) and Controls (n=15), with two time points during initial emergency room visit for trauma (ER) and 4 months later (4MTHS). (A) Box and whisker plot depicting fold change expression of TP53. (B) Box and whisker plot depicting fold change expression of IL-17A. (C) Correlation plot between TP53 and IL-17A fold change expression. (D–I) PBMC gene expression data was collected from VMC PTSD (n=19) and Control volunteers (n=6). (D) Box and whisker plot depicting TP53 expression by PCR. (E) Box and whisker plot depicting Mdm2 expression by PCR. Correlation plots depicting (F) TP53 vs. PTSD score, (G) TP53 vs age of cohort, (H) TP53 vs. Depression score, and (I) TP53 vs. Anxiety score. Box and whisker bars depict maximum and minimum values, with middle bar depicted at the median. For box and whisker plots, significance was determined using an unpaired standard t test. For correlation plots, Pearson correlation test was used to determine significance. Significance was defined as having p-value ≤ 0.05 (*).





PBMCs From PTSD Subjects Exhibited Increased Methylation in One of the Known Promoter Regions of TP53

As we already noted that DNA methylation in genes involved in inflammation were altered in PTSD subjects (29), we evaluated the methylation pattern of the TP53 promoter regions in Control (n=5) and PTSD (n=5) PBMC samples obtained from the DHNS project using MeDIP-seq. Patient demographics showed Control and PTSD samples used were comparable to each other in terms of age, race, and sex, though there was a slight disproportionate number of males in the Control samples (Table 1). This more male sex bias proportion was also present when evaluating Control and PTSD TP53 expression in the current report, as noted earlier. The samples collected in the DNHS project were also all African American (AA), which correlated with a larger proportion of this ethnicity in the aforementioned studies evaluating TP53 expression among PTSD samples, at least making the DNA methylation results more comparable to the aforementioned PCR results. In assessing one of the two identified promoter regions of the human TP53 gene on the Ensembl genome browser (ensembl.org), it was found that in general, PTSD PBMC samples had increased methylation intensity in the larger ~5kb promoter region identified in Figure 4A. This increased DNA methylation intensity was even more noticeable when combining the 5 samples into their respective groups (Figure 4B). With increased DNA methylation in the promotor region, it would stand to reason that this would lead to an impediment in the active transcription of TP53, or the gene encoding the p53 protein. This epigenetic modification could explain why PBMCs from PTSD subjects have lower expression of TP53 when compared to healthy controls.




Figure 4 | PTSD PBMCs had increased DNA methylation in TP53 promoter region. MeDIP-seq was performed on randomly selected PTSD (n=5) and Control (n=5) PBMC samples. Visualization of the methylated genome was acquired in the IGB genome browser (www.bioviz.org) for (A) individual samples, and (B) combined samples within respective groups. Blue sections indicate PTSD samples, and yellow sections represent Controls. Green section indicates the TP53 gene, while the red section represents one of the known TP53 promoter regions (~5kb) provided in the Ensembl genome browser (www.ensembl.org). For combined data, a line at 1.5 value was drawn to better visualize methylation intensity between the two groups. Differences observed are qualitative measures in which increased signal intensity (e.g. peak height and width) signify more DNA methylation. Signal intensity in the PTSD group was greater overall in the TP53 promoter compared to Control samples.





Modulation of Let-7a in Activated CD4+ T Cells Alters Th17 Development and Function

As it has already been experimentally shown that TP53 modulation affects let-7a expression (36, 37), experiments were carried out focusing on how let-7a alterations affected CD4+ T cell phenotypes during activation. To achieve this, CD4+ cells were purified (~97% consistently) from PBMCs from a Control samples (Figure 5A). Next, these CD4+ cells were either left unactivated, or activated with CD3/CD28 antibodies in the presence or absence of let-7a mimic or inhibitor. Because IPA miRNA analysis pathway linked let-7a to Th17 development and function (Figure 2), Th17 cells (CD4+IL-17A+) were assessed under these conditions using flow cytometry (Figure 5B). As expected, Th17 populations expand under activating conditions when compared to cells left unactivated, but what was interesting was that the Th17 populations were altered by let-7a modulation (Figure 5C). Specifically, when enhancing let-7a levels with the mimic, Th17 percentages significantly decreased, while the opposite was true as inhibiting let-7a led to expansion of the Th17 population in the cultures. It is noteworthy that the activation of these CD4+ cultures resulted in significant decreased expression of let-7a in general when compared to unactivated cells. Let-7a modulation was validated by PCR to show that the mimics significantly enhanced let-7a expression, whereas inhibitors significantly decreased the expression in these cultured conditions (Figure 5D). Once confirmed, Th17 function and development were evaluated by way of IL-17A and Th17-inducing IL-6, respectively. It was shown that under these culturing conditions, increases in let-7a led to a significant decrease in IL-17A production (Figure 5E). Inhibiting let-7a however promoted significant increased secretion of IL-17A. The same trend was observed in IL-6 production levels, where inhibition of let-7a significantly enhanced IL-6 secretion, but a decrease in this miRNA resulted in significantly increased IL-6 production (Figure 5F). Taken altogether, these data demonstrated that let-7a negatively regulates Th17 development and function. Combined with the previous results, the data suggested that decreased TP53 correlates with decreased biogenesis of let-7a in PTSD patients, promoting an increased Th17 phenotype, which would normally be regulated by miRNA let-7a. The overall conclusions suggested that patients diagnosed with PTSD may be more prone to an inflammatory Th17 phenotype due to dysregulation of the P53/let-7a axis, which under normal conditions would aid in regulating this T cell-mediated inflammatory response.




Figure 5 | Let-7a modulation affects Th17 development and function. (A) CD4+ cells were purified using magnetic bead separation from PBMCs provided by healthy control donor, which was validated using flow cytometry to ensure purity (>95%). (B) Representative flow cytometry plots depicting Th17 cells (CD4+IL-17A+) in unactivated or CD3/CD28 activation cultures (24 hours) in the absence or presence of mock, let-7a mimic, or let-7a inhibitor. Red numbers indicating double positive TH17 percentage. (C) Violin plot depicting Th17 percentages as assessed by flow cytometry. (D) Violin plot depicting expression of let-7a as assessed by PCR. (E) Violin plot depicting IL-17 concentration as assessed by ELISA from cell culture supernatants. (F) Violin plot depicting IL-6 concentration as assessed by ELISA from cell culture supernatants. In vitro data are representative of at least 3 independent experiments, with 3 samples per culture condition. One way ANOVA was used to determine significance between groups. Significance was determined as p-value ≤ 0.05(*), ≤ 0.01(**), ≤ 0.001(****).






Discussion

PTSD is a psychiatric disorder characterized by exposure to profound traumatic events that result in acute (less than 3 months), chronic (3 months or more), or delayed (occurring months or years after event) onset. Core symptoms are reminders that trigger memories of traumatic events, suppression of memories of the traumatic events, recurrence of disturbing flashbacks, avoidance or emotional numbing, and hyperarousal (4). In addition to these negative impacts on mental health, research has revealed a profound alteration of the immune system in patients with PTSD, which results in a higher risk for developing autoimmune and inflammatory disorders (16). During stressful events, the hypothalamic-pituitary-adrenal (HPA) axis is mobilized, which can activate the sympathetic nervous system to release adrenergic hormones (38). All lymphocytes express adrenergic receptors in varying degrees, including T cells (39, 40). In conjuncture with this notion that stress can have an impact on T cells, research has shown that people suffering from PTSD have increased T cell number and enhanced T cell function (6, 41–43). However, it is also important to note conflicting reports have also shown reduced T cell number and function in some cases of PTSD (44–46). Interestingly, in the cases reporting a reduction, these studies examined non-combat PTSD subjects, while cases showing an increase were from combat-associated PTSD. In this report and our previous report, we noted an increased inflammatory T cell response, but once again, this was observed more in veteran patients (27). Therefore, the type of trauma-inducing PTSD may play a significant role in T cell modulation outcome, and thus should be taken into consideration. More importantly, studies examining PTSD should also take into account certain cell types and not just general PBMCs, particularly in the case of CD4+ T cells, which have pro- and anti-inflammatory roles.

Generally, CD4+ T helper (Th) cells can be divided into pro- (Th1 and Th17) and anti- (Th2 and Treg) inflammatory subsets (47). In our previous report examining CD4+ T helper subsets in PTSD patients, we found that PTSD subjects had increased proportions of pro-inflammatory (Th1 and Th17) and reduced (Treg) or unchanged (Th2) anti-inflammatory CD4+ T cell subsets (27). In support of our findings, Gola and colleagues also showed PBMCs from PTSD patients spontaneously produced higher levels of IL-6, one of the key cytokines involved in Th17 differentiation (26). In our previous reports, we also provided possible mechanisms leading to the development of an increased inflammatory phenotype, which include miRNA modulation and epigenetic modifications to inflammatory-related genes and pathways, such as the Wnt signaling pathway (31). Building upon these results, we also noted an interesting association of PTSD with TP53 in the current study.

Our highlighted mechanism involving TP53 dysregulation in PTSD subjects is both supported and contradicted by other reports analyzing gene expression profiles of PBMCS from PTSD patients (48, 49). In the report from Dong et al., researchers noted TP53 was the most dysregulated gene in PTSD patients when compared to control samples, but interestingly the expression was elevated (48). On the other hand, in support of our current findings, Breen et al. noted that TP53 was downregulated in PTSD-positive samples (49). The discrepancy once again might be better explained with more careful analysis in the future, one that takes into account the type of trauma and cell type, admittedly a limitation even in the current report. In particular, it will be crucial in future studies to validate many of these findings (e.g. TP53 expression and DNA promoter methylation, let-7a levels) in purified CD4+ T cell populations from PTSD and control samples, as opposed to whole circulating PBMC populations, which consists of a variety of different immune cell types. However, it is interesting to take in consideration what we currently know about TP53 and how it regulates the Th17 inflammatory response. TP53 has not only been shown to negatively regulate the function and differentiation of Th17 effector cells (50), but has also been shown to play a role in the biogenesis of several miRNA (51), small non-coding RNA molecules known to regulate several cellular functions including the development of Th17 cells (52). In response to DNA damage or some abnormal oncogene activation, TP53 will act as a tumor suppressor by preventing tumor growth and development through several pathways including apoptosis, senescence, and cell cycle arrest (53). There are an abundant number of resources and research articles dedicated to the role TP53 plays in cancer and tumor development, but more studies are focusing on the role this protein plays in normal cellular processes, particularly in terms of T cell function. Watanabe and colleagues showed that TP53 plays an important role in antigen-specific CD4+ T cell responses, and proliferation of antigen-activated CD4+ T cells was dependent on the downregulation of TP53 (54). TP53 was also found to induce SLAM-associated protein (SAP), a pro-apoptotic factor in lymphocytes, in activated primary human T cells as a means to maintain T cell homeostasis (55). More importantly, in a murine model investigating the effects of autoimmunity in p53null CD45.1 mice, these mice were shown to spontaneously develop autoimmunity, characterized by increased presence of Th17 effectors, as well as elevated serum levels of IL-17 and Th17-producing IL-6 (50). Collectively, these data suggested that TP53 is not only a major player in T cell development and function, but it may also support our current findings suggesting that the TP53/let-7a axis may also negatively regulate Th17 CD4+ subsets, warranting further investigation into the role this protein might be play in the Th17-driven immune response in the PTSD population.

It is important to note that other cell types can produce IL-17A, such as γδ T cells, innate lymphoid type cells (ILCs), mast cells, CD8 T cells, natural killer (NK) cells, and neutrophils (56, 57). However, the source of increased IL-17A observed in PTSD patient PBMCs relative to controls in our previous report (27) and highlighted in the current report is more than likely produced by Th17 cells specifically. IL-17A was co-expressed with either CD4 or a combination of CD3 and CD4. This would exclude cytotoxic CD8 T cells, neutrophils, and mast cells. While there has been reports of some mast cells expressing CD4, current literature suggests that normal mast cells do not express this particular cell surface marker (58). In addition, the source of IL-17A is most likely not attributed to γδ T cells or ILCs since even though they can express the CD4, these cell types represent a very minor population in the human PBMCs. In the case of γδ T cells, they are a minor population in circulating PBMCs (0.5-5%, compared to 50% of αβ T cells), are more often expressed in epithelial cell-rich compartments like skin, the digestive tract, and reproductive organ mucosa, and mainly exhibit a CD3+CD4-CD8- phenotype (59). ILCs (ILC1, ILC2, and ILC3) do not normally express CD4 either, and even though a subset of CD4+ILC1 cells have been identified, these cells shared more characteristics with Th1 phenotypes in their cytokine production, as opposed to Th17 (60). In addition, like γδ T cells, ILCs are mainly tissue-associated and have low frequency in circulation, such as the PBMC population (61). NK/NKT cells are also lowly expressed in PBMCs compared to T helper cell subsets (62), and in addition, NK cells do not normally express T cell-associated CD3. Collectively, these observations strongly suggest the source of increased IL-17A in PTSD patients is most likely derived from CD4+ Th17 cells, which is supported by a report from Hefele et al. which showed trauma can increase IL-17A specifically in Th17 subsets (63).

Regarding the link between TP53 and miRNA let-7a in our current report, TP53 is known to enhance the maturation of several miRNA already, such as the let-7 family, miR-200c, miR-143, miR-16, miR-145, and miR-21 (64–66). miRNA play a crucial role in the regulation of many biological cellular processes, including CD4+ T cell development, proliferation, differentiation, and function (67). Of particular interest is the fact that let-7a, a member of the let-7 family of miRNAs, was shown to decrease IL-6-dependent Th17 differentiation and production of Th17-specific cytokines in a murine model of Con A-induced hepatitis (68). Let-7 members are known to be direct negative regulators of IL-6 and small guanosine triphosphatases (GTPases) Ras proteins, which play important roles in inducing Th17 cells and IL-17, respectively (69, 70). In cancer cells, TP53 plays an important role in the induction of let-7a (37), and let-7a along with TP53 were shown to regulate Ras in a colorectal cancer cell line (36). This would suggest that let-7a-mediated effects on Th17 function involves a possible indirect relationship between this microRNA and IL-17A, since examination of publicly-available miRNA-target gene prediction websites such as miRdatabase (http://mirdb.org/) and TargetScan (http://www.targetscan.org/) revealed human let-7a did not bind directly to IL-17A transcripts. However, as noted in Figure 2 of the current report, let-7a can inhibit Ras proteins, which have been implicated in the development of Th17 and production of IL-17 (71). In studies by Zayoud et al., Ras protein inhibitors were found to suppress in vivo induction of splenic Th17 cells. In the same report, in vitro polarization of Th17 was also perturbed using Ras inhibition. Therefore, it would stand to reason that TP53 downregulation leading to decreased let-7a would prevent directed inhibition of Ras proteins, thereby leading to increased Th17 polarization and IL-17A production in T cells.

Collectively, the current report offers support for the hypothesis that dysregulation of the TP53/let-7a axis could lead to an increased inflammatory Th17 phenotype. This provides evidence in the underreported role of TP53 in PTSD, which is becoming increasingly more prevalent as cases of PTSD are currently on the rise due to the COVID-19 pandemic (72, 73). Despite these exciting findings, the current report does have limitations that must be addressed in future studies. In addition to a relatively overall low sample size, new data generated in the current report contain samples with results more prevalent to both males (sex bias) and African Americans (race/ethnicity bias). Future studies should and must focus now on evaluating these key findings presented in larger and more diverse patient cohorts, with special emphasis on how types of trauma (e.g. combat vs non-combat) and other factors (e.g. sex or race/ethnicity) might affect the TP53/let-7a axis and the subsequent susceptibility to an inflammatory Th17 phenotype in PTSD patients. In addition, and as noted earlier in the discussion, key findings from the current report must be validated specifically in the CD4+ T cell population of patient cohorts as it relates to epigenetic modifications, such as DNA methylation in the TP53 promoter region and let-7a levels. For example, while published reports have shown that TP53 activation can induce let-7a in various human cell lines (74), these findings will need to be further corroborated in human CD4+ T cells by manipulating TP53 (activation and silencing) in this particular cell subset and evaluating how these changes effect let-7a levels. Lastly, based on the more qualitative nature of the MeDIPseq results showing hypermethylation of the TP53 promoter in PTSD patients compared to controls in the current report, ample justification is now provided to examine this observation in a more quantitative assay (e.g. methylation-specific PCR, or MSP) in a larger human subject cohort.
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Background

Late-life depression (LLD) and amnestic mild cognitive impairment (aMCI) are two different diseases associated with a high risk of developing Alzheimer’s disease (AD). Both diseases are accompanied by dysregulation of inflammation. However, the differences and similarities of peripheral inflammatory parameters in these two diseases are not well understood.



Methods

We used Luminex assays to measure 29 cytokines simultaneously in the plasma of two large cohorts of subjects at high risk for AD (23 LLD and 23 aMCI) and 23 normal controls (NCs) in the community. Demographics and lifestyle factors were also collected. Cognitive function was evaluated with the Chinese versions of the Montreal Cognitive Assessment (C-MoCA) and neuropsychological test battery (NTB).



Results

We observed a remarkably increased level of IL-6 in the plasma and reduced levels of chemokines (CXCL11 and CCL13) in the LLD group compared with the aMCI group. The LLD group also showed lower levels of CXCL16 than the NC group. Furthermore, altered cytokine levels were associated with abnormal results in neuropsychological testing and Geriatric Depression Scale scores in both the LLD and aMCI groups. Notably, combinations of cytokines (IL-6 and CCL13) and two subitems of C-MoCA (orientation and short-term memory) generated the best area under the receiver operating characteristic curve (AUROC = 0.974).



Conclusion

A novel model based on proinflammatory cytokines and brief screening tests performs with fair accuracy in the discrimination between LLD and aMCI. These findings will give clues to provide new therapeutic targets for interventions or markers for two diseases with similar predementia syndromes.
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Introduction

It is expected that by 2050, the number of people with dementia may exceed 131 million. Alzheimer’s disease (AD) is the most common type of dementia and is recognized by the WHO as a global public health priority (1). There are no effective medical treatments to cure the disease. However, the prevalence of dementia would be halved if its onset was delayed by 5 years (2). Therefore, the prodromal stage of AD is a great opportunity for effective treatment and postponement of disease onset.

Peripheral inflammatory activation potentially activates the immune system within the blood–brain barrier, playing a potential role in the pathogenesis of AD. Direct and bystander damage from inflammatory mechanisms is likely to significantly exacerbate the very pathogenic processes of AD along a continuum (3). Cytokines are typically produced by cells of the immune system upon activation and play key roles in the development and control of immune responses. Chemokines represent one of the largest subfamilies of cytokines and have been divided into several subgroups based on their chemical structures. CXC and CC are two major subfamilies, depending on whether the first two N-terminal cysteines have an amino acid between them (CXC) or are adjacent to each other (CC) (4). Although chemokines have been relatively neglected in investigations of the mechanisms of psychiatric disorders, recent evidence has begun to demonstrate an association between chemokines and neurobiological processes (5, 6). Dysfunctional cytokines have been associated with both neurodegenerative and psychiatric disorders, including AD, mild cognitive impairment, schizophrenia, depression, and bipolar disorder (7, 8). Increased inflammatory markers such as soluble tumor necrosis factor receptor 2 (sTNFR2), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) have been reported in patients with dementia compared with controls (9, 10). Although the exact effect of proinflammatory cytokines in AD remains unknown, increasing evidence suggests that inflammation is involved in the pathological process of AD and plays a crucial role in the early stages of disease when intervention may be most beneficial (11).

Late-life depression (LLD) and amnestic mild cognitive impairment (aMCI) subtypes are strongly associated with an increased risk for AD (12). Evidence from prospective studies has supported the notion that LLD is associated with a 2- to 5-fold increased risk of developing AD (13). Older adults with aMCI show typical impairment of episodic memory, which represents the most common symptom of the prodromal stage of AD (14). Compared with 3% of the population without mild cognitive impairment at the same age, approximately 39% of patients with mild cognitive impairment develop dementia over the subsequent 3 to 10 years (15). Although LLD and aMCI are considered to be distinct clinical entities, they share multiple common clinical features (16). Elderly individuals with major depressive disorder can present with significant cognitive impairment, decreased activity, primary motivational impairment, and fewer mood symptoms (17, 18). Cognitive dysfunction in depressed older adults typically consists of memory impairment, poor attention, and impaired executive function (19). Depression is also common in individuals with MCI, with a higher prevalence in aMCI than in non-aMCI (naMCI) and may confer a higher possibility of progression to dementia (20). Identifying individuals at risk for AD or depression will be critical, as clinical trials on prevention interventions or potential treatment may become available in the clinic.

Since neuroinflammation is thought to be involved in the pathogenesis of the disease at an early stage, it is also important to study inflammatory markers in the predementia stage. However, in previous inflammatory marker studies, elderly individuals with major depressive disorder were generally neglected. Therefore, in the current study, we aimed to characterize neuroinflammation in the elderly with aMCI (aMCI) and LLD compared with sex- and age-matched normal controls. Additionally, potential correlations between clinical parameters of proinflammatory cytokines and two diseases were analyzed. This study provides new diagnostic biomarkers targeting neuroinflammation for patients in the predementia stage.



Materials and Methods


Subjects and Study Procedure

Figure 1 describes the study design and analysis pipeline. Twenty-three participants diagnosed with aMCI and twenty-three normal controls were concurrently recruited from four different communities in Shanghai. The same number of patients with LLD was recruited according to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V), by clinicians from an outpatient clinic (21).




Figure 1 | Study design and group comparisons. Participants from Shanghai, China, underwent cytokine level measurements, and 29 cytokines were selected for group comparisons. Receiver operating characteristic (ROC) analysis was adopted to evaluate the ability of cytokines to distinguish two-class patterns.



All participants received clinical diagnoses established by three different geriatric psychiatrists using standardized assessment and review. Clinical diagnosis of aMCI was adapted from Petersen et al. (22), requiring evidence of a definite decline in memory (memory complaints corroborated by an informant and MoCA scores of >1.5 SD of age-appropriate norms or abnormal memory function for age) and without significant impact on daily living, with the severity of symptoms or consequent functional limitation not meeting the criteria for the diagnosis of dementia in DSM-V; a diagnosis of normal control was made if participants demonstrated no evidence of cognitive decline as compared with their baseline cognitive functions on clinical interview and assessment. Patients with LLD were diagnosed according to DSM-V for major depressive disorder with depression onset occurring over 60 years old. The exclusion criteria were as follows: a) dementia or suspected dementia based on clinicians’ judgment, b) other psychiatric disorders (except depression) or a substance-use disorder diagnosis, c) any kind of chronic infectious or any sign of peripheral inflammation, or d) any current, clinically significant cardiovascular and cerebrovascular disease.



Clinical Data Collection

All participants were matched according to the mean age and sex. A detailed psychiatric, medical, social, and family history was obtained from each participant. All participants completed the following subtests: Chinese version of Montreal Cognitive Assessment (C-MoCA), Chinese version of neuropsychological test battery (C-NTB) including Wechsler’s Memory digit span (WMDS), Category Fluency Test (CFT), Controlled Word Association Test (COWAT), and Geriatric Depression Scale (GDS). This study was approved by the Institutional Review Board of the Shanghai Mental Health Center. Written informed consent was obtained from all participants or their representatives.



Sample Collection and Preparation

Fasting blood samples of CRP were collected via peripheral venous access after participants fasted for more than 10 h. After centrifugation (2,500 rpm, 15 min, at 4°C), plasma was collected from EDTA tubes and then stored at −80°C until the assays were performed.



Plasma Cytokine Assays

Using Luminex microbeads, we simultaneously measured the concentrations of 29 cytokines and chemokines (Table 1). The plasma samples were thawed at 4°C and centrifuged at 1,500 rpm to remove any aggregate protein that could potentially obstruct the measurement. The human Magnetic Luminex Performance Assay (R&D Systems, no. LXSAHM-33, USA) was used according to the manufacturer’s protocol. An X200 (Luminex, Austin, TX) was used to read the multiplex assay.


Table 1 | The list of 29 human chemokines or cytokines tested.





Statistical Analysis

Statistical analysis was performed using SPSS Version 22 and GraphPad Prism software (version 6.0; GraphPad, Inc.). The results are reported as mean ± SD and numbers with percentages. Student’s t-test or Mann–Whitney U test for two groups and ANOVA or Kruskal–Wallis test for more than two groups were used to determine statistical significance. Pearson’s chi-squared test was used to compare categorical variables in the demographic data of the three groups. To examine associations between proinflammatory cytokines and cognitive assessment scores, analysis of partial correlation was used while adjusting for the demographic variables that differed statistically among the three groups.

We then evaluated the potential diagnostic and classification performance of combinations of inflammatory biomarkers and subitems of cognition testing using a logistic regression approach. In this analysis, all biomarkers used in any particular combination were entered as predictors, and the diagnostic group was entered as the dependent variable, controlling for age, sex, and education. After model fitting, receiver operating characteristic (ROC) analysis was used to evaluate the ability of the model to discriminate population with aMCI from LLD (23). The area under the ROC curve (AUROC) with a 95% CI for the parameters was used to measure its accuracy to differentiate patients with and without depression. Statistical significance was set at p < 0.05 on a two-tailed test.




Results


Demographic and Clinical Characteristics

Twenty-three subjects in each group (NC, aMCI, and LLD) took part in our study. There was no significant difference between any of the groups in terms of age or male-to-female ratio. Years of education was higher in the normal control group than in the other two groups. In terms of lifestyle factors, a lower proportion of patients with LLD performed regular exercise or drink tea. As expected, the control group had significantly higher mean C-MoCA scores than the other groups, and MDS, CFT, and COWAT scores were also lower in the aMCI and depression groups than in the control group. Scores of the GDS were significantly higher in the depression group than in the control and aMCI groups (Table 2).


Table 2 | Comparison of demographic characteristics and cognitive function between patients with late-life depression (LLD), subjects with amnestic mild cognitive impairment (aMCI), and normal controls (NC).





Cognitive Assessment

The comparison of the C-MoCA subitem scores among the three groups is shown in Figure 2.




Figure 2 | Scores for the 6 different neurocognitive domains tested. aMCI, amnestic mild cognitive impairment; LLD, late-life depression; NC, normal controls; ACW, attention, concentration, and working memory; vs. function, visual–spatial function. Data are expressed as mean ± SD. Statistical analysis was performed by the Kruskal–Wallis test; significance levels are indicated in the top portion of the figure (*p < 0.05, **p < 0.01).



All functional domains, with the exception of the attention, concentration, and working memory (ACW), were significantly changed between the disease and control groups. The LLD and aMCI groups scored significantly lower than the control group in language, short-term memory, and executive function. Surprisingly, LLD patients performed even worse than aMCI subjects in orientation and visual–spatial function tests [vs. function (aMCI: 3.2 ± 0.8 vs. LLD: 2.4 ± 1.3 vs. NC: 3.7 ± 0.6, p < 0.01), executive function (aMCI: 2.3 ± 0.9 vs. LLD: 1.8 ± 1.4 vs. NC: 3.7 ± 0.6, p < 0.01), ACW (aMCI: 5.4 ± 1.0 vs. LLD: 5.1 ± 1.3 vs. NC: 5.7 ± 0.5, p > 0.05), language (aMCI: 3.9 ± 1.3 vs. LLD: 3.8 ± 1.7 vs. NC: 4.9 ± 1.0, p < 0.05), orientation to time and place (aMCI: 5.7 ± 0.7 vs. LLD: 4.4 ± 1.5 vs. NC: 5.9 ± 0.5, p < 0.01), and short-term memory (aMCI: 0.8 ± 0.9 vs. LLD: 1.2 ± 1.6 vs. NC: 3.4 ± 1.6, p < 0.01)] (Figure 2).



Inflammatory Protein Levels

Figures 3A–E show the protein concentrations of proinflammatory cytokines and chemokines. In total, patients in the LLD group had significantly higher levels of IL-6 (aMCI: 2.2 ± 0.6 vs. LLD: 2.9 ± 1.0 vs. NC: 2.3 ± 1.1, p < 0.05 Figure 3A) than the control or aMCI subjects. LLD patients showed lower levels of CXCL16 (127.8 ± 57.6 vs. 170.1 ± 122.1, p < 0.05 Figure 3D) than participants in the control group. Furthermore, the aMCI group showed a higher level of CCL15 (6,048.0 ± 3,608.5 vs. 3,713.7 ± 2,200.6, p < 0.01, Figure 3E) than subjects in the control group. Compared with depressed patients, the aMCI group had higher levels of CXCL11 (33.9 ± 8.3 vs. 28.3 ± 9.4, p < 0.05, Figure 3B) and CCL13 (60.1 ± 23.9 vs. 42.8 ± 14.2, p < 0.01, Figure 3C) in plasma. Meanwhile, no significant differences were noticed in plasma concentrations of other chemokines and cytokines among the three groups (Table 3).




Figure 3 | Chemokine and proinflammatory cytokine concentrations among patients with late-life depression and amnestic mild cognitive impairment and normal controls with standard error of the mean. (A) IL-6 among LLD, aMCI, and control group. (B) CXCL11 among LLD, aMCI, and control group. (C) CCL13 among LLD, aMCI, and control group. (D) CXCL16 among LLD, aMCI, and control group. (E) CCL15 among LLD, aMCI, and control group. aMCI, amnestic mild cognitive impairment; LLD, late-life depression; NC, normal controls; IL-6, interleukin-6; CXCL11, C-X-C chemokine ligand 11; CXCL16, C-X-C chemokine ligand 16; CCL2, C-C chemokine ligand 2; CCL13, C-C chemokine ligand 13; CCL15, C-C chemokine ligand 15. Significance levels are indicated in the top portion of the figure (*p < 0.05, **p < 0.01).




Table 3 | Level of inflammatory protein concentration in controls and patients.





Correlations of Peripheral Inflammatory Marker With Cognition and Depression Symptoms

Among LLD and aMCI patients, lower levels of CXCL16 (r = 0.247, p = 0.041) and CCL25 (r = 0.255, p = 0.035) were associated with worse C-MoCA summary scores, while controlling for age, sex, and education (Figure 4A). For further analysis, we explored the correlation between neuroinflammation and the subdomains of the MoCA. Levels of CXCL16 (r = 0.254, p = 0.035) and CCL25 (r = 0.356, p < 0.01) were also positively correlated with visual–spatial function. Levels of CXCL9 (r = 0.051, p = 0.048) and CCL23 (r = 0.101, p = 0.036) were positively associated with language function scores. The level of CCL11 was positively associated with ACW scores (r = 0.320, p < 0.01). A lower CCL27 concentration was found to be associated with higher orientation scores (r = −0.239, p = 0.048). The levels of CCL15 (r = −0.256, p = 0.034) and IL-6 (r = −0.243, p = 0.044) were found to be negatively associated with executive function scores, while the level of CXCL16 (r = 0.261, p = 0.030) was positively associated with executive function scores (Figure 4B).




Figure 4 | Heatmap showing correlations between the concentrations of cytokines and chemokines with clinical characteristics of LLD and aMCI patients. (A) Association among proinflammatory cytokines, chemokines, and clinical scores reflecting the severity of cognition and depression. (B) Association among proinflammatory cytokines, chemokines, and subdomains of cognitive scores. The six neurocognitive domains shown in Figure 3B are the subdomains of the MoCA; red color indicates a positive correlation, and blue indicates a negative correlation; p-values are presented, *p < 0.05, **p < 0.01. C-MoCA, Chinese version of Montreal Cognitive Assessment; WMDS, Wechsler Memory digit span; CFT, Category Fluency Test; COWAT, Controlled Word Association Test; GDS, Geriatric Depression Scale; ACW, attention, concentration, and working memory; vs. function, visual–spatial function. Six CXC chemokine ligands (CXCL5, CXCL6, CXCL8, CXCL9, CXCL11, and CXCL16) and 15 CC chemokine ligands (CCL1, CCL2, CCL3, CCL7, CCL8, CCL11, CCL13, CCL15, CCL17, CCL19, CCL20, CCL23, CCL24, CCL25, and CCL27). MIP2, microphage inflammatory protein-2; IL-2ha, interleukin-2; IL-4, interleukin-4; IL-6, interleukin-6; VCAM-1, vascular cell adhesion molecule-1; TNF-α, tumor necrosis factor-alpha; IL-1β, interleukin-1-beta; IFN-γ, interferon-γ-inducing factor.



A higher level of IL-6 was associated with lower COWAT scores (r = −0.251, p = 0.037) and increased GDS scores (r = 0.304, p = 0.011). CCL13 was also negatively associated with GDS scores (r = −0.283, p = 0.018), reflecting the severity of depression. Levels of CXCL6 (r = 0.250, p = 0.038), CXCL9 (r = 0.261, p = 0.030), and MIP2 (r = 0.251, p = 0.038) were positively associated with WMDS scores. Conversely, the level of IL-2 was negatively associated with WMDS scores (r = −0.265, p = 0.028) (Figure 4A).



Combined Scale Items and Cytokines Across the Diagnostic Spectrum (Late-Life Depression/Amnestic Mild Cognitive Impairment)

The results of the ROC analyses, which assessed the cognitive assessment score and cytokine concentrations in discriminating between the LLD and aMCI groups, are presented in Figure 5.




Figure 5 | ROC curves for IL-6 and CCL13 concentrations between patients with late-life depression and amnestic mild cognitive impairment. (A) Receiver operating characteristic curve for combining orientation and short-term memory scores to discriminate between the aMCI and LLD groups. (B) Receiver operating characteristic curve for combining IL-6 and CCL13 to discriminate between the aMCI and LLD groups. (C) Receiver operating characteristic curve for combining the four parameters above to discriminate between the aMCI and LLD groups. AUROC, area under the receiver operating characteristic curve; aMCI, amnestic mild cognitive impairment; LLD, late-life depression; IL-6, interleukin-6; CCL13, C-C chemokine ligand 13. The AUROC curves result from a logistic regression model adjusted for age, sex, and education. ROC, receiver operating characteristic.



The orientation and short-term memory testing combination distinguished LLD patients from aMCI groups with an AUROC of 0.83 (95% CI, 0.70–0.95) (Figure 5A). The combination [IL-6+CCL13] also showed significant value for differentiating between groups, with an AUROC of 0.81 (95% CI, 0.68–0.93) (Figure 5B). Subitems of the C-MoCA [orientation + short-term memory] and [IL-6+CCL13] combination discriminated LLD patients from aMCI with an AUROC of 0.97 (95% CI, 0.94–1.00) (Figure 5C).




Discussion

To our knowledge, this is the first study scrutinizing the diagnostic contribution of a peripheral inflammatory biomarker panel—IL-6 and CCL13, both as single markers and in combination with neuropsychological testing—in the biomarker-guided differential diagnosis of LLD and aMCI. We also found that several cytokines in patients with aMCI and LLD were markedly different, and the altered chemokines were partly correlated with the clinical parameters. The results of this study will provide new leads to further understanding the etiology of the preclinical stage of dementia and improve our ability to identify high-risk individuals in the clinical setting.


Comparing Peripheral Inflammatory Markers in Late-Life Depression Versus Amnestic Mild Cognitive Impairment

Multiplex analytical technologies are crucial to the complex task of deciphering disease-specific biomarker patterns, as they provide opportunities for an all-inclusive approach, resolving the problem that different ELISA kits do not give identical absolute values of the same analyses. In our study, using a Luminex assay, a reliable multiplex analytical technology, we were able to measure multiple different cytokines simultaneously in a single run of the assay with small sample-size requirements (24). Simultaneous measurement of multiple cytokines in peripheral blood samples reveals objective changes in multiple cytokines within one experiment, which provides a more inclusive and comprehensive depiction of the inflammatory process in the preclinical stage of dementia.

IL-6 can be produced by a variety of cells, such as immune-mediated cells, endothelial cells, and fibroblasts, which mediate immune cell expansion in response to infections and tissue injuries (25). The cytokine IL-6 has been extensively investigated in many preclinical and clinical studies as a proinflammatory cytokine that can accelerate ongoing neurodegenerative processes in AD. Previous research found that plasma circulating IL-6 may be a useful indication for future cognitive function (26), and increased IL-6 levels were reported in LLD patients in peripheral blood (27). Leung showed that elevated IL-6 in AD patients versus controls negatively correlated with Mini-Mental State Exam (MMSE) scores (28). We found similar results in our study. In our study, we found that plasma IL-6 levels were significantly increased in patients with LLD and positively associated with GDS scores. Interestingly, we did not find significant associations between IL-6 concentration and the total C-MoCA score; however, an increase in IL-6 was associated with better verbal fluency scores.

CCL13/MCP-4 is a CC family chemokine that can induce crucial immunomodulatory responses through its effects on epithelial, muscular, and endothelial cells (29). CXCL11 is a ligand of CXCR3 and has a proinflammatory effect (30). In this study, we found significantly lower levels of plasma CCL13 and CXCL11 in LLD patients than in aMCI patients. In line with our finding, people with suicidal behavior reported a similar decrease in the levels of chemokines (e.g., IL-10; CCL1, CCL8, CCL13, CCL15, CCL17, CCL19, CCL20, and CXCL11) (31). The suicide rates in the elderly are higher than those in younger adults and are more closely associated with depressive symptoms (32). We also found that the level of CCL13 was negatively associated with GDS scores, reflecting the severity of depression. Low levels of this cytokine may indicate more severe depressive symptoms and a higher risk of actually committing suicide. Longitudinal follow-up of these participants is underway to confirm this hypothesis.

The demographic characteristics in the LLD group were likely associated with a reduction in some chemokines. Personal characteristics and a series of complex factors (cultural, poor physical health, and social isolation) affect whether a person, group, or community develops a late-onset major depressive disorder. In this study, the results showed that 26.1% of the elderly led a sedentary lifestyle, while 91.3% of mild cognitive impairment subjects performed regular physical exercises. Depressive symptoms are associated with decreased physical performance in older adults in both cross-sectional and longitudinal epidemiological studies (33, 34). However, the relationship between an increasing proportion of physical activity and depressive symptoms may be bidirectional. On the one hand, depression may lead to decreased levels of activity due to low motivation and energy. On the other hand, decreased physical activity could be a risk factor for depression. Physical activity is known to increase the secretion of multiple hormones with antidepressant properties: physical activities can temporarily change norepinephrine activity in the central system, decrease the activity of the hypothalamopituitary–adrenocortical axis, and increase the secretion of beta-endorphins (35, 36). To some extent, lower levels of chemokines may also be explained by the finding that patients with LLD tend to have a sedentary lifestyle and lack stimulation in life.

Multiple directions of regulation of cytokines and inflammation associated with proteins of AD and MCI patients have been described in different studies. CCL15 is classified as a macrophage inflammatory protein and has a proinflammatory effect (37). In this study, we found that plasma CCL15 was increased in aMCI subjects. It was negatively associated with executive function. Significant elevations in plasma CCL15 levels in AD have been reported by others; however, the data showed no changes in CCL15 in mild cognitive impairment (38). There are also conflicting data showing lower CCL15 levels in AD (39). Such results may be related to the severity of the disease and the heterogeneity of the MCI population. In previous studies, elevated peripheral vascular cell adhesion molecule-1, tumor necrosis factor (TNF)-α, IL-2, IL-6, IL-18, and interferon-γ were found in patients with mild AD, suggesting that cytokine signaling might play a role in the intermediate stages of dementia (40). The levels of CCL13, CXCL16, and CXCL11 were significantly lower in the LLD group than in the aMCI and NC groups in the present study. The results may indicate to some extent that a potential correlation between cytokine concentrations and the severity of cognitive dysfunction may not be apparent but may be more strongly correlated with mood in the early stages of the disease. These results suggest a different pattern of inflammatory dysregulation in LLD from aMCI, although they share similar clinical features. The findings herein raise the plausible possibility of LLD-induced immunosuppression and that the effects on cognition and mood are potentially mediated more significantly by IL-6 than other markers.



Montreal Cognitive Assessment as a Clinical Marker in Combination With Peripheral Inflammatory Markers

Our data show that the combination of two cytokines and subitems of the MoCA enables satisfactory differentiation between LLD patients and mild cognitive impairment subjects. Notably, neither MoCA nor biomarkers (CCL13 and IL-6) alone were sufficient. Our discriminant analysis based on orientation, short-term memory, IL-6, and CCL13 yielded a high sensitivity of 91.3% for the identification of LLD patients. Diagnostic heterogeneity remains a major obstacle to understanding and treating patients with psychiatric disorders. The lack of strictly defined physiological targets limits advances in precision medicine for determining optimal treatments or developing new interventions. Sometimes, elderly individuals with depression accompanied by cognitive impairment are diagnosed with MCI by the clinician, whereas laboratory markers have the potential to identify AD-associated alterations at a very early stage. Rigorous identification of MCI in geriatric major depression treatment trials will help to advance the effectiveness of treatments (41, 42).

The C-MoCA is one of the most widely used cognitive assessments in China, and it has shown good sensitivity and acceptable specificity in differentiating MCI from older adults with normal cognition (43, 44). In our study, attention to the performance of single cognitive items, rather than only focusing on the total score of the C-MoCA, has the potential to improve our understanding of the earliest cognitive alterations in preclinical AD.

Treating AD can be challenging because pathological changes precede the diagnosis of clinical dementia for many years. Due to the lack of pharmacological treatments to slow the progression of dementia, therapies should be developed to target people at risk of dementia. Thus, the distinguished cytokine combined with two selected cognition tests will facilitate detection of people with cognitive impairment, allowing for further investigation of the proinflammatory cytokine effects on the preclinical AD and neurodegeneration diseases and adoption of individual preventive and therapeutic measures. Further work will need to evaluate the potential role of the model in the prediction of progression from the prodromal stage of dementia to the dementia stage.

The following limitations of our study need to be discussed. It is undeniable that the cross-sectional study design and small sample size limit cause–effect conclusions regarding the relationship between inflammation and LLD. The diagnosis of MCI was made on a clinical basis according to Petersen’s criteria. However, the revised NINCDS-ADRDA criteria have been reported to be reasonably accurate and are widely used in population-based studies (45). Here, recruited individuals refused to perform lumbar puncture and cerebrospinal fluid testing, which is an invasive screening method. PET imaging is expensive and difficult to accept in the elderly. All individuals were recruited from our cohort who had been diagnosed by three different geriatric psychiatrists. Given the aforementioned limitations, further studies are required to increase the statistical power by collecting larger, multisite cohorts and for detecting biomarkers of AD pathology, not only in predementia individuals but also across the AD diagnostic spectrum.




Conclusions

The results described the plasma cytokine profile in LLD patients in comparison with aMCI patients and controls, identifying neurocognitive and clinical associations with peripheral inflammatory markers. The combination of levels of cytokines and subitems of neuropsychological testing may provide a cost-effective, simple method for differentiating between LLD and aMCI in individuals. These results suggest the involvement of different immunological mechanisms in two diseases with similar predementia syndromes, showing that further research on cytokines may inspire the development of approaches for preclinical dementia diagnosis and treatment.
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Large artery atherosclerotic (LAA) stroke is closely associated with atherosclerosis, characterized by the accumulation of immune cells. Early recognition of LAA stroke is crucial. Circulating exosomal circRNAs profiling represents a promising, noninvasive approach for the detection of LAA stroke. Exosomal circRNA sequencing was used to identify differentially expressed circRNAs between LAA stroke and normal controls. From a further validation stage, the results were validated using RT-qPCR. We then built logistic regression models of exosomal circRNAs based on a large replication stage, and receiver operating characteristic (ROC) curves were constructed to assess the diagnostic efficacy. Using exosomal circRNA sequencing, large sample validation, and diagnostic model construction revealed that exosomal circ_0043837 and circ_ 0001801were independent predictive factors for LAA stroke, and had better diagnostic efficacy than plasma circRNAs. In the atherosclerotic group (AS), we developed a nomogram for clinical use that integrated the two-circRNA-based risk factors to predict which patients might have the risk of plaque rupture. Circulating exosomal circRNAs profiling identifies novel predictive biomarkers for the LAA stroke and plaque rupture, with superior diagnostic value than plasma circRNAs. It might facilitate the prevention and better management of this disease.
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Introduction

Stroke is a global public health problem. According to the Global Burden of Disease Study 2019, stroke is the third leading cause of death and disability (1). Approximately 80% of strokes are ischemic, of which, the large artery atherosclerotic (LAA) stroke is an important subtype (2). LAA stroke is closely related to atherosclerosis, in which plaque rupture and thrombosis are key causes of disease onset and progression (3, 4), associated with the accumulation of immune cells in the vascular intima (5). Therefore, it is important to develop potential approaches for the diagnosis of LAA stroke and plaque rupture.

Circular RNAs (circRNAs), a type of non-coding RNAs, are candidate biomarkers and potential therapeutic targets due to their tissue specificity (6, 7). Furthermore, they play an essential role in the pathophysiology of ischemic stroke and atherosclerosis. Studies have reported that the presence of circulating circRNAs may potentially aid in the diagnosis of acute ischemic stroke (8). In atherosclerosis pathogenesis, circRNAs are involved in the apoptosis of immune cells (macrophages), migration of vascular smooth muscle cells; and formation of new intima (9, 10). However, circulating circRNAs are susceptible to degradation by biological enzymes and limitations of origin identification. Nonetheless, recent studies have shown that circRNAs are stable and present in large amounts in exosomes (11, 12).

Exosomes are endogenous vesicles (approximately 40–160 nm in diameter) and can carry circRNAs and other biomolecules (13). Thus, exosomes can play critical roles in material transport, cell communication, and targeted therapy; moreover, they protect circRNAs from biological enzymes (14). Exosomes are secreted from various cell types with membrane specificity and targeting properties (15). Furthermore, researchers have identified exosomes involved in the atherosclerotic process (16). These included the endothelium-derived exosomes carrying miRNAs, which could inhibit macrophage infiltration and regulate the atherosclerotic plaque area (17). Our previous study also found that miRNA-145 present in the umbilical cord stem cell-derived exosomes reduced atherosclerotic plaques (18). Thus, exosomes could also serve as carriers of circRNAs, which may have diagnostic value for LAA stroke.

Therefore, in this study, we aimed to identify potential diagnostic and predictive biomarkers for LAA stroke and plaque rupture through exosomal circRNA sequencing and validation, that would facilitate immediate and appropriate management and prevention of LAA stroke.



Materials and Methods


Study Population

A total of 621 participants were enrolled in the study between June 2018 and December 2020 at the Affiliated Hospital of Qingdao University. Of the 621 participants, 366 were included in the acute ischemic stroke group (large artery atherosclerosis [LAA] group: 196 cases; small artery occlusion [SAO] group: 170 cases), 106 patients in the acute stroke (AS) group, and 149 participants in the normal control (NC) group.

The inclusion criteria for the acute ischemic stroke group were as follows (1): a diagnosis of an acute ischemic stroke using cranial CT or MRI (2); a diagnosis within 3 days of symptom onset (3); both LAA and SAO subtypes were included according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria (19); and (4) those who did not undergo thrombolytic therapy. The inclusion criteria for the AS group were as follows (1): computed tomography angiography (CTA) of the head and neck assisted identification of intracranial or extracranial vascular stenosis > 50% or occlusion and (2) Exclusion of possibility of stroke by cranial CT or MRI. Healthy controls were recruited at the Medical Examination Center of the Affiliated Hospital of Qingdao University (2, 8, 20).

The exclusion criteria were as follows (1): other types of stroke such as hemorrhage, craniocerebral trauma, tumors, and neurological diseases (2); atrial fibrillation, myocardial infarction, arteritis, or any circulatory disease (3); severe pulmonary, hepatic, or renal dysfunction; and (4) malignant tumors, severe infection, autoimmune diseases, and other systemic diseases (2, 8, 20).



Specimen Collection and Exosome Extraction

Fasting venous blood samples were collected in ethylenediamine tetra acetic acid (EDTA) tubes early in the morning within 24 h of admission, stored at 4°C for 30 min, and centrifuged at 2500 × g for 15 min. The upper layer of plasma was collected and stored at -80°C until further use.

Plasma exosomes were extracted using the Exosome Extraction Kit (Invitrogen, Cat 4484450, Carlsbad, USA) (21). Following the manufacturer’s instructions, the plasma was centrifuged at 2000 × g and 10,000 × g for 20 min at 25°C to remove impurities. Approximately 0.5 volume of phosphate buffer saline (PBS) and 0.05 volume of proteinase K were added, and the mixture was incubated at 37°C for 10 min. A total of 0.3 volume of exosome extraction reagent was added, and the mixture was incubated at 4°C for 30 min and centrifuged at 10,000 × g for 5 min. The creamy white precipitate of exosomes, visible at the bottom or on the wall of the tube, was resuspended in PBS.



Electron Microscopy of Exosome Identification

The morphology of the extracted exosome was evaluated using an electron microscope. Briefly, the resuspended exosome solution (10 µL) was placed on a copper grid for 2 min at room temperature. Next, 2% phosphotungstic acid was added onto exosomes after which they were washed with distilled water. Finally, they were evaluated under the electron microscope (Hitachi, Tokyo, Japan) (22, 23).



Identification of Exosome Particle Size

The diameter of the extracted exosomes was determined by measuring the particle size. Resuspended exosome solutions were analyzed using the ZetaView inspection instrument (Particle Metrix, Meerbusch, Germany) and the Network Traffic Analysis (NTA) software (ZetaView 8.04.02) to determine the size and number of exosome particles (22, 23).



Western Blot Analysis for Exosome Identification

Exosome-specific markers, including positive (CD9, CD63, and TSG101) and negative markers (GRP94), were used to identify exosomes by western blotting. Total proteins (25 µg) in the extracted resuspension of exosomes were sequentially subjected to gel electrophoresis (10% SDS-PAGE), membrane transfer, blocking, incubation with primary antibodies specific for CD9, CD63, TSG101, and GRP94 (ab92726, ab134045, ab125011, ab238126, Abcam, Cambs, UK), incubation with the goat anti rabbit secondary antibodies, and enhanced chemiluminescence (ECL) to examine exosomal protein expression (22, 23).



Sequencing of Exosomal CircRNA

Sequencing of exosomal circRNA was performed sequentially through sample collection and preparation; RNA extraction; and qualitative and quantitative analysis of extracted RNA purity, concentration, and integrity. Library quality control were performed on the Agilent Bioanalyzer 2100 system. The library was sequenced using the Illumina HiSeq 4000 platform.

Bioinformatic analysis of circRNA sequencing was performed by quality control, and circRNAs were detected and identified using find_circ and CIRI2 (24). Raw counts were normalized using the TPM (25).



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Functional Enrichment Analysis

We performed the GO functional enrichment of the source genes of differentially expressed circRNAs using the GOseq R package, and GO terms with corrected P values < 0.05 were considered significantly enriched for differentially expressed genes. The KO-Based Annotation System (KOBAS) software was used to detect differentially expressed circRNA-derived genes enriched in the KEGG pathway (26).



Reverse Transcription for Real-Time Quantification

Total RNA was extracted from plasma and resuspended exosomes using the miRNeasy® Mini kit (Qiagen, DUS, Germany). Reverse transcription and quantitative amplification were performed sequentially using the RT6 cDNA Synthesis Kit, version 2 (TsingKe, Beijing, China) and the T5 Fast qPCR Mix (SYBR Green I) (TsingKe, Beijing, China). Amplification specificity was calibrated by generating a melting curve. ACTB was selected as the internal reference gene. The fold change in circRNA expression was calculated using the following formula:

	

The primer sequences used in this study are listed in Supplemental Table 1.



Statistical Analyses

Categorical variables were expressed as percentages and analyzed using the χ2 test. Continuous variables were expressed as mean ± SEM for those with a normal distribution or interquartile for those with a skewed distribution. Continuous variables were calculated through analysis of variance (ANOVA), t-test, and Kruskal-Wallis test. The Spearman test was used to calculate component correlations.

The potential factors were sequentially screened by univariate and multivariate binary logistic regression analysis. From among the set of variables, select those variables with P < 0.05 in the multivariate regression to include in the prediction model (27). The Hosmer-Lemeshow goodness-of-fit test was used to evaluate the calibration degree of the prediction model. The receiver operating characteristic (ROC) curve was used to evaluate the discrimination ability of the prediction model. Nomogram was done with the rms package of R software ver.4.1.1 (28). All analyses were performed using the Statistical Package for the Social Sciences (SPSS), ver. 26.0 (IBM Corp. in Armonk, NY) and the statistical significance was set at P < 0.05.




Results


The Landscape of Circulating Exosomal CircRNAs

To better understand the potential role of exosomal circRNAs in the diagnosis of LAA stroke, we included 366 patients with new cerebral infarction and classified them according to TOAST (19). There were 196 patients with LAA stroke, 170 with SAO stroke, and 149 who were normal controls (Supplemental Table 2). As shown in Figure 1A, we performed circulating exosome transcriptome sequencing to determine differentially expressed circRNAs for further validation and identify possible biomarkers through diagnostic model construction.




Figure 1 | Expression profiles of circulating exosome-circRNAs. (A) Workflow of the study, including clinical samples preparation, discovery stage of circRNA sequencing, detection and diagnosis. (B) Workflow of the discovery, validation and replication stage of circulating exo-circRNAs. (C) Volcano map of circRNAs in exosome RNA-seq, with red showing up-regulated expression in the LAA group and blue showing down-regulation.



We extracted circulating exosomes from the plasma and verified their quantity and integrity according to the standards of the International Society for Extracellular Vesicles (29). As shown in Supplemental Figure 1, the extracted circulating exosomes underwent morphological blood identification using electron microscopy, which showed that the exosomes appeared to be oval without a nucleus. NTA measurements showed that the diameter of exosomes ranged from 50–150 nm. Further, the markers enriched in exosomes were detected using western blotting. The positive markers were positive in the exosome group and negative in the residual supernatant. The negative markers were not detected in the exosomes. In summary, the morphology, number, and integrity of exosomes in the enriched exosome samples were assessed using the aforementioned methods.

As shown in Figure 1B, a workflow of the discovery, validation and replication stage of circulating exo-circRNAs. In the discovery stage, we performed exosomal circRNA sequencing of LAA stroke. We identified differentially expressed (DE) circRNAs by comparing the two groups bioinformatically. A total of 26 DE circRNAs were identified in NC and LAA subjects (P < 0.05, |fold change| ≥ 1.5). There were 7 significantly upregulated and 19 significantly downregulated genes in the LAA group compared to the NC group (Figure 1C).

To determine the function of DE circRNAs, we performed functional enrichment of the source genes of DE circRNAs, including the GO and KEGG pathway enrichment. The KEGG pathway showed that DE circRNAs could be enriched in antigen processing and presentation, classical signaling pathways, such as ERK, NF-kappa B and mTOR (Supplemental Figure 2A). We found that their biological processes mainly included immune, inflammatory, and metabolic pathways circRNAs using the GO database. Other cellular components in the cell membrane such as vesicle membrane and other component sources were also elucidated (Supplemental Figure 2B).



Exosomes Derived CircRNAs as Biomarkers of LAA Stroke

Combining the differential expression and functional enrichment of immune biological process, we further selected circRNAs that might be involved in the LAA process for small sample RT-qPCR validation. We selected the following: novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585. As shown in Figure 2A, novel_circ_0010155, circ_0043837, circ_0001801, and circ_0005585 were significantly downregulated in the LAA group and were statistically different from the SAO group. circ_0005627 was significantly upregulated in the LAA group, while the expression of the SAO and NC groups was lower than that of the LAA group.




Figure 2 | Expression of exosomal circRNAs as novel biomarkers for LAA stroke. (A) Validation of exosomal novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 in NC, LAA, and SAO groups. (B) Replication of exosomal novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 in the NC, LAA, and SAO groups. (C) Multivariate logistic regression analysis for exo-circRNAs. (D) ROC curves of the exosomal circRNAs, logistic mode 1: Two-exo-circRNA of hsa_circ_0043837 and hsa_circ_0001801. (E) Comparison between exosome derived circRNA and NIHSS score.



Based on the validation of small samples, we further performed a replication stage, in which we included 150 cases of LAA, 130 cases of SAO, and 103 NCs. As shown in Figure 2B, there were statistically significant differences in novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 compared with NCs. Of these, the expressions of novel_circ_0010155, circ_0043837, circ_0001801, and circ_0005585 were significantly downregulated, while that of circ_0005627 was significantly upregulated in the LAA group compared with the NC group. This had the same trend as that of the results of the small sample validation. Furthermore, circ_0043837, circ_0001801 and circ_0005585 showed statistically different expression levels between the LAA and SAO groups. However, novel_circ_0010155 and circ_0005627 was not statistically different among the two groups in the large sample replication.

To confirm the diagnostic value of five circRNAs for LAA stroke, we constructed the LAA diagnostic model through the logistic regression. We included five circRNAs and five clinical indicators (Smoking, drinking, hypertension, diabetes, and LDL) for binary logistic regression analysis. After multivariable adjustment by three circRNAs and diabetes, the circ_0043837 and circ_0001801 remained powerful and independent factors (Figure 2C and Supplemental Table 3). Furthermore, the LAA diagnostic model through the logistic regression, tested the regression model using the ROC. The circ_0043837 and circ_0001801 composite models showed an AUC of 0.825, its diagnostic efficacy was better than that of the single circ_0043837 (NRI=0.144) or circ_0001801 (NRI=0.097) (Figure 2D).

We assessed the possible severity of circRNAs with LAA. The National Institutes of Health Stroke Scale (NIHSS) is a recognized score scale corresponding to the extent and severity of the stroke (30). We performed a correlation analysis between DE circRNAs and NIHSS, in which circ_0043837 and circ_0001801 showed a negative statistically significant correlation (Figure 2E).



Diagnostic Efficacy Comparison Between Exosomal CircRNAs and Plasma CircRNAs

Previous studies found that plasma circRNAs could be used as diagnostic markers for ischemic stroke (8). Recent studies showed that exosomes could protect circRNAs from degradation by biological enzymes (31). Thus, we performed differential expression assays of plasma circRNAs to verify whether exosomal circRNAs had better diagnostic efficacy.

As shown in Figure 3A, plasma novel_circ_0010155, circ_0043837, and circ_0001801 were DE between the LAA and the NC groups. The trend was the same as that of exosomal circRNAs. In addition, plasma novel_circ_0010155, circ_0043837, and circ_0001801, and circ_0005627 were significantly different between the SAO and LAA groups. However, plasma circ_0005585 was not statistically different among the three groups in the large sample replication.




Figure 3 | Diagnostic efficacy of LAA stroke comparison between exosome derived circRNA and plasma circRNAs. (A) Replication of plasma novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 in NC, LAA, and SAO groups. (B) Correlation between the assessment of novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 in peripheral blood-derived exosomes and plasma. (C) Multivariate logistic regression analysis for plasma circRNAs. (D) ROC curves of the exosomal and plasma circ_0001801.



We verified whether the expressions of plasma circRNAs and circulating exosomal circRNA were correlated. Plasma novel_circ_0010155, circ_0043837, circ_0005627, and circ_0005585 were positively correlated with exosomes, while circ_0001801 was negatively correlated (Figure 3B).

For plasma circRNAs, we included five plasma circRNAs for multivariate binary logistic regression, of which only circ_0001801 was associated with the LAA outcome variable (Supplemental Table 4). We further excluded the confounding factors of clinical indicators(diabetes), suggesting that plasma circ_0001801 was an independent factor (Figure 3C). We then constructed the diagnostic model, tested the regression model using the ROC, and evaluated the diagnostic efficacy of exosomes and plasma. For exosomal circ_0001801, the AUC of NC/LAA was 0.771. The AUC was greater than that of plasma circ_0001801 at 0.620, NRI (exo VS plasma) =0.183 (Figure 3D).



Assessment Predictive Value Of Circulating Exosomal CircRNAs for LAA Plaque Rupture

Previous studies found that LAA was closely associated with unstable plaque rupture in AS (32). We further included the AS group for comparison with the LAA group to identify DE circRNAs that could predict plaque instability. First, we performed differential expression analysis of exosomal circRNAs and plasma circRNAs by RT-qPCR and assessed their diagnostic efficacy. Interestingly, there were also differences in exosomal novel_circ_0010155, circ_0043837, and circ_0001801 in AS compared with the NC and LAA groups (Figure 4A). Plasma circ_0043837 and circ_0001801 showed the same trend (Figure 4B).




Figure 4 | Diagnostic efficacy of plaque rupture of exosomal and plasma circRNAs. (A) Replication of exosomal circRNAs between NC, AS, and LAA group. (B) Replication of plasma circRNAs between NC, AS, and LAA group. (C) Multivariate logistic regression analysis for exosomal circRNAs and clinical. (D) ROC curves of the exosomal circ_0043837, circ_0001801, plasma circ_0043837, and logistic mode 1: Two-exo-circRNA of circ_0043837 and circ_0001801. (E) Nomograms to predict risk of plaque rupture.



Further we constructed a risk prediction model for plaque rupture. First, we included five circRNAs and the above clinical indicators for univariate logistic regression analysis, and multi-factor logistic regression analysis was performed for the meaningful risk factors (P < 0.05) among them (Supplemental Table 5). As shown in Figure 4C, where exosomal- circ_0043837 and circ_0001801 were independent risk factors. We analyzed the efficacy of circRNA alone and the composite model constructed by logistic regression by ROC, where the diagnostic efficacy of the composite model was superior to that of the single-factor index (Figure 4D). We also performed the same analysis for the five plasma circRNAs, where plasma circ_0043837 suggested an independent risk factor (Supplemental Table 5), where ROC analysis showed that exosomes had better diagnostic efficacy than plasma (Figure 4D). Subsequently, we included the above two exosomal circRNA constructs for clinical application in a nomogram, suggesting the risk of plaque rupture (Figure 4E).




Discussion

In the present study, we evaluated exosomal circRNAs as diagnostic biomarkers for LAA stroke, which showed a superior diagnostic efficacy compared to plasma circRNAs. We also investigated its correlation with the severity of stroke. Meanwhile, our results provide evidence that exosomal circRNAs have potential predictive value of plaque rupture.

In the present study, we directly sequenced circulating exosomal circRNAs, in contrast to plasma RNA-seq reported previously. Circulating circRNAs are susceptible to degradation by biological enzymes; and the circRNAs are not specific. Recent studies found that exosomes, natural nanoparticle, being transporter-type vesicles, with a biofilm structure, protect circRNAs from biological enzymes and confer stability (12, 33, 34). Meanwhile, circRNAs are secreted by specific cells and are part of cellular targeting mediated by exosomal vesicles, which makes them reliable for the diagnosis of specific diseases (33, 35). Previous studies have shown that circulating exosomal miRNAs could be used as markers of early colon cancer with a better diagnostic efficacy than plasma (23). Therefore, in this study, we directly sequenced exosomal circRNAs and analyzed the DE circRNAs in the LAA to better identify biomarkers and conduct mechanistic studies.

As is a chronic inflammatory disease in which a large number of immune cells are involved. Macrophage uptake of ox-LDL to form macrophage-derived foam cells, which form fatty strips with T cells (36). We further selected exosomal circRNAs associated with immune and inflammatory processes for validation according to function enrichment. Novel_circ_0010155 is derived from ZNF91, which is distributed intracellularly and intranuclearly (37). It is involved in transcriptional regulation and highly expressed in T lymphocytes (38). circ_0043837 and circ_ 0005585 are associated with mitochondrial function. Mitochondrial damage affects macrophage function and is involved in the process of AS in previous studies (39). circ_0001801 and circ_0005627 are associated with gene regulation-related processes. circ_0001801 enrichment function is involved in the cellular protein modification process. In addition, circ_0005627 function is related to RNA modification. Therefore, based on functional enrichment and prediction, circRNAs such as novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 were selected for further validation.

Furthermore, we analyzed the DE circRNAs between the LAA and NC groups using small and large sample exosomal circRNA expression assays during biomarker screening. We included the SAO group (according to TOAST typing) in the NC group to account for possible circRNA interference caused by other symptoms such as stroke and to keep the false positive rate low in the validation of the LAA screening. Exosomal novel_circ_0010155, circ_0043837, circ_0001801, circ_0005627, and circ_0005585 were statistically different among the three groups in the small sample validation. circ_0043837, circ_0001801, circ_0005585, circ_0005627, and novel_circ_0010155 were significantly different before the LAA and NC groups in the expanded sample size assay. However, the latter two were not different between the LAA and SAO groups. This may suggest that the effect of stroke-related factors may have caused the differential expression of circ_0005627 and novel_circ_0010155 between the LAA and NC groups.

Previous studies suggested that exosomes could exert better protection against circRNAs (23, 31); therefore, in this study, we further examined plasma circRNA expression based on the study of differential expression of exosomal circRNAs and assessed the diagnostic efficacy of exosomal and plasma circRNAs. Our study found that there were statistically significant differences between the plasma LAA group circ_0043837, circ_0001801, and novel_circ_0010155 and the healthy NC and SAO groups. The same trend was observed in the exosomal circRNAs. We further constructed a diagnostic model of logistics based on differential expression and tested the diagnostic efficacy of exosomal and plasma circRNAs by means of the ROC. The exosomal AUC was higher than the plasma AUC and the NRI between exosomal and plasma circRNAs was above zero, thus suggesting that the diagnostic efficacy of exosomal circRNAs was better than that of plasma circRNAs. By combining circ_0043837 and circ_0001801 to construct the diagnostic model, the diagnostic efficacy of combined exosomal and plasma circRNAs was higher than that of a single index. Our study further suggested that exosomal circRNAs had greater diagnostic efficacy than circulating plasma circRNAs.

To further verify that circRNAs with diagnostic efficacy play a protective or facilitative role during LAA, we included NIHSS scores that were positively correlated with LAA disease severity. circ_0043837 and circ_0001801 were negatively correlated with the NIHSS scores. It was suggested that as the circRNA expression decreased, the NIHSS score and stroke severity increased. This suggested that circ_0043837 and circ_0001801 played a protective role in stroke.

In previous studies, intracranial and extracranial arterial plaque rupture and thrombosis were the main causes of ischemic stroke (40, 41). Therefore, prediction of atherosclerotic unstable plaque may help to prevent stroke. We included the AS group with > 50% intracranial and extracranial stenosis but without morbidity in our study, compared with the LAA brain infarction group with > 50% vascular stenosis to highlight the significance of plaque instability. circ_0043837 and circ_0001801 were DE in both exosomal and plasma circRNAs in the two groups. At the same time, we suggested that the above two circRNAs were independent risk factors for LAA by including five circRNAs and five clinical indicators (Smoking, drinking, hypertension, diabetes, and LDL), in turn, by univariate and multivariate regression analysis. These findings suggested that circ_0043837 and circ_0001801 were potential biomarkers for predicting plaque rupture. Furthermore, the impact of common clinical risk factors on the circRNAs and plaque rupture needs further investigation. In addition, the current study has limitations. These include the small sample size, the single-center sample collection, and the unavoidable selective bias. In addition to this, the plaques characteristics should be further defined with the imaging.

In conclusion, our study suggests that exosomal circRNAs can be used as diagnostic markers for stroke in LAA. We also found that exosomal circRNAs have better diagnostic efficacy than plasma circRNAs. We further identified that circRNAs, as biomarkers, could indicate plaque rupture. Our study provides an important basis for the diagnosis and prevention of LAA stroke.
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A series of biopsies and reports showed autoimmune diseases might be involved in the process of local inflammation related to spontaneous cervicocranial arterial dissection (SCCAD) occurrence. This retrospective case-control study examined the association between SCCADs and autoimmune diseases in patients and control subjects from 2014 to 2020. SCCAD patients and age/sex-matched control subjects were recruited, and clinical data were collected. SCCAD was confirmed by digital subtraction angiography or high-resolution magnetic resonance imaging. The study included 215 SCCAD patients and 430 control subjects. Totally, 135 (62.8%) of the 215 cases were found SCCAD in the anterior circulation, 26 (12.0%) patients involved multiple vessels. Autoimmune disease occurred in 27 (12.6%) cases with SCCAD and 4 (0.9%) control subjects (p<0.001). A conditional multivariable logistic regression model was used to calculate the odds ratio for SCCAD among patients with a history of autoimmune disease, adjusting for hypertension, diabetes, hyperlipidemia, and smoking. After adjustment, autoimmune diseases were associated with SCCAD (p<0.001). After sub-analysis by a similar modeling strategy, significant associations were still observed in different subgroups, such as female group and male group as well as intramural hematoma (IMH) group and Non-IHM group. The association of SCCAD with autoimmune disease suggested that autoimmune mechanisms may be involved in some etiologies of SCCAD.




Keywords: cervicocranial arterial dissection, autoimmune, inflammatory autoimmune disease, inflammatory, neurological disease



Introduction

With imaging technique development, spontaneous cervicocranial arterial dissection (SCCAD) is increasingly diagnosed and becomes a common cause for young adult stroke (1, 2). In a previous study, SCCAD was found to tend to affect multiple arterial segments and develop simultaneously in intracranial and extracranial vessels (2). Although etiologies and pathogenesis of SCCAD have not been fully clarified, a series of biopsies and case reports show that inflammatory alterations and autoimmune diseases might be related to the cascade events leading to SCCAD (3–5). A recent case-control study had also shown that anti-thyroid autoimmunity might be involved in the process of local inflammation related to SCCAD occurrence (6). However, these were not consistent with other studies (7, 8). Due to the limited data, it is unclear whether autoimmune diseases are associated with SCCAD or just co-incident with SCCAD. In this study, we examined the association between SCCAD and autoimmune diseases.



Materials and Methods


Study Population

Patients with SCCAD in the First Affiliated Hospital of Soochow University from April 2014 to October 2020 were selected. Controls were randomly selected from individuals that resided in Suzhou City and attended the annual physical examination in our hospital and matched the patients with age and gender. All patients and controls underwent cervical cerebrovascular ultrasonography to screen SCCAD. Suspected SCCAD was further confirmed by digital subtraction angiography (DSA) or high-resolution magnetic resonance imaging (HR-MRI). Key pathognomonic radiological findings of CCAD were confirmed, including intimal flap, intramural hematoma (IMH), and double lumen. Exclusion criteria were as follows: 1) patients with definite traumatic CCAD; 2) patients had a history of iatrogenic cervicocranial artery injury or craniocervical vascular surgery within 6 months; 3) patients with Stanford type A aortic dissection involving the carotid artery; 4) patients with localized subclavian artery dissection.



Autoimmune Diseases Detection

Autoimmune diseases were diagnosed according to the International Classification of Diseases-9th Revision (ICD-9) and were classified as autoinflammatory diseases and classic autoimmune diseases (9) (Table 1 and its notes). Autoimmune disease history was defined as the definite diagnosis that should be made before or within one month after the SCCAD events. The diagnosis of autoimmune diseases was based on a clinical interview, physical examination, and a medical record system that contained medical information including medical histories, diagnostic tests, diagnosis, and treatments for individuals who resided in Suzhou city and received health care within the system.


Table 1 | Characteristics and autoimmune diseases of all 215 cases with SCCAD and their control subjects of first SCAD event.





Clinical Information Collection

For all subjects, we collected baseline data including cerebral vascular risk factors such as hypertension and diabetes; affected vessel, and vessel states (occlusion or stenosis). Antinuclear antibodies, antineutrophil cytoplasmic antibodies, anticardiolipin antibodies, anticitrullinated protein antibodies, tumor-associated antigens (including tumor specific growth factor with chemiluminescence assay), thyroid stimulating hormone, and anti-thyroid stimulating hormone receptor antibodies were detected in some patients and controls to clarify the diagnosis.



Statistical Analysis

Conditional multivariable logistic regression analysis provided the adjusted odds ratio (OR) with a 95% confidence interval (CI) for odds of SCCAD in the presence of at least 1 autoimmune disease after adjusting for other variables selected from univariate analyses. Furthermore, participants were stratified and analyzed by a similar modeling strategy as for the main model. Statistical analysis was performed in SPSS 25.0. P<0.05 was considered statistically significant.




Results


SCCAD Cases and Characteristics

In this study, 215 patients with SCCAD and 430 control subjects were included. For patients with SCCAD, their median age was 48 (38, 58) years, 134 (62.3%) patients were male. For control subjects, their median age was 49 (38, 58) years and 268 (62.3%) patients were male. There was no difference in smoking, hypertension, diabetes, and hyperlipidemia between the two groups (Table 1). More importantly, 27 (12.6%) cases in SCCAD patients and 4 (0.9%) cases in control subjects had at least 1 autoimmune disease (Table 1). There was a significant increase in the percentage of patients with the autoimmune disease in the SCCAD group compared with controls (p<0.001). In addition, an increase in tumor specific growth factor (TSGF) level was observed in 72.6% SCCAD patients (45/62 patients). Five SCCAD patients had isolated anti-nuclear antibodies without clinical manifestation.



Autoimmune Disease and the Risk of SCCAD

We further analyzed the composition of autoimmune diseases in SCCAD patients and control subjects. Compared with control subjects, autoimmune thyroid disease (AITD), antiphospholipid syndrome, and Takayasu arteritis were more common in SCCAD patients (p<0.05, Table 1). Other autoimmune diseases occurred in both groups with a low frequency (p>0.05, Table 1). To demonstrate the association between autoimmune diseases and SCCAD, conditional univariate and multivariable logistic regression analyses were performed. After adjustment for hypertension, diabetes, hyperlipidemia and smoking, having autoimmune diseases was significantly associated with increased odds of SCCAD (OR: 2.873; 95% CI: 1.914-4.311; p<0.001, Table 2).


Table 2 | Conditional multivariable logistic regression analysis showed having an autoimmune disease was associated with increased odds of SCCAD.



To support our hypothesis, we performed a sub-analysis including patients with or without intramural hematoma (IMH, a pathognomonic marker of SCCAD) (10–12). Interestingly, 85 (39.5%) cases with SCCAD had IMH; among them, 15 (17.6%) patients had at least one autoimmune disease; 130 (60.5%) cases of SCCAD had no IMH, and 12 (9.2%) patients had at least one autoimmune disease. There was no difference in the case ratio of autoimmune diseases between the IMH group and the Non-IMH group (Table 3; p>0.05). After the analysis with a similar modeling strategy, significant associations between were observed in both sub-groups (IMH group: OR: 3.146; 95% CI: 1.76-5.621; p<0.001; non-IMH group: OR: 2.523; 95% CI: 1.389-4.582; p=0.002; Tables 4, 5), indicating that autoimmune diseases were associated with SCCAD, but not with IMH.


Table 3 | Characteristics in patients with and without IMH.




Table 4 | Conditional multivariable logistic regression analysis in SCCAD patients with IMH.




Table 5 | Conditional multivariable logistic regression analysis in SCCAD patients without IMH.



Previous studies showed that autoimmune diseases are more prevalent in females (13); however, this retrospective cohort study showed predominantly male with SCCAD. Therefore, we analyzed the percentage of SCCAD patients with autoimmune diseases by gender. We found that 14 (17.3%) female SCCAD patients had autoimmune diseases, but only 13 (9.7%) male SCCAD patients had autoimmune diseases, indicating that autoimmune diseases were still more prevalent in female SCCAD patients than in male SCCAD patients. To further clarify the impact of gender on the association between autoimmune diseases and SCCAD, the patients and control subjects were divided into two groups by gender. After analyzing by a similar modeling strategy as for the main model, significant associations were still observed in two sub-groups, especially in female SCCAD patients with high OR value (female: OR: 3.254; 95% CI: 1.822-5.809; p<0.001; male: OR: 2.677; 95% CI: 1.491-4.806; p=0.001).




Discussion

SCCAD is an infrequent but potentially devastating cause of stroke; its pathophysiologic mechanisms remain somewhat unclear (1). Although some case studies had discussed the possible relationship between SCCAD and autoimmune diseases, available data were sparse and inconsistent (3, 6–8, 14). In our cohort study on SCCAD patients, a higher ratio of autoimmune diseases was observed. The autoimmune disease was significantly associated with SCCAD.

The pathologic and imaging evidence of inflammatory infiltrates in the wall of intracranial dissected arteries suggest that local inflammatory alterations might be a crucial step for SCCAD (6). SCCAD with mural hematoma is more frequently associated with the presence of periarterial edema compared with traumatic mural hematoma, which supported the concept of underlying arterial inflammation in SCCAD (15). Inflammatory markers were elevated in stroke patients with SCCAD and correlated with clinical prognosis (16). In addition, two reports also showed that inflammation in the arterial wall was associated with SCCAD and aspirin/steroids treatment resulted in dramatic improvement of both clinical condition and magnetic resonance imaging brain lesions (3, 17). Failure to demonstrate a specific infection agent led to a hypothesis that the activation of specific immune-mediated mechanisms rather than a specific infective agent may be responsible for a local inflammatory alteration linked to SCCAD.

Meanwhile, SCCAD biopsy specimens demonstrated the presence of a generalized arteriopathy that leads to the impairment of the stability of arterial walls (4). In a previous study on aneurysm, proinflammatory cytokines could be activated by immune mechanisms and induce the proteolytic process for the degradation of the extracellular matrix proteins (18). It is difficult to determine whether the inflammatory reaction is the cause or the consequence of histopathologic changes in SCCAD. However, immune-related inflammatory infiltration was absent in traumatic dissection (15, 19). In some case reports, these arterial anomalies disappeared rapidly after immunosuppressive therapy, which also supports the link between autoimmunity and dissection (3, 17, 20).

Most autoimmune diseases are more prevalent in females than in males (13). Symptom severity, disease course, response to therapy, and overall survival may also differ between males and females with autoimmune diseases (13). Sex hormones have a crucial role in this gender bias because estrogens are potent stimulators of autoimmunity (13). However, it appears to be a slight gender predisposition favoring males in population-based studies of SCCAD, which were similar to our results, arguing against an estrogen effect (1). This may be related to the protective influence of estrogen on the cerebral vasculature. Meanwhile, our results showed that the proportion of female SCCAD patients with autoimmune diseases was much higher than that of male patients, supporting that autoimmune diseases are more prevalent in females.

In this study, we demonstrated the close association between SCCAD and some autoimmune diseases like AITD, antiphospholipid syndrome, and Takayasu arteritis, but not other autoimmune diseases. So far, current studies have not yet elucidated why certain organs or vessels become the targets of immune injury in autoimmune diseases while others are spared. This may be explained by the presence of specific autoimmune antibodies that cross-react with proteins present in cervicocranial arteries in different autoimmune diseases, which needs more investigation.

The main strengths of our study are the inclusion of a relatively large cohort of verified SCCAD patients; however, our data should be interpreted with some caution. There may have retrospective bias inherent, and the results may not generalize outside of the studied geographic location due to the variety of autoimmune diseases by latitude.

In our study, autoimmune disease was associated with SCCAD, suggesting disorders of immunity might have a role in the mechanism of local inflammatory alterations leading to SCCAD.
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Background

Demyelinating disease of the central nervous system is one of the most common neurological diseases and effective treatment is still under in-depth research. Our previous study showed that Angiostrongylus cantonensis infection can induce demyelination injury in mouse brains and IL-17A expression was shown to be significantly increased during this process. Moreover, we found that IL-17A inhibition attenuated the demyelination caused by A. cantonensis infection. However, the underlying mechanisms have not yet been fully elucidated.



Methods

IL-17A neutralizing antibodies were injected into A. cantonensis infected mice to decrease IL-17A levels. The activation of glial cells in the brain and the expression of cell markers were detected by a variety of methods, including real-time quantitative PCR, western blotting, and immunofluorescence staining. The relationship between IL-17A and astrocyte activation was further identified by in vitro experiments. The role of SOCS3 in the IL-17A stimulating process was determined using RNA-seq data collection of infected mice and the siRNA interference method.



Results

Demyelination of the corpus callosum was relieved after administration of IL-17A neutralizing antibody and this was accompanied by decreased activation of A1 type astrocytes around this region. The expression of SOCS3 was attenuated and activation of astrocytes by IL-17A was mediated by the IL-17RA/STAT3/SOCS3 pathway. IL-17A not only directly damaged oligodendrocytes but also indirectly damaged oligodendrocytes through A1 astrocyte mediation. Specific siRNA inhibition of IL-17A-inducible SOCS3 in astrocytes alleviated their damaging effects on oligodendrocytes.



Conclusion

IL-17A plays an important role in demyelination induced by A. cantonensis infection via the IL-17RA/STAT3/SOCS3 pathway in A1-type astrocytes, indicating that specific blockage of IL-17A and SOCS3 activity could be a therapeutic strategy for neuroinflammatory demyelinating diseases associated with astrocyte activation.





Keywords: Angiostrongylus cantonensis, IL-17A, demyelination, astrocyte, SOCS3, IL-17RA/SOCS3/STAT3 pathway



Introduction

Angiostrongyliasis is a food-borne parasitic disease caused by infection with Angiostrongylus cantonensis, a parasite found mostly in coastal areas. In recent years, outbreaks of this disease have been reported, such as the famous “Ampullaria gigas infection” incident in 2006 (1). Humans are mainly infected by eating raw snails infected with third-stage larvae of A. cantonensis or contaminated vegetables and fruits (2). The clinical manifestations of infection are headache, neck stiffness, vomiting, and fever and the pathological changes are mainly meningitis and meningoencephalitis characterized by increased eosinophils (3). After antiparasitic therapy combined with hormone therapy, patients can generally be cured; however, most patients continue to have symptoms such as skin paresthesia, limb weakness and decreased vision, which seriously affects the quality of life of these patients. If antiparasitic drugs are used alone in the late stage of infection, the disintegration products released after the death of A. cantonensis can induce a secondary severe inflammatory response in the brain tissue, thus aggravating the damage to the brain tissue (4). Therefore, investigating the pathological mechanism of A. cantonensis infection and optimizing the treatment is still a focus for researchers.

Neuronal apoptosis is related to abnormal motor behavior and a study showed a large number of apoptotic neurons were detected in the cortical and hippocampal regions of rats and mice infected with A. cantonensis (5). Furthermore, significant activation of microglia in the brain was observed after infection and increased levels of various microglia-associated inflammatory factors were also detected. It has been shown that microglial activation can be induced via stimulation by A. cantonensis antigens in vitro (6). The above evidence indicates that, in addition to typical eosinophilic meningitis, A. cantonensis infection can also lead to a variety of other brain parenchymal lesions. It has been reported that patients with A. cantonensis infection were misdiagnosed with multiple sclerosis because of several similar symptoms, including headaches, limb paresthesia, and urinary retention (7). Furthermore, the MRI results for these patients showed spot-like lesions in the subcortical frontal lobe and non-enhancement lesions in two cervical vertebrae, indicative of multiple sclerosis; however, A. cantonensis-associated antigens were detected in the patient’s cerebrospinal fluid. Demyelinating lesions on the sagittal surface of the brain have been detected in mice infected with A. cantonensis and several myelin-related indicators have also been shown to increase in the brain lavage fluid (8). A previous study by our group also showed that A. cantonensis infection can lead to demyelination of the mouse brain and optic nerve. MRI examination of the mouse brain showed that the corpus callosum area was highlighted and electron microscopy and LFB staining showed demyelination lesions. Visual impairment and demyelination changes to the optic nerve have also been observed in mice (9). Central nerve demyelinating diseases mainly include two types: myelin formation disorder and myelin destruction (10). The former is caused by congenital dysplasia or genetic mutations, such as leukodystrophy, while the latter refers to demyelination due to inflammation caused by infection, autoimmune response, nutrition deficiency, or drug-induced injury (11). To date, the pathogenesis of the demyelinating disease is not fully understood; hence, current treatments and their efficacy are very limited.

Astrocytes are the most abundant glial cells in the brain. They are widely distributed in various regions of the brain, participate in the formation of the blood-brain barrier (BBB), maintain homeostasis in the brain, and are responsible for the immune monitoring and cell support functions of the brain (12, 13). In recent years, astrocytes have been roughly divided into A1 and A2 phenotypes according to gene expression and cell function, where A1 astrocytes promote inflammation and A2 astrocytes inhibit inflammation (14). The expression of the Interleukin-17 (IL-17) receptor can be detected on the surface of astrocytes in both human and mouse brain tissue and astrocytes can also secrete IL-17 after stimulation by inflammation (15). IL-17 inhibits the differentiation of neural stem cells into astrocytes during neural development (16). In a cerebral ischemia injury model, IL-17 and TNF-α can synergistically promote astrocyte secretion of CXCL1, an inflammatory chemokine of neutrophils, and can aggravate the severity of inflammatory response in the ischemic regions (17). In the pathogenesis of multiple sclerosis, the number of IL-17 receptors on the surface of astrocytes has been shown to increase. IL-17 stimulates astrocytes located on the BBB, causing changes to the permeability of the barrier and aggravating the progression of the disease (18).

Suppressors of cytokine signaling (SOCS) proteins are involved in the regulation of gene expression and are mainly expressed in immune cells and nerve cells (19). SOCS proteins can act on the JAK/STAT pathway by regulating the phosphorylation of STAT proteins (20). SOCS3 protein, a member of the SOCS family, inhibits the expression of many genes. In experimental autoimmune encephalomyelitis (EAE) models, miR-409-3p and miR-1896 are involved in the production of IL-17-induced inflammatory cytokines secreted by astrocytes because they target the SOCS3/STAT3 signaling pathway (21). Knockout of SOCS3 can promote the synthesis of Th17 cells because SOCS3 can regulate the synthesis of IL-23, which is also a key cytokine for Th17 formation (22). The function of SOCS3 in neurological diseases has also been studied because its expression has been detected in a variety of cells in the brain, including astrocytes, microglia, oligodendrocytes, and neurons (23), indicating that the SOCS3 gene is closely related to the development and damage of brain tissues. In a spinal cord injury model, conditional knockout of the SOCS3 gene in brain cells expressing nestin can inhibit infiltration of inflammatory cells and apoptosis of neurons and oligodendrocytes (24).

This study was based on our previous research on the role of glial cells in A. cantonensis induced brain damage (25). We found that IL-17A activated numerous astrocytes and this may be an important cause of IL-17A-mediated demyelination injury. To further confirm this hypothesis, we used a medium transfer and co-culture system to test the effect of IL-17A activated astrocytes on oligodendrocytes. In addition, the expression level of IL-17A was positively correlated with the SOCS3 during A. cantonensis infection. SOCS3 siRNA was applied in astrocyte medium to inhibit SOCS3 expression and we verified that IL-17A stimulates astrocytes through IL-17RA, STAT3, and SOCS3. The results showed that IL-17A can activate A1 astrocytes by upregulating SOCS3 expression level, which in turn damages oligodendrocytes. We hope to shed new light on the functions of IL-17A in brain inflammatory injury, to highlight the need for further revealing the pathogenesis of the demyelinating disease, allowing for optimization of existing treatment plans and proposing new treatment methods.



Methods


Establishment of A. cantonensis Infection Model and Anti-IL-17A Antibody Treatment

Male BALB/c mice were purchased from the Animal Center Laboratory of Sun Yat-Sen University (Guangzhou, China). The Institutional Animal Care and Use Committee approved all animal procedures. All mice were raised in the same room and were randomly divided into experimental and control groups. We collected larvae III (L3) of A. cantonensis from Biomphalaria glabrata and washed them from the snail sediment with phosphate-buffered saline (PBS). Larvae number was counted using an anatomical microscope. Gavage administration method was applied to inject 30 A. cantonensis L3 into experimental group mice stomach. IL-17A neutralizing antibody (0.05 ×10-3mg/kg/day, eBioscience) or immunoglobulin G1 (IgG1) isotype control (clone MOPC-21) were separately administrated to the experimental group and control group for 3 weeks through intraperitoneal injection method. We started antibody injection from 3 days before A. cantonensis infection to avoid off-target effects of antibiotics.



Astrocyte Isolation, Culture and SOCS3 siRNA Interference

Neonatal mice (1-3 days) old were selected and decapitated under aseptic conditions. The brains were placed in cold HBSS solution, and the meninges and blood vessels were dissected with instruments under an anatomical microscope. Then the tissue was cut and transferred to trypsin digestion solution (containing 0.1%DNA enzyme). Tissues were digested at 37°C for 20-30min. After digestion, DMEM10S medium (DMEM/F12 supplemented with 10% FBS) was added to terminate digestion. After centrifugation, the supernatant was removed and re-added to the medium to suspend precipitation. The cells were transferred into a poly-d-Lysine (PDL) coated culture flask and cultured for 7-10 days after mixed culture. The culture flask was placed on a constant temperature rotary shaker at 37°C and 250 RPM for 1 h to wipe off microglia and was continuously placed on the rotary shaker for 17-18h to isolate oligodendrocytes by differential adhesion. Primary astrocytes were seeded in 6-well plates and transiently transfected using riboFECT™ CP Reagent. Cells received serial murine SOCS3 deletion mutants and different transfected concentrations to verify the best interfering sequence and concentration. We used fluorescence labeling siRNA to infected astrocytes to ensure the transfect efficiency of siRNA. Then the transfected cells were treated with medium or IL-17A for the subsequent experiments.



Isolation, Culture, and Identification of Oligodendrocytes Lineage Cells

Fresh neonatal mice (1-3 days) brain tissues were obtained as the above method. The cortex was separated and cut into small pieces with ophthalmic scissors, and then moved into the centrifugal tube together with HBSS solution. The tissue was gently blown several times with the head of a gun until obvious tissue could not be seen by the naked eye. The tissue suspension was collected and centrifuged at 1000rpm for 5min. The supernatant was removed and the cells were washed repeatedly. Cell precipitation was blown again with neural stem cells (NSCs) growth culture medium (DMEM/F12 supplemented with 1% B27 and 20ng/ml bFGF), and the cell suspension was transferred to a culture flask for suspension culture at 37°C in an incubator of 95% air and 5% CO2. After NSCs formed the neurosphere, they were dissociated and transferred into oligodendrocyte progenitor cells (OPCs) induction medium (DMEM/F12 supplemented with 1% B27, 20ng/ml bFGF, 30ng/ml triiodothyronine, and 10 ng/ml PDGF-AA). We can use differential digestion and differential adhesion method to purify OPCs. The OPCs were cultured in the mature differentiation medium (DMEM/F12 supplemented with 1% B27, 1%N2, 20 ng/mL PDGF-AA, and 20 ng/mL IGF1, 40ng/ml T3, and 5% FBS) until the cells were fully mature and formed a “spiderweb-like” structure of oligodendrocyte and were identified by specific cell markers.



RNA Isolation and Real-Time PCR

Total RNA was extracted from the brain using a trizol reagent (TaKaRa) according to the instructions. mRNA was then reversely transcribed using the Prime Script RT reagent kit (TaKaRa) for cDNA synthesis. Then we used cDNA to perform real-time quantitative PCR using the SYBR Premix Ex Taq kit (TaKaRa). The 2-ΔΔCt method was used to assess the relative expression level of mRNA. mRNA levels were measured using the following specific primer sequences: C3d, 5’-CGTGGCCAAGCTAAGCATCA-3’ and 3’-GGCCTCCATTGTCTTGGTGG -5’;S100α10, 5’-TTGCAGGCGACAAAGACCAC-3’, 3’-CACTTTGCCATCTCGGCACT-5’; SOCS3, 5’-CTGGTACTGAGCCGACCTCT -3’ and 3’-GGCAGCTGGGTCACTTTCTC -5’;STAT3, 5’-CATTGACCTGCCGATGTCCC -3’ and 3’-GAGCGACTCAAACTGCCCTC -5’. Expression of the gene of interest was normalized to that of the housekeeping gene GAPDH (reduced glyceraldehyde-phosphate dehydrogenase).



High Throughput Sequencing and mRNA Library Construction

Our research group set RNA sequencing data library of mice brain infected with A. cantonensis (26). Mice were separately sacrificed at 2, 7, 14, 21 days post-infection with A. cantonensis, and the mice brains were immediately isolated to extract total RNAs. The same number of healthy mice samples were used as control. Briefly, the total RNAs contained were extracted using the RNeasy® Mini Kit (Qiagen, Germany) and reversed transcription to cDNA to prepare the Illumina/Solexa sequencing library. And then we used Illumina Genome Analyzer IIx to perform the sequencing process. The expression profiles of the SOCS family were shown in a heatmap.



Histology and Immunofluorescence

Mice were anesthetized with isoflurane and perfused transcardially with ice-cold PBS followed by 4% paraformaldehyde (PFA). After fixing with PFA and 30% sucrose water, brain samples were embedded in optimal cutting temperature compound (OCT) and cut into10 μm slides at -20°C. Next, slides were permeabilized with 0.3% Triton X-100 and blocked with 2% bovine serum albumin (BSA) for 1 h at room temperature. Removing blocking buffer and incubating slides with the primary antibody in 1% BSA at 4°C overnight. Slides were washed in PBS three times and incubated with fluorescein isothiocyanate-labeled secondary antibody, which diluted 1:500 in 1% BSA at 37°C for 1 h. DAPI was then applied for 5 mins to stain the nucleus. Slides were washed again in PBS and observed under a fluorescence microscope. The antibodies used to detect the cells were as follows: anti-GFAP (CST, 3670), anti-S100β (Abcam, ab52642), anti-SOCS3 (Abcam, ab16030), anti-C3d (RD system, AF2655), anti-S100a10 (RD system, AF2377), and anti-MBP (Abcam, ab40390), anti-oligo2 (Sigma-Aldrich, AB9610). Staining samples without the primary antibody were used as negative controls.



Western Blotting

Brain tissue was lysed in extraction buffer (20 mM HEPES [pH 7.4], 2 mM EDTA, 50 mM glycerophosphate, 1 mM dithiothreitol, 1 mM Na3VO4, 1% Triton X-100, and 10% glycerol) on ice. The lysates were centrifuged at 1000 rpm for 10 mins. Supernatants were collected and their protein concentrations were determined using a bicinchoninic acid protein assay (BCA assay). Proteins were heated with sample buffer, separated in 12% sodium dodecyl sulfate-polyacrylamide gels by electrophoresis, and electroblotted onto a nitrocellulose membrane. Transferred blots were incubated with a blocking agent (5% non-fat milk in Tris-buffered saline). Anti-SOCS3, anti-STAT3(CST, 0139), anti- phosphor-STAT3(CST, 9145), and their secondary antibody blots were developed using the enhanced chemifluorescence detection kit according to the manufacturer’s instructions. The same blots were subsequently stripped and reblotted with an antibody of β-tubulin to verify equal protein loading. Graphs of blots were obtained in the linear range of detection and protein levels were quantified using ImageJ software (NIH).



Quantification and Statistical Analysis

The random number generator function in Microsoft Excel was used to randomly allocate experiment mice. Positive cell counts and lesion pixel area quantification for Western Blotting were performed using ImageJ. GraphPad Prism 8.2 was used to statistically compare the data on real-time quantitative PCR, Western Blot, and immunofluorescence graphs among different groups. Data are expressed as the mean ± SEM and were analyzed using a two-tailed t-test or one-way ANOVA and Tukey’s test, as appropriate. p < 0.05 was considered statistically significant.




Results


A. cantonensis Infection Causes Activation of Type A1 and A2 Astrocytes in the Corpus Callosum

A. cantonensis infection is a typical parasitic infection that causes serious brain injury. In the late stage of infection, almost all larvae of A. cantonensis cross the BBB and parasitize the brain (27). As we have mentioned, demyelination is a typical pathological change in A. cantonensis infection and its severity is proportional to motor dysfunction in infected mice. Similar to our previous study, staining for myelin basic protein (MBP) showed apparent demyelination, especially at 21 days post-infection (dpi) (Figure 1A). In the present study, we attempted to identify the role of glial cells in this process. We detected different drastic astrocyte activation around the corpus callosum by staining the astrocyte markers, GFAP and S100β (Figures 1B, C). Importantly, astrocytes exhibited prolonged cell processes and displayed a hypertrophic cellular body, which is a typical phenotype for reactive cells.




Figure 1 | A. cantonensis infection caused astrocytes activation. (A) Representative sections showing that immunostaining distribution MBP and GFAP in control (Ctrl) group and 21 dpi group. Scale bar = 75 μm. (B) Representative images of S100β and GFAP staining of control and 21 dpi groups. Scale bar = 75 μm. (C) Quantification of GFAP+, S100β+ cells. (D, E) mRNA expression of C3d and S100α10 of the brain at 7, 14, and 21 dpi. **P < 0.01, ***P < 0.001. Data were analyzed by one-way ANOVA and followed by Tukey’s post hoc analysis. Data in each statistical graph are presented as the mean ± SEM.



To determine the type of activated astrocytes, we assessed the levels of the astrocyte activated marker genes, C3d and S100α10, which represent A1 astrocytes and A2 astrocytes, respectively. Both genes expression increased during infection (Figures 1D, E). Immunofluorescence staining results also showed that the number of astrocyte positive cells (C3d+ GFAP+, S100α10+ GFAP+) increased significantly at 14 dpi (Figures 2A, B). These results indicated that both A1 and A2 astrocytes were highly activated after A. cantonensis infection and that the activation of astrocytes was mainly concentrated in the corpus callosum region.




Figure 2 | A. cantonensis infection caused activation of A1 and A2 astrocytes in the corpus callosum. (A, B) Representative sections showing that distribution of GFAP+, C3d+ and GFAP+, S100α10+ cells in the corpus callosum. (C) Quantification of GFAP+, C3d+ and GFAP+, S100α10+ cells at 7, 14, and 21 dpi. Scale bar = 50 μm. n = 4-5 animals/group, *P < 0.05, ***P < 0.001. Data were analyzed by one-way ANOVA and followed by Tukey’s post hoc analysis. Data in each statistical graph are presented as the mean ± SEM.





IL-17A Mediates the Activation of A1 Astrocytes During A. cantonensis Infection

We previously observed that IL-17A levels increased after A. cantonensis infection and injection of neutralizing antibodies successfully decreased IL-17A to a low level. It has been proven that injecting IL-17A neutralizing antibodies can relieve the degree of demyelination (25). Next, we wanted to determine whether astrocytes mediated this process (Figure 3A). Immunofluorescence staining results showed that the expression of GFAP in brain tissues decreased after IL-17A was neutralized and C3d expression was also reduced by a statistically significant amount compared with the control group, while there was no significant difference in the expression of S100α10 (Figures 3B, 4A, C). qPCR analysis of these genes showed similar results (Figures 4B, C). This suggested that IL-17A mainly mediated the activation of A1 astrocytes during A. cantonensis infection.




Figure 3 | IL-17A mediated the activation of A1 astrocytes during A. cantonensis infection. (A) Flow chart of IL-17A mAb and IgG isotype administration to mice infected with A. cantonensis. (B) Representative sections of GFAP+, C3d+, and S100α10+ immunostaining from mice treated with IL-17A neutralizing antibody and IgG1 isotype antibody. Scale bar = 50 μm. n = 4-5 animals/group. Data in each statistical graph are presented as the mean ± SEM.






Figure 4 | IL-17A mediated the activation of A1 astrocytes during A. cantonensis infection. (A) Quantification of GFAP+, C3d+, and GFAP+, and S100α10+ in different groups. (B, C) mRNA expression of C3d and S100α10 of the brain of four groups. n = 4-5 animals/group, ***P < 0.001. Data were analyzed by one-way ANOVA and followed by Tukey’s post hoc analysis. Data in each statistical graph are presented as the mean ± SEM. #P < 0.05, ##P < 0.01, ###P < 0,001.



Next, we explored whether IL-17A has the capacity to influence astrocytes in vitro by stimulating primary astrocytes with different concentrations of IL-17A. The results showed 50 ng/mL was the optimal stimulating concentration of IL-17A. Following treatment with IL-17A, astrocytes were activated and cell expression of C3d and S100α10 increased, with a significant increase especially in C3d+ GFAP+ cell numbers (Figures 5A, B).




Figure 5 | IL-17A activated astrocytes in vitro. (A) Representative images display the expression of GFAP, C3d, and S100α10 in the presence of different concentration of IL-17A (UN=untreated). Scale bar = 75 μm. (B) Quantification of GFAP+, C3d+, and GFAP+ S100α10 cells of each treated group. n = 3/group, **P < 0.01, ***P < 0.001. Data were analyzed by one-way ANOVA and followed by Tukey’s post hoc analysis. Data in each statistical graph are presented as the mean ± SEM.





IL-17A Regulates SOCS3 Expression in Astrocytes Through the IL-17RA/STAT3/SOCS3 Pathway

The above results suggest that IL-17A is involved in the activation of A1 astrocytes during A. cantonensis infection. Through our previous gene sequencing and qPCR verification, it was proven that the mRNA level of the SOCS3 gene in astrocytes increased significantly at 14dpi and this high expression level persisted until the late stage of infection (Figures 6A–C). SOCS3 protein is considered to inhibit axonal regeneration, therefore we hypothesized that IL-17A induced high expression levels of SOCS3 in astrocytes, resulting in sustained myelin injury after A. cantonensis infection. Immunofluorescence staining was used to co-label SOCS3 and GFAP proteins and it was found that SOCS3 was highly expressed in astrocytes but not in other cells after infection (Figures 6D, E). Western blotting was used to detect changes in SOCS3 protein content after injection of the neutralizing antibody. The results showed that the expression level of IL-17A was positively correlated with SOCS3 and that the SOCS3 expression level in mice of the IL-17 neutralizing antibody group was lower than that of the control group, with the difference being statistically significant (Figures 6F, G).




Figure 6 | IL-17A regulated SOCS3 expression in astrocytes during A. cantonensis infection. (A, B) Results of gene enrichment analysis was processed through comparing SOCS family mRNA levels and qPCR results of SOCS3 in infected mice brains at 2, 7, 14, and 21 dpi. (C) qPCR assay was performed to assess SOCS3 gene levels of different brain regions at 21 dpi (CC = corpus callosum, Cort = cortex, Hip = hippocampus). (D) Representative images of SOCS3 and GFAP staining of control and 21 dpi groups. Scale bar = 75 μm. (E) Quantification of GFAP+, SOCS3+ cells at 7, 14, and 21 dpi. (F) Western Blotting results showed SOCS3 protein levels of individual treated groups. (G) Relative densitometric analysis of Western Blotting is represented, as normalized to β-actin. n = 5 animals/group, *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05. Data were analyzed by one-way ANOVA and followed by Tukey’s post hoc analysis. Data in each statistical graph are presented as the mean ± SEM.



The traditional pathway involving SOCS3 is the JAK/STAT pathway, therefore we further investigated the expression levels of the STAT family. We processed the IL-17A stimulation experiment in astrocytes to ascertain the expression patterns of SOCS3 and STAT3. SOCS3 and p-STAT3 expression levels were strongly increased along with the stimulation time extension (Figures 7A–D). To examine whether SOCS3 participates in the activation of astrocytes, a specific knockdown experiment of SOCS3 with siRNA was performed in primary astrocytes and astrocytes were then treated with an appropriate concentration of IL-17. The p-STAT3 protein was no longer inhibited by SOCS3, which indicated that IL-17A activated astrocytes through IL-17RA via the STAT3/SOCS3 pathway (Figures 7E, F). In conclusion, IL-17A promoted tyrosine phosphorylation of STAT3 and p-STAT3 induced the expression of SOCS3. In turn, phosphorylation of STAT3 was inhibited by SOCS3 in astrocytes.




Figure 7 | IL-17A regulated SOCS3 expression in astrocytes through the IL-17RA/STAT3/SOCS3 pathway. (A) Representative images display the expression of SOCS3, GFAP in the presence of a different concentration of IL-17A. Scale bar = 75 μm. (B) Quantification of C3d+, SOCS3+ cells in different treated groups. (C) Representative immunoblotting of SOCS3, STAT3, p-STAT3, and β-tubulin in several different stimulating time groups (0.5 h, 1 h, 1.5 h, 2 h). (D) Relative densitometric analysis of Western Blotting is represented, SOCS3 is normalized to β-tubulin, p-STAT3 is normalized to STAT3. (E) Representative Western Blotting images display the expression of SOCS3, STAT3, p-STAT3, and β-tubulin in the presence or absence of IL-17A and SOCS3 siRNA. (F) Relative densitometric analysis of Western Blotting in each treatment group is represented, SOCS3 is normalized to β-tubulin, p-STAT3 is normalized to STAT3. n = 3, ***P < 0.001, #P < 0.05, ###P < 0,001. Data were analyzed by one-way ANOVA and followed by Tukey’s post hoc analysis. Data in each statistical graph are presented as the mean ± SEM.





High Expression of SOCS3 in A1 Astrocytes During A. cantonensis Infection Results in Myelin Injury

The myelin sheath is mainly formed by the myelination of oligodendrocytes in the central nervous system. Direct damage to oligodendrocytes or inhibition of the differentiation process of oligodendrocyte progenitor cells (OPCs) to oligodendrocytes is potential causes of demyelination. Some studies have indicated that A1 astrocytes act as harmful cells that inhibit OPC differentiation (28). To illustrate the relationship between IL-17A, astrocytes, and oligodendrocytes, we used indirect stimulation and cell co-culture methods. The conditioned medium from the primary astrocytes treated with IL-17A was collected and applied to primary cells for 24, 48, 72 h to verify the effects of activated astrocytes (Figure 8A). Oligo2 (O2) and MBP, as two typical oligodendrocyte markers, were used to stain the mature oligodendrocytes as a previous study (29). The results suggested that the oligodendrocyte number decreased with stimulating time processing (Figures 8B, C). To further investigate the damaging effects of activated astrocytes induced by IL-17A on oligodendrocytes, we cultured astrocytes on top of OPCs and maintained the co-culture in the presence or absence of IL-17A for 72 h. Astrocytes were previously treated with control siRNA or SOCS3 siRNA (Figure 9A). We then used a similar method to assess the number of MBP+ oligodendrocytes out of the total cell count. Compared with the control group, astrocytes interfered with by si-SOCS3 exhibited weakened effects on OPCs after IL-17A stimulation (Figures 9B, C). Hence, the damaging effect of IL-17A activated astrocytes on oligodendrocytes can be blocked through the interference of the IL-17RA/STAT3/SOCS3 pathway. Therefore, we speculated that myelin damage during A. cantonensis infection is partially attributed to IL-17A induced SOCS3 activation in astrocytes.




Figure 8 | IL-17A activation of astrocytes hindered oligodendrocytes formation. (A) Schematic diagram showing the collection of astrocyte medium after treatment with IL-17A which was then mixed with OPCs mature medium in 1:1 ratio to form conditioned medium and applying conditioned medium to OPCs. (B) Representative images of oligodendrocytes staining images of control or conditioned medium treated groups. Scale bar = 250 μm. (C) Percentage of MBP+ cells to total cell numbers. n = 3, ##P < 0.01, ***P < 0.001, one-way ANOVA and Tukey’s test. Data in each statistical graph are presented as the mean ± SEM.






Figure 9 | High expression of SOCS3 in activated A1 astrocytes inhibited oligodendrocyte formation. (A) Schematic diagram showing the collection of astrocytes treated with control siRNA or SOCS3 siRNA, followed by culturing astrocytes with OPCs in the presence or the absence of IL-17A. (B) Representative images of OPCs cultured with astrocytes treated with control siRNA or SOCS3 siRNA for 72 h, which were immunostained for MBP and GFAP. Scale bar = 75 μm. (C) Percentage of MBP+ cells to total cell numbers. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA and Tukey’s test. Data in each statistical graph are presented as the mean ± SEM.






Discussion

Abnormal myelin development or damage can result in abnormal impulse transmission. Myelination is also important for cognitive function and studies have shown that myelin is involved in the development of motor learning and social interaction (30, 31). These highlight the importance of exploring the mechanism of demyelination. Our last published research showed the role of microglia in A. cantonensis infection, some cytokines secreted by microglia had been proved to promote the differentiation of astrocytes, such as C1q, IL-11α, and TNF (14), we subsequently found obvious astrocytes activation during this process. This indicates that the interaction between cells is important in the progression of the disease.

IL-17 is a typical pro-inflammatory factor that can induce inflammatory cell infiltration and tissue destruction, especially in autoimmune diseases such as type 1 diabetes (32, 33). At present, different studies have shown varied views on the relationship between IL-17A and demyelinating diseases. Multiple sclerosis is a representative central nervous system autoimmune disease and its animal model is EAE. It has been reported that EAE modeling in IL-17-/- mice lead to MOG-specific T cell sensitization, resulting in significantly reduced severity of disease damage (34). Th17 cells can interact synergistically with γδ T cells by producing IL-17 and IL-23 to accelerate disease progression in EAE models (35, 36). IL-17 is also involved in fighting off parasitic infections. Studies have shown that the secretion of IL-17 is promoted by chil3 and IL-17 and this has been shown to recruit neutrophils to fight against Nippostrongylus brasiliensis infection (37).

Our results showed that the increase of IL-17A induced by A. cantonensis infection not only caused myelin sheath injury but also activated astrocytes, with both A1 and A2 astrocytes being activated to varying degrees. In our infection model, the degree of activation of astrocytes positively correlated with the expression of IL-17A, and astrocytes were activated earlier than microglia. Therefore, we detected the activation status of astrocytes after IL-17A neutralization and the results showed that the activation of A1 astrocytes was significantly inhibited, similar to the results of in vitro experiments. Previous studies have shown that A1 astrocytes mainly promote inflammation, whereas A2 astrocytes inhibit inflammation (14). The changes in IL-17A, demyelination injury, and A1 astrocytes were consistent, so we inferred that the activation of A1 astrocytes induced by IL-17 might be related to demyelination injury. It has been shown that in EAE models, the activation of astrocytes is affected by IL-17 secreted by Th17 cells and this activation process is mainly mediated by the Act1 gene. Act1-specific deletion of astrocytes can interrupt the IL-17-induced cascade inflammatory response and thus affects the progression of EAE (38). In addition, astrocytes express the ubiquitin-modified enzyme A20, which inhibits the expression of the NF-κB pathway. Conditional knockdown of the A20 gene in astrocytes results in an uninhibited NF-κB pathway that exacerbates EAE progression (39). In the in vitro experiments, we incubated oligodendrocytes in the medium transferred from IL-17 stimulated astrocytes. The axons of oligodendrocytes were damaged and cell number decreased, which suggested IL-17A activated A1 astrocytes had an inhibiting effect on the growth of the oligodendrocytes.

Abnormal SOCS3 expression was also detected after A. cantonensis infection and IL-17A stimulation led to upregulation of SOCS3 expression in astrocytes in vitro. This process was short-lived and the highest level of SOCS3 expression was approximately 2h after IL-17A was applied, thereafter SOCS3 expression declined over time. A previous study demonstrated that natural killer cell activity can be inhibited by IL-17A through SOCS3, which can interfere with tumorigenesis and viral infection (40). SOCS3 plays an important role in various nervous systems. Specific knockout of SOCS3 in neurons leads to increased leptin sensitivity in the hypothalamus region, thus inhibiting appetite and reducing body weight (41). SOCS3 is an inhibitor of STAT3 and the error of the SOCS3 regulation program on STAT3 leads to abnormal STAT3 expression in the brain tissue of glioma patients, which is due to phosphorylated STAT3 promoting the expression of many tumorigenesis genes (42). SOCS3 has been proven to be related to the axon growth process and SOCS3 knockout in mice can accelerate the recovery rate of axon-damaged nerve fibers (43). Previous studies have shown that A. cantonensis infection can also cause an increase in IL-6 and IFN-γ levels (44) and these two proven factors can also promote SOCS3 expression through the JAK/STAT pathway (22). Moreover, IL-17A can increase SOCS3 protein levels through upregulation of IL-6 expression, which then activates astrocytes (45). It has been shown in vitro that IFN-β can promote the expression of SOCS1 and SOCS3 in astrocytes, wherein STAT1α is the key protein of SOCS1 and STAT3 is the key protein of SOCS3, and the co-expression of SOCS1 and SOCS3 affects the secretion of chemokines in astrocytes (46).

Common demyelination disease including multiple sclerosis, optical neuromyelitis, Guillain-Barre Syndrome, etc. Many evidences indicated IL-17 play an important role in these diseases (47). Our studies first proposed that IL-17A-triggered SOCS3 mediated astrocyte activation involved A. cantonensis caused demyelination. However, more detailed mechanisms about how SOCS3 regulate astrocyte activation to influence myelin damage process should be studied. In the future research, we plan to specifically interfere SOCS3 gene in mice astrocyte to observe its functions in A. cantonensis infection induced demyelination. In addition, the effects of IL-17A and SOCS3 in typical demyelination animal model should be explored to provide more thoughts for intervening myelin damage.



Conclusion

Our present study showed both A1 and A2 astrocytes apparent activation after A. cantonensis infection and promoted the demyelination of corpus callosum. Furthermore, we firstly proposed that SOCS3 not only mediated A1 astrocytes activation, but also accelerated demyelinating injury in an A. cantonensis-infected animal model. Therefore, the reintroduction of a specific gene SOCS3, in astrocytes could be investigated as a potential method to slow down the progression of demyelination.
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Although the variation in chromatin architecture during adaptive immune responses has been thoroughly investigated, the 3D landscape of innate immunity is still unknown. Herein, chromatin regulation and heterogeneity among human primary monocytes were investigated. Peripheral blood was collected from two healthy persons and two patients with systemic lupus erythematosus (SLE), and CD14+ monocytes were selected to perform Hi-C, RNA-seq, ATAC-seq and ChIP-seq analyses. Raw data from the THP1 cell line Hi-C library were used for comparison. For each sample, we constructed three Hi-C libraries and obtained approximately 3 billion paired-end reads in total. Resolution analysis showed that more than 80% of bins presented depths greater than 1000 at a 5 kb resolution. The constructed high-resolution chromatin interaction maps presented similar landscapes in the four individuals, which showed significant divergence from the THP1 cell line chromatin structure. The variability in chromatin interactions around HLA-D genes in the HLA complex region was notable within individuals. We further found that the CD16-encoding gene (FCGR3A) is located at a variable topologically associating domain (TAD) boundary and that chromatin loop dynamics might modulate CD16 expression. Our results indicate both the stability and variability of high-resolution chromatin interaction maps among human primary monocytes. This work sheds light on the potential mechanisms by which the complex interplay of epigenetics and spatial 3D architecture regulates chromatin in innate immunity.
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Introduction

Chromatin is hierarchically packaged into the nucleus of higher eukaryotes to organize the three-dimensional (3D) genome structure (1), which is responsible for precise transcriptional regulation by facilitating or restricting regulatory element interactions (2). Over the last decade, the 3D genome architecture associated with cell fate and function under both physiological and pathological conditions has garnered much attention and has been intensively investigated through advanced techniques (3, 4). Chromosome conformation capture (3C) technologies, from 3C, 4C, 5C to chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) and Hi-C, have become increasingly appreciated for their ability to facilitate the comprehensive identification of genome-wide contact frequencies (5, 6), which can reveal chromatin organization features, including A/B compartments, TADs and loops (7, 8). Evidence demonstrating the role of the 3D genome organization in governing long-range regulatory interactions is now available (9, 10), and such work provides a new blueprint for investigating the influence of spatiotemporal changes in 3D architecture during normal evolution and disease occurrence (11).

Chromatin interactions play a fundamental role in establishing and maintaining the functions of immune cells during development, differentiation and activation in autoimmune diseases (12, 13). An analysis of genome organization performed in 17 human primary hematopoietic cell samples by promoter capture Hi-C (PCHi-C) indicated that the promoter interactomes are highly cell-type specific (14). Much evidence has validated the concept that transient changes in the genomic architecture in human B cells and CD4+/CD8+ T cells require the recruitment of specific lineage-defining transcription factors, chromatin remodelers, and histone modifiers to modulate gene transcription and mediate B and T cell lineage commitment (15–17). While a series of studies on chromatin 3D organization have focused on adaptive immune responses, little is known about its role in innate immunity. The issue associated with 3D structure in innate immune cells that has been investigated is long-range looping interactions during differentiation from monocyte precursors (THP1 cell line) to mature macrophages (18, 19), which suggested the possibility that the spatial 3D structure might regulate innate immunologic processes. In general, almost all of the available Hi-C maps have been displayed in cultured immune cells. In addition, recent research combining associated genetic variants identified from Genome-wide Association Studies (GWASs) with 3D structures observed in different immune cell physiological states has revealed potential regulatory connections of these noncoding region variants related to the pathogenesis of autoimmune diseases (20, 21); this work has yielded pivotal insights into how autoimmunity is triggered by susceptible polymorphisms (22).

To date, chromatin architecture variation during adaptive immune response has been thoroughly investigated, although few previous research on Hi-C had been performed in primary monocytes, there still lacks a high-resolution 3D landscape in innate immunity and analysis of individual difference. SLE, as the examined autoimmune condition, is a highly heterogeneous autoimmune disease characterized by the production of numerous autoantibodies and chronic inflammation (23). SLE can systematically and severely affect multiple organs, including central nervous system and peripheral nervous system. Therefore, the present study was designed to first present high-resolution chromatin interaction maps of human primary monocytes and then to make further efforts to elucidate the immunological heterogeneity of the 3D genome structure. We hope to provide insight into the functional regulation of monocytes in innate immunity by comparing healthy controls and SLE patients to identify significant epigenetic profiles associated with chromatin accessibility as well as histone modification patterns correlated with the transcriptional profiles of human primary monocytes, as evidenced by integrated datasets from assay for transposase-accessible chromatin sequencing (ATAC-seq), chromatin immunoprecipitation with sequencing (ChIP-seq), and RNA sequencing (RNA-seq) analyses.



Materials and Methods


Antibodies and Reagents

The antibodies and reagents used in this study were as follows: Alexa Fluor® 488 mouse anti-human CD14 was purchased from BD Pharmingen™ (561706). 7-Amino-actinomycin D (7-AAD) was purchased from BD Pharmingen™ (559925). Protease inhibitors were purchased from Sigma (P8340-5 ml). Biotin-14-dCTP and Proteinase K (Fungal) were purchased from Invitrogen (19518-018; 25530-031). DNA polymerase I, large (Klenow) fragment, was obtained from NEB (M0210S). T4 DNA ligase, T4 DNA polymerase and T4 DNA ligation buffer were all purchased from NEB (M0202L; M0203L; B0202).



Study Subjects

SLE patients (n=2, SLE-1; SLE-2) were recruited from Shandong provincial hospital affiliated to Shandong university. All patients with SLE met the revised diagnostic criteria of the American College of Rheumatology (1997), and other systematic or autoimmune diseases were excluded (24). None of the patients had been using systemic or topical medication before, and all were characterized by high ANA and dsDNA antibody levels and low-level clinical symptoms during sample collection. Disease activity was measured using the SLE Disease Activity Index scoring system. The control population (n=2, CTR-1; CTR-2) consisted of unrelated individuals matched for ethnicity, age, and sex. The four donors were all 25 years old. Valid informed consent was obtained from each participant. The study design conformed to the ethical guidelines and was approved by the ethics committee of Shandong Provincial Hospital affiliated to Shandong first medical university.



Preparation of Monocytes

From each donor, a 150 ml blood sample was collected, and 30 ml of fresh peripheral blood was collected at each sampling time to keep the cells as active as possible. Ficoll-Paque (GE 17-1440-02) density gradient centrifugation was used to separate peripheral blood mononuclear cells (PBMCs) within 2 h. The PBMCs were stained and incubated with an antibody cocktail (7-AAD and Alexa Fluor® 488 mouse anti-human CD14) in darkness at room temperature for 20 min. After incubation, the cells were washed twice with 1% heat-inactivated fetal bovine serum diluted in PBS for fluorescence-activated cell sorting (FACS). The cells were sorted by flow cytometry using a FACS Aria III system (Becton Dickinson), and approximately 5 million cells per sample were obtained and defined as CD14+ monocytes. The activity of the selected CD14+ primary monocytes reached greater than 95%.



RNA-Seq and Data Analysis

The RNA-seq of monocytes was performed via the Smart-Seq2 method. Briefly, samples were collected in tubes with lysis components and ribonuclease inhibitors. An Oligo-dT primer was introduced to the reverse transcription reaction for first-strand cDNA synthesis, followed by PCR amplification to enrich cDNA and a MagBeads purification step to clean up the product. Then, the cDNA product was checked with a Qubit® 3.0 Fluorometer and Agilent 2100 Bioanalyzer to verify the expected product with a length of approximately 1~2 kb. Next, the cDNA was randomly sheared by ultrasonication according to the Illumina library preparation protocol, which included DNA fragmentation, end repair, 3’ end A-tailing, adapter ligation, PCR amplification and library validation. After library preparation, the PerkinElmer Lab ChIP® GX Touch system and the Step OnePlus™ Real-Time PCR system were used for library quality inspection. Qualified libraries were then loaded on the Illumina HiSeq platform for PE150 sequencing. Sequencing data were mapped to the human reference genome (ucsc.hg19) using HISAT2 v2.1.0. fragments per kilobase of transcript per million mapped reads (FPKM) values for each gene were calculated. RNA-seq data were shown in Supplementary Data Sheet 1 and the quality control of RNA-seq was in Figure S1.



ATAC-Seq and Data Analysis

Approximately 50,000 living cells were used for each library preparation. The cells were lysed in lysis buffer to obtain nuclei, and the TruePrep™DNA Library Prep Kit V2 for Illumina (Vazyme Biotech) was used to construct transposase-treated libraries. The mass concentration and molar concentration of the libraries were determined with a Qubit 3.0 Fluorometer and the StepOnePlus™ Real-Time PCR system, respectively, and the lengths of the inserted fragments were determined with an Agilent HS 2100 Bioanalyzer. Qualified libraries were sequenced on the Illumina HiSeq platform in paired-end 150 bp mode. The data were mapped to the human reference genome (ucsc.hg19) with Bowtie2 (version 2.2.3), and binding sites were identified by using MACS2 (version 2.1.1) with the following parameters ‘-q 0.05 –nomodel –extsize 150 –keep-dup all –call-summits’. ATAC-seq data were shown in Supplementary Data Sheet 2 and the quality control of ATAC-seq was in Figure S2.



ChIP-Seq and Data Analysis

Nuclear extracts from approximately one million cells and chromatin were sheared to an average size of 200 bp with a sonicator (Bioruptor Pico, Diagenode). Then, the samples were immunoprecipitated with 2.5 μg of H3K27me3 (ab6002), anti-H3K4me3 (ab39915) and anti-H3K27Ac (ab39133) pAbs antibodies. After incubation at 4°C overnight, the antibodies were recovered with 25 μl of Protein A/G magnetic beads (Millipore 16-663). After reverse crosslinking, ChIP-ed DNA was extracted with a MinElute Reaction Cleanup Kit (Qiagen 28206). Purified DNA from H3K27me3, H3K27Ac and H3K4me3 ChIP assays was adapter ligated and PCR amplified for sequencing on the HiSeq2000 platform using a TruSeq DNA Library Prep Kit (Illumina). After sequencing, reads were quality-filtered according to the Illumina pipeline. The data were aligned to the human reference genome (ucsc.hg19) with Bowtie2 (version 2.2.3), and binding sites were identified with MACS2 (version 2.1.1). ChIP-seq data were shown in Supplementary Data Sheet 3 and the quality control of ChIP-seq was in Figure S3.



Hi-C and Data Analyses


Hi-C Library

Approximately one million monocytes were crosslinked with 40 ml of a 1% formaldehyde solution at room temperature for 10 min, and 2.5 M glycine was added to quench the crosslinking reaction. The crosslinked cells were resuspended in 500 µl of ice-cold Hi-C lysis buffer and rotated at 4°C for 30 min. The nuclei were washed with 0.5 ml of restriction enzyme buffer, and the chromatin was solubilized with diluted SDS. After quenching the SDS with Triton X-100, overnight digestion with cutter restriction enzymes (400 units MboI) was performed at 37°C. The DNA ends were marked with biotin-14-dCTP, and blunt-end ligation of crosslinked fragments was performed. The proximal chromatin DNA was religated with a ligation enzyme, and the nuclear complexes were reverse crosslinked at 65°C. The DNA was purified, and biotin-C was removed from the nonligated fragment ends using T4 DNA polymerase. The fragments were sheared to sizes of 100-500 base pairs by sonication. The fragment ends were then repaired with a mixture of T4 DNA polymerase, T4 polynucleotide kinase and Klenow DNA polymerase. Biotin-labeled Hi-C samples were specifically enriched using streptavidin magnetic beads. The fragment ends were subjected to A-tailing with Klenow (exo-), and an Illumina paired-end sequencing adapter was then added with a ligation mixture. Finally, the Hi-C libraries were amplified via 8-10 cycles of PCR and sequenced on an Illumina HiSeq instrument in PE150 mode.

The raw sequence data of the THP1 cell line Hi-C library were downloaded from ENCODE (Encyclopedia of DNA Elements Project Consortium) from experiment ENCSR748LQF (https://www.encodeproject.org/experiments/ENCSR748LQF/), which included two replicates (ENCBS615XLU, assigned as THP1-1; ENCBS913QYS, assigned as THP1-2) and analyzed via the same pipelines.



Hi-C Data Mapping, Filtering and Generation of Contact Matrices

FASTQ files were firstly subjected to quality control with fastp (version 0.14) software before mapping stages. We used the integrated pipeline of HiC-Pro (V2.7.8) to process the data from the clean FASTQ files to obtain contact maps with default parameters (MIN_MAPQ=10; BOWTIE2_GLOBAL_OPTIONS = very-sensitive; BOWTIE2_LOCAL_OPTIONS = very-sensitive; BIN_SIZE = 20000, 40000, 150000, 500000, 1000000), which mainly included two-step mapping using Bowtie2 and binning to generate a genome-wide interaction map. The resulting contact matrices were normalized using iterative correction and eigenvector decomposition (ICED, MAX_ITER = 100, FILTER_LOW_COUNT_PERC = 0.02; FILTER_HIGH_COUNT_PERC = 0; EPS = 0.1) (25).

The loops were called by using HiCCUPS (8) with the default parameters, which examines each pixel in a Hi-C contact matrix and identifies those with enriched contact frequencies relative to local neighborhoods.

To calculate the average contact probability (Ps), we divided the genome into 1 M bins. For each distance (1 M, 2 M, 3 M, etc.), we used the observed interaction frequency to calculate the expected value via LOWESS fitting at the corresponding distance (26). The relative contact probability (RCP) was computed for each chromosome, and the insulation score was used to call TADs. The above analysis was performed with GENOVA package by functions of insulation_score and callTAD.

The multiHiCcompare packages was used for comparative analysis. Briefly, the interaction matrix was firstly performed fast loess normalization (fastlo function) and performed exact test-based difference detection among groups (hic exactTest function). The composite MD plot were plotted by MD_composite function.

The visualization of chromatin interactions were preformed with the help of washU Epigenome Browser (27) and hicrep package.



Resolution Analysis

For Hi-C resolution calculation, the whole genome was divided into bins of the same size (1 M, 500 k, 200 k, 100 k, 40 k, 20 k, 10 k, 5 k, or 1 k), and valid pairs were then used to determine the coverage of every bin. We sorted the bins in descending order according to the coverage depth of the 75th, 80th, and 90th bins. At a specific resolution, when the minimum depth of the 80th bin reached 1000, we considered the sequencing depth to have reached the same resolution, which was then used as the highest resolution. The results showed that the resolution reached 5 kb and could be used for loop analysis.




Genotyping of the Human Leukocyte Antigen (HLA) Region

About 200 ng sample of genomic DNA from each individual was sheared with a Biorupter (Diagenode, Belgium) to acquire 150~200 bp fragments. The ends of the DNA fragments were repaired, and an Illumina adapter was added (Fast Library Prep Kit, iGeneTech, Beijing, China). After constructing the sequencing library, the target regions were captured with an AI-HLA-Cap Enrichment Kit (iGeneTech, Beijing, China) and sequenced on an Illumina platform (Illumina, San Diego, CA) with 150 base pair paired‐end reads. Raw reads were filtered to remove low-quality reads by using FastQC, and the clean reads were then mapped to the reference sequences in the HLA dictionary and typed to generate HLA types for HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DQB1, and HLA-DRB1 by using HLA-HD Software.



Statistics

The Mann-Whitney test (unpaired) or the Wilcoxon matched-pair signed-rank test (paired) was performed to analyze the data. For multiple comparisons, analyses were performed using the Kruskal-Wallis test followed by Tukey’s test (unpaired) or Friedman’s test followed by Dunn’s test (paired). All analyses were performed with R 4.0. Statistical significance was reported as follows: *P < 0.05, **P < 0.01, ***P < 0.001.




Results


High-resolution Chromatin Interaction Maps of Monocyte Samples

The CD14+ primary monocytes from the peripheral blood of two SLE patients and two healthy donors were isolated and crosslinked to obtain high-resolution chromatin interaction maps. To determine whether the whole-genome chromatin conformation differed between the two groups, we constructed three MboI-digested Hi-C libraries for each sample. We combined the data from the replicates to obtain more than 1.2 billion valid reads in approximately 3 billion paired-end reads for the subsequent analysis. The valid rates for CTR-1, CTR-2, SLE-1 and SLE-2 were 67.02%, 63.33%, 70.39% and 68.35%, respectively (valid rate above 60%, Table S1).

Given the absence of high-resolution chromatin interaction maps of primary monocytes before, we used the Hi-C map of the human monocyte cell line THP1 as the reference for comparison. The data of THP1 were downloaded from the ENCODE database and processed consistently under the same pipeline as the four primary samples for the uniform standards for comparison. Due to the THP1 cell line was established from leukaemia patient, we especially checked the status of chromosomal rearrangement. In the genome wide cis and trans interactions (Figure S4), we could see that the normalized mean interactions within chromatin (cis) were always stronger than the interactions between chromatins, thus there was no large chromosomal rearrangement. However, the strengthened trans-interaction between the left end of 9p and right end of 11q (Figures S4C, 4D) suggested a proportion of chromosome rearrangement, and it might influence corresponding local chromatin structure.

The general characteristics of the high-resolution chromatin interaction maps from the four primary monocyte samples and two repeats of the THP1 cell line are summarized in Figure 1. The resolution analysis showed that the results for the four primary individual samples reached more than 80% of bins at a depth greater than 1000 at a 5 kb resolution, which were similar with THP1 data (Figure 1A). These results indicated that our data were of high quality in both breadth and depth.




Figure 1 | Chromatin interaction map of monocyte. The summary of high-resolution chromatin interaction maps of monocyte, including four primary monocyte samples of SLE-1, SLE-2, CTR-1, CTR-2 and two repeats of THP1. (A) Resolution analysis of the Hi-C data from six samples, the horizontal axis indicates the bin size of resolution, the vertical axis indicates the depth of reads. (B) The relative contact probability (RCP) in chromosome 1 and chromosome 2. (C) The heatmap of genome-wide chromatin interaction in 1Mb bin, the colors present logarithmic transformed normalized interaction value, Both the cis- (within chromosome) and trans- (inter chromosome) interactions are presented.





High-Quality Chromatin Interaction Patterns of Monocyte Samples

We thoroughly explored the chromatin interaction patterns of the six monocyte samples at different levels. The relative contact probability (RCP) was computed to estimate the distance-dependent contact frequencies in chromosome level. The RCPs maps indicated the interaction frequency decayed with increasing distance in the six monocyte samples, while the curves for the four primary monocyte samples were largely in accord and differed slightly from those for the two THP1 repeats. Chromosome 1 and chromosome 2 are shown in Figure 1B, maps for other chromosomes are shown in Figure S5.

Subsequently, we extracted the contact matrix of the six samples for further analysis and the genome compartment classification analysis was performed to category the A/B compartments (Figure 2). The normalized chromatin interactions of 100 kb resolution on chromosome 1 are shown in Figure 2A, whose upper and lower triangles represent different samples. The delta Hi-C matrix calculated by subtracting the genome-wide Hi-C interaction were shown in Figure S6. The circle diagram shown in Figure 2B displays the genome-wide A/B compartment distribution observed in the four samples. The TADs are defined as genomic clusters of chromatin interaction that act as both structural and functional units (28). We identified TADs using the clustering-based Hi-C domain finder (CHDF) method (29). Figure 2C describes the TADs on chromosome 1 in the four primary monocyte samples with the Hi-C interactive heat map.




Figure 2 | Landscapes of primary monocytes. The different levels of Hi-C maps of four primary monocyte samples (SLE-1, SLE-2, CTR-1 and CTR-2). (A) Heatmaps of normalized chromatin interactions (100 kb bin) in chromosome 1. The upper and lower triangles represented different samples, and to be specific, the first heatmap represents SLE-1 (upper) and SLE-2 (lower), and the second heatmap represents CTR-1 (upper) and CTR-2 (lower). (B) The genome-wide A/B compartment distribution of the four samples. (C) The insulation scores and TAD boundaries in chromosome 1 among the four samples.



The above results roughly shown hierarchical chromatin conformations and interaction patterns revealed by Hi-C maps in the four primary monocyte samples.



Compartments and TADs Show No Significant Difference Among the Four Primary Monocyte Samples

To determine whether the chromatin conformations differed between primary cells and THP1 cell line or between the healthy and patient groups, we performed comparative analysis in different levels.

The correlation analysis of genome-wide A/B compartment exhibited high similarity among the four primary monocyte samples (Figure S7) with only a few regions presenting compartment switching between SLE patients and health individuals. The involved genes (353 genes) around switching regions and the KEGG enrichment analysis were presented in Table S2. In consist with the conservatism in genome compartmentalization, the interaction pattern shown in the heatmap of matrix also present high similarity among the four primary monocyte samples (Figure 1C). Subsequently, we extracted the contact matrix of the six samples for further analysis. Figure 1C shows the heat map of the genome-wide chromatin interactions in the 1 Mb bin, and both the cis (within-chromosome) and trans (between-chromosome) interactions are represented with logarithmic transformed normalized interaction values. The interaction pattern was distributed along the diagonal in the matrix maps, and the cis/trans ratio of our data was normal. In addition, we observed a similar organization pattern along the heatmap diagonal for the healthy and patient samples, and the contact frequency between each chromosome appeared unchanged according to the Hi-C data for the four primary monocyte samples.

Overall, the four peripheral blood monocyte samples from different individuals showed roughly similar landscapes of chromatin interaction frequencies (Figures 1B, C), interaction matrices (Figure 2A), A/B compartments (Figure 2B) and TAD boundaries (Figure 2C). The differences between two of the individuals in some genome regions were found to be relatively significant when the SLE-1 sample was compared to the CTR-2 sample (discussed later), but few consistent changes could be found between the SLE patients and healthy people. Our results indicated that the primary monocyte samples displayed a highly conserved structural pattern in terms of genome organization.

To more rigorously assess the homogeneity and divergence among individuals, we employed several comparative methods for Hi-C maps. The package of multiHiCcompare provided integrated algorithms to normalize and assess differences between Hi-C datasets, which could well remove biases across multiple datasets and detect decay of chromatin interaction frequencies. In the multiple-dataset comparative analysis, the primary samples differed significantly from the THP1 cells in the interaction matrix at a 100-kb resolution (chromosome 1 and chromosome 6 in Figure 3A, other chromosomes in Figures S8 and S9, while the differences between SLE and control groups were mostly not significant.




Figure 3 | Comparison of Hi-C. Comparison of Hi-C among primary monocytes and THP1 by different methods. (A) The results from multiHiCcompare. The upper part displays the MD plot of comparison between four primary samples and two repeats of THP1, the lower part displays the difference matrix between primary monocytes and THP1. Here the results of chromosome 1 and chromosome 6 are presented. (B) The correlation matrix between the six samples. The pair-wised stratum-adjusted correlation coefficients (SCC) are calculated using hicrep package. The results of chromosome 1-6 are presented. (C) The aggregate peak analysis (APA) among the six samples. Here the we set CTR-2 as reference.



The HiCRep package provided a stratum-adjusted correlation coefficient to assess the reproducibility of Hi-C data, and we used this method to do correlation analysis among the six samples (Figure 3B shows the correlation matrix among the six samples, and the results for chromosomes 1 to 6 are presented, other chromosome data are shown in Figure S10). According to the pairwise correlation coefficients, the similarly was greater than 0.97 within the THP1 repeats or within primary sample groups, but was greatly dropped between primary cells and THP1 repeats.

The aggregate peak analysis (APA) was designed to collect loop calls from Hi-C data and detect enriched pattern of loops. To access the difference of loops in genome wide, we chose the TAD boundary of the CTR-2 (the TAD boundary of CTR-2 exhibited the strongest effect among the four primary cells) sample as a reference to calculate the interaction enrichment of each sample. The results (Figure 3C) were represented as the difference compared to CTR-2 (minus the value of CTR-2). We found that the loop interaction was slightly decreased in the SLE-1 sample (blue) but significantly increased in the THP1 repeats (red), while the other samples showed little difference.

Collectively, all of these analyses indicated stability of chromatin interactions within individual samples and significant divergence between the THP1 cell line and primary monocytes at chromatin higher structure.



Notable Variability of Chromatin Interactions Around the HLA Complex Region Within Individuals

Although we observed high conservation of the main structural features among the primary monocytes, the HLA complex region on chromosome 6 (6p21.3) presented notable variability in genome-wide cis-chromatin interactions (Figure 4A), which consists of genes belonging to MHC class I (classical genes: HLA-A, HLA-B and HLA-C; nonclassical genes: HLA-E, HLA-F and HLA-G), MHC class II (classical genes: HLA-DP, HLA-DQ and HLA-DR; nonclassical HLA genes: HLA-DM and HLA-DO) and MHC class III (complement and cytokine genes) (30). Figure 4B shows the insulation scores (lower) of the six samples around the HLA complex region (chr6: 29 Mb-35 Mb, hg19) and their differences between primary cells and the THP1 cell line (upper).




Figure 4 | The polymorphism around HLA complex region. (A) The HLA complex region in chromosome 6 (upper) and the chromatin interactions of six samples around this region. (B) The value of insulation score of six samples (lower) and their difference to THP1-1 around HLA complex region (chr6: 29Mb-35Mb, hg19). (C) The heatmaps of pair-wised difference matrix.



From the interactive matrix heat map, we deduced that in the p21.33 region, where HLA-C is located, THP1 cells presented fewer interactions than the primary samples, while THP1 presented more interactions at p21.32. Among primary monocytes, the variability was most significant around the HLA-D gene region of p21.32. Consistent with Figure 4A, in the p21.32 region, the SLE-1 sample showed the strongest chromatin interaction, and sample CTR-2 showed a relatively weak interaction. To show the differences between the samples, Figure 4C provides the heat maps of the pairwise difference matrix, where red represents enhancement, blue represents weakening, and the intensity of the color indicates the degree of the difference between samples. As shown by these comparison results, the four primary monocyte samples and the two THP1 cell line repeats showed large differences in certain regions of the polypeptides encoded by the HLA complex genes. Among the four primary cell lines, the difference between SLE-1 and CTR-2 was largest in this region, which was consistent with the results presented in Figures 4A, B.



Potential Effects of Chromatin Interactions in the HLA Region

To investigate how chromatin organization influences the transcription and epigenetics of primary monocytes, in addition to Hi-C library preparation, the remaining collected monocytes of the four individuals were subjected to RNA-seq and ATAC-seq. Furthermore, three of the samples (SLE-1, SLE-2, CTR-2) underwent ChIP-seq analyses of H3K4me3, H3K27ac and H3K27me3.

The RNA-seq, ATAC-seq and ChIP-seq results for HLA complex genes were presented in Figure 5. We found that the expression of HLA-DRB was higher in the SLE samples than in the CTR samples through RNA-seq; however, ATAC-seq and ChIP-seq did not provide consistent results, possibly because of the limited sample size and the high clinical heterogeneity and low quality of the samples. According to the RNA-seq results, HLA-DRB was strongly expressed in SLE-1 and weakly expressed in CTR-2, which was consistent with the chromatin interactions around this region, as shown in Figure 4B. The genotyping of the HLA regions (HLA-A, HLA-B, HLA-C, HLA-DPB1, HLA-DRB1 and HLA-DQB1) in the four primary samples was also performed (Figure S11), and all of these loci were heterozygous except for HLA-DRB1*15:01:01 and HLA-DQB1*06:02:01 in SLE-1. This result indicated that the high polymorphism of the DNA sequence might influence the 3D genome structure and then affect the regulation of associated gene expression patterns.




Figure 5 | The results of RNA-seq, ATAC-seq and ChIP-seq of H3K27me3, H3K27ac and H3K4me4 around HLA complex region.





Dynamic Chromatin Loops Might Regulate CD16 Expression

We next explored the 3D genome around the FCGR3A (Fc gamma receptor III A, also known as CD16), which is a dominant functional regulator in primary monocytes. The CD16 positive monocytes played pivotal immune surveillance functions in central nervous system and the upregulated FCGR3A is also related to the activation of microglial phagocytic capacity in neuroinflammation. A summary of the characteristics of this region is provided in Figure 6, including the insulation score values (Figure 6A) and the presence of loops (Figure 6B) and chromatin interactions (Figure 6C) in the six samples around the CD16-encoding gene as well as the results of RNA-seq, ATAC-seq and ChIP-seq analyses of H3K27me3, H3K27ac and H3K4me4 around this region (Figure 6D).




Figure 6 | The 3D structure around CD16 coding gene. (A) The insulation score value of six samples around CD16 coding genes. (B) The loops of six samples around this region. (C) The chromatin interactions around this region. (D) The results of RNA-seq, ATAC-seq and ChIP-seq of H3K27me3, H3K27ac and H3K4me4 around this region.



There were many SLE susceptibility-related SNPs in the region, among which we used rs403016 as a landmark, which is located in the coding region of the FCGR3A gene and has been reported to be associated with an increased risk of developing SLE. In our primary monocyte 3D structure maps, this SNP was shown to be located near a TAD boundary on chromosome 1q23 (Figure 6A). The low insulation score of the rs403016 region indicated that this region contained a TAD boundary. Considering that this value varied among the primary samples, we inferred that TAD boundary sliding may have occurred. Despite the conservation of the separation of chromatin interactions in this region on a large scale in both the cell lines and primary samples (Figure 6A), the contact maps varied near this region (Figure 6C), which was more meaningful.

In the FCGR3A promoter region (around rs403016), the loop distribution in the SLE-2 sample was similar to that in the THP1 cell line, while it differed considerably from those in the other three primary samples. In particular, the SLE-2 sample presented an increased interaction loop around the FCGR3A promoter, while the SLE-1 sample did not show this loop (Figures 6B, C). According to GeneHancer database, an enhancers (chr1:161,590,591-161,600,917) of FCGR3A had been identified by eQTLs, eRNA_co-expression assay (Figure S12). This enhancer overlapped the right side of varied loop (left side: 161.52M-161.53M, right side: 161.60M-161.61M), which bridged the enhancer to the promoter region of FCGR3A. Accordingly, the expression of FCGR3A was highest in the SLE-2 sample and lowest in SLE-1 (RNA-seq results in Figure 6D, and validated in qRT-PCR in Figure S1E) without significant differences according to ATAC-seq and ChIP-seq (Figure 6D), which could be attributed to the diverse loop to the upstream enhancer.




Discussion

As yet the whole-genome 3D organization of primary human monocytes has not been thoroughly revealed. To fill this gap, herein we present 3D genomic maps of monocytes from peripheral blood samples collected from four individuals. Our Hi-C maps reach 5 kb resolution with high quality, which ensures the subsequent analysis is credible.

Through careful comparative analysis, we found that the primary monocyte samples showed roughly similar chromatin landscapes in terms of chromatin interaction frequencies, interaction matrices, A/B compartments and TAD boundaries, and few consistent patterns were found between the SLE patients and healthy controls. The primary samples displayed a highly conserved structural pattern of genome organization despite the different autoimmune statuses of their donors; even though two of the samples came from SLE patients, they all consisted of normal somatic cells with no deficiency. These negative results further confirmed that chromatin undergoes significant changes in high-level structures only when major structural changes, such as balanced translocations or deletions of large regions, occur with chromosomes. The observed conservation of advanced structures was consistent with biological rules and reflects a stable structural pattern of immune cells at different stages of autoimmunity.

In the present study, Hi-C data from the human monocyte cell line THP1 were also reanalyzed as a reference. The results showed that the 3D high-resolution maps of THP1 cells significantly differed from those of our primary monocyte samples according to unbiased assessment based on APA and comparative and correlation analyses of multiple Hi-C datasets. A previous investigation involving capture Hi-C was performed to compare the commonalities and differences in promoter interactions between CD34+ hematopoietic progenitor cells and the human B cell line GM12878, and the results indicated that alternate long-range interactions determined differential transcription programs in different cell types (31). The engineered THP-1 cell line, derived from the peripheral blood of an individual with acute monocytic leukemia, is usually used as a model to study the modulation of monocytes and macrophage functions (32). The divergence of the 3D chromatin structure of this cell line from that of primary monocytes is not surprising because THP1 cells are aneuploid cells; however, these differences could reduce the validity of THP1-based analysis. As shown in the correlation analysis of Figure 3, we found that in most of the genome region, the degree of variation between the 4 different individuals is similar to that of the two biological repeats of THP1 cells. This result also indicated that the primary monocytes are highly conserved in 3D genome.

Our 3D chromatin maps also showed significant diversity in the HLA region among individuals. The chromatin interactions around HLA-DQ and HLA-DR differed mostly among different primary monocyte samples and were associated with nearby gene expression. Genetic variation in intergenic regions of the HLA MHC-II locus is associated with multiple autoimmune diseases (33). Recent evidence has shown that significant diversity in histone modifications and super enhancer (SE) interactions within HLA-DR/DQ promoters or intergenic regions might dynamically contribute to SLE morbidity (34) or regulate the complexity of immune responses between individuals (35). Our findings indicate the underlying regulation of chromatin interactions around the HLA region, and the results were consistent with previous reports in B or T cells, while considering cell-type specificity, we firstly provide evidence of potential 3D regulation pattern in primary monocytes.

In this work, additional genotyping data showed that SLE-1 presented homozygosity of HLA-DRB1 (*15:01:01) and HLA-DQB1 (*06:02:01). Considering that SLE-1 presented the strongest chromatin interactions among the four studied individuals, we speculated that a relationship exists between the genotype and the strong chromatin interactions of these HLA regions. HLA-DRB1*15:01/DQB1*06:02 has been identified as the strongest classical SLE susceptibility-related allele in individuals of European, African, and Hispanic ancestries (36–38). Haplotypes bearing DRB1*1501/DQB1*0602 are key determinants of autoantibody production and disease susceptibility in human SLE (39). Great interest has been focused on the DRB1*1501/DQB1*0602 haplotype, which confers risk of autoimmunity resulting from changes in the epigenome (40). Therefore, it is reasonable to consider that the DRB1*1501/DQB1*0602 haplotype can potentially be therapeutically targeted by altering the 3D architecture to regulate the immune response in SLE pathogenesis.

We found that the FCGR3A was located at a variable TAD boundary and that the dynamics of chromatin loops might modulate CD16 expression. According to the surface expression of CD16 (FCGR3A), monocytes can be grouped into three subpopulations (41). The proportion of CD16-positive monocytes is tightly linked with certain autoimmune diseases (42–44), and many susceptibility-related SNPs around these regions have been validated in population studies (45, 46). Previous studies have explored the epigenetic regulatory mechanisms of CD16 in monocytes or other immune cells (47, 48). Here, we present the first evidence of chromatin loop-mediated regulation in this region based on the observed variation in the TAD boundary in the FCGR3A gene region, which indicated that the expression of CD16 was dominated by chromatin interactions. The identified enhancer loop regulations in FCGR3A suggested potential therapeutic target in autoimmune neurological diseases.

Nevertheless, taken together, our results indicate both the stability and variability of high-resolution chromatin interaction maps among human primary monocytes. The detailed 3D genomic landscape obtained in this work reveals potential regulatory functions related to monocytes. Our work highlights the complex interplay of the epigenetic and spatial 3D chromatin changes that are necessary to regulate gene expression and potentially mount an effective immune response. However, further functional experiments will be required for the validation of this work. The role of the 3D architecture in innate immunity is a topic of ongoing investigation.
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Supplementary Figure 1 | Quality control of RNA-seq. (A) The heatmap of Pearson correlation matrix of genome-wide FPKMs values within samples. (B) The distance and hierarchical clustering of the four samples. (C) The volcanos plot of difference analysis between SLE group and CTR group, under the cut off value of |log2FC|>1.5 and padj < 0.05, there were 74 genes significant upregulated and 124 genes downregulated in SLE group. (D) The heatmap of expression (performed z-scale by each gene) of significant genes of C (74 up and 124 down). (E) The validation RNA-seq by qRT-PCR in the identical samples. We selected six genes (ACTB, GAPDH, FCGR3A, STAT3, FLT3 and CXCL8) and the left heatmap indicated their expression value (FPKM) in RNA-seq. The right heatmap shown their quantitative results(2-deltaCt) by qRT-PCR compared to the inner reference of GAPDH.

Supplementary Figure 2 | Quality control of ATAC-seq. (A) The genome wide normalized peaks distribution of the four samples. (B) The heatmap of Pearson correlation matrix (upper) or Spearman correlation matrix (lower) of the four samples. (C) The normalized reads density distribution in gene profile of the four samples.

Supplementary Figure 3 | Quality control of ChIP-seq. (A) The gene body normalized reads (RPKM) density plot of the nine ChIP-seq sample. (B) The heatmap of correlation matrix of normalized reads within the nine samples. (C) The gene body normalized reads (RPKM) heatmap of the nine ChIP-seq samples.

Supplementary Figure 4 | The trans-interactions map of THP1 cell and primary monocyte. (A) Heatmap of all cis and trans interactions in genome wide. (B) The average intensity of interactions within or inter chromosomes. (C) The detailed interactions in chr9 to chr11 indicated rearrangement (blue box) between 9p and 11q in THP1-1 and THP1-2. (D) The circos plot of all significant trans interactions in genome wide.

Supplementary Figure 5 | The relative contact probability (RCP) in all chromosomes. The full landscape of.

Supplementary Figure 6 | Genome-wide all by all Hi-C interaction minus. From Delta Hi-C, it was nearly no difference in SLE group and CTR group in a comparative large scale (1M resolution).

Supplementary Figure 7 | A/B compartment correlation and switch rate stat. A/B compartment between SLE group and CTR group were similar and had low switch Rate.

Supplementary Figure 8 | The MD plot of comparison in all chromosomes. The full landscape of (upper panel).

Supplementary Figure 9 | The difference matrix between primary monocytes and THP1 in all chromosomes. The full landscape of (lower panel).

Supplementary Figure 10 | The correlation matrix between the six samples in all chromosomes. The full landscape of.

Supplementary Figure 11 | The genotyping in HLA region.

Supplementary Figure 12 | The evidence of enhancer regulation of FCGR3A. The loops of the six samples were the same as and the lower panel indicated the annotation of enhancer from GeneHancer database.

Supplementary Data Sheet 1 | Full results of RNA-seq.

Supplementary Data Sheet 2 | Full results of ATAC-seq.

Supplementary Data Sheet 3 | Full results of ChIP-seq.
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Many immunological diseases can be treated by regulating neurobehavior, in which extracellular ATP is a vital member of endogenous danger-associated molecular pattern signaling molecule that plays a crucial part in innate neuro-related immunity. It is actively released through pannexin (Panx) and connexin (Cx) hemichannels from activated or stressed cells during inflammation, injury, or apoptosis. In addition to participating in ATP release, Panxs and Cxs also have crucial immune functions. In this study, pannexin1, three connexin32 isoforms and connexin43 were identified and characterized in spotted sea bass (Lateolabrax maculatus), which were named LmPanx1, LmCx32.2, LmCx32.3, LmCx32.7, and LmCx43. Their similar topological structures were discovered by sequence analysis: a relatively unconserved C-terminal region and four highly conserved transmembrane (TM) domains, and so on. Each extracellular (ECL) region of Panx1 has two conserved cysteine residues. Unlike Panx1, each ECL region of Cx32 and Cx43 contains three conserved cysteine residues, forming two conserved motifs: CX6CX3C motif in ECL1 and CX4CX5C motif in ECL2. Furthermore, Panx1 and Cx43 share similar genomic organization and synteny with their counterparts in selected vertebrates. Cx32 and CX43 were located in the same locus in fish, but diverged into two loci from amphibian. Moreover, despite varying expression levels, the identified genes were constitutively expressed in all examined tissues. All genes were upregulated by PAMP [lipopolysaccharide and poly(I:C)] stimulation or bacterial infection in vivo and in vitro, but they were downregulated in the brain at 6 or 12 h after stimulation. Especially, the three LmCx32 isoforms and LmCx43 were upregulated by ATP stimulation in primary head kidney leukocytes; however, downregulation of LmCx32.3 and LmCx43 expression were noted at 12 h. Conversely, ATP treatment inhibited the expression of LmPanx1. Importantly, we showed that the spotted sea bass Panx1, Cx43, and Cx32 were localized on the cellular membrane and involved in inflammation-induced ATP release. Taken together, our results demonstrated that Panx1, Cx32, and Cx43 are important neuro-related immune response genes involved in inflammation-induced ATP release.
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Introduction

Regulating neurobehavior shows great promise for therapeutic application in a variety of immunological diseases and clinical conditions (1). For examples, sepsis can be treated by electrical stimulation of the vagus nerve (1), and electrical stimulation can promote the flow of calcium ions into nerve cells and the synthesis and release of ATP (2, 3). As a considerable member of endogenous danger-associated molecular pattern signaling molecule, extracellular ATP plays vital roles in natural immunity (4). In mammals, extracellular ATP is actively released from activated or stressed cells during inflammation, injury or apoptosis (5, 6). What’s more, extensive immune response and inflammation can also be caused by extracellular ATP (6). In particular, extracellular ATP as a primary afferent neurotransmitter participated in the process of neuro-immune interactions (7). In addition, extracellular ATP involved in the process of pro-inflammatory cytokines (IL-1β, caspases, IFN and Mx, etc.) release (8–11) and the activation of the NLRP3/NLRC3 inflammasome (12–15). Therefore, extracellular ATP was considered as an effective signaling molecule to activate the natural immune responses (16). Apparently, it is extraordinarily important to study the molecular determinants for inflammation-induced ATP release.

Connexins (Cxs) are the main members of gap junctions, which control several second messengers to diffuse between adjacent cells (17). In addition, some Cx members can form hemichannels involved in extracellular ATP release (18). Since the first Cx gene was cloned, 21 isoforms of Cxs have been identified in mammals, such as Cx26, Cx32, and Cx43 (19). They have been identified as an important component of the cell homeostasis, differentiation, inflammation and natural immune responses (20, 21). About the Cx family, Cx32 and Cx43 play a role in a variety of immune cells and participate in the release of ATP (22, 23). Consequently, Cx32 and Cx43 have been proven to play vital immune roles (24, 25).

In addition to Cxs, pannexin (Panx) hemichannels were also involved in ATP release in mammals (26). Panxs are membrane channels glycoproteins with a similar topological structure to Cxs, including four transmembrane (TM) domains, one intracellular loop, two extracellular loops, and both the N- and C- terminal regions being intracellular (27). The Panx protein family includes three members, Panx1, Panx2, and Panx3. Like Cx32 and Cx43, Panx1 is expressed in several kinds of immune cells and plays very crucial roles in physiological and pathological processes in mammals, especially in inflammasome activation (28), cytokine release (28), and T cell activation (29).

Even though the functions of Cxs and Panxs in ATP release and immune responses have been extensively studied in mammals, their effects remain not clear in fish. Several recent studies have shown that Panx1 (4), Cx32 (21), and Cx43 (30) are important immune response genes and play an essential role in inflammation-induced ATP release in Japanese flounder (Paralichthys olivaceus). These results first showed that the Panx1, Cx32, and Cx43 genes are involved in innate immunity in fish. Panx1 is also an important immune response gene involved in bacterial infection-induced ATP release in tilapia (Oreochromis niloticus) (31). Besides, Cx and Panx genes were constitutively expressed in all the tissues and have been shown to respond to the bacterial infection in turbot (Scophthalmus maximus L.) (32). Taken together, the evidence that Panxs and Cxs were involved in ATP release and innate immune responses in fish remains immensely limited.

As a vital commercial fishes, spotted sea bass (Lateolabrax maculatus) widely farmed in East Asia because of their high nutritional value and adaptation to various salinity waters (seawater, brackish water and freshwater, etc.) (33, 34). Further study on the innate immunity of L. maculatus will help to understand its immune mechanisms. In this study, Panx1, three Cx32 isoforms and Cx43 were identified and characterized in L. maculatus, which were named LmPanx1, LmCx32.2, LmCx32.3, LmCx32.7, and LmCx43, and gene expression was analyzed by PAMP [lipopolysaccharide (LPS) and poly(I:C)] stimulation or bacterial infection in vivo and in vitro using real-time quantitative polymerase chain reaction (qPCR). Importantly, we determined their subcellular localization and explored their function in inflammation-induced ATP release. Our findings will contribute to further understanding of the innate immune response mediated by extracellular ATP in fish and of neuroimmunity in vertebrates.



Materials and Methods


Experimental Fish

L. maculatus (100 ± 10 g) were farmed in a freshwater fish aquaculture system at 26°C ± 2°C for more than 2 weeks prior to experiments. Fish were sourced from a fish freshwater farm in Hangzhou city, Zhejiang province, China.



Cloning of Panx1, Cx32, and Cx43 From Spotted Sea Bass

Total RNA was extracted, and partial gene sequences were obtained as described previously (34). The full-length cDNA sequences of LmPanx1, LmCx32.2, LmCx32.3, LmCx32.7, and LmCx43 were then cloned and verified by our previous methods (35). All primers are summarized in Table 1.


Table 1 | Primers used for cloning and real-time PCR.





Sequence Analysis of LmPanx1, LmCx32, and LmCx43

Programs on the NCBI website (https://www.ncbi.nlm.nih.gov/) and Expasy website (http://www.expasy.org) were used to analyze nucleotide and protein sequences. Phylogenetic trees and multiple sequence alignment of Panx1, Cx32, and Cx43 were analyzed using the ClustalW, GeneDoc, and MEGA 5.1 program, according to the method described previously (35). The Ensembl and NCBI genome databases were analyzed to infer the genomic organization and syntenic relationships.



Tissue Expression of LmPanx1, LmCx32, and LmCx43

Eight tissue samples (head kidney, spleen, gill, intestine, brain, liver, skin, and muscle) were obtained from healthy L. maculatus and used for total RNA extraction by TRIzol reagent. Total RNA was then reversed to cDNA for qPCR according to the method described previously (34). All primers are summarized in Table 1.



Expression of LmPanx1, LmCx32, and LmCx43 in Spotted Sea Bass to the PAMP or Edwardsiella tarda Challenge

L. maculatus were intraperitoneal (i.p.) injected with 500 µL Edwardsiella tarda [1 × 105 colony-forming units (CFU)/mL], LPS (1 mg/mL), poly(I:C) (1 mg/mL), or phosphate-buffered saline (PBS) (control) for the challenge experiments by our previous methods (34). Each condition was done in quadruplicate. Next, according to the method described previously, tissue samples were obtained at 6, 12, 24, and 48 h after injection, and total RNA was then reversed to cDNA for qPCR. The E. tarda were prepared as previously described (34, 36). LPS and poly(I:C) were purchased from Sigma–Aldrich (USA).



Expression of LmPanx1, LmCx32, and LmCx43 in Primary Head Kidney Leukocytes

Primary head kidney leukocytes were isolated by using a discontinuous Percoll gradient as previously described (37). The leukocytes cultured in a six-well plate (Corning, United States) with DMEM-F12 complete medium [DMEM-F12 with 10% fetal bovine serum and 1% Pen/Strep (penicillin/streptomycin)] in a CO2 incubator at 28°C. The leukocytes (1 × 107/well) were treated with LPS (100 µg/mL), poly(I:C) (50 µg/mL), and ATP (100 µM or 1 mM), respectively. Each condition was done in quadruplicate. Cell samples were collected at 6, 12, 24, and 48 h after stimulation, and total RNA was then reversed to cDNA for qPCR. ATP was purchased from Sigma–Aldrich, and all cell culture reagents were purchased from Gibco (USA).



Subcellular Localization

The pEGFP-N1 expression plasmid containing the coding sequence (CDS) of LmPanx1, LmCx32s, or LmCx43 were constructed, that is, pEGFP-N1-LmPanx1, pEGFP-N1-LmCx32.2, pEGFP-N1-LmCx32.3, pEGFP-N1-LmCx32.7, and pEGFP-N1-LmCx43. We then transfected the recombinant pEGFP-N1 plasmids into HEK293 T cells by the same methods as before (35). The transfected cells were cultured at 24 h and treated by the method described previously (38). Next, cells were stained with DAPI (Solarbio, China) and observed using a laser confocal microscope (Leica TCS SP8, Germany). All cell culture reagents were purchased from Gibco.



Extracellular ATP Measurement

To examine the LPS-induced extracellular ATP release in primary head kidney leukocytes of L. maculatus, the leukocytes (1 × 105/well) were cultured in a 24-well plate (Corning, United States) and stimulated with LPS (100 µg/mL) or PBS. The supernatants were collected at 15 and 30 min after stimulation and used to measure extracellular ATP levels. Each condition was done in quadruplicate. The ATP release level was measured with Enhanced ATP Assay Kit (Beyotime, China) in LumiPro (YPHBIO, China). All cell culture reagents were purchased from Gibco.

To explore the role of LmPanx1, LmCx32, and LmCx43 in LPS-induced extracellular ATP release, the pcDNA3.1 expression plasmid containing the CDS of LmPanx1, LmCx32s, or LmCx43 was constructed, that is, pcDNA3.1-LmPanx1, pcDNA3.1-LmCx32.2, pcDNA3.1-LmCx32.3, pcDNA3.1-LmCx32.7, and pcDNA3.1-LmCx43. The same number of HEK293 T cells transfected with expression plasmids or empty plasmid (pcDNA3.1) was cultured in a 24-well plate at 24 h, and then were stimulated with LPS (100 µg/mL). Meanwhile, the mock transfected and empty plasmid transfected cells (negative controls) were cultured in another 24-well plate at 24 h, but were not stimulated with LPS. The supernatants were collected at 15 and 30 min after stimulation and used to measure extracellular ATP levels. Each condition was done in quadruplicate. The ATP levels were then measured as described previously.



Statistical Analysis

The data were processed and statistically analyzed using the IBM SPSS package (SPSS 20.0, SPSS Inc., Chicago, IL, United States). Significant differences (p < 0.05 or p < 0.01) between experimental groups and control groups were analyzed using analysis of variance as previously described (35).




Results


Sequence Identification of LmPanx1, LmCx32, and LmCx43

The Panx1, Cx32, and Cx43 sequences in L. maculatus were submitted to the GenBank database: OM315303 (LmPanx1), OM315304 (LmCx32.2), OM315305 (LmCx32.3), OM315306 (LmCx32.7), and OM315307 (LmCx43).

It can be observed from Supplement Figure 1 that the total length cDNA of LmPanx1 has been cloned, which contains 1,959 bp including a 161-bp 5′ untranslated region (UTR), an open reading frame (ORF) with 1,320 bp encoding 439 amino acids (aa), and a 478-bp 3′-UTR. Moreover, there is a polyadenylation signal (ATTAAA) at the 3′-UTR of the sequence (Supplement Figure 1). Multiple sequence alignment revealed that LmPanx1 retains four highly conserved TM domains; meanwhile, it can be observed that TM2 has a typically innexin-specific P-X-X-X-W motif (4) (Figure 1A). Each of the extracellular (ECL) regions has two conserved cysteine residues distinctly, and all species except zebrafish contain a charged K or R residue relative to position 75 (Figure 1A), which was deemed to be involved in ATP-mediated channel regulation (39).




Figure 1 | Multiple sequence alignment analysis of Panx1 (A), Cx32 (B), and Cx43 (C). The N-terminal region, four TM domains (TM1-4), the intracellular loop (ICL1), the extracellular loops (ECL1-2), and the C-terminal region of LmPanx1, LmCx32, and LmCx43, are marked above the alignment. Symbol (▲) indicates the conserved cysteine residues. The K or R residue in position 75 and the classic innexin-specific P-X-X-X-W motif are boxed in green and red, respectively. In addition, the CNX domain, connexin-ccc domain, and PDZ domain are boxed in yellow, purple, and red, respectively. The LmPanx1, LmCx32, and LmCx43 are shown in bold. The accession numbers of sequences are shown in Figure 2. Hs, Homo sapiens; Mm, Mus musculus; Gg, Gallus gallus; Xt, Xenopus tropicalis; Dr, Danio rerio; Po, Paralichthys olivaceus; Ms, Morone saxatilis; Lc, Larimichthys crocea; Lm, Lateolabrax maculatus; Ss, Salmo salar; Cc, Cyprinus carpio; Om, Oncorhynchus mykiss.



For the whole cDNA of LmCx32.2, it is 1,496 bp, with a 71-bp 5′-UTR, an ORF contains 786 and a 639-bp 3′-UTR containing a tail-adding signal (AATAAA) (Supplement Figure 2A). The total length of the cloned cDNA sequence of LmCx32.3 is 1,415 bp, including a 70-bp 5′-UTR, a 840-bp ORF, and a 505-bp 3′-UTR containing a polyadenylation signal (AATAAA) (Supplement Figure 2B). The cDNA of LmCx32.7 was obtained by cloning with 1,357 bp in length, including a 23-bp 5′-UTR, a 921-bp ORF, and a 413-bp 3′-UTR containing a tail-adding signal (AATAAA) (Supplement Figure 2C). After multiple sequence alignment, it was found that LmCx32s contain four conserved TM domains, a connexin homolog (CNX) domain, and a connexin-ccc domain (30). Unlike Panx1, three conserved cysteine residues in each of the ECL region form two conserved motifs, that is, CX6CX3C motif in ECL1 and CX4CX5C motif in ECL2 (Figure 1B), which play important roles in Cx channel formation (40).

As shown in Supplement Figure 3, the full-length cDNA of LmCx43 is 2,625 bp, with a 1,167-bp ORF encoding a protein of 388 aa. There are 129 bp of 5′-UTR and 1,329 bp of 3′-UTR on either side of the ORF area, and a polyadenylation signal (ATTAAG) at the 3′-UTR. By multiple sequence alignment, the LmCx43 protein exhibits a high degree of conservation and contains a CNX domain, a connexin-ccc domain, and a PDZ domain. Like Cx32s, three conserved cysteine residues in each of the ECL region form two conserved motifs: CX6CX3C motif in ECL1 and CX4CX5C motif in ECL2 (Figure 1C).

Homologous relationships between Panx1, Cx32, and Cx43 from various animal species were identified by constructing phylogenetic trees, respectively. In Figure 2A, LmPanx1 and of Morone saxatilis formed one branch (88% bootstrap support) and then were clustered with homologs from other fish species. Corresponding to the clades formed by Cx32.2, Cx32.3, and Cx32.7 homologs from different fish, LmCx32s were clustered into three distinct branches (Figure 2B). In addition, LmCx43 and of Larimichthys crocea formed a clade with 46% of support rate and then were clustered together with other fish homologs into a clade (Figure 2C).




Figure 2 | Phylogenetic tree analysis of Panx1 (A), Cx32 (B), and Cx43 (C). Phylogenetic tree was constructed using the NJ method and run for 10,000 replications. The LmPanx1, LmCx32, and LmCx43 are shown in bold.





Genomic Organization and Synteny of LmPanx1, LmCx32, and LmCx43

Our study determined the genomic structures of LmPanx1, LmCx32, and LmCx43 by comparing their cDNA and genomic sequences (Figure 3). There are eight exons and seven introns in LmPanx1 gene; the first intron is located in 5′-UTR, the same organization to that of Fugu, large yellow croaker, and spotted gar Panx1 genes (Figure 3A). Besides, the sizes of the first three exons and the last exon of the CDS are comparable with those of Panx1 from selected vertebrates (Figure 3A). Similar to Fugu and large yellow croaker, LmCx32.2, LmCx32.3, and LmCx32.7 genes consisted of three, two, and three exons, respectively (Figure 3B). Human, mouse, chicken, and frog Cx32 gene had two exons, and the intron is located in 5′-UTR, which is the same as the LmCx32.3 (Figure 3B). The LmCx43 gene also consisted of two exons, with the same organization as the Cx43 gene in other species (Figure 3C).




Figure 3 | Genomic organization of Panx1 (A), Cx32 (B), and Cx43 (C). Blank and solid boxes indicate UTR and coding exon, respectively. The size (bp) of exons and introns is indicated. Note that the size of exons and introns is disproportionate.



Gene synteny showing that the Panx1 loci have been well conserved during evolution, where the Panx1 linked to MRE11 and MED17, and other genes found in this locus included SMCO4, HEPHL1, IL10RA, CAPNS1, and CLIP3 (Figure 4A). The Cx43 and Cx32s were located in the same chromosome in different fish, forming a gene cluster, but Cx43 and Cx32 were located in different chromosomes in human, mouse, chicken, and frog (Figure 4B). At the same time, the Cx43 and Cx32s in different fish were located in the same gene locus as the Cx43 gene of the human, mouse, chicken, and frog, which also contains TBC1D32, MAN1A1, FAM184A, HSF2, SERINC1, and so on.




Figure 4 | Gene synteny of Panx1 (A) and Cx32 and Cx43 (B). The LmPanx1, LmCx32, and LmCx43 genome sequence data were obtained from the spotted sea bass genome database (https://www.ncbi.nlm.nih.gov/genome/43909). Synteny information for other vertebrates was retrieved from the Ensembl database (http://www.ensembl.org/index.html). Arrows indicate transcription orientations.





Expression of LmPanx1, LmCx32, and LmCx43 in Tissues

We analyzed the expression of LmPanx1, LmCx32, and LmCx43 in eight tissues, including head kidney, spleen, gill, intestine, brain, liver, skin, and muscle (Figure 5). Despite varying expression levels, the identified genes were constitutively expressed in all examined tissues. More specifically, the highest expression levels of LmPanx1, LmCx32 (LmCx32.2, LmCx32.3, and LmCx32.7), and LmCx43 were found in muscle, liver, and brain, respectively. In addition, the lowest expression levels of LmCx32 and LmCx43 were both found in head kidney. In contrast liver exhibited the lowest expression for LmPanx1, and the moderate expression levels of LmCx32 and LmCx43 were found in the intestine, muscle, and skin. Differently, the moderate expression levels of LmPanx1 were found in the brain, gill, and spleen.




Figure 5 | Expression analysis of LmPanx1, LmCx32, and LmCx43 in tissues by qPCR. The expression level of each gene was normalized to that of EF1α. Data are presented as mean ± SEM (N = 4).





Expression Analysis of LmPanx1, LmCx32, and LmCx43 After In Vivo Stimulation

The expression patterns of LmPanx1, LmCx32, and LmCx43 were analyzed in tissues including the head kidney, spleen, gill, intestine, brain, and liver after PAMP [LPS and poly(I:C)] and E. tarda challenge (Figure 6). L. maculatus were i.p. injected with 500 µL E. tarda (1 × 105 CFU/mL), LPS (1 mg/mL), poly(I:C) (1 mg/mL), or PBS for the challenge experiments. Tissue samples were obtained at 6, 12, 24, and 48 h after injection, and total RNA was then reversed to cDNA for qPCR. In head kidney, gill, and intestine, the expression of LmPanx1 was upregulated to the different degrees after three kinds of stimulation. In spleen, the expression of LmPanx1 was upregulated after poly(I:C) (at 12 h) and E. tarda (except 24 h) stimulation, but there was no significant change after LPS stimulation; In the brain, LmPanx1 was downregulated at 6 h after LPS and E. tarda stimulation, but upregulated at 48 h after LPS and poly(I:C) stimulation; in the liver, LmPanx1 was upregulated only at 24 h after poly(I:C) and E. tarda stimulation (Figure 6A).




Figure 6 | Expression of LmPanx1 (A), LmCx32.2 (B), LmCx32.3 (C), LmCx32.7 (D), and LmCx43 (E) after LPS, poly(I:C), or Edwardsiella tarda challenge. Spotted sea bass was i.p. injected with LPS (5 mg/kg body weight), poly(I:C) (5 mg/kg body weight), E. tarda (5 × 104 CFU/fish), or PBS (control) The relative expression levels of target genes were normalized to that of EF1α. Data are shown as mean +SEM (N = 4). *p < 0.05, **p < 0.01 are considered significant difference.



As shown in Figures 6B–D, the LmCx32 isoforms were upregulated in the head kidney, spleen, and liver by the E. tarda infection, but downregulated in the brain after LPS stimulation; Furthermore, in the intestine, LmCx32.7 was upregulated after stimulation (at 24 h), whereas the expression of LmCx32.2 and LmCx32.3 remained constant. Moreover, LmCx32.2 was upregulated in the spleen (at 12 h), brain (at 6 h), and liver (at 48 h), but downregulated in the gill (at 24 h) by poly(I:C) stimulation (Figure 6B). Similarly, LmCx32.3 was induced in the head kidney, spleen after stimulation with poly(I:C), and LPS (Figure 6C). For LmCx32.7, LPS stimulation inhibited its expression in the head kidney and liver, whereas it was upregulated in the gill and liver after poly(I:C) stimulation (Figure 6D).

Like LmPanx1, the expression of LmCx43 was upregulated to the different degrees, respectively, in the head kidney, gill, intestine, and liver after poly(I:C) or E. tarda stimulation (Figure 6E). In addition, LmCx43 was upregulated in all examined tissues except the gill after LPS stimulation, but was downregulated in the brain after E. tarda stimulation (Figure 6E).



Expression Analysis of LmPanx1, LmCx32, and LmCx43 after In Vitro Stimulation

Expression patterns of LmPanx1, LmCx32, and LmCx43 were also analyzed in primary head kidney leukocytes after PAMP [LPS and poly(I:C)] and ATP stimulation (Figure 7). The leukocytes were treated with LPS (100 µg/mL), poly(I:C) (50 µg/mL), and ATP (100 µM or 1 mM), respectively. The cell samples were collected at 6, 12, 24, and 48 h after stimulation, and total RNA was then reversed to cDNA for qPCR. As shown in Figure 7A, all the genes were induced by PAMP stimulation. The LmPanx1 expression was upregulated after LPS (at 6 h) and poly(I:C) (at 6 and 12 h) stimulation, whereas it remained unchanged at other stimulation conditions. Beyond that, all the genes except LmPanx1 were upregulated at 48 h by PAMP stimulation. Among the three LmCx32 isoforms, LmCx32.7 responded most strongly to stimulation, and the expression of LmCx32.7 was obviously upregulated at all times except 12 h after poly(I:C) stimulation. According to the Figure 7B, the expression of three LmCx32 isoforms and LmCx43 was upregulated by ATP stimulation; nevertheless, when cells were stimulated with 100 µM or 1 mM ATP, the significantly downregulated expression of LmCx32.3 and LmCx43 was noted at 12 h. Conversely, treatment of 100 µM or 1 mM ATP inhibited the LmPanx1 expression.




Figure 7 | Expression of LmPanx1, LmCx32, and LmCx43 in primary head kidney leukocytes after stimulation with LPS, poly(I:C) (A) or ATP (B). Primary head kidney leukocytes were isolated from the spotted sea bass head kidney and stimulated with LPS (100 µg/mL), poly(I:C) (50 µg/mL), 100 µM ATP, 1 mM ATP, or PBS (control). The relative expression levels of target genes were normalized to that of EF1α. The data are shown as mean +SEM (N = 4). *p < 0.05, **p < 0.01 are considered significant difference.





Subcellular Localization of LmPanx1, LmCx32, and LmCx43

To determine the subcellular localization of LmPanx1, LmCx32, and LmCx43, plasmids pEGFP-N1-LmPanx1, pEGFP-N1-LmCx32.2, pEGFP-N1-LmCx32.3, pEGFP-N1-LmCx32.7, and pEGFP-N1-LmCx43 were constructed to express the GFP-tagged LmPanx1, LmCx32.2, LmCx32.3, LmCx32.7, and LmCx43 fusion protein in the HEK293T cells, respectively. After 24-h culture, the cells were examined under a laser confocal microscope. In HEK293 T cells transfected with expression plasmids, GFP fluorescence was mainly located on the cell membrane, whereas in HEK293 T cells transfected with empty plasmids, GFP fluorescence was mainly located in the intracellular area (Figure 8A). The results showed that LmPanx1, LmCx32, and LmCx43 were localized on the cellular membrane and can be expressed in HEK293 T cells.




Figure 8 | Subcellular localization of LmPanx1, LmCx32, and LmCx43 in HEK293 T cells (A) and LPS-induced extracellular ATP release in primary head kidney leukocytes (B) or HEK293 T cells (C). (A) HEK293 T cells were transfected with pEGFP-N1-LmPanx1, pEGFP-N1-LmCx32.2, pEGFP-N1-LmCx32.3, pEGFP-N1-LmCx32.7, or pEGFP-N1-LmCx43 plasmids. At 24 h posttransfection, the cells were stained with DAPI and observed under a confocal microscope. (B, C) The primary head kidney leukocytes were stimulated with LPS (100 µg/mL) or PBS (control). HEK293 T cells were transfected with pcDNA3.1-LmPanx1, pcDNA3.1-LmCx32.2, pcDNA3.1-LmCx32.3, pcDNA3.1-LmCx32.7, or pcDNA3.1-LmCx43. After 24 h, the cells were stimulated with LPS (100 µg/mL). The supernatant was collected at 15 and 30 min after stimulation and the ATP levels were subsequently measured. The mock transfected and empty plasmid transfected cells served as controls. Data are shown as mean +SEM (N = 4). *p < 0.05, **p < 0.01 are considered significant difference.





The Roles of LmPanx1, LmCx32, and LmCx43 in LPS-induced Extracellular ATP Release

To investigate the function of LmPanx1, LmCx32, and LmCx43 in inflammation-induced ATP release, primary head kidney leukocytes and HEK293 T cells (transfected with expression plasmids or empty plasmids) were stimulated with LPS, and the ATP levels were measured at 15 and 30 min after stimulation. In overexpression experiments, as negative controls, mock transfected and empty plasmid transfected cells were cultured in another 24-well plate at 24 h, but were not stimulated with LPS. As shown in Figure 8B, compared with the unstimulated, the levels of extracellular ATP have increased extremely significantly in primary head kidney leukocytes by LPS stimulation of 15 and 30 min. Furthermore, overexpression of LmPanx1, LmCx32, or LmCx43 in HEK293 T cells, compared with cells transfected with empty plasmids, resulted in a significant increase in extracellular ATP levels after LPS stimulation at 15 or 30 min (Figure 8C).




Discussion

Extracellular ATP has been shown to be an effective and conservative signaling molecule to activate natural immunity (8, 16). Therefore, it is important to study the molecular mechanisms of inflammation-induced ATP release. In mammals, substantial evidence indicates that Panx and Cx channels were participated in ATP release and had crucial immune functions (6). However, studies on the involvement of Panxs and Cxs in ATP release and natural immunity in fish remain limited. In the present article, Panx1, three Cx32 isoforms, and Cx43 were identified and characterized in L. maculatus, and these proteins share similar topological structure (Figures 1 and 2). Based on the results of our studies, Panx1 and Cx43 share similar genomic organization and synteny with their counterparts in vertebrates (Figures 3 and 4). In addition, there are multiple isoforms of Cx32 in selected fish, such as zebrafish (three isoforms), large yellow croaker (three isoforms), spotted gar (two isoforms), and rainbow trout (two isoforms). Accordingly, Cx32 gene containing duplicate copies may be a common characteristic in fish. It is worth noting that Cx32 and CX43 were located in the same locus in fish, but diverged into two loci from amphibian (Figure 4B), suggesting that during the evolution from fish to amphibians, Cx32 might have been transferred to other chromosomes.

Like their counterparts in mammals and other fish (such as Japanese flounder, zebrafish, and turbot), LmPanx1, LmCx32, and LmCx43 were ubiquitously present in all tested tissues (Figure 5) (4, 21, 30, 32, 41). For instance, similar to Japanese flounder, the highest expression levels of LmCx32s (all of LmCx32.2, LmCx32.3, and LmCx32.7) and LmCx43 were found in the liver and brain, respectively. Interestingly, in mouse, Cx32 has been shown to be the major Cx protein in the liver, protecting the liver against liver injury (42), whereas Cx43 has been shown to be a “command gene” that regulates expression patterns, variability, and coordination of the brain transcriptome (43). Similar expression patterns suggest that LmCx32 and LmCx43 may play an active role in intercellular communications in tissues such as the liver and brain. Taken together, our results suggest that LmPanx1, LmCx32, and LmCx43 may play distinct roles in different organs.

Studies have demonstrated that Panx1, Cx32, and Cx43 play important neural immune roles in mammals. For examples, Panx1 has been confirmed in inflammation of a variety of organs and tissues, especially the central and peripheral nervous system (44). Bacterial infection induced upregulation of Cx32 and Cx43 has also been demonstrated (45). In fish, Panx1, Cx32, and Cx43 were upregulated by PAMPs stimulation or bacterial infection (16, 31, 32). Similar to these studies, our findings showed that LmPanx1, LmCx32, and LmCx43 were upregulated by PAMP [LPS and poly(I:C)] stimulation or E. tarda infection in vivo and in vitro (Figures 6, 7A), suggesting the involvement of LmPanx1, LmCx32, and LmCx43 in response to immune challenge in spotted sea bass. Interestingly, Panx1 and Cx43 are involved in mammalian neural inflammation, and multiple studies suggest that they could be targets for the treatment of neurological diseases in the future (6, 44). Therefore, we paid special attention to their expression after PAMP [LPS and poly(I:C)] and E. tarda infection in the brain. We found that LmPanx1, LmCx32, and LmCx43 were downregulated in the brain at 6 or 12 h after stimulation, suggesting that the intercellular communication is hampered in the early stages of inflammation. Furthermore, we found that the three Cx32 isoforms and Cx43 were induced after ATP stimulation, but Panx1 was inhibited (Figure 7B). Interestingly, ATP may lead to hemichannel opening to release ATP by activating different purinergic receptors (46). Thus, our results suggest “ATP-induced ATP release” probably through the Cx hemichannels rather than the Panx1 hemichannel in fish.

Previous studies have demonstrated that among the Panx and Cx family proteins, Panx1, Cx32, and Cx43 are mainly expressed in several immune cells and participated in inflammation-induced ATP release in mammals. However, in fish, the functions of Cx32 and Cx43 in ATP release were found only in Japanese flounder (4, 21, 30). Moreover, bacterial and PAMP infection resulted in the release of ATP through Panx1 in tilapia and Japanese flounder (31). Thus, the evidence that Panx1 and Cxs were inflammation-induced ATP release in fish is still limited. In this study, we demonstrated that LPS can induce extracellular ATP release from primary head kidney leukocytes in spotted sea bass (Figure 8B). Second, we demonstrated that LmPanx1, LmCx32, and LmCx43 were localized on the cellular membrane, which are necessary for ATP release from the channel (Figure 8A). Finally, we found that overexpression of LmPanx1, LmCx32, or LmCx43 in HEK293 T cells leads to a significant increase in extracellular ATP levels (Figure 8C). Taken together, our results demonstrated that Panx1, Cx32, and Cx43 are participated in inflammation-induced ATP release in spotted sea bass.

In summary, Panx1, three Cx32 isoforms, and Cx43 were identified in spotted sea bass. Sequence analysis showed that these proteins share similar topological structure. Panx1 and Cx43 share similar genomic organization and synteny with their counterparts in selected vertebrates, but Cx32 is not very conserved. All the genes were upregulated by PAMP [LPS and poly(I:C)] stimulation or E. tarda infection in vivo and in vitro, but were downregulated in the brain at 6 or 12 h after stimulation. Furthermore, the three Cx32 isoforms and Cx43 were induced after ATP stimulation, but Panx1 was inhibited. More importantly, Panx1, Cx32, and Cx43 are involved in inflammation-induced ATP release in spotted sea bass. The results will contribute to further understanding of the innate immune response mediated by extracellular ATP in fish.
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Alzheimer’s disease (AD) is the most prevalent neurodegenerative disease worldwide, characterized by progressive neuron degeneration or loss due to excessive accumulation of β-amyloid (Aβ) peptides, formation of neurofibrillary tangles (NFTs), and hyperphosphorylated tau. The treatment of AD has been only partially successful as the majority of the pharmacotherapies on the market may alleviate some of the symptoms. In the occurrence of AD, increasing attention has been paid to neurodegeneration, while the resident glial cells, like microglia are also observed. Microglia, a kind of crucial glial cells associated with the innate immune response, functions as double-edge sword role in CNS. They exert a beneficial or detrimental influence on the adjacent neurons through secretion of both pro-inflammatory cytokines as well as neurotrophic factors. In addition, their endocytosis of debris and toxic protein like Aβ and tau ensures homeostasis of the neuronal microenvironment. In this review, we will systematically summarize recent research regarding the roles of microglia in AD pathology and latest microglia-associated therapeutic targets mainly including pro-inflammatory genes, anti-inflammatory genes and phagocytosis at length, some of which are contradictory and controversial and warrant to further be investigated.
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1 Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease, beginning with gradual memory and cognitive impairment, abnormal behavior, and progressive social dysfunction. Pathologically, AD is characterized by severe neuronal degeneration or loss mainly resulting from excessive production of senile plaques comprising β-amyloid (Aβ) proteins, and neurofibrillary tangles formed by hyperphosphorylated tau protein deposition. Furthermore, Lewy-related pathology and presynaptic protein α-synuclein (α-syn), which are primarily involved in dementia with Lewy bodies (DLB), Parkinson’s disease (PD), and multiple system atrophy (MSA), were discovered to participate in the eliciting several parts of the pathophysiology of AD. Although compelling studies on the pathological mechanism of AD have been carried out for decades, still no effective curative treatment for AD is available. At this present, the mechanism by which drugs used in the clinical treatment of AD are mainly targeted at cholinergic neurons, eliminating or inhibiting the toxicity of Aβ or tau proteins to neurons, and reducing the oxidative stress of neurons. Unfortunately, these drugs approved by the FDA for treatment of AD are all symptomatic treatment drugs, and are still unstable in suppression of the disease process, thus reflecting the imperious demands for effective treatments. Likewise, in molecular pathology studies, more attention has not only been paid to the neuron activities, but also the effects of microglial cells, and their abnormal changes in AD are also observed. Increasing studies have evidenced that microglial-mediated neuroinflammation also plays pivotal roles in the pathogenesis of AD. Therefore, the development of drugs that target microglia may be crucial to reverse the process of AD. This article will systematically review the latest progress of the pathogenic mechanism of AD associated with microglia cells, which is likely to discover valuable AD treatment targets so as to provide a deep insight into new therapeutic approaches for AD.



2 The Pathological Mechanism of AD

As the leading cause of dementia in the elderly, AD is usually characterized by memory impairment, aphasia, loss of skills and personality, and behavioral changes, etc. (1, 2). The general pathology of AD is marked by hippocampal atrophy as well as the deepening and enlargement of the cerebral sulcus. The neuroinflammatory patches, basal forebrain cholinergic neuronal loss, and glial cell proliferation constitute the main histopathological features of AD. The current prevailing view is that the amyloid plaques and neurofibrillary tangles (NFTs) are the primary pathogenic mechanism contributing to the onset of AD (3). The causal relationship between neuronal apoptosis, neurite dystrophy, and AD remains to be elucidated since the progression of neurodegeneration is a chronic event and lasts a long period of time (4). With the gradual deepening of the investigation, the researchers gained a further understanding of AD. First, Amyloid precursor protein (APP) is cleaved into Aβ peptides by γ-secretase complex and its mutation is a primary cause of the accumulation of Aβ. Second, tau protein, a component of neural cytoskeleton, plays an indispensable role in the stabilization of cytoskeleton as well as neuronal transport, and it can be phosphorylated by tau kinase, particularly GSK-3β. Subsequently, the abnormally phosphorylated tau protein gathers each other into paired helical filaments (PHF) which detach from microtubules, then these dimers assemble into oligomers, and ultimately these oligomers develop into fibrils aggregating in neurons (5). Recent studies have shown that Aβ plaques can promote the propagating and seeding of tau in a mouse model and tau antibodies help block tau propagation within AD pathology (6, 7). Strikingly, amyloid plaques were not found in the brain tissue with the Arctic or Osaka familial mutation in APP by positron emission tomography (PET) amyloid ligand brain scans (8). Meanwhile, NFTs were found to be irrelevant to the memory loss and neurodegeneration (9). Accordingly, neither the amyloid plaques nor NFTs alone can completely elucidate the pathogenesis of AD. In the most neurodegenerative diseases, microglia and astrocyte are high proliferative with aberrant morphology. It has been proved that microglia, working as both phagocytic cells and innate immunocyte, play a central role in pathogenic and inflammatory responses in AD, and they are thought to function in the neuroprotection of damaged neurons and maintain homeostasis. Neuronal damage was also found to be negatively correlated with microgliosis rather than increasing amyloid load (10). Intriguingly, activated microglia has been found to induce a subtype of reactive astrocytes, namely, A1 subtype which is responsible for the damage of neurons and oligodendrocytes by the secretion of pro-inflammatory cytokines including TNF, C1q and IL-1 via nuclear factor κB(NF-κB)-dependent mechanisms, whereas reactive astrocytes induced by M2 microglia results in the elevated secretion of anti-inflammatory factors via STAT6 pathway conversely (11, 12). Currently, a growing number of drugs including cholinergic drugs, anti-Aβ/tau drugs and even mitochondrial-targeted drugs, have been applied for the treatment of AD and obviously ameliorated clinical symptoms. Among them, some drugs truly exert an anti-inflammatory effect as well (13). For instance, galantamine, as a common clinical cholinergic agent for improving cognitive function in elderly Alzheimer’s patients, is found to effectively suppress the secretion of pro-inflammatory cytokines like TNF-α and IL-1β, indicating the indispensable role of anti-neuroinflammatory therapy in AD (14). Thus, we summarize microglia is central in the inflammatory pathogenesis of neurodegenerative diseases, especially AD (Figure 1). In this review, we outline the relationship between microglia and neuroinflammatory response in AD, as well as the definite or potential therapeutical strategies targeting microglia of AD.




Figure 1 | The role of microglia in AD progression. The clearance of Aβ mediated by microglia contributes to the homeostasis maintenance of CNS. But, with the AD progression, excessive activation of microglia would release excessive pro-inflammatory factors to compromise neurons and their synapses.





3 The Role of Microglia in AD


3.1 Physiological and Pathological Functions of Microglia

Microglial cells, a kind of innate immune cells accounting for approximately 5-20% of the glial cells in the CNS, are presumed to derive from marrow myeloid progenitors produced by yolk sac in embryonic period (15, 16). They widely distribute throughout the CNS with morphological variability. Compelling studies have shown that microglial repopulation depends upon its self-renewal ability through multiple molecules, such as interleukin-1 (IL-1) and NF-κB, rather than the peripheral macrophages from bone marrow (17). Microglial cells not only play a crucial role in both innate and adaptive immune responses against pathogens, but also maintain the homeostasis of the CNS by constant surveillance of extracellular microenvironment to rapidly clear apoptotic cell remnants and other exogenous harmful objects, which facilitate neurons survival, and the proliferation and maturation of neuronal progenitor cells (NPCs) (18, 19). Nevertheless, some scholars also argued that macrophages should invade the brain tissue and differentiate into microglia ultimately through a multi-step process when a significant number of naturally dying neurons and axons are surveilled. Although microglial cells have been defined as a type of neuroglia of mesodermal origin, so far, the origin of microglial cells in the CNS is still a matter of debate. In the healthy brain, the residing microglial cells usually are in the quiescent state and are easily activated with the transformation of morphology and function following by blood-brain barrier disruption, tumor, lesions, and neurodegenerative diseases. The severity of injury determines the number of reactive microglial cells (20). Synapses play a pivotal role in neuronal circuits closely associated with neuronal communication, eliciting an appropriate reaction regarding physical activities. There is evidence that microglial cells are involved in the synaptic pruning for postnatal neural circuits by complement receptor 3 (CR3), a microglia-specific phagocytic signaling pathway, and complement cascade components including C1q and C3 (18, 21). Not only that, microglia exclusively express the receptor of CX3CL1 (the chemokine fractalkine) which was positive correlation with neuronal synaptic development and plasticity by synaptic pruning like engulfment of postsynaptic and presynaptic proteins (21, 22).



3.2 Microglia and Neuroinflammation

Neuroinflammation means an inflammatory reaction in the CNS including immune cells infiltration, microglial activation and pro-inflammatory cytokine release (23). An increasing number of genes involved in neuroinflammation are up-regulated in ageing brain along with cognitive decline by genome-wide gene expression studies (24). Similarly, compelling evidence suggests that neuroinflammation plays a fundamental role in the pathogenesis of AD as well, and some inflammatory mediators have been up-regulated even a longer time prior to the onset of clinical symptoms in AD. The accumulation of activated microglia around damaged areas is one of hallmarks of the neuroinflammation in AD. The prevalent view is that microglia have various states in the CNS parenchyma such as the resting (or surveying) microglia, activated microglia and phagocytic microglia (19, 25). The resting microglia typically has oval cell bodies, as well as long and numerous ramified processes (26). The microglia could be activated by pathogens and abnormally deposited proteins such as Aβ in AD. Once activated, the microglia will adopt small round soma morphology with shorter and blunter processes than their resting state, and is accompanied by the up-regulation of specific antigens. Hereafter, guided by danger-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs), the microglia migrate to lesion regions and exhibit amoeboid morphology (27, 28). In AD, activation of microglia is triggered after binding to soluble Aβ, which is mediated by cell surface receptors such as CD36, CD47 and α-6/β-1 integrin etc. This process is followed by the stimulation of intracellular Tyr kinase-based signaling cascades which are responsible for the secretion of inflammatory molecules and accumulation of intracellular Aβ (29). Impairment of Aβ phagocytosis of microglia has been explicated by the downregulation of Aβ scavenger receptors A (SR-A), CD36 and receptor for advanced-glycosylation endproducts (RAGE) etc. The clearance of Aβ mediated by microglia contributes to the homeostasis maintenance of CNS (As shown in Figure 1). However, overexpression of pro-inflammatory cytokines such as IL-1β and tumor necrosis factorα (TNF-α) released from microglia in AD progression period engender the detriment of neurons (30). It is widely acknowledged that microglia are classified into various polarization states based on their immunophenotypic profiles: the M1 (pro-inflammatory or classically activated) and M2 (anti-inflammatory or alternatively activated phenotype) (31). However, there is mounting evidence that microglia are far more diverse than these two categories. Apart from the above, functions, morphology, ultrastructure, and gene and protein expression features, might be used to identify microglial subtypes. Another option is serendipitous identification, albeit non-systematic and erratic. Satellite microglia, which are identified by IBA1, CD11b, and CX3CR, are found on the axonal side of neurons in the cerebral cortex of non-human primates, and half of them extend a single process to interact with the axon initial segment. The subtypes of microglia are less ramified and have a lower level of monitoring (32). KSPG-microglia, a subset of ramified microglia defined by the expression of keratan sulfate proteoglycan (KSPG), are broadly distributed throughout the hippocampus, brainstem, and olfactory bulb (OB) and also express IBA1, CR3, and CD11b. The microglia mainly contribute to axonal development and cellular adhesion, and emerge in response to various stressors (33). Hox8b-microglia, which are mostly resident in the cerebral cortex and the OB, express the microglia markers IBA1 and Cd11b. Once Hoxb8 is lost in the hematopoietic system, the neural circuits will be destroyed, leading to anxiety-like and abnormal grooming behavior (34). CD11c-microglia were uncovered predominantly in the cerebellar white matter and corpus callosum of neonatal mouse brains, and their number decreases with age. The type of microglia plays a pivotal role in myelination and neurogenesis. This is mainly due to an important source of insulin-like growth factor-1 which facilitates neural regeneration (35). Besides, there exists a new microglial phenotype called “dark microglia”. Ultrastructural analyses revealed that that the kind of microglia appear gloomy mainly due to oxidative stress profiles including an electron-dense cytoplasm and nucleoplasm. The dark microglia mainly reside in mouse hippocampus, cerebral cortex, amygdala, and hypothalamus, and participate in maintenance of the blood–brain barrier and remodeling of neuronal circuits through extensively encircling axon terminals and dendritic spines with their highly ramified and thin processes. In general, the microglial markers IBA1, CX3CR, and P2RY12 are all downregulated in dark microglia, whilst CD11b is highly expressed (18, 36). Nevertheless, M1 and M2 microglial phenotypes are still widely applied to convey its beneficial or detrimental effects under diverse states. M1 phenotype releases pro-inflammatory cytokines including IL-1β, TNF-α, IL-6 and nitrogen oxide (NOx) etc., and neurotoxic substances, which is responsible for blocking neuronal differentiation, attenuating microglial phagocytosis, as well as extracellular matrix damage through the activation of nuclear factor κB and accumulation of Aβ (37, 38). Conversely, M2 phenotype is envisioned as a type of anti-inflammatory microglia. In M2 state, the anti-inflammatory cytokines (IL-4, IL-10, etc.) and neurotrophic factors (eg., nerve growth factor (NGF)) might be released to suppress glial accumulation, protect neuronal functions and enhance NSC differentiation (31). Along with this, the anti-inflammatory or pro-inflammatory cytokines released by other cells can also elicit microglial polarization. For instance, IL-17, a cytokine mainly produced by T cells and NK cells, can trigger microglia to produce inflammatory cytokines, whereas IL-4, an anti-inflammatory cytokine, primarily produced by mature lymphoid cells and mast cells, can polarize microglia to an anti-inflammatory phenotype (39). Baik et al. found exposure to Aβ can trigger acute microglial inflammation and display a breakdown in energy metabolisms dependent on mTOR-HIF-1α pathway. Intriguingly, the inflammation caused by defective glycolytic metabolism can be reversed by IFN-γ treatment (40). Disease-associated microglia (DAM), a new type of microglia uncovered by Amit et al. provide a new pathway for the study of the pathological mechanism of AD (41). Similarly, Rangaraju et al. have revealed that DAM can also be divided into three subgroups, namely, homeostatic, pro-inflammatory and anti-inflammatory phenotypes by flow cytometry in mouse models. Pro-inflammatory DAM express IL-1β, IL-12β and surface marker CD44 etc., while anti-inflammatory DAM is characterized by phagocytic genes such as IGF-1 and surface marker CXCR4. Although the signature of DAM in 5xFAD model is not really same as that of human microglia in AD, 67 hub genes in human brain proteome were found to predominantly be mapped to the pro-inflammatory and anti-inflammatory DAM modules in their study. The top 3 pro-inflammatory DAM genes CD44, Cst2 and Nampt were identified in human brain proteome which are conducive to the clinical diagnosis of AD (42). Their activation can be initiated in a Trem2-independent manner that includes downregulation of microglia checkpoints (41). While, the counterpart of DAM in humans called human AD microglia (HAM) exhibits a little resemblance with DAM profile defined in AD mice in recent research. Mancuso et al. validated the differences between the responses of human and mouse microglia to oligomeric Aβ (43). Human microglia seem to display IRF8-driven gene signature once stimulated by Aβ, which is a characteristic feature in the pathology of peripheral nerve injury rather than AD in mouse models. Surprisingly, despite species differences, TREM2 is necessary in both human and mouse AD (44). Srinivasan et al. have revealed that APOE, ABCA7, GPR141, PTK2B, SPI1 and ZYX etc. seemed to be upregulated, while MEF2C etc. remained downregulated in HAM from AD patients when compared with the control, in which, only APOE upregulation and SERPINF1 reduction achieved nominal genome-wide significance after correction for multiple testing (45). These could be explained by the differences between human and mouse innate immune responses. Another explanation is that, the activation of healthy microglia is likely more beneficial in the early stage of AD models, whereas microglial activation in human AD involves impairments (15, 41). This may be justified by the fact that human AD microglia only mirror mouse microglia responses at the very early stages of the AD (46). But the most acute controversy is that human microglia live a long time, deposition of Aβ occurs over decades, and cellular functions decrease during long-term exposure to pathogens and insults in human life span. Therefore, aging, as the largest single risk factor, could not be simulated in any AD mouse models (47). This is consistent with the notion that accelerated aging response and disease specific response such as APOE overexpression, constitute microglial response in human AD. Intriguingly, the expression of resting microglia module defined from DAM increased in microglia from AD patients’ tissues, and HAM from high AD pathology tissues showed an increase expression in the Aging-Up gene sets. Still, human microglia do not lose the response of DAM-like manner, and this manner such as GPNMB upregulation is restricted in AD human brain for certain reasons (45). Olah et al. revealed the presence of nine distinct subpopulations of microglial cells purified from human cerebral cortex samples. The microglial subsets involved in homeostasis, proliferation, interferon response, and antigen presentation are obvious examples of microglial distinct subpopulations. Among a slew of genes expressed in AD genes-enriched microglial cluster 7, antigen presentation gene CD74 were depleted in the cortex of AD patients, and only cluster 7 gene expression is altered in pathologic and dementia diagnosed human AD cortex (48). Nevertheless, some scholars believe that pro-inflammatory cytokines like IL-1β, IL-6 and TNF-α help ameliorate Aβ burden, implying that the innate immune response in AD is extremely complex and this problem still needs to be further addressed (49). In general, we hold the view that the moderate activation of microglia binding Aβ peptide can trigger neuroinflammatory reaction in the early stage of AD, which halts the progression of AD through reducing the accumulation of Aβ, and thus this activation acts as a potential neuroprotective agent. Once the sustained and immoderate production of Aβ occurred, it will result in the excessive activation of microglia, and this can exacerbate the progress of AD instead in the process of AD.




4 Microglial Cells-Related Therapeutic Targets in AD


4.1 AD-Associated Inflammatory Factors in Microglia


4.1.1 NOD-Like Receptor Pyrin Domain Containing 3 Inflammation

Inflammasome, a critical component of the innate immune system, is a kind of protein complexes containing three main components, the sensor/receptor proteins, the junction protein, namely, apoptosis-associated speck-like protein (ASC), and the downstream caspase family (50). Its most well-known function is capable of mediating pyroptosis, and processing pro-IL-1β and pro-IL-18 in response to microbial infection and cellular damage through caspase-1 (51, 52). In various inflammasomes, NLRP3 inflammasome seemed more closely associated with the pathogenesis of AD such as recognizing Aβ and mediating the microglial recruitment to exogenous Aβ plaques (53, 54). Notably, Nlrp3-/- or Casp-/- mice carrying mutations associated with familial AD exhibit less complications such as the loss of spatial memory and reduce the deposition of Aβ, which demonstrate the critical pathogenesis of NLRP3/caspase-1 axis in AD (54). IL-18 facilitates the deposition of Aβ through increasing APP and altering the process of APP which were initiated by β-site APP cleaving enzyme-1 (BACE-1) and N-terminal fragment (NTF) of presenilllin-1 (PS-1). Reversely, the process of APP can be inhibited by IL-18 binding protein. Likewise, IL-1β has similar but less impact on APP compared with IL-18 (55). Intriguingly, soluble Aβ and aggregated tau activate ASC speck and NLRP3 inflammasome, leading to IL-1β secretion (56, 57). In turn, IL-1β can further upregulate ROS through transient receptor potential melastatin2 (TRPM2) pathway, indicating a vicious circle in the neuron damage of AD. Notably, MCC950, a potent and selective inhibitor of the NLRP3 inflammasome, is able to block NLRP3 inflammasome activation and reverses tau pathology when delivered exogenously (58). Currently, a number of bioactive compounds have been found to suppress the expression of NLRP3 inflammasome through multiple signaling pathways. Dapansutrile (OLT1177), an orally available small molecule inhibitor for NLRP3 inflammasome which can silence caspase-1 and IL-1β and has well tolerated and free side effects in humans, could rescue synaptic plasticity, suppress inimical microglia, and reduce the number of plaques in APP/PS1 mouse model for AD (59). Besides, there are also certain drugs in clinical use, for example, Stavudine. The drug is of great benefit to patients with AD by decreasing the expression of NLRP3 inflammasome genes to hamper the assembly of NLRP3 inflammasome, and down-regulating ERK1/2 and AKT phosphorylation to enhance Aβ autophagy (60). Another NLRP3 inflammasome inhibitor, JC-124 can selectively block the NLRP3 signaling pathway in TgCRND8 mice, subsequently resulting in reduced microgliosis, Aβ deposition, β-C-terminal fragment of APP (β-CTF), oxidative stress, and increased synaptic markers (61). Furthermore, impaired autophagy may be another pathway for NLRP3 inflammasome activation. Also, the deficiency of autophagy-related 16-like 1 (ATG16L1, an autophagy protein) and BECN1/BECLIN (an indispensable part of autophagic vesicle) actively triggers inflammasome activation, resulting in the secretion of IL-1β and IL-18 in microglia (Figure 2) (62, 63). In addition, the overexpression of transcription factor EB (TFEB) protein to increase LAMP1 in lysosome could effectively ameliorate autophagic activity by the downregulation of caspase-1, NLRP3, and IL-1β in BV2 microglial cells (Figure 4) (64).




Figure 2 | NLRP3 inflammasome and IDE in microglia of AD. The NLRP3 inflammasome accelerates microglial inflammation and can be inhibited by various substances. The secretion of IDE helps degrade Aβ and is regulated by diverse drugs.





4.1.2 Apolipoprotein E

APOE, especially the APOE 4 allele gene, was deemed as the critical genetic risk factor for late-onset AD, and accelerated the intraneuronal accumulation of Aβ in the brain. Compelling evidence reveals that APOE immunoreactivity widely overlaps with senile plaques (SPs) and neurofibrillary tangles, and more SPs were found in patients with APOE 4 than APOE 3 (65, 66). Conversely, APOE 2 acts as a protective factor against the development of AD by decreasing the sedimentation of Aβ, regulating the metabolism of lipid and maintenance of the plasticity of synapses (67, 68). In 2107, APOE was found to be abundantly expressed in microglia by Gosselin et al. (69). Next year, it was furthered revealed that the ability of microglia carrying APOE 4 to intake Aβ was reduced, which was accompanied by the lengthening of primary processes in 3D-culture systems, implying negative correlation with its ability to phagocytose (70). In addition, APOE 4 is proved to hamper autophagy-triggered tau clearance as well. The tau-mediated neuroinflammation exacerbated by APOE 4 is identified to result in neurodegeneration independently of Aβ (71). Strikingly, Krasemann et al. also revealed that APOE signaling (not refer to APOE 4 specifically) not only suppressed the microglial homeostatic transcriptional factors, but also induced expression of inflammatory transcriptional factors such as BHLHE40, TFEC, and ATF3 etc. (4). Based on a recent study, high levels of soluble TREM2 (sTREM2) helped to ameliorate the effects of APOE 4-carriage on the hippocampus atrophy and cognitive decline independent of AD pathology markers in cerebrospinal fluid (72). Increasingly, JHU-083, a glutamine antagonist was found to alleviate AD pathogenesis and cognitive disorder induced by excess microglial LPS-induced glutaminase (GLS) in APOE 4 knock-in mice (73). More interestingly, knocking down ApoE 4 in astrocytes can rescue tau pathology and engulfment of synaptic material by microglia as well (74).



4.1.3 Prostaglandin E2

PGE2 is the most abundant eicosanoid and acts as a kind of lipid messenger and pro-inflammatory cytokine. Its activation is associated with suppression of Aβ-stimulated microglial phagocytic activity by preventing cytoskeletal reorganization. In ageing microglia, PGE2 and its receptor EP2 can mediate the transformation of glucose into glycogen, resulting in cell energy-deficient state and pro-inflammatory responses. EP2 is emerging as a novel target for development of anti-inflammatory drugs for the treatment of chronic neurodegenerative and peripheral diseases. PF-04418948, an EP2 antagonist not only can drastically reduce pro-inflammatory cytokine in hippocampus, but also ameliorate long-term memory function via downstream AKT signaling pathway (Figure 3) (75). In addition, the deficits of novel object recognition (NOR) and spatial memory are effectively ameliorated, and the level of insulin-like growth factor 1 (IGF1) is elevated in EP2 knockout mouse model in parallel with down-regulation of pro-inflammatory factors (76). Likewise, Cyclooxygenase 2 (COX2) is a key enzyme in the synthesis process of prostaglandin E2. S-ibuprofen, a type of selective COX2 inhibitor, can rescue the phagocytic response triggered by Aβ in microglia after incubating with IL-1β overnight. Nevertheless, some specific nonsteroidal anti-inflammatory drugs (NSAIDs) like ibuprofen and indomethacin were identified to directly affect Aβ deposition by altering γ-secretase activity rather than COX activity (77).




Figure 3 | NF-κB pathway in microglia of AD. NF-κB signal pathway plays a central role in microglia-mediated neuroinflammation. This figure introduces multiple drugs mentioned in this review above, and their effects on microglia at length via NF-κB signal pathway.





4.1.4 IL-1β and IL-6

IL-1 family proteins are mainly involved in innate immunity with a broad spectrum of diseases, and normally mediate the host response to infections, injury, and immunologic challenges. Once triggered uncontrolledly, they are more likely to produce detrimental side effects. Currently, the IL-1 family is comprised of 11 members and some of which play a dual role in inflammatory response. Among them, IL-1α is constitutively present inside normal epithelial, mesenchymal and stromal cells besides microglia, whereas IL-1β, a potent pro-inflammatory cytokine, is predominantly produced under disease conditions by macrophages/microglia, monocytes and dendritic cells (78). Biologically, IL-1 (not merely IL-1β) is selectively expressed by activated, plaque-associated microglia of brain tissue in the patients with AD (79). The pathology is initiated and driven, in part, by early and sustained overexpression of IL-1 and consequent overexpression of products of IL-1-driven cascades. The secretion of mature IL-1β needs the activation of NF-κB signaling cascades, ultimately causing the upregulation of the transcription and inflammasome to process pro-IL-1β protein (80). Apart with the above-mentioned, IL-1 is also responsible for the reactive gliosis for its stimulating other pro-inflammatory cytokines, for example, TNF-α and IL-6. Similarly, Essential oil (SEO), a drug for microbial infections and inflammation could inhibit p38 activation which results in anti-AD effects by modulating neuroinflammation through the NF-κB/MAPK signaling pathway, and ultimately improve animal cognitive capacity and histopathological changes in AD model. In addition, the anti-inflammatory effects of SEO were replicated in BV-2 microglial cells (81). Of note, Aβ in serum also triggers ATP-mediated IL-1β release from microglia (82). In contrast, several studies have revealed that the successive expression of IL-1β in the hippocampus of APP/PS1 mice decreases Aβ plaque load and enhances Aβ clearance, which mainly attributes to an increase in the ability of microglia to proliferate and the up-regulation of phagocytosis-related genes caused by IL-1β (83). To date, however the mechanisms of IL-1β-induced plaque clearance remain poorly understood.

IL-6, a prototypic cytokine is not only associated with inflammation and infection responses, but also involved in the regulation of metabolic, regenerative, and neural processes. In pro-inflammation response, IL-6 can increase the amount of hyperphosphorylated tau protein, which results in the pathogenesis of all inflammatory diseases (84). Notably, due to lack of IL-6R in microglia, the involvement of both signaling modes (trans-signaling and classical) in the biology of IL-6 is responsible for pro-inflammatory or anti- inflammatory responses. Namely, IL-6 first binds to soluble IL-6R (sIL-6R) with low affinity to form an IL-6/sIL-6R complex, and subsequently combines with gp130 on the surface of cells, which leads to a pro-inflammatory response, while IL-6 classic signaling is required for anti-inflammatory activities via the activation of STAT3-mediated signaling pathways (85). Regarding the IL-6-mediated activities, there is always a considerable controversy. That is to say, IL-6 has been widely regarded as a pro-inflammatory cytokine, and also has many regenerative or anti-inflammatory activities. Interestingly, a recent study showed that the repopulating microglia can stimulate the generation of neurons, modulate local microenvironment and mitigate spatial learning deficits through IL-6 trans-signaling pathway (86). Similarly, there are also some evidences that IL-6 can induce massive gliosis to suppress Aβ deposition. Although, the mechanisms underlying involvement of IL-6 are too complex and have yet to be studied, this does not abate the fact that IL-6 is still a potential target for AD.



4.1.5 Interferon-γ

IFN-γ, an inflammatory cytokine mainly released by activated natural killer (NK) cells and T helper type 1 (Th1) lymphocytes, was originally assayed as an antiviral chemokine. Its activities depend largely on the constitutive expression of membrane IL-1α (78). In general, neuroinflammation driven by IFN-γ and microglial activation has been associated with neurological disease. It was reported that IFN-γ causes reduced adult hippocampal neurogenesis, behavior despair, anhedonia, and cognitive impairment by microglial priming and polarization to M1 phenotype which leads to the release of pro-inflammatory cytokines (87). There is also evidence that IFN-γ paired with ligands of Toll-like receptors (TLRs) in microglia causes neuronal network dysfunction with NO release (88). Some drugs like glycine can reverse the pro-inflammatory markers in BV-2 microglial cells treated with IFN-γ dose-dependently (89). Of importance, another study demonstrated that rhinacanthin C (RC) could inhibit IFN-γ-mediated IL-6 and TNF-α secretion, and abrogate the activation of NF-κB and ERK signaling pathway in BV-2 microglia, which is relevant to the protection of neurons and stimulation of neurite outgrowth against Aβ toxicity (23). More interestingly, a recent study demonstrated that intraperitoneal injection of IFN-γ alleviated Aβ load both in hippocampus and cortex by initiating microglial autophagy in APP/PS1 mice, which were accompanied by the rescue of cognitive deficiency and synaptic impairments (90). Therefore, targeting microglia by modulating levels of IFN-γ in the brain may be a therapeutic strategy for neurodegenerative diseases and psychiatric disorders.



4.1.6 Tumor Necrosis Factor-α

TNF-α plays pleiotropic roles in CNS including tumor killer, cell proliferation and inflammatory response. Physiologically, TNF-α is mainly expressed in microglia. Once microglia are activated by Aβ, its expression will be increased. Of note, TNF-α has an intimate relationship with other cytokines since it can result in the up-regulation of pro-inflammatory cytokines IL-1 and IFNs. Strikingly, the up-regulation of TNF-α is reported to suppress long-term-potentiation (LTP) at hippocampal glutamatergic synapses associated with learning and memory. Intriguingly, this effect is effectively reversed by anti-TNF-α antibody in young Trem2R47H/R47H rats (91). In addition, TNF-α can directly stimulate Aβ deposition by the elevation of β-Site APP cleaving enzyme 1 (BACE1) expression (92). Adiponectin (APN), an anti-inflammatory and vasculoprotective adipokine, can halt or reverse the inflammatory morphological changes in microglia through inhibiting the secretion of TNF-α when co-cultured with Aβ (Figure 3). As a result, when cultured with APN, the viability of HT-22 neuronal cells is protected against the microglial cytotoxicity induced by Aβ (93). Besides, TNF-α can be suppressed by IL-10 via down-regulating the expression of nitric oxide synthetase (iNOS) and cyclooxygenase 2 (COX-2) (94). Apart from the aforementioned, flavonoids like Luteolin and Isoflavone also exert the neuroprotection in reducing TNF-α secretion from microglia, attenuating neuronal cell death (95). The evidence above shows that blocking TNF-α is more conductive to anti-neuroinflammation therapeutic strategy in AD.




4.2 AD-Associated Anti-Inflammatory Factors in Microglia


4.2.1 Triggering Receptor Expressed on Myeloid Cells 2

TREM2, a single pass transmembrane receptor, is specially expressed on monocyte-derived dendritic cells, osteoclasts and microglia. In vivo, microglia that express TREM2 can increase the phagocytosis of debris from apoptotic or damaged neurons, which influences immune functions involved in inflammation, microglial proliferation, survival and cytoskeleton remodeling in the CNS (96). When TREM2 signal is activated by its adapt protein, namely, DNAX-binding protein of 12 kDa (DAP12) through immunoreceptor tyrosine-based activation motif (ITAM) signaling pathway, it will lead to greater clearance of cell debris (97, 98). It has been proved that TREM2 mediates Aβ degradation by proteasome degradation pathways and the proteasome is interconnected with lysosome through autophagosomes (99). More notably, the TREM2-haplodeficiency microglia markedly fail to cluster and insulate around Aβ fibrils and plaques, downregulate the SDF-1α/CXCR4-mediated chemotaxis, and lose the ability of nourishing axons, thus resulting in enhanced Aβ accumulation and axonal dystrophy (100). CXCR4, a chemoattractant receptor, is vital for microglial migrating towards Aβ. Activated CXCR4 helps to rescue the ability of microglial migration. As a result, it is likely to be a potential target for AD treatment as well (100). Besides, AL002c, an anti-hTREM2 agonistic mAb, provokes TREM2-mediated beneficial roles of microglia in the mice carried with the arginine-47-histidine (R47H) mutation of Trem2 which is associated with a substantial increase of AD risk. As a result, the systemic administration of AL002c could alleviate the load of Aβ and neurite dystrophy, impact behavior of 5xFAD mice, and temper microglial inflammatory response. Although a first-in-human phase I clinical trial of AL002 demonstrated that AL002 was generally safe and well tolerated with no serious adverse effects, and can be traced by sTREM2 and sCSF-1R. There is also evidence contrary to the view that the master regulators SPI1, SMAD3 and SALL1 of the homeostatic microglia can be restored through deleting TREM2, leading to repression of TREM2-apolipoprotein E (APOE) signaling pathways (4, 97). Similar to the report, There is another evidence that TREM2 has multiple roles at diverse stages of AD. Wang et al. revealed Trem2-/- 5XFAD mice had higher Aβ burden than wild type (WT) in 8.5 month-old, but Jay et al. demonstrated that TREM2-deficient mice exhibited reduced Iba1+ cells, neuroinflammation and Aβ deposition at 4 months of age, indicating that TREM2 plays detrimental role at the early stages of AD and beneficial role at late stages (96, 101). Besides, Aβ is able to potentiate the interaction between TREM2 and DAP12 and bind TREM2 directly to increase the expression of pro-inflammatory cytokines including IL-6 and MIP-1α in WT microglia, while TREM2 KO microglia show no change in response to Aβ stimulation (102). Therefore, genetic therapy targeting TREM2 could be a potential avenue for AD therapy.



4.2.2 IL-2 and IL-4 Etc

IL-2 is a 15.5 kDa cytokine that is expressed by cells, B cells, dendritic cells, eosinophils, and macrophages/microglia. It is reported that IL-2 can nourish neurons and glia in the CNS, and further promote neurite branching such as dendrite arbors and dendritic spines (103). Unfortunately, the level of IL-2 in hippocampal of the patients with AD is remarkably reduced (104). Strikingly, the administration of IL-2 via an adeno-associated virus (AAV)-IL-2 vector improves memory retention, synaptic plasticity, and spine density in APP/PS1E9 mice, implying IL-2 importance in AD occurrence and therapy. In addition, IL-2 serves as an immune-modulating agent for CNS (104). In recent clinical trials, administration of low-dose IL-2 has been shown to result in the expansion of regulatory T cells (Tregs) which are inflammation-resolving mediators that regulate the microglial response to Aβ deposition and facilitate in controlling inflammation and autoimmune diseases (105). Besides, low-dose IL-2 has been shown to be safe, well tolerated, and can provide immunoregulation with few side effects (106). Therefore, it is likely that the regulatory T cells stimulated by IL-2 effectively control Aβ deposition in the brain of patients with AD.

IL-4, also known as B cell-stimulatory factor-1, is a monomeric Th2 cytokine that shows pleiotropic effects during immune responses. Currently, it has been shown that IL-4 promotes cell proliferation, survival, and immunoglobulin class switch. In the CNS, IL-4 enhances polarization of microglia/macrophages from the pro-inflammatory to the anti-inflammatory subtype, and is closely associated with tissue repair from microglia/macrophages, which suppress the pathological inflammation, and elevate expression of IL-10, TGF-β and arginase-1 (107). More importantly, it has been demonstrated that the injection of IL-4 and IL-13 decreases the density of Aβ plaque in the hippocampal of APP/PS1 mice via the Aβ degrading enzymes neprilysin (NEP) and CD36 (108, 109). Furthermore, in the follow-up experiment, the delivery of IL-4 was proven to improve cognitive performance and alleviate tau pathology by increasing arginase-1 positive microglia cells in the 3xTg AD mice (Figure 3) (110).

IL-10 was first reported as an inhibitory factor of cytokine synthesis by Fiorentino et al. in 1989 (111). In the CNS, IL-10 is mainly produced by astrocytes, microglia, and neurons, and it is capable of attenuating the expression of pro-inflammatory cytokines such as IL-1β, IL-12, TNF-α, adhesion molecules, as well as co-stimulatory molecules including CD86 and CD54 (94). IL-10 plays a critical role in the regulation of immune and inflammatory responses. In this process, IL-10 acts primarily as an inhibitor of the nuclear factor kappa B (NF-κB), and activator of transcription 1 (STAT1) signaling pathways (112, 113). Recent studies showed that once loss of IL-10, LPS could elicit higher tau hyperphosphorylation, neurotoxicity and IL-6 overexpression in mice, thereby leading to aggravation of insults to animals (114). Regarding up-regulation, compelling evidence reveals that Curcumin, an efficient pharmacological component of turmeric, has been proved to protect against neuronal loss by increasing the production of IL-10 in glial cells via the PI3K pathway (94) (Figure 3). Moreover, as a kind of anti-inflammatory leukocyte that secretes IL-10, the development of regulatory T cells (Tregs) may be aided by IL-10 (115). Therefore, IL-10 is of paramount importance in targeting therapy for neurodegenerative diseases.

IL-33, a branch of the IL-1 family and a kind of pro-inflammatory protein, is structural homology with IL-1 family cytokines. Similar to IL-1, IL-33 can be cleaved in vitro by caspase−1, generating an N−terminal fragment that is slightly shorter than the C−terminal fragment. IL-33 can be sequestered and blocked by soluble tumorigenicity 2 (sST2), an IL-33 decoy receptor, thereby curtailing pro-inflammatory response. However, numerous studies reveal a higher amount of serum sST2 in patients with mild cognitive impairment, suggesting that impaired IL-33/ST2 signaling may contribute to the pathogenesis of AD. Intriguingly, the exogenous administration of IL-33 has been shown to increase microglial recruitment and Aβ phagocytic activity via activating membrane-bound ST2 receptors and their downstream p38. This downstream cascade results in the suppression of pro-inflammatory genes and the polarization of microglia into anti-inflammatory phenotypes, which contributes to the secretion of the enzyme arginase 1 (ARG1) and the found of inflammatory zone 1 (FIZZ1) (116, 117). To sum up, anti-inflammatory cytokines are potential therapeutic agents for AD patients.



4.2.3 Transforming Growth Factor β

The transforming growth factor-β (TGF-β) belongs to an evolutionarily conserved cytokine superfamily, and acts as cellular switches that regulate processes such as immune function, proliferation and epithelial−mesenchymal transition. Alternatively, it is closely pertinent to the cell differentiation and apoptosis (118). Notably, TGF-β deficiency in mice can lead to loss of microglia and the absence of a typical ramified morphology of microglia, indicative of a milieu molecule for TGF-β required for microglia function (119). In addition, TGF-β also regulates microglial homeostatic molecular and functional signature in the brain. It antagonizes specific cytokines such as IL-1 to inhibit both Th1 and Th2 reactions, preventing these cytokines from pro-inflammation in immune responses (120). Notably, TGF-β also functions as neurotrophic factor-promoting effects including differentiation, neuronal function maintenance, synapse plasticity, and memory formation (121). More importantly, TGF-β released primarily by microglia in response to CNS lesions protects neurons from toxins, ischemia, and Aβ aggregates, particularly via the phosphatidylinositol-3-kinase pathway in AD (122). Additionally, TGF-β helps to attenuate microglia clustering at neuritic plaques through SMAD2 phosphorylation and down-regulation of CCL5, ameliorating to the neuroinflammation caused by microglia in AD. As a result, the concomitant release and production of pro-inflammatory mediators and reactive oxygen species as critical contributing factors in AD pathology were further abrogated in the overactivated microglia (123). On the basis of an interesting study, 1,7-bis (4-hydroxy-3-methoxyphenyl) heptane-3,5-dione (tetrahydrocurcumin, THC) enhances the secretion of TGF-β in APP/ps1 mice. Subsequently, the study revealed that Aβ-induced reduced cell viability, cell cycle arrest and spatial memory impairment were rescued in mice by delivery of THC (124). Therefore, TGF-β may provide insights into microglial biology and the possibility of targeting microglia for the treatment of AD (Figure 3).




4.3 Microglial Phagocytosis, Autophagy and Aβ Degradation

As previously stated, AD is characterized as the deposition of Aβ and NFTs; thus, increasing microglial phagocytosis and autophagy to remove the overproduction of neurotoxic proteins is likely to be a promising treatment strategy.


4.3.1 Scavenger Receptors Family

The SRs family was first described as a high-affinity, trypsin-sensitive, surface binding site of acetylated low-density lipoprotein (LDL) on macrophages of patients (125). Although the SRs family was initially considered to be closely related to lipid metabolism, its role in AD has been established, particularly for scavenger receptor class A (SR-A), CD36 and receptor for advanced end glycation products (RAGE) (30). Therefore, the critical molecules will be systematically reviewed as follows.


4.3.1.1 Scavenger Receptor Class A

SR-A belongs to a large family of scavenger receptors consisting of at least 6 classes, all mediating the uptake of modified LDL. Until now, SR-A has been shown to be important in the inflammatory response in host defense, cellular activation, adhesion, and cell-cell interaction. An interesting recent study found that although SR-A and CD36 were the main receptors responsible for Aβ clearance, SR-A rather than CD36 mediated oligomeric Aβ internalization via adhesion to Aβ coated surfaces, and that the oligomeric Aβ was completely degraded within 30 minutes by cathepsin B, a cysteine protease in lysosomes (126). Therefore, the deficiency of SR-A causes the reduced uptake of Aβ. More than that, the decreased expression of SR-A is conducive to release of pro-inflammatory cytokines in the CNS, and reduces anti-inflammatory cytokines in plasma, which increases the inflammatory environment (127). In contrast, there is also evidence that SR-A plays a critical role in innate immune responses like inflammatory responses by combining with exotic pathogens or endogenous ligands, resulting in M1 polarization and secretion of ROS. As a result, the brain tissue may be damaged by pro-inflammatory cytokines due to overexuberant immune responses (128). Unfortunately, the drugs targeting SR-A of microglia was not hitherto discovered for AD treatment. Nevertheless, we are still optimistic about seeking an ideal target drug of molecular therapy for AD in the future.



4.3.1.2 CD36

CD36, a membrane protein also known as SR-B2, is enriched in the monocyte-macrophage system and endothelial cells. As a member of SRs family, CD36 facilitates fatty acid uptake and intracellular trafficking of cholesterol for packaging into lipoproteins, which independently regulate the secretion of Aβ and tau via a druggable CYP46A1 (cholesterol 24-hydroxylase) -CE (cholesteryl esters) -tau axis (129, 130). Kunjathoor et al. demonstrated that Aβ promoted the accumulation of pro-inflammatory lipid peroxides by inhibiting CD36. This state will form vicious circle in AD, implying the aggravation of AD. In addition, CD36 is involved in mediating inflammatory processes by regulating macrophage migration, phagocytosis, and the formation of foam cells (131). Along with this, CD36 can also recognize Aβ and trigger Toll-like receptor 4 (TLR4)-TLR6 signaling, which shares the same route as activator oxidized low density lipoprotein (oxLDL). Strikingly, TLR4-TLR6 signaling could promote the mRNA encoding of pro-inflammatory cytokines like pro-IL-1β, thereby priming the activation of inflammasome and the secretion of nitric oxide and ROS. Accordingly, the disruption of CD36-TLR4-TLR6 signaling in microglia can effectively protect neurons against inflammatory toxicity resulting from Aβ (132). Nevertheless, another study found that CD36 can be up-regulated by a selective PPAR agonist, DSP-8658, then leading to accumulation of microglia in and around Aβ plaques and an increase in microglial Aβ phagocytosis. This event was verified by the rescue of spatial learning in APP/PS1 transgenic mice (133). On the other side, the upregulation of CD36 can alleviate microglia phagocytosis deficiency and spatial learning impairment of AD mice by intranasal administration of a kind of lentiviral vector encoding human nuclear factor erythroid 2-related factor 2 (LV-NRF2) which is a transcriptional activator to up-regulate CD36 expression (134). In general, AD therapeutic strategies targeting CD36 have two main focuses: CD36 blockade with neutralizing antibodies or other small molecules to suppress the inflammatory response of microglia, and upregulating the expression of CD33 to lower the Aβ burden, respectively. The exact mechanisms involved and specific equilibrium points between the two approaches have yet to be investigated.



4.3.1.3 Receptor for Advanced End Glycation Products

RAGE is a member of the immunoglobulin superfamily of cell surface molecules. As a pattern-recognition receptor, it acts as a pro-inflammatory mediator by pairing with its ligands including advanced glycation end products (AGE), high mobility group box 1 (HMGB1) and Aβ oligomers. Critically, it also mediates plasma Aβ across blood brain barrier (BBB). Given that HMGB1-RAGE axis triggers pro-inflammatory microglia activation through RAGE-NF-κB signaling pathway, targeting the HMGB1/RAGE/NF-κB signaling pathway may be a potential strategy for the treatment of AD (135). Likewise, the activated microglia enhance the secretion of RAGE ligands, leading to neuronal cell oxidative stress and death in rats or mice and creating a vicious cycle as well (136). Soluble RAGE (sRAGE), a decoy receptor of AGE that lacks the transmembrane domain, may participate in conservation of CNS homeostasis by dint of blocking the combination of RAGE and AGE based on its well contributions to the removal/neutralization of circulating AGE ligands (137). Subsequently, evidence for an important role of RAGE from a study demonstrated that, a flavoring agent vanillic acid (VA), could antagonize RAGE-mediated c-Jun N-terminal kinase (JNK). It exhibits a number of attractively biological activities including anti-inflammatory, antioxidant and neuroprotection. Of importance, VA treatment attenuates synapse loss and memory deficits of AD markers like APP, BACE1 and Aβ induced by LPS (138). Notably, non-specific neuroinflammation and M1 polarization could be suppressed via inhibiting RAGE-NF-κB signaling pathway, implying VA potential as a therapeutic agent to target AD (139). Regarding involvement of RAGE in AD target therapy, there is now evidence that Aβ dependent impairments like dependent behavior and damaged dendritic spine morphology in the entorhinal cortex (EC) are rescued in transgenic mice with silenced RAGE of microglia via prohibiting kinases JNK and p38 mitogen-activated protein kinase (p38MAPK). Alternatively, the EC, a brain area crucially involved in learning and memory, is one of the most susceptible to neurodegenerative disorders such as AD due to the vulnerability of superficial neurons and its number reduces significantly in the early stage of AD. Therefore, inhibiting the RAGE of microglia in EC is likely to be another sensitive therapeutical target in AD (Figure 3) (140).




4.3.2 Peroxisome Proliferator Activated Receptor

PPAR is a type of nuclear receptor that collaborates with PPAR response elements in the promoter region of genes to regulate glucose, lipid metabolism, as well as inflammatory processes. It has been proved that PPARα promotes the recruitment of microglia, and is closely associated with microglial Aβ phagocytosis. Nowadays, PPARα activation by its agonists Gemfibrozil and Wy14643, can improve a variety of pathological and behavioral phenotypes of AD. PPARα agonists showed an additive enhancement of the autophagy of microglia and structural neuroplasticity in APP-PSEN1ΔE9 mice (141). Therefore, PPARα activators that efficiently cross the blood–brain barrier may be considered as future therapeutics for AD. However, PPARγ appears an opposite effect. PPARγ antagonists can result in an overall reduction of Aβ levels and improved spatial memory performance. Evidence indicates that PPARγ antagonist T0070907 promotes microglia autophagy via Liver kinase B1 (LKB1)-adenosine 5’-monophosphate-activated protein kinase (AMPK) signaling pathway (Figure 4). Intriguingly, whether M1 to M2 polarization is involved in the process as well should be also concerned (142).




Figure 4 | Microglial phagocytosis and autophagy in AD. Microglia eliminate Aβ load through phagocytosis and autophagy. This figure displays the regulatory mechanism of this process.





4.3.3 Microtubule-Associated Protein Light Chain 3

LC3 is a component of the autophagosomal membrane, characterized as an autophagy marker, and primarily participates in the formation of autophagosomes. Autophagy-related gene 4 (ATG4) is essential for autophagy by affecting full length LC3 (pro-LC3) to the soluble form LC3-I. In general, LC3 is cleaved at its C-terminus by ATG4 to form LC3-I which is distributed in the cytosol. For autophagy, LC3-I covalently binds to phosphatidylethanolamine and is converted to LC3-II on autophagosome membranes. This process is mediated by the ATG12-ATG5-ATG16L complex, followed by the formation of autophagy precursors (143). The expression of LC3 proteins could be upregulated when nuclear factor erythroid 2-related factor 2 (NRF2), a factor is dissociated from Kelch-like ECH-associated protein 1 (KEAP1), and then translocates into the nucleus and binds to antioxidant responsive element (ARE) (144). There have been evidence that LC3-associated endocytosis (LANDO) not only reduces the deposition of Aβ and tau pathology, but also inhibits the secretion of inflammatory cytokines in activated microglia induced by Aβ. Concurrently, it also rescues memory and behavioral impairment of 5xFAD mice by maintaining neuronal homeostasis (145). In addition, the β-Asarone has been shown to promote autophagy by virtue of increasing the expression of LC3-I and LC3II (Figure 4) (146). Consistent with the finding, IL-4 is found to rapidly increase the expression of LC3-I and LC3II in BV2 microglia and increase the uptake and degradation of Aβ. But the inhibition of IL-4-pretreated microglia M1 phenotype switching induced by Aβ is independent on this autophagy (147). Along with the above-mentioned, use of some anti-inflammatory drugs like dimethyl fumarate (DMF), a potent Nrf2 activator may be considered as a potential therapeutic strategy by up-regulating LC3 to promote autophagy of microglia (148).



4.3.4 Insulin Degrading Enzyme

Currently, pharmacological activation of the Aβ-degrading molecules represents a novel therapeutic strategy for the treatment of AD. Extracellular and intracellular degradation of Aβ depends mainly on two proteases, namely, neprilysin and insulin degrading enzyme (IDE) in vitro (149). IDE is a downstream region of insulin receptor signaling and mainly distributed in cytosol. The transport outside cells of IDE mainly relies on exosomes and extracellular vesicles. Compelling studies showed that decreased activity of any of these enzymes due to genetic mutation may increase the risk for AD. Farris et al. verified that mutations in IDE increased risk of developing AD in type 2 diabetes (T2D) (150). It is speculated that insulin resistance and overexpression compete with Aβ binding to IDE, resulting in IDE devitalization, which is responsible for impaired Aβ degradation and clearance in brain, and thereby promotes the pathogenesis of AD. Even more to the point, a slight overexpression of IDE remarkably alleviates Aβ deposition to a large extent in APP transgenic mice, implying that IDE may be an effective therapeutic target for AD (151). Statins including lovastatin and simvastatin which act as inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase (HMGR), play an important role in lowering serum cholesterol levels and are extensively used in the treatment of hypercholesterolemia (152). Surprisingly, Walter et al. found that lovastatin can stimulate the secretion of IDE in mouse microglia cell lines (BV-2 and N9 cells) in vitro, and the level of IDE in serum is significantly elevated following the delivery of lovastatin to mice as well (153). There is some evidence that somatostatin stimulates microglia to express and secrete IDE too (154). Apart from lovastatin, metformin, a derivative of biguanide, has been widely used for the treatment of type 2 diabetes (T2D) for almost all country. Intriguingly, an interesting study revealed that metformin, could also be a potential therapeutic agent for AD since it accelerates the expression of IDE by the activation of the AMPK signaling pathway (155). Consistently, administrating metformin orally also improves Aβ deposition, oxidative stress, and learning and memory functions in APP/PS1 mice (156). In short, it is possible to propose a new strategy for the targeted IDE-based therapeutical target for AD (Figure 2).




4.4 M1 to M2 Switch

As mentioned above, the M2 phenotype of microglia plays a relatively beneficial role in the maintenance of neurological homeostasis. Thus, increasing the M2 polarization of microglial cells may be a potential strategy for treatment of AD. It is reported that when TAK-242, a specific inhibitor of toll-like receptor 4 (TLR4), is administered, the levels of M1-markers (TNF and iNOS) are markedly reduced while M2-markers (TREM-2 and Arg-1) are increased conversely. In addition, TAK-242 potentiates microglial phagocytosis via the MYD88/NF-κB/NLRP3 signaling pathway, and it is capable of promoting Aβ clearance and inhibiting tau hyperphosphorylation, while it effectively ameliorates the learning and memory impairments (157). Besides, resveratrol is a natural polyphenolic phytochemical with a variety of bioactivities associated with health promotion. It effectively promotes microglia polarization into the M2 phenotype via proliferator-activated receptor coactivator-1 (PGC-1), while inhibiting NF-κB and activating STAT3 and STAT6 to increase M2 markers (158). Moreover, some non-drug treatments, for example, low-dose ionizing radiation (LDIR), may also affect the phenotype of microglia, increase TREM2 and CD206 expression in LPS-induced BV2 microglial cells, and attenuate Aβ deposition and cognitive decline ultimately (159). In addition, the LKB1–AMPK signaling pathway is not only involved in energy homeostasis, metabolic stress, but mediates M1 to M2 switch. Similar to drug, T0070907, an agonist of the peroxisome proliferator-activated receptor γ (PPARγ), also triggers M1-to-M2 polarization and abrogates the inhibition of LPS-induced autophagy by suppressing LKB1–AMPK signaling pathway (142). Other substances with similar effects on microglia polarization have been identified including L-cysteine-derived hydrogen sulfide (H2S) and CaMKK inhibitor, STO-609 (160, 161). Apart from that, several signaling pathways including mTOR, Rho/Rho-kinase, and the NOTCH signaling pathways, also involved in microglia polarization, implying a plethora of potential therapeutic targets in microglia polarization of AD (162–164). Numerous studies have shown that M2 polarization also helps to alleviate persistent neuropathic pain (NP) and AD-related behavior impairment in a doxycycline-induced mouse AD model (165). These evidences presented above demonstrate the significance of M2 polarization for the treatment of AD.




5 Conclusions and Future Expectations

In summary, microglia are crucial mediator and effector in the pathology of AD, but a slew of mysteries surrounding the interactions between microglia and AD remain unsolved. Neurodegeneration has been linked to microglia-associated inflammatory factors such as TNF-α, IFN-γ, and IL-1β. In this state, microglia fail to endocytose pathological Aβ and tau, and Aβ and tau deposition contributes to inflammatory activation, resulting in a vicious cycle in AD pathology. On the contrary, anti-inflammatory factors secreted by microglia such as IL-2, IL-4, IL-10 and TGF-β, and activation of certain receptors such as TREM2, aid in the restoration of learning and memory deficits in AD via various signaling pathways and mechanisms. Furthermore, phagocytosis and autophagy of microglia mediated by some critical receptors such as SR-A and CD36 are responsible for the degradation of deposited Aβ and tau in AD. The detailed potential interaction mechanism underlying a variety of molecular events orchestrated by microglia in AD is seen in figures mentioned above and Table 1. In the CNS, we believe that microglia, an obligatory member of the innate immune system, act as a protective factor against tumors, pathogens, and abnormally deposited proteins such as Aβ and tau. Notwithstanding, once Aβ and tau deposition exceeds that of clearance by microglia, the resulting excessive activation of microglia would release excessive pro-inflammatory factors to compromise neurons and their synapses associated with AD. In this review, we systemically summarized the microglia-associated factors, mechanisms of molecular activity, and relevant therapeutic strategies for AD that have been trialed in cell, animal models, or Alzheimer’s patients. More research has revealed that microglia play a critical role not just in AD, but also in PD, ischemia, demyelinating disease, and even psychiatric conditions such as mood disorders. Pro-inflammatory cytokines such like TNF-α and IL-6 have been shown to be increased in patients with depression, and human volunteers were indeed induced anxiety and depression by the treatment with pro-inflammatory cytokine IFN-α. Drug-induced anti-inflammatory microglial phenotypes have been shown to alleviate depressive-like behavior in mice (166). Taking into account all the great advantages of microglial double-edged sword defenses previously described, there is no doubt that targeting expansion of the microglial various beneficial bio-functions will hold the potential to delay disease onset and further possibly preserve cognitive function of patient with AD. Once we achieve great therapeutic outcomes, the therapeutic strategy targeting microglia would represent a perspective strategy for suppression of the early stage of neuropathological change in AD, and avoid the family tragedy of end-stage AD.


Table 1 | Diverse drugs, their effects and associated signal pathways.
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Background

Ischemic stroke is one of the leading causes of human death and disability. Brain edema and peri-infarct astrocyte reactivity are crucial pathological changes, both involving aquaporin-4 (AQP4). Studies revealed that acute inhibition of AQP4 after stroke diminishes brain edema, however, its effect on peri-infarct astrocyte reactivity and the subacute outcome is unclear. And if diffusion-weighted imaging (DWI) could reflect the AQP4 expression patterns is uncertain.



Methods

Rats were subjected to middle cerebral artery occlusion (MCAO) and allocated randomly to TGN 020-treated and control groups. One day after stroke, brain swelling and lesion volumes of the rats were checked using T2-weighted imaging (T2-WI). Fourteen days after stroke, the rats successively underwent neurological examination, T2-WI and DWI with standard b-values and ultra-high b-values, apparent diffusion coefficient (ADC) was calculated correspondingly. Finally, the rats’ brains were acquired and used for glial fibrillary acidic protein (GFAP) and AQP4 immunoreactive analysis.



Results

At 1 day after stroke, the TGN-020-treated animals exhibited reduced brain swelling and lesion volumes compared with those in the control group. At 14 days after stroke, the TGN-020-treated animals showed fewer neurological function deficits and smaller lesion volumes. In the peri-infarct region, the control group showed evident astrogliosis and AQP4 depolarization, which were reduced significantly in the TGN-020 group. In addition, the ultra-high b-values of ADC (ADCuh) in the peri-infarct region of the TGN-020 group was higher than that of the control group. Furthermore, correlation analysis revealed that peri-infarct AQP4 polarization correlated negatively with astrogliosis extent, and ADCuh correlated positively with AQP4 polarization.



Conclusion

We found that acutely inhibiting AQP4 using TGN-020 promoted neurological recovery by diminishing brain edema at the early stage and attenuating peri-infarct astrogliosis and AQP4 depolarization at the subacute stage after stroke. Moreover, ADCuh could reflect the AQP4 polarization.





Keywords: ischemic stroke, astrogliosis, AQP4 polarization, glymphatic system, ultra-high b-values diffusion weighted imaging



Introduction

Ischemic stroke is a leading cause of death and disability in humans, with few pathophysiological therapies other than recanalizing occluded blood vessels (1, 2). Acutely inhibiting aquaporin-4 (AQP4) was proposed recently as a promising new pathophysiological therapy targeting central nervous system (CNS) edema post-injury (3, 4). Because water transportation through AQP4 is a passive process, depending on osmotic gradients. AQP4 contributes to the formation of cellular toxic edema at first, but it is also essential for the resolution of vasogenic edema in CNS injury. And studies revealed that AQP4 deficient animals displayed higher levels of CNS water content than control animals at a later phase of CNS injury (5). AQP4 is the most abundant aquaporins in the brain, it has a polarized distribution tendency on the astrocyte endfeet facing vessels under physiological conditions, this distribution tendency is critical for the formation and resolution of edema, and clearance of interstitial solutes in the brain (6). Commonly, methods of inhibiting AQP4 mainly include gene knockout, small interfering RNA, heavy metal ions, and small molecule inhibitors (7). Small molecule inhibitors have the potential to be applied in clinical for their security. N-(1,3,4-thiadiazol-2-yl) pyridine-3-carboxamide dihydrochloride (TGN-020) is one of them and has been proven to inhibit AQP4 in vitro and in vivo via the intracellular ubiquitin-proteasome system (8, 9).

AQP4 is implicated not only in edema formation and resolution, but also in astrocyte migration and astrogliosis (10, 11). However, the changes in peri-infarct astrocyte reactivity related to acute inhibition of AQP4 have not been clarified, which are crucial for peri-infarct tissue repair and neurological function recovery. After stroke, reactive astrogliosis and loss of perivascular AQP4 polarization occur and persist for long time in the peri-infarct area (12–14). Reactive astrogliosis is beneficial for limiting the infarct territory initially; however, its increasing dysregulation at the recovery stage accentuates inflammation and inhibits axon regeneration, thus interfering with long-term sensorimotor functional recovery (15, 16). Besides, loss of AQP4 polarization impairs the glymphatic system, a newly-discovered waste clearance system in the brain (17), causing toxic protein deposition and cognitive deficits (18, 19). Modulating reactive astrogliosis and the loss of AQP4 polarization in the peri-infarct area might be beneficial therapeutic strategies during later stages to promote neurological function recovery.

In this study, we acutely inhibited AQP4 using TGN-020 in transient middle cerebral artery occlusion (MCAO) rats, evaluated the brain edema and infarct volume at 1 and 14 days, and the peri-infarct astrogliosis extent, AQP4 expression patterns, and neurological function at 14 days after MCAO. In addition, we analyzed correlations of the AQP4 expression patterns and the ultra-high b-values apparent diffusion coefficient (ADCuh). We aimed to investigate the effect of acutely inhibiting AQP4 on peri-infarct astrocyte reactivity and subacute outcome and the feasibility of ADC to reflect the expression patterns of AQP4.



Material and Methods


Animals

This experiment was approved by the Fudan University Institutional Animal Care and Use Committee. A total of 16 adult (260–280 g) Sprague–Dawley rats (Charles River Laboratories, Beijing, China) were used in this experiment. They were maintained under an automatically controlled 12 h light–dark cycle, with freely accessible food and water. After fasting for 1 day, the rats were subjected to 90 min of MCAO and then allocated randomly to the TGN-020 treated group or the control group (n = 8 per group). The ischemic lesion and edema volume were checked by MRI 1 d post-stroke. At 14 days post-stroke, neurological function, MRI, and histology features were evaluated in turn. One rat in the TGN-020-treated group and three rats in the control group died from severe ischemic stroke. Finally, six rats of each group were included in the data analysis.



Surgical Procedure and Treatment

For all rats, the left middle cerebral artery was occluded by the same researcher as in our previous study (20). Specifically, the anesthetized rats were immobilized in a supine position using a tooth holder and all limbs were tied up. A skin incision was made in the midline of the neck, and the muscle and fascia were separated to expose the left internal carotid artery (ICA), external carotid artery, and common carotid artery. Then, a poly L-lysine coated nylon filament (2634A4, Cinontech Co. Ltd., Beijing, China) was inserted into the left ICA to block blood flow to the MCA. The TGN-020 treated group was administrated intraperitoneally with TGN-020 (200 mg/kg) at 10 minutes after successful occlusion. The control group was given the same volume of 0.9% normal saline at the same timepoint. After occlusion for 90 minutes, the filament was withdrawn gently to allow reperfusion under anesthesia.



MRI and Quantitative Analysis

The MRI images were captured using a 3.0T horizontal magnet (Discovery MR750, GE Medical Systems, Milwaukee, WI, USA) with a 60-mm-diameter gradient coil (Magtron Inc., Jiangyin, China). Anesthetized rats were scanned in the prone position, with continuous monitoring of their temperature, heart rate, and respiration. The main scan parameters were as follows: For fast spin echo T2-weighted imaging, repetition time (TR)/echo time (TE) = 4000 ms/96 ms, field of view (FOV) = 6 cm × 6 cm, matrix = 256 × 256, slice thickness = 1.8 mm, interslice distance = 2 mm, number of slices = 15. For ultra-high diffusion-weighted imaging (DWIuh), TR/TE = 3000/minimum, FOV = 6 cm × 6 cm, slice thickness = 1.8 mm, interslice distance = 2 mm, number of slices = 15, b values = 2000, 2500, 3000, 3500, 4000, and 4500 s/mm2. Standard DWI (DWIst) was performed with the same parameters as DWIuh, except that the b values = 0, 800 s/mm2. T2-WI was scanned at 1 day and 14 days post-stroke, while DWIst and DWIuh were scanned at 14 days post-stroke.

All MRI data were processed and measured on the GE ADW4.6 workstation using Functool software, and DWI images were processed to generate ADC maps. The ischemic lesion volume was calculated as percentage of hemispheric lesion volume (%HLV) after correction of hemispheric space-occupying effects, according to methods proposed by Gerriets et al. (21). The percentage of brain swelling volume (%BSV) was used to quantitatively evaluate the extent of brain swelling. The specific equations used are as follows:

	

	

Imaging artifacts increase when the b-values rise, especially in the cortical region, thus the estimation of ADCuh was only carried out in the peri-infarct striatum. Equivalent regions of interest (ROIs) were drawn in the peri-infarct striatum and corresponding contralateral area on ADCuh maps. The ratio of ipsilateral ADCuh to contralateral ADCuh was used for comparisons between groups.



Sensorimotor and Cognitive Function Examination

A neurological behavior scale of 0 to 20 scores was used to assess the sensorimotor function of the rats, as in our previous study (22). Higher scores represent more neurological deficits. The Y-maze was used to test the spatial working memory of the rats, based on the inherent characterization of rats to explore a novel environment without the need to learn skills. The maze is consisted of three identical arms (50 cm × 16 cm × 32 cm), and the angle between each arm was 120°. Rats were placed at the end of the initial arm and were allowed to explore freely for 5 minutes. The sequence and total number of arm entries were recorded using a video camera. Entrance into different arms for three consecutive times was recorded as a correct alternating response. Rodents with impaired working memory could not memorize which arm was just visited and thus had lower spontaneous alternation rates. Correct alternating response times were counted, and the spontaneous alternation rate was calculated using the following equation:

	



Immunofluorescence Staining and Quantitative Analysis

Rats were perfused with phosphate buffer, followed by 4% paraformaldehyde, and then their brains were removed and postfixed overnight at 4°C. After dehydration, wax leaching, embedding, and slicing, three serial coronary brain sections (thickness: 5 μm) for each animal were obtained at approximately 0.24 mm relative to the bregma, according to the atlas reported by Paxinos and Watson (2005). Well preserved sections were picked and immunostained using anti-glial fibrillary acidic protein (GFAP, 1:1000, Abcam, Cambridge, MA, USA) and anti-AQP4 (1:1000, Abcam) antibodies. Alexa Fluor 488- and 568-conjugated donkey anti-rabbit and anti-mouse antibodies (1:1000, Abcam) were used as secondary antibodies. Finally, the sections were incubated with 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI, 1: 1000; Sigma-Aldrich, St. Louis, MO, USA).

Immunofluorescence sections were scanned using a Vslide scanning microscope (Nikon, Chiyoda, Tokyo, Japan) with a ×20 primary objective. All images were acquired using constant scanning settings, and further semi-quantitatively analyzed to characterize the expression patterns of AQP4 and GFAP using Image J (National Institutes of Health, Bethesda, MD, USA).

To evaluate AQP4 expression and polarization in the peri-infarct area, the mean fluorescence intensity of AQP4 emission channels was measured, and AQP4 polarization was calculated as the ratio of the low-threshold AQP4-positive area to the high-threshold AQP4 positive area (23). The percentage of GFAP immunostained area of the ROIs (GFAP area%) was used to analyze reactive astrogliosis. ROIs (600 μm × 300 μm) were placed in the peri-infarct cortex and striatum separately for analysis. Immunostained sections that had similar lesion morphologies and anatomical structures to those in the ADCuh images were picked for analysis, and ROIs in the peri-infarct striatum were placed according to those ROIs placed in the ADCuh images. All histological data were normalized by contralateral values and were calculated twice to minimize measurement error.



Statistical Analysis

All data were presented as the mean ± the standard deviation (SD), P < 0.05 was considered to be statistically significant. One-way analysis of variance (ANOVA) and post hoc least significant difference (LSD) tests were used to compare differences among groups. Pearson Product correlation analysis was performed to analyze correlations. The above data analyses were carried out using GraphPad Prism, version 8.0 (GraphPad Software Inc., La Jolla, CA, USA).




Results


T2-WI Revealed That Acute Inhibition of AQP4 Decreased Edema and the Infarct Volume

Ischemic lesion volume and brain swelling extent of the rats were derived from T2-WI at 1 day and 14 days post stroke (Figure 1). One day post stroke, the TGN-020-treated group presented significantly decreased infarct and swelling volumes (%HLV: 39.05 ± 6.43, %BSV: 111.98 ± 7.18), compared with those of the control group (%HLV: 57.94 ± 6.68, %BSV: 129.32 ± 4.69). Fourteen days later, the ischemic lesion volume and brain swelling extent of both groups had decreased. The TGN-020-treated group had a smaller infarct volume (%HLV: 24.30 ± 1.88) than that of control group (%HLV: 45.25 ± 3.11). Regarding the extent of brain swelling, no significant difference was found between two groups. Our results showed a 67% smaller lesion volume with 86% less swelling in TGN-020-treated rats compared with those of the control rats at 1 day-post stroke (both P < 0.01), and a 53% smaller lesion volume at 14 days (P < 0.001).




Figure 1 | Comparison of ischemic lesion volumes and brain swelling volumes between groups. (A) Representative T2-WI images of rats in the TGN-020-treated and control groups at 1 day and 14 days post-stroke. (B) The ischemic Lesion volumes of each group at 1 day and 14 days post-stroke. (C) The brain swelling volumes of each group at 1 day and 14 days post-stroke. **P < 0.01, ***P < 0.001.





Acute Inhibition of AQP4 Ameliorated Neurological Deficits

At fourteen days post stroke, the sensorimotor function of the rats was evaluated using the behavior scale. Significantly fewer sensorimotor deficits were observed in the TGN-020-treated group (P < 0.001 vs. the control group). Spatial working memory was assessed using Y maze spontaneous alternation, in which the TGN-020-treated group showed a superior cognition performance compared with that of the control group (P < 0.001) (Figure 2).




Figure 2 | TGN-020-treated rats showed improved neurological function. (A) Comparison of neurological scores between groups revealed fewer sensorimotor deficits in the TGN-020 treated rats compared with those in the control rats. (B) Comparison of spatial working memory by spontaneous alternation in the Y maze showed that the TGN-020 treated rats had better cognitive function than the control rats. ***P < 0.001.





Acutely Inhibiting AQP4 Ameliorated Peri-Infarct Astrogliosis and Loss of AQP4 Polarization

In the peri-infarct cortex and striatum, the TGN-020-treated group showed fewer and smaller astrocytes than those in the control group. AQP4 in the control group was located diffusely on the neuropil, while AQP4 in the TGN-020-treated group was distributed mainly in the perivascular district, which is close to the polarized distribution under normal conditions. Corresponding immunofluorescence images of each group are shown in Figure 3. Quantitively, in the peri-infarct area, the TGN-020-treated group exhibited smaller cortical and striatal GFAP area (7.57 ± 2.18 and 10.72 ± 2.32, respectively) than those of the control group (both P < 0.001). The AQP4 expression intensity (the AQP4 mean fluorescence intensity) of the two groups were similar (P > 0.05). The cortical and striatal AQP4 polarizations of the TGN-020-treated group were higher than those of the control group (cortex: 0.78 ± 0.06 in TGN-020-treated group vs. 0.48 ± 0.09 in the control group, P < 0.01; striatum: AQP4 polarization: 0.75 ± 0.07 in TGN-020-treated group vs. 0.43 ± 0.15 in the control group, P < 0.001). Further correlation analysis showed that peri-infarct AQP4 polarization correlated negatively with the astrogliosis area (r = −0.72, P < 0.01).




Figure 3 | Peri-infarct astrogliosis and AQP4 expression patterns in the two groups of rats. (A) Immunostaining of GFAP (red) and AQP4 (green) in the peri-infarct cortex and striatum in TGN-020- treated rats and control rats. White boxes in the first column indicate the ROIs used for GFAP and AQP4 analysis. The arrows show AQP4 located in the perivascular region. Scale bars = 500 and 50 µm. (B–D) Comparisons of GFAP-positive area and AQP4 expression patterns in the peri-infarct cortex and striatum between the two groups. (E) Correlations between peri-infarct AQP4 expression patterns and the extent of astrogliosis. ***P < 0.001.





Relationship of the ADCuh With AQP4 Expression Patterns

On the standard ADC (ADCst) maps, there were no evident signal differences between the peri-infarct area and contralateral hemisphere in all rats, while on the ADCuh maps, the peri-infarct area appeared as dark rings surrounding the ischemic core in the two groups of rats (Figure 4). The ratio of the ipsilateral to contralateral ADC was used for group comparison, and was only analyzed in the striatum for restriction of ADCuh map’s artifacts. No significant difference in ADCst was found between the TGN-020-treated group and the control group (P > 0.05), while the TGN-020-treated group had a slightly but significantly increased ADCuh (0.78 ± 0.04) compared with that of the control group (0.73 ± 0.03, P < 0.05).




Figure 4 | Correspondence between ADC and AQP4 expression patterns. (A) Representative ADCst and ADCuh maps, and AQP4 staining patterns in TGN-020-treated and control rats. (B) Anatomical reference showing the ROIs (red boxes) used to estimate the ADCuh in the peri-infarct striatum. (C) Comparison of ADCuh in the peri-infarct striatum between the two groups. (D) Correlations between the peri-infarct AQP4 expression patterns and ADCuh. ***P < 0.001. Con, contralateral; CTX, cortex; IPS, ipsilateral; STR, striatum.



Both groups of rats showed reactive astrogliosis and loss of AQP4 polarization in the peri-infarct area, in which the ADCuh decreased concurrently (Figure 4). Further correlation analysis showed that the peri-infarct ADCuh correlated positively with AQP4 polarization (r = 0.64, P < 0.05), but had no statistical correlation with the AQP4 mean fluorescence intensity (r = 0.03, P = 0.92).




Discussion

In the present study, acute inhibition of AQP4 using TGN-020 decreased the edema and infarct lesion volume 1day post-stroke, attenuated peri-infarct astrogliosis, AQP4 depolarization, and infarct lesion volume, promoting neurological recovery at 14 days post-stroke. Additionally, we found that AQP4 polarization correlated negatively with astrogliosis, and ADCuh could reflect the AQP4 polarization.

Our results showed that acute inhibition of AQP4 by TGN-020 reduced brain edema 1day post-stroke, which is consistent with previous research (24, 25). Traditionally, it is thought that post-stroke edema comprises cytotoxic edema and vasogenic edema, in which AQP4 plays inductive and counteractive roles, respectively, with edematous fluid mainly coming from blood plasma (26, 27). However, recently, researchers found that cerebrospinal fluid immediately flowed towards the brain parenchyma through the influx pathway of the glymphatic system after ischemic stroke, and an absence of AQP4 reduced the cerebrospinal fluid influx significantly (4, 28). Regardless, the traditional or newly-found mechanism of edema both suggest that acute inhibition of AQP4 could reduce post-stroke edema at the early stage (29, 30). However, perivascular AQP4 is essential for the dissipation of vasogenic edema and the glymphatic clearance of Aβ and tau (8, 9). The deficiency of AQP4 would cause the accumulation of water and neurotoxic protein in the recovery stage of CNS injury (3, 31). In this study, we further investigated the peri-infarct expression patterns of AQP4 14 days after acute inhibition of AQP4. No differences in AQP4 expression intensity were found between the TGN-020 group and the control group, but AQP4 polarization of the TGN-020 group was higher than that of the control group, in other words, the perivascular AQP4 was increased in the TGN-020 group when compared with the control group. As is shown in our study, swelling extent of the ipsilateral hemisphere has turned to normal in both groups 14 days post stroke. These AQP4 might not contribute to water transmembrane diffusivity, but play roles in neurotoxic waste elimination. Researchers found that toxic molecules present in the area of liquefactive necrosis can leak across the glial scar and were removed by the glymphatic system in peri-infarct tissue (32). So, it can be inferred that the higher AQP4 polarization of the TGN-020 group is beneficial for glymphatic clearance and neurological recovery.

For ischemic stroke and other multiple CNS diseases, peri-infarct reactive astrogliosis is usually accompanied by loss of AQP4 polarization in the same area (23, 33–35). Our experiment showed that the polarization of AQP4 correlated negatively with the astrogliosis area, indicating that the astrogliosis extent might affect the polarization of AQP4. The close relationship between astrogliosis and AQP4 polarization was also discovered in rodent models of traumatic brain injury and multiple microinfarcts, though needing further investigations to determine the underlying mechanisms. Some researchers regard the loss of AQP4 polarization as an important feature of reactive astrocytes rather than a pathological consequence of endfeet damage (34, 36). We consider that the decreased astrogliosis after acute inhibition of AQP4 might contribute to the preservation of AQP4 polarization.

The reactive astrogliosis that occurs after ischemic stroke is extremely complex and incompletely understood, playing both detrimental and beneficial roles on neurological recovery (37–39). Some studies found that reactive astrocyte was beneficial for vascular repair and axonal regrowth after CNS injury (40, 41), while other studies revealed that reactive astrocyte could restrict neural repair by expressing growth inhibitory factors and forming glial scars (42). These contradictory roles of reactive astrocytes may be due to different reactive phenotypes induced by injury (43, 44). The reactive astrocytes in neuroinflammation of ischemia could be classified into A1s and A2s, which exert different functions (45, 46). The A1s exert the neurotoxic role with classical complement cascade gene upregulation, while the A2s upregulate many neurotrophic factors to promote neuronal recovery (47, 48). Therapies aimed at enhancing pro-reparative functions and reducing harmful functions in reactive astrocytes may benefit the outcome of ischemic stroke (49).

In this study, acute inhibition of AQP4 reduced peri-infarct astrogliosis and preserved AQP4 polarization, accompanied by a decreased lesion volume and improved neurological function. AQP4 is implicated in astrocyte migration and astrogliosis after brain insult (50, 51), which was supported by the reduced peri-infarct astrogliosis after inhibition of AQP4 observed in our study. Moreover, we inferred that the reduced astrogliosis might attenuate inflammation and promote neural rejuvenation by reducing the number of neurotoxic A1s astrocytes, contributing to peri-infarct tissue repair and functional outcomes. Reactive astrocytes of different phenotypes exhibit double-edged effects on pathological progression (49, 52, 53), our experiments and substantive studies that demonstrated inhibiting reactive astrogliosis facilitated neural rejuvenation and the long-term functional outcome might be attributed to a decrease of the neurotoxic A1s astrocytes (54–56). Besides, we speculated that the preserved AQP4 polarization benefits the cognitive recovery of TGN-020-treated rats by increasing the drainage of toxic extracellular fluid in the core of the infarct. Perivascular AQP4 is a critical component of the brain glymphatic system (57, 58). The loss of AQP4 polarization would impair the clearance efficiency of the glymphatic system, resulting in toxic protein deposition and the induction of cognitive deficits after stroke (59, 60). Therapeutic strategies that improved the AQP4 polarization might be effective to enhance the glymphatic function and contribute to the neurological recovery (61).

Deciphering changes in AQP4 are helpful to understand its roles in the pathology of ischemic stroke; however, most analytical methods remain highly invasive or destructive. According to the literature, aquaporin overexpression produces contrast in DWI by increasing tissue water diffusivity (62). ADCuh (b values > 2000 s/mm2) could reflect the expression level of aquaporin by estimating water transmembrane diffusivity (63). However, the relationship between ADCuh and aquaporin expression patterns in different studies are controversial. Some studies found that ADCuh correlated positively with the aquaporins expression intensity in tumors (64, 65), however, studies on ischemic stroke showed that ADCuh correlated negatively with aquaporin expression intensity (66–68). In our study, ADCuh correlated positively with the polarization of AQP4 rather than its expression intensity. This was probably the result of no adequate deviations among the AQP4 expression intensity of rats in this study, which did not allow us to infer a statistically significant correlation with ADCuh. Besides, the polarization of AQP4 might be more consequential for the functions of the protein than its expression intensity, as implied by other studies (69, 70).

The present study had certain limitations. Firstly, the inconsistency of lesion volumes before intervention between groups was avoided to the greatest extent, however, it could still not be excluded from the analysis. Longitudinal studies including data before inhibiting AQP4 might be more conclusive. Secondly, because higher b-value images lead to more imaging artifacts, the correlations between ADCuh and AQP4 expression patterns were only analyzed in the peri-infarct striatum, thus further studies should be carried out using MRI machines with a higher performance. Thirdly, we didn’t use the gene transcriptome analysis or key molecular markers immunostaining to differentiate the specific changes of two groups of reactive astrocytes after acute inhibition of AQP4, which will be carried out in our further studies. Besides, we only evaluate the role of AQP4 inhibition after ischemia onset, without investigating the effect of AQP4 inhibition on astrocyte and venules after recirculation, giving the TGN-020 along with the removal of filament in establishing the artery occlusion stroke animal model may be helpful to answer that.

In conclusion, we found acutely inhibiting AQP4 with TGN-020 not only decreased the edema at the early stage of ischemic stroke but also reduced peri-infarct astrogliosis and AQP4 depolarization, promoting sensorimotor and cognitive recovery at the subacute stage. This study extends the evaluation timepoint of previous studies investigating the effect of TGN-020 on ischemic stroke, providing further supportive evidence that acute inhibition of AQP4 after stroke is a viable therapeutic strategy. Furthermore, we revealed that AQP4 polarization correlated negatively with astrogliosis in the peri-infarct area, indicating therapies targeting astrogliosis might be effective to preserve AQP4 polarization and promote neurological recovery in ischemic stroke. And our results showed that ADCuh could reflect the AQP4 expression patterns, it might be a useful tool to decipher the AQP4 expression noninvasively.
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Autism spectrum disorder (ASD) is a prevalent neurodevelopmental disorder with few medication options. Bumetanide, an FDA-approved diuretic, has been proposed as a viable candidate to treat core symptoms of ASD, however, neither the brain region related to its effect nor the cell-specific mechanism(s) is clear. The availability of nanoparticles provides a viable way to identify pharmacological mechanisms for use in ASD. Here, we found that treatment with bumetanide, in a systemic and medial prefrontal cortex (mPFC) region-specific way, attenuated social deficits in BTBR mice. Furthermore, using poly (ethylene glycol)-poly(l-lactide) (PEG-PLA) nanoparticles [NP(bumetanide)], we showed that the administration of NP(bumetanide) in a mPFC region-specific way also alleviated the social deficits of BTBR mice. Mechanistically, the behavioral effect of NP(bumetanide) was dependent on selective microglia-specific targeting in the mPFC. Pharmacological depletion of microglia significantly reduced the effect of nanoencapsulation and depletion of microglia alone did not improve the social deficits in BTBR mice. These findings suggest the potential therapeutic capabilities of nanotechnology for ASD, as well as the relevant link between bumetanide and immune cells.
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Highlights

	1. Systemic or mPFC-specific delivery of bumetanide improves social deficit in BTBR mice

	2. Nanoformulated bumetanide with microglia-specific targeting capability in mPFC improves social deficit in BTBR mice

	3. Microglia depletion in the mPFC fails to affect social deficiency in BTBR mice

	4. The therapeutic effects of nanoformulated bumetanide depend on the presence of mPFC microglia





Introduction

Autism spectrum disorder (ASD) is a highly prevalent neurodevelopmental disorder characterized by social interaction and communication deficits and repetitive patterns of interests, with no efficient, FDA-approved pharmacological options available for its core symptoms (1, 2). Bumetanide, an FDA-approved loop diuretic, has been proposed as a viable candidate to treat core symptoms of ASD. To elucidate the efficacy and molecular mechanisms of bumetanide, rodent models with phenotypes relevant to the core feature of ASD have been widely used (3). BTBR T+tf/J (BTBR) mice were derived from the inbred strain carrying the at (nonagouti; black and tan), T (brachury), and the Itpr3tf (tufted) mutations with marked ASD-like behavior phenotypes such as social deficits and repetitive behaviors (4, 5). Indeed, the ranges of ASD-like phenotypes in BTBR mice highlight this model as a useful preclinical tool for evaluating therapeutic strategies.

One of the mechanisms involved in the manifestation of ASD phenotype is an imbalance of excitatory and inhibitory neurotransmission, which suggests a potential therapeutic target for drug discovery (6). Recent evidence from both preclinical and clinical studies has implicated bumetanide as a promising candidate for ASD therapy (7–10), yet the efficacy of bumetanide remains unclear (11, 12). The classical mechanism explains the action of bumetanide in the regulation of neuronal intracellular chloride flux by inhibition of the sodium (Na+)-potassium(K+)-Cl-transporter isoform1 (NKCC1, SLC12A2) and the restoration of GABA polarity in the brain (7). Maternal bumetanide treatment could shift GABA from excitation to inhibition state while rescuing autistic-like behaviors in the offspring of animal models of ASD (7, 8). Clinical evidence has shown that bumetanide could improve the symptoms including social communication and restricted interest of ASD patients (13). This action of bumetanide is mediated by GABA since the decreased insular GABA was observed in ASD patients with bumetanide (10, 14). Despite the effects of bumetanide that have been demonstrated in animal models and patients with ASD, the effects of bumetanide have remained controversial, mainly because the brain region and cell-type specific mechanisms(s) underlying bumetanide in ASD are unclear.

The medial prefrontal cortex (mPFC) is a brain region mechanistically linked to multiple cognitive functions, including social behaviors (15–17). In mice, excitation of excitatory neurons via optogenetic manipulation in the mPFC leads to social deficits (15), whilst lesion of the mPFC reduces social behaviors (16). In addition, functional magnetic resonance imaging (fMRI) (18) and functional near-infrared spectroscopy (fNIRS) (19) have revealed the involvement of mPFC in social-associated tasks in humans, and dysfunctional mPFC activity in patients with ASD (20). Considering the critical involvement of mPFC in social behaviors, we thus tried to investigate whether the mPFC acts as a critical brain region underlying the therapeutic actions of bumetanide in ASD.

Despite the majority of studies have examined the neuronal mechanism that underlies bumetanide’s action, the involvement of other non-neuronal mechanisms cannot be completely excluded. Bumetanide is a non-selective NKCC1 inhibitor. Notably, NKCC1 expression is found in several non-neuronal cell types of the brain, including microglia (21). Furthermore, a growing body of evidence suggests that microglia, the resident immune cells in the brain, have a central role in the pathophysiology of ASD (22–26). Microglia dysfunction in ASD has been identified by autopsy and positron emission tomography studies, which showed increased numbers and altered morphology of microglia cells (22, 23), and genomic transcriptional analysis revealed an altered expression of microglia-specific genes in cortical regions of patients with ASD (24, 25). In addition, analysis with positron-emission tomography (PET) has revealed increased microglial activation in young adult patients with ASD (26). As the cell-specific effects of bumetanide have not been extensively characterized (due to its non-selective action), and taking into consideration that none of the previous studies have selectively targeted microglia (despite the evidence demonstrating its important role in ASD) using bumetanide in ASD, we hypothesized that microglia can be one of the primary targets of bumetanide. In previous studies, nanoparticles were used to induce a microglia-specific accumulation of molecules in the brain; this approach can help overcome the constraint of targeting microglial cells specifically (27). The development of a nano-delivery system has provided a new framework for targeted delivery and release for different diseases. For instance, a nano-delivery system established a promising therapeutic approach in Alzheimer’s disease (AD) (28).

In this study, we developed a strategy to evaluate the effects of bumetanide encapsulated in a core of polyethylene glycol-polylactic acid (PEG-PLA) nanoparticles [NP (bumetanide)], using the BTBR mice model of ASD. BTBR mice displayed autistic-like behavioral including social impairments and excess of repetitive behaviors and characterized by aberrant inflammatory phenotypes in both peripheral and central nervous immune system which provided a unique model of ASD to investigate the possible link between bumetanide and immunity. Initially, to characterize the efficiency of the nanoparticles and the specific brain region underlying bumetanide’s mechanism, we tested behavior changes in BTBR mice induced by systemic and mPFC region-specific delivery of bumetanide. Furthermore, we sought to identify the microglia-specific mechanisms involved in the therapeutic effects of bumetanide. For this purpose, we used NP(bumetanide) to target microglia in mPFC. We examined the therapeutic effect of NP(bumetanide) in BTBR mice, as well as how pharmacologically depletion of microglia affects social deficit and the therapeutic effect of NP(bumetanide).



Materials And Methods

Male C57BL/6 mice were obtained from Shanghai Jihui Laboratory Animal Co., Ltd (Shanghai, China). BTBR mice were obtained from Shanghai model organisms center, Inc. (Shanghai, China). Mice were housed in a standardized environment with a 12 h light/dark cycle and free access to food and water. Behavioral experiments were performed during the light phase of the cycle and mice were randomly grouped. All experimental protocols were approved by the Animal Ethics Committee of East China Normal University (Shanghai, China) and all efforts were made to minimize animal suffering and reduce the number of mice used. All mice used in this experiment were males.


Drug and Drug Administration

The bumetanide was purchased from Sigma (catalog no. 28395-03-01, USA). For intraperitoneal administration, bumetanide was first dissolved in DMSO and then diluted in 3% Tween80-NS solution to final concentration. Intraperitoneal administration of bumetanide (i.p., 10 mg/kg) was performed daily for 7 days in BTBR mice (6 weeks). For mPFC region-specific administration, bumetanide (100 μM) was dissolved in DMSO and then diluted in NS solution to final concentration. mPFC administration was performed daily for 3 days in BTBR mice (6 weeks). The dose of bumetanide was selected based on previous laboratory results and paper (29, 30).



Compounds

PLX3397 was purchased from SelleckChem (S7818, China) and formulated in AIN-76A standard chow by Shanghai biopikeChem at 290 mg/kg doses.



Nanoparticles Preparation

Briefly, NP(bumetanide) was prepared as described previously (27, 31). To address the low solubility of bumetanide during fabrication, we added methyl bonds to bumetanide to promote dissolution and facilitate fabrication into nanoparticles. The previous finding has defined that the bumetanide ester could release bumetanide in vivo upon hydrolysis. Firstly, 10 mg of MePEG-PLA and 0.5 mg of bumetanide prodrugs were dissolved in 1 ml of dichloromethane. Afterward, 2 ml of aqueous sodium cholate (1%, w/v) was added to the solution and then sonicated on ice (220 w, 2 min) using a probe sonicator (Ningbo Scientific Instruments Co., Ltd., China) to form O/W emulsions. The emulsion was diluted into an 18 ml of sodium cholate solution (0.5%, w/v) with magnetic stirring for 5 min and evaporation of dichloromethane with a ZX-98 rotary evaporator (Shanghai Institute of Organic Chemistry, China). The nanoparticles were collected by centrifugation at 14,000 × g for 45 min and separated by a 1.5 × 20 cm sepharose CL-4B column. The fluorescently labeled nanoparticles were prepared by a process similar to that of NP(bumetanide), using rhodamine as the fluorescent probe. Rhodamine (0.2mg) was dissolved by dichloromethane in 1 ml of dichloromethane, and then the procedure for the preparation of NP (bumetanide) was followed.



Surgical Procedures and Micro-Infusion of Bumetanide Administration

For cannula implantation, 5 weeks BTBR mice were anesthetized with 5% chloral hydrate (5 mg/kg) and gently placed in a stereotaxic frame (RWD Life Science, China). Cannulae (62203, RWD Life Science, China) were bilaterally impanated at 1.0 mm above. Stereotaxic coordinates according to the Paxinos and Watson mouse brain atlas (32). The target area to the mPFC at the following coordinates: +1.70 mm; posterior to bregma, ± 1.65 mm; lateral to the midline, and -1.05 mm; dorsoventral. The cannula was angled at 30°, positioned with acrylic dental cement, and secured with cranial screws. A stylet was placed in the introducer cannula to prevent occlusion. Mice were allowed to recover from surgery for several days prior to experimental manipulation. For drug administration, the infusion tube was connected to a microinjector driven by a microinfusion pump (KDS 310, KD Scientific, USA) through PE20 tubing. 0.5 ul per side of bumetanide was infused into the mPFC at a rate of 0.5 ul/min. The infusion tube was left in place for an additional 3 min to allow the diffusion of medicine.



Behavior Protocol

BTBR mice were examined after 7 days (i.p.) or three times (mPFC infusion) of treatment with bumetanide or vehicle. On the testing day, mice were transferred into the testing room for accommodation for 1 h. During the day of behavioral testing, mice were treated with bumetanide, and tests began 30 min after injection. The devices were cleaned with 70% ethanol after trails to avoid odor cue.

Three-Chamber test. The three-chamber test consisted of three stages in one session to assess different social aspects of the mice. The test used a Plexiglas apparatus (60 × 40 × 25 cm) containing three chambers with an empty wire cage (8 × 12 cm) in the side chambers. ANY-maze tracking system software (Stoelting Co, USA) with a camera was used to track the position of the mice during each tracking session. Briefly, in the habituation stage, test mice were placed in the central chamber only for 5 min and then were allowed to explore the whole apparatus with its empty wire cage for 10 minutes. In the sociability stage, a stimulus mouse (stranger 1, S1, same age and sex) was randomly placed in one of the empty wire cages and the test mice were brought back to explore the apparatus for 10 min. After the social ability stage, a new stimulus mouse (stranger 2, S2, same age and sex) was inserted into the previous empty wire cage and the subject mice were allowed to explore the chambers for another 10 min. The time spent by the animals in each chamber was analyzed by ANY-maze tracking system software. Mice with a preference for one side of the chamber were excluded from the data analysis.

Open field test. The open field test was used to assess the effects of locomotor responses to novel environments in mice. We conducted the open field test in a square Plexiglas apparatus (40 × 40 × 35 cm) under diffuse light. During the experiment, mice were gently placed in the center square of the apparatus and allowed to explore freely for 30 min. At the end of each trial, the apparatus was cleaned and the animals were returned to cages. Tru scan (Coulbourn Instruments, USA) activity software was used to detect the activity of the mice and record data. The total distance traveled during the 30 min was analyzed.

Elevated plus maze. The elevated plus maze could be used to assess anxiety-like behaviors in rodents. This apparatus consists of two walled elevated arms and two open arms that branch off a central platform forming a plus shape. The apparatus was raised to a height of 50 cm above the ground. For testing, subject mice were placed in the center area facing the close arm and allowed to explore for 5 min. ANY-maze tracking system software was used to track the position of the mice during the session and the time spent in the open arms of the maze was analyzed.

Elevated zero maze. The elevated zero maze was used to assess anxiety-like behaviors in rodents. The apparatus consists of two open (stressful) and two enclosed (protecting) elevated arms that form a zero or circle elevating it 50 cm above the ground. Quadrant lanes of the apparatus were 5 cm wide. The subject mice were placed randomly in the boundary between a close and an open arm, facing the close arm and allowed for exploring 5 min. ANY-maze tracking system software was used to track the position of the mice during the session and the time spent in the open arm of the maze was analyzed by ANY-maze tracking system software.

Grooming test. The grooming test was used to examine the repetitive behaviors of the mice. The test cage was lined with bedding (<1cm) in order to reduce neophobia but prevent digging. For the self-grooming test, mice were placed individually in a new clean cage for 15 min habituation and recorded for 10 min using Mouse Home Cage Behavior Analyzing System (Clever Sys. Inc, USA). The time spent self-grooming was analyzed by Mouse Home Cage Behavior Analyzing System.



Immunohistochemistry

Briefly, mice were deeply anesthetized with 5% chloral hydrate and transcranial perfused with 40-60 ml of 1 × PBS followed by 20 ml 4% paraformaldehyde. The brain was removed from the skull and immersed into 0.1M PBS containing 4% paraformaldehyde and incubated at 4°C overnight. Coronal brain sections of 45-μm thickness (Leica VT1200S, Germany) were made with oscillating slices. The section was pasted on the poly Lys-coated glass slide and baked at 60°C for 50 minutes. Sections were washed 5 minutes with 1 × PBS for one time. The section was incubated in a blocking buffer composed of PBS containing 0.3% Triton X-100 and 5% normal goat serum for 90 min at room temperature. The sections were then incubated with the primary antibody in the blocking buffer at 4°C for 24 h. The primary antibodies used in this study were rabbit polyclonal anti-Iba1 antibody (1:1000 dilution, 019-19741, wako, Japan), anti-NeuN antibody (1:500, ab104224, Abcam) and anti-GFAP antibody (1:500, 60190-1, proteintech, USA). After incubation, the sections were washed for 5 min with 1 × PBS containing 0.1% Tween-20 for 3 times. For immunofluorescent staining, the sections were incubated with Alexa Fluor 488-labeled secondary antibodies (1:1000 dilution; Life Technologies, USA) for 2h at RT. The sections were washed 5 minutes for three times with PBS containing 0.1% Tween-20. Slides were mounted in the dark with glass coverslips using mounting media containing 4’,6-Diamidina-2-phenylindole (P0131, Beyotime, China). The signal of slices was captured by immunofluorescence microscopy (Leica DM4000 B, Germany).



Statistical Analyses

Data were shown by means ± standard error of the mean (S.E.M). The p values were calculated using two-tailed Student’s t-test or one-way analyses of variance (ANOVA) with Bonferroni post hoc. The GraphPad Prism Software was used for all analyses. Significance is reported as *p < 0.05, **p < 0.01, ***p < 0.001, and not significant values are not denoted except for emphasis.




Results


Systemic treatment With Bumetanide alleviated autistic-like behaviors in BTBR mice

BTBR mice were injected with bumetanide (10mg/kg, intraperitoneally, once daily) or vehicle followed by a series of behavioral tests (Figure 1A). To assess their social behavior, we used a three-chamber test to examine social approach (sociability stage) and social recognition (social novelty stage), as is shown in Figures 1B, C. In the sociability stage, compared to WT mice, BTBR mice spent less time both in the social stimulus chamber (stranger 1, S1) and direct interaction with the stimulus. Bumetanide administration failed to rescue the social ability of BTBR mice, which we assessed by counting the time in the social stimulus chamber and direct interaction time with the stimulus (Figure 1B). However, when presented with both familiar stimuli (S1) and novel stimulus (stranger 2, S2), BTBR mice spent more time exploring familiar stimulus than novel stimulus, while bumetanide-treated BTBR mice spent more time in the novel stimulus chamber (Figure 1C) and interacted more time with novel stimulus (Figure 1C) to the level of WT controls. Together, the increased social investigate time indicated that systemic treatment of bumetanide partially alleviated the impaired social phenotype in BTBR mice. Next, we examined repetitive behavior after systemic treatment with bumetanide in BTBR mice. The grooming test revealed that bumetanide-treated BTBR mice, compared to the untreated group, spent less time self-grooming (Figure 1D) which indicated that bumetanide improved the repetitive behaviors. Lastly, we tested basal locomotor activity and anxiety using open field and elevated plus maze, respectively. In the open field test, vehicle- or bumetanide-treated BTBR mice displayed similar total distance traveled, which was higher than WT mice as previously reported (Figure 1E) (33), implying a negligible impact of bumetanide on locomotor activity of BTBR mice. In the elevated plus maze, bumetanide-treated BTBR mice showed a non-significant change toward vehicle-BTBR levels (Figure 1F), suggesting that bumetanide did not alter anxiogenic effects (Figure 1F). Overall, treatment of bumetanide is efficacious to treat autistic-like behaviors and did not significantly affect the locomotor activity or anxiety behavior in BTBR mice.




Figure 1 | Systemic treatment with bumetanide alleviated autistic-like behavioral in BTBR mice. (A) Schematic representation of the experimental procedure. Male BTBR mice were injected intraperitoneally (i.p.) with bumetanide (10 mg/kg) or vehicle. (B) Time spent in the social stimulus or empty chamber and total interaction time with stimulus mouse or empty wire during sociability stage (WT-vehicle, n = 8; BTBR-vehicle, n = 8; BTBR-bumetanide, n = 9, paired Student’s t-test. Time in compartments, **p < 0.01, WT-vehicle S1 vs. EM; N.S., not significant, BTBR-vehicle S1 vs. EM; N.S., not significant, BTBR-bumetanide S1 vs. EM; interaction time, *p < 0.05, WT-vehicle S1 vs. EM; N.S., not significant, BTBR-vehicle S1 vs. EM; N.S., not significant, BTBR-bumetanide S1 vs. EM; S1 represent stranger stimuli mouse 1, EM represent empty cage). (C) Time spent in familiar or novel stimulus chamber and total interaction time with familiar or novel stimulus mouse during social novelty stage (WT-vehicle, n = 8; BTBR-vehicle, n = 8; BTBR-bumetanide, n = 9, paired Student’s t-test. Time in compartments, **p < 0.01, WT-vehicle S1 vs. S2; N.S., not significant, BTBR-vehicle S1 vs. S2; *p < 0.05, BTBR-bumetanide S1 vs. S2; interaction time, *p < 0.05 WT-vehicle S1 vs. S2; N.S., not significant, BTBR-vehicle S1 vs. S2; *p < 0.05, BTBR-bumetanide S1 vs. S2; S1 represent familiar stimuli mouse 1, S2 represent a novel stranger stimuli mouse 2). (D) Time spent self-grooming in grooming test (WT-vehicle, n = 8; BTBR-vehicle, n = 8; BTBR-bumetanide, n = 9. one-way ANOVA, F(2,22) =16.77, p < 0.0001, Bonferroni post hoc: ***p<0.001, WT-vehicle vs. BTBR-vehicle; N.S., not significant, WT-vehicle vs. BTBR- bumetanide; **p<0.01; BTBR-vehicle vs. BTBR-bumetanide). (E) Total distance traveled in the open-field test (n = 8 each group; one-way ANOVA, F(2,21) =6.453, p = 0.0065, Bonferroni post hoc: *p < 0.05, WT-vehicle vs. BTBR-vehicle; N.S., not significant; BTBR-vehicle vs. BTBR-bumetanide). (F) Time spent in the open arms elevated plus maze test (n = 8, each group. One-way ANOVA, F(2,21) = 8.918, p = 0.0016, Bonferroni post hoc: ** p < 0.01, WT-vehicle vs. BTBR-vehicle; N.S., not significant; BTBR-vehicle vs. BTBR- bumetanide). All Data were presented as mean ± s.e.m.





mPFC Region-Specific Infusion of Bumetanide Alleviated Social Deficits in BTBR Mice

The mPFC has been recognized as a critical region in the regulation of social behavior. To examine whether mPFC region-specific delivery of bumetanide could affect social behaviors in BTBR mice, we employed region infusion with bumetanide (100 μM, 0.5 ul each side) to the mPFC in BTBR mice (Figure 2A). In the sociability stage of three-chamber test, similarly to systemic treatment, intra-mPFC bumetanide treatment had no significant effect in improving sociability of BTBR mice (Figure 2B, Top), as measured by both time spent in the chamber and direct interaction time with social stimulus. In social novelty stage, intra mPFC bumetanide ameliorates the social novelty preference of BTBR mice, reflected both by time investigated in the novel social stimulus (S2) chamber and direct interaction time with the novel stimulus as compared to the familiar stimulus (S1) (Figure 2B, Bottom). This suggested that bumetanide alleviated social deficit in a mPFC region-specific way. Furthermore, in the open field test, no significant differences were observed with infusion of bumetanide to mPFC in total distance of locomotion behavior compared to vehicle-treated BTBR mice (Figure 2C). In the elevated zero maze test, vehicle-BTBR mice spent more time in the open arm than WT mice, and bumetanide-treated BTBR mice spent similar amounts of time in the open arm as vehicle group suggesting that bumetanide did not alter anxiogenic effects (Figure 2D). These data suggest that the effectiveness of bumetanide in alleviating social deficit is a mPFC region-specific way without causing nonspecific behavioral effects.




Figure 2 | mPFC region-specific infusion with bumetanide alleviated social deficit in BTBR mice. (A) Schematic representation of the experimental procedure. Male BTBR mice were administrated with bumetanide (100 μM) or vehicle into mPFC. (B) Top: time spent in the social stimulus or empty chamber and total interaction time with stimulus mouse or empty wire during sociability stage (WT, n = 8; BTBR-vehicle, n = 8; BTBR-bumetanide, n = 13. paired Student’s t-test. Time in compartments, **p < 0.01, WT S1 vs. EM; N.S., not significant, BTBR-vehicle S1 vs. EM; N.S., not significant, BTBR-bumetanide S1 vs. EM; interaction time, *p < 0.05, WT S1 vs. EM; N.S., not significant, BTBR-vehicle S1 vs. EM; N.S., not significant, BTBR-bumetanide S1 vs. EM). Bottom: time spent in familiar or novel stimulus chamber and total interaction time with familiar or novel stimulus mouse during social novelty stage (paired Student’s t-test. Time in compartments, **p < 0.01, WT S1 vs. S2; N.S., not significant, BTBR-vehicle S1 vs. S2; *p < 0.05, BTBR-bumetanide S1 vs. S2; interaction time, *p < 0.05, WT S1 vs. S2; N.S., not significant, BTBR-vehicle S1 vs. S2; *p < 0.05, BTBR-bumetanide S1 vs. S2). (C) Total distance traveled in the open field test (WT, n = 7; BTBR-vehicle, n = 7; BT BR-bumetanide, n = 11, one-way ANOVA, F(2,22) = 3.651, p = 0.0427, Bonferroni post hoc: *p < 0.05, WT vs. BTBR-vehicle; N.S., not significant, BTBR-vehicle vs. BTBR-bumetanide). (D) Time spent in the open arm during 5 min in elevated zero maze test (WT, n = 7; BTBR-vehicle, n = 7; BTBR-bumetanide, n = 11, one-way ANOVA, F(2,22) = 11.74, p=0.0003, Bonferroni post hoc: ***p<0.001, WT vs. BTBR-vehicle; N.S., not significant, BTBR-vehicle vs. BTBR-bumetanide). Data were presented as mean ± s.e.m.





Formation and Brain Distribution of the Nanoparticles Following Intra-mPFC Administration

We wrapped bumetanide in a core of PEG-PLA as illustrated in Figure 3A. To explore the cell distribution of the NP(bumetanide) in BTBR mice, we performed rhodamine-labeled nanoparticles to directly visualize NP(bumetanide). We then administered rhodamine-labeled NP(bumetanide) (100 μM) into mPFC and sacrificed the mice. Immunostaining of several markers for different types of cells to determine the co-localization of NP(bumetanide). As shown in Figure 3B, we examined Iba1, which is a typical microglia marker, and found that NP(bumetanide) accumulated in microglia. We further examined NeuN and GFAP, which represent neurons and astrocytes, respectively, and found no overlap of NeuN-positive cells and astrocytic cells with NP(bumetanide). These findings suggest that NP(bumetanide) targets microglia in vivo.




Figure 3 | NP(bumetanide) selectively targeting microglia of mPFC in vivo. (A) Schematic representation of the nanoformulated bumetanide experimental procedure. (B) Representative images of the fluorescence staining. NP(bumetanide) (Rhodamine-label, Red), microglia (Iba1, Green), Neuron (NeuN, Green), and astrocyte (GFAP, Green) and merged image in mPFC slices of BTBR mice, and co-localization of NP (bumetanide) and Iba1 are shown as arrow. Scale bar 100 μm.





NP (bumetanide) Infusion in the mPFC Alleviated Social Deficits in BTBR Mice

Next, we further examined the therapeutic effect of NP(bumetanide) in BTBR mice. Behavior tests were performed in BTBR mice after intra-mPFC NP(bumetanide) (100 μM) infusion (Figure 4A). Like NP-blank-treated BTBR mice, sociability stage analysis revealed no significant change in the amount of time spent in the S1 chamber or direct with S1 (Figure 4B, Top) in NP(bumetanide)-treated BTBR mice. We detected a statistically significant difference for the social novelty stage, showing that NP(bumetanide)-treated BTBR mice have increased social approach in this social novelty stage, while measured by time spent in the novel chamber and interaction time with the novel stimulus (Figure 4B, bottom). In addition, no changes were observed in total distance traveled between groups in the open field test (Figure 4C). NP(bumetanide)- and NP-blank-treated-BTBR mice spent nearly equal time in the open arm in the elevated zero-maze test, suggesting that NP(bumetanide) treated mice did not have increased anxiety levels (Figure 4D). Taken together, these data suggest that NP(bumetanide) is effective in alleviating social deficits in a non-neuronal manner without causing non-specific behavioral effects.




Figure 4 | mPFC region specific administration of NP(bumetanide) alleviated social deficits in BTBR mice. (A) Schematic representation of the experimental procedure. Male BTBR mice were intra-mPFC infusion of NP(bumetanide) (100 μM) or NP blank. (B) Top: time spent in the social stimulus or empty chamber and total interaction time with stimulus mouse or empty wire during sociability stage (BTBR-NP blank, n = 8; BTBR-NP(bumetanide), n = 12, paired Student’s t-test. Time in compartments, N.S., not significant, BTBR-NP blank S1 vs. EM; N.S., not significant, BTBR-NP(bumetanide) S1 vs. EM; interaction time, N.S., not significant, BTBR-NP blank S1 vs. EM; N.S., not significant, BTBR-NP(bumetanide) S1 vs. EM). Bottom: time spent in familiar or novel stimulus chamber and total interaction time with familiar or novel stimulus mouse during social novelty stage (paired Student’s t-test. Time in compartments, N.S., not significant, BTBR-NP blank S1 vs. S2; *p<0.05, BTBR-NP(bumetanide) S1 vs. S2; interaction time, N.S., not significant, BTBR-NP blank S1 vs. S2; *p<0.05, BTBR-NP(bumetanide) S1 vs. S2). (C) Total distance traveled in the open-field test (BTBR-NP blank, n = 8; BTBR-NP(bumetanide), n = 11, unpaired student t-test, N.S., not significant). (D) Time spent in the open arm in elevated zero maze test (BTBR-NP blank, n = 7; BTBR-NP(bumetanide), n = 11; unpaired student t-test, N.S., not significant). All data were presented as mean ± s.e.m.





NP (bumetanide) Alleviated Social Deficits in BTBR Mice Necessitate Microglia in mPFC

To explore whether the therapeutic efficacy of NP(bumetanide) was due to the cell-specific mechanism, we pretreated BTBR mice with PLX3397 to deplete microglia. PLX3397 is an orally selective CSF1R kinase inhibitor that has been reported to pharmacologically deplete more than 99% of microglia in the brain (34). Five-week-old BTBR mice were pre-treated with PLX3397 (290 mg/kg, standard chow) for 25 days with age-matched controls on standard chow, and infusion with NP(bumetanide) or vehicle in the mPFC for three times from day 21. Mice were tested on behavior tests (Figure 5A). Immunostaining for Iba1 showed a reduction in microglia in the mPFC of BTBR mice (Figure 5B). In the sociability stage, microglia-depleted BTBR mice spent less time on exploration of social stimulation chamber and social stimulus similar to the BTBR mice, indicating that microglia-depleted BTBR mice had no improvement in social approach in this stage (Figure 5C Top). In contrast, NP(bumetanide)-treated microglia depletion BTBR mice also spent less time in the social stimulation chamber compared to WT control. Next, we found that microglia depletion BTBR mice spent less time on exploration of S2 than on S1 in the social novelty stage, showing that microglial depletion throughout the brain had no improvement on social deficits in BTBR mice. In particular, NP(bumetanide)-treated microglia depletion BTBR mice showed no significant improvement in investigating of S2 over S1 (Figure 5C Bottom), showing that microglia depletion blocked the therapeutic effect of NP (bumetanide) in BTBR mice. In addition, no changes were observed in total distance traveled between BTBR groups in the open field test (Figure 5D). Neither depletion of microglia group nor NP(bumetanide)-treated microglia depletion BTBR group have increased anxiety levels in BTBR mice compared to BTBR control group (Figure 5E). Together, these behavioral results demonstrate that microglia depletion alone has no effects on social behaviors, and NP(bumetanide) improved social behaviors necessitates the presence of mPFC microglia in BTBR mice.




Figure 5 | NP(bumetanide) improved social behaviors in BTBR mice necessitate microglia in mPFC. (A) Schematic representation of the experimental procedure. Male BTBR mice were pretreated diets formulated with PLX3397 (CSF1R antagonist) or control diets for 25 days. NP(bumetanide) was provided for 3 times from day 21 and behavior tests were tested. (B) Representative Iba1 immunofluorescent staining from the mPFC region of CDiet (Left) and PLX3397 (Right)- treated BTBR mice. Scale bar 100 μm. (C) Top: time spent in social stimulus or empty chamber and total interaction time with stimulus mouse or empty wire during sociability stage (WT + CDiet, n = 6; BTBR + CDiet, n = 6; BTBR + PLX3397, n = 9, BTBR + PLX3397 + NP(bumetanide), n = 10, paired Student’s t-test. Time in compartments, **p<0.01, WT + CDiet S1 vs. EM; N.S., not significant, BTBR + CDiet S1 vs. S2; N.S., not significant, BTBR+PLX3397 S1 vs. S2; N.S., not significant, BTBR+PLX3397+NP(bumetanide) S1 vs. EM; interaction time, *p<0.05, WT + CDiet S1 vs. EM; N.S., not significant, BTBR + CDiet S1 vs. EM; N.S., not significant, BTBR+PLX3397 S1 vs. EM; N.S., not significant, BTBR+PLX3397+NP(bumetanide). Bottom: time spent in familiar or novel stimulus chamber and total interaction time with familiar or novel stimulus mouse during social novelty stage (paired Student’s t-test. Time in compartments, *p<0.05, WT + CDiet S1 vs. S2; N.S., not significant, BTBR + CDiet S1 vs. S2; N.S., not significant, BTBR + PLX3397 S1 vs. S2; N.S., not significant, BTBR + PLX3397 + NP(bumetanide) S1 vs. S2; interaction time, *p<0.05, WT + CDiet S1 vs. S2; N.S., not significant, BTBR + CDiet S1 vs. S2; N.S., not significant, BTBR + PLX3397 S1 vs. S2; N.S., not significant, BTBR + PLX3397 + NP(bumetanide) S1 vs. S2). (D) Total distance traveled in the open-field test (WT + CDiet, n = 6; BTBR + CDiet, n= 6; BTBR + PLX3397, n =8; BTBR + PLX3397 + NP(bumetanide), n = 8, one-way ANOVA, F(3,24) = 3.704, p=0.0254, Bonferroni post hoc: *p < 0.05, WT + CDiet vs. BTBR + CDiet; N.S., not significant, BTBR + CDiet vs. BTBR + PLX3397; N.S., not significant, BTBR + CDiet vs. BTBR + PLX3397 + NP(bumetanide). (E) Time spent in the open arm in elevated zero maze test (WT + CDiet, n = 6; BTBR + CDiet, n= 6; BTBR + PLX3397, n =8; BTBR + PLX3397 + NP(bumetanide), n = 8, one-way ANOVA, F(3,24) = 3.326, p=0.0366, Bonferroni post hoc: *p < 0.05, WT + CDiet vs. BTBR + CDiet; N.S., not significant, BTBR + CDiet vs. BTBR + PLX3397; N.S., not significant, BTBR + CDiet vs. BTBR + PLX3397 + NP(bumetanide). Data were presented as mean ± s.e.m.






Discussion

In this study, we reported that bumetanide alleviated social deficits in BTBR mice in a region- and cell type-specific manner (Figure 6). Specifically, both systemic and mPFC region-specific delivery of bumetanide treated social deficits without influencing basic locomotor activity and anxiety-like behaviors in BTBR mice. Moreover, using a nanoparticulate drug delivery system, we showed that NP(bumetanide) also has a therapeutic effect in BTBR mice, in a microglia-dependent fashion. Mechanistically, NP(bumetanide) selectively targets microglia but not neurons or astrocytes and it was enough to alleviate social novelty impairments in BTBR mice in a mPFC region-specific way. These findings demonstrated a novel therapeutic strategy for ASD and a new insight into the function of bumetanide on immune cells.




Figure 6 | A proposed work model by bumetanide and NP(bumetanide) in the BTBR mice.



Although preclinical and clinical studies have reported bumetanide attenuates symptoms of ASD (7, 9, 14, 35), two phase III clinical trials of bumetanide in ASD patients were terminated because of ineffective outcomes. These failure outcomes may be due to the difference in methodology including the dosage of bumetanide, multi-center trials, the possible high dropout rate, and the variability population with ASD (36). The precise effectiveness and action of bumetanide should be clarified. The effects of bumetanide were identified previously in maternal treatment of ASD mice (FRX and VPA) offspring (7). In our study, the results are consistent with previous findings in the systemic treatment of adolescent mice. The partial alleviation in social deficit alterations (improvement in social novelty exploration) that we observed in BTBR mice is implicated with the efficiency of bumetanide in treating social deficits, which is directly relevant to a core symptom of ASD. Despite the differences in the experimental methods, including model differences, inconsistent age of treatment starting, and treatment duration, our present study demonstrated reproducibility of bumetanide treatment in multiple models of ASD.

Furthermore, our results showed that bumetanide reduced repetitive behavior in BTBR mice. Indeed, BTBR mice are not the only ones that responded to bumetanide in several ASD mice models, including FRX and VPA, which also have improved repetitive behavior outcomes after treatment with bumetanide (7, 8, 37). Our results not only confirm previous findings as they provide evidence for the therapeutic effect of bumetanide, and complement in immune alterations found in rodent models of ASD.

Based on the wide tissue and cellular expression of NKCC1, combined with the low brain penetration and non-selective effects of bumetanide, it is proper to question if the effects of bumetanide in ASD are peripherally or centrally mediated. Recent investigations validated the role of NKCC1 as a pharmacological effector in rodent models of neurological diseases (38). Indeed, bumetanide modulated neuronal electrical parameters in vitro brain slice (7, 39), suggesting a central actions of bumetanide in ASD models. Enhancement of inhibitory neurotransmission by treatment with low doses of benzodiazepines improved deficits in autistic behavior in BTBR mice (40). To elucidate the roles of bumetanide at central nervous system level in ASD models, we investigated the effect of region-specific delivery of bumetanide in BTBR. The mPFC processes information related to social behavior especially in exploration of novelty social target (17), and the dysfunction of E/I ration in the mPFC contribute to ASD-like behavior in mice (15). We demonstrate the effects of mPFC-specific delivery of bumetanide and found this pattern was sufficient to improve social novelty exploration, similar to the therapeutic effects of the systemic way, suggesting a centrally-mediated mechanism by which bumetanide exerts its therapeutic effect on mice model of ASD. This finding is also consistent with the evidence that restoring the E/I balance is sufficient to ameliorate social approach in the VPA rodent models of ASD, as reported in previous findings (41), which could be due to manipulated E/I balance in the mPFC. Therefore, these findings emphasize the importance of the mPFC for the effect of bumetanide, and that the effects of systemic bumetanide treatment may be dependent on central targets, namely the mPFC region in the BTBR.

Besides the neuronal actions of bumetanide and its precise cellular targets of bumetanide in ASD, the effects of bumetanide on diverse cell types should also be investigated. Importantly, the pathophysiological factors of ASD include immune mechanism, and treatment targeting immune factors may be considered a novel therapeutic strategy for ASD. Microglia are the resident immune cells of the brain, and previous studies have shown microglia dysfunction in both patients with ASD and in preclinical models (26, 42, 43). We observed that NP(bumetanide) accumulated in microglia, and the infusion of NP(bumetanide) in the mPFC improved social novelty in BTBR strain. In order to provide mechanistic evidence that microglia-specific targeting can improve social deficit in BTBR mice, we established a pharmacological depletion of microglia in BTBR mice using a CSF1R inhibitor. Microglia are the only resident immune cells of the brain that express CSF1R, and it has been identified that short-term administration (3 weeks) of PLX3397 can eliminate virtually all microglia in the brain (34). Interestingly, in this study, no improvement was observed in microglia depletion BTBR mice as determined by social tests. It seems that microglia function is subtle in the brain and plays a complex role of microglia in ASD brain, as elimination of microglia alone is not sufficient to rescue social behavior. Microglia could secrete soluble factors and directly interact with neurons, participating in brain function. Indeed, depletion of microglia at an early development stage has led to autistic-like behavior in mice, which was associated with the deficit of synaptic pruning (44). Modulation of microglial function, rather than eliminating it, seems to be a more efficient strategy in ASD, and future research could use genetic manipulation tools to target microglia to further answer this question.

Crucially, the depletion of microglia significantly blocked the beneficial effects of NP(bumetanide) treatment in BTBR mice. Further understanding of the underlying molecular mechanisms of how bumetanide regulates microglia function remains to be elucidated. NKCC1 is expressed in glial cells, and a single-cell transcriptomic study (BRAIN-SAT database) has supported NKCC1 expression in microglia (21), which consisted of a recent study showing microglial NKCC1 expression in the brain (45), but its role in neurodevelopment conditions like ASD remains unknown. Researchers found that bumetanide attenuated LPS-induced acute lung injury by inhibiting NKCC1-mediated macrophage volume alteration and inflammatory function in a mouse model of LPS-induced lung injury (30). This indicates that the beneficial actions of NP(bumetanide) may be based on the anti-inflammatory action caused by the inhibition of NKCC1 in the microglia. However, there is an intriguing finding that the direct administration of bumetanide into the brain in vivo displayed the opposite effect of a systemic administration and can be explained by changes in K+ efflux mechanism in microglia (45). Therefore, the precise mechanism through the NKCC1 inhibitor bumetanide modulates the function of microglia in BTBR mice needs to be further investigated. We reasoned about several underlying mechanisms as follows: firstly, systemic treatment of bumetanide recently was reported to reduce inflammatory response in the brain of LPS-induced mice (45), and in the lung of LPS-induced lung injury mice (30), suggesting the therapeutic effects of systemic treatment of bumetanide in BTBR mice could be partially due to anti-inflammatory action. However, due to the non-selective action of bumetanide, neuronal and non-neuronal (both periphery and central) cells may be involved in this action; secondly, In this study, we used a nanoparticle system to deliver bumetanide, and the NP(bumetanide) would be easier to induce the phagocytosis function of microglia given the microglia are detector cells in the brain. Microglia phagocytosis is often reported to be suppressed in ASD models due to the lack of elimination of synapses by microglia. For instance, Fmr1 KO mice (Fragile X syndrome) showed impaired microglia-mediated synaptic elimination during the developmental period in CA region of the brain (46). TREM2 (a risk gene of Alzheimer’s disease related to microglial phagocytosis) KO mice displayed autistic-like behaviors and reduced microglial synaptic elimination (47). More recently reported that enhanced protein synthesis in microglia increased the number of excitatory synapses in the mPFC and caused autistic-like behavior in mice which may be related to a decrease in microglia motility and phagocytosis of synapses (48). In a maternal immune activation (MIA) mice model of ASD, minocycline treatment suppressed the inflammatory activation of microglia and restored the phagocytic of microglia whilst alleviating the autistic-like behaviors (49). Restoration of the motility and phagocytosis of microglia may be involved in NP(bumetanide)’s action in BTBR mice; thirdly, although bumetanide is a well-known inhibitor of NKCC1, it is possible to find out that the effects of bumetanide are due to other pharmacological effects independent of the NKCC1 inhibition.

Finding the specific cellular mechanism of bumetanide’s modulation of behavioral and cellular features related to ASD can provide instrumental information to better understand the pathophysiology of ASD. Using the nanoparticle drug system as a tool, we also demonstrated that NP(bumetanide) alleviates social behavior in an mPFC-microglia-dependent way in BTBR mice. The proposed link between bumetanide and microglia, which is involved in the recovery of social deficit in BTBR mice, provides an important set of evidence relating to neuroimmunology and ASD, as well as generating scope for future therapeutic targets.
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Objective: This study aims to detect the invisible metabolic abnormality in PET images of patients with anti-leucine-rich glioma-inactivated 1 (LGI1) encephalitis using a multivariate cross-classification method.

Methods: Participants were divided into two groups, namely, the training cohort and the testing cohort. The training cohort included 17 healthy participants and 17 patients with anti-LGI1 encephalitis whose metabolic abnormality was able to be visibly detected in both the medial temporal lobe and the basal ganglia in their PET images [completely detectable (CD) patients]. The testing cohort included another 16 healthy participants and 16 patients with anti-LGI1 encephalitis whose metabolic abnormality was not able to be visibly detected in the medial temporal lobe and the basal ganglia in their PET images [non-completely detectable (non-CD) patients]. Independent component analysis (ICA) was used to extract features and reduce dimensions. A logistic regression model was constructed to identify the non-CD patients.

Results: For the testing cohort, the accuracy of classification was 90.63% with 13 out of 16 non-CD patients identified and all healthy participants distinguished from non-CD patients. The patterns of PET signal changes resulting from metabolic abnormalities related to anti-LGI1 encephalitis were similar for CD patients and non-CD patients.

Conclusion: This study demonstrated that multivariate cross-classification combined with ICA could improve, to some degree, the detection of invisible abnormal metabolism in the PET images of patients with anti-LGI1 encephalitis. More importantly, the invisible metabolic abnormality in the PET images of non-CD patients showed patterns that were similar to those seen in CD patients.

Keywords: FDG-PET, anti-LGI1 encephalitis, independent component analysis, machine learning, multivariate cross-classification


INTRODUCTION

Leucine-rich glioma-inactivated 1 (LGI1) antibody encephalitis is one of the subtypes of autoimmune limbic encephalitis (ALE) that is characterized by a rapid progression of neurological and psychiatric deficits (1). It has been clinically demonstrated that the outcomes of ALE can be improved by early diagnosis and treatment (2–4). In the existing criteria, antibody testing is necessary and effective in the diagnosis of autoimmune encephalitis (1, 2). However, antibody testing is time-consuming and not easily accessible and therefore, a diagnosis based on antibody testing is likely to delay the treatment (2). In fact, as suggested by a position paper (2), a preliminary treatment can be initiated by an early assessment based on some traditional clinical characteristics and commonly used methods of diagnosis, such as magnetic resonance imaging (MRI), electroencephalography (EEG), or cerebrospinal fluid (CSF), before obtaining the results of antibody testing, which, in turn, will refine the initial diagnosis and treatment. However, the MRI results in some patients with anti-LGI1 encephalitis were normal (5–7) and positron emission tomography (PET) can increase the sensitivity to LGI1 encephalitis compared to MRI (6, 8, 9). Therefore, PET may be a prospective imaging tool for the early diagnosis of LGI1 encephalitis. Nevertheless, for a proportion of patients with anti-LGI1 encephalitis, the metabolic disorders were not yet perceptible (6). A recent study found the abnormal intensity of the PET signal in some areas within the medial temporal lobe and/or the basal ganglia for patients with autoimmune encephalitis (including many patients with anti-LGI1 encephalitis) who could not be identified by visual inspection (10). This finding implied that quantitative analysis may improve the identification of non-completely detectable (non-CD) patients.

Machine learning (ML), a multivariate analysis method, presents higher sensitivity than traditional univariate analysis (11, 12) and it is increasingly applied to medical imaging analysis, such as MRI, PET, and computed tomography (CT) (13–15). However, for the analysis of medical images based on ML, the number of samples is usually less than that of features, resulting in “overfitting” (16). To address this problem, feature selection or dimension reduction is conducted before training a classifier (17, 18). Independent component analysis (ICA) has been proved to be an effective method for dimension reduction (18), particularly for the multivariate analysis with a limited number of data samples (e.g., PET images).

The aim of this study was to use the combination of ICA and a method of multivariate cross-classification (MVCC) (19) to discriminate between patients with anti-LGI1 encephalitis whose metabolic disorders within the medial temporal lobe and the basal ganglia were not able to be visually detected from their PET images (referred to as non-CD patients) and healthy participants. We further aimed to explore the consistency in PET image features between the non-CD patients and the patients with anti-LGI1 encephalitis whose metabolic disorders within both the medial temporal lobe and the basal ganglia could be visually detected from their PET images [referred to as completely detectable (CD) patients].



MATERIALS AND METHODS


Participants

This study recruited 33 patients with anti-LGI1 encephalitis (57.91 ± 11.91 years; 22 males), and part of them had been recruited in the study by Lv et al. (10). These 33 patients were in acute or subacute disease courses for in-patient care and were confirmed by the neurology physicians based on clinical symptoms and modified Rankin Scale score (all ≥3). The inclusion criteria (10) for patients are as follows: (1) the LGI1 antibodies were positive in serum and/or CSF; (2) patients presented clinical symptoms of the medial temporal lobe damage (such as drug-resistant epilepsy, cognitive impairment, and behavioral abnormalities), sleep, and autonomic dysfunctions (20); (3) PET/CT images were available; and (4) new-onset seizures showing response to immunomodulatory therapies. The exclusion criteria (10) for cases are as follows: (1) patients with acute infectious encephalitis; (2) patients with seizures caused by severe metabolic abnormalities, such as renal or hepatic failure, malignant hypertension, or severe hypo/hyperglycemia; (3) patients with seizures caused by brain structural lesions, such as stroke and tumor. We also recruited 33 healthy participants (54.64 ± 7.44 years; 23 men) without any neurologic diseases or psychiatric illnesses, who had been recruited in the study by Lv et al. (10). Table 1 summarizes the demographics of the participants. There was no significant difference in age or gender between patients with anti-LGI1 encephalitis and healthy participants (p > 0.05). All participants underwent 18Fluorodeoxyglucose (18F-FDG) PET/CT scan in our tertiary epilepsy center (May 2014 to November 2018). The Medical Ethics Committee of Beijing Tiantan Hospital of Capital Medical University approved this study in accordance with the Declaration of Helsinki. All participants provided written informed consent before participating in the study.


Table 1. Demographics of participants.
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Image Acquisition

For each participant, a brain 18F-FDG PET/CT scan was performed in order to evaluate the metabolism. Blood glucose level was confirmed to be normal after a fast of at least 6 h. Then, 0.10–0.15 mCi of 18F-FDG per kg of body weight was injected. PET/CT images were acquired using a multidetector helical PET/CT scanner (Discovery 690, GE Medical Systems) after 30 min of rest in a dark room with eyes opened. To avoid the effect of seizures, video EEG was used to monitor brain activity to ensure the absence of seizures 1–2 h before the PET/CT scanning. In addition, before and after the PET/CT scanning, the physician observed the participant's status and confirmed the absence of seizures. Thus, during the PET/CT image acquisition, none of the patients presented seizures.



Visual Assessment

Anti-LGI1 encephalitis is reported to be related to abnormal metabolism of the medial temporal lobe (left and/or right) (2, 21, 22). Additionally, many previous studies found that the metabolism of the basal ganglia was also abnormal for patients with anti-LGI1 encephalitis (21–24). Therefore, in the PET image of the patient with anti-LGI1 encephalitis, the medial temporal lobe and the basal ganglia of the brain were reviewed blindly and independently by an attending doctor of nuclear medicine and two experienced neurology specialists to inspect whether or not the glucose metabolism of these brain areas was abnormal. Inconsistent diagnoses were reconciled by discussion among the reviewers. Regardless of hemispheres, the patients with visible metabolic abnormality in both the medial temporal lobe and the basal ganglia in PET images were referred to as “CD patients” and those without were referred to as “non-CD patients.”



Image Preprocessing

All image preprocessing was performed using Statistical Parametric Mapping software (SPM12, Wellcome Trust Center for Neuroimaging, London, United Kingdom; http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). First, the CT images were co-registered to the corresponding PET images, and then the co-registered CT images were normalized into the Montreal Neurological Institute (MNI) template. The CT normalization was performed using an open-source Clinical Toolbox (https://www.nitrc.org/projects/clinicaltbx/), which is used as a plug-in in SPM12 (25). Second, using the transformation of CT image spatial normalization, the PET images were normalized into the MNI template. The PET images were then resampled to 2 × 2 × 2 mm3. Third, the normalized PET images were spatially smoothed using an 8-mm isotropic full width at half maximum (FWHM). Fourth, each smoothed PET image was normalized by dividing the intensity of each voxel by the average of the intensities across the highest 20% of the voxels whose intensities were greater than one-eighth of the mean of the PET image (26, 27). Finally, the gray matter voxels in PET images were reserved using a gray matter binary mask that was produced based on a mask of gray matter included in SPM12.



Independent Component Analysis

In this study, the preprocessed PET image of each participant was the original PET image. Spatial ICA decomposed the original PET images of all participants into spatially independent components with the same resolution and size as the original PET images. As shown in Figure 1, each original PET image was the summation of the products of the independent components and their respective coefficients. The independent components were invariant to all participants, whereas the coefficients were specific to each of the participants. Thus, the original PET image could be represented by the corresponding coefficients. Because the number of these coefficients was less than the dimension of the original PET image, these coefficients were used in the subsequent construction of the classification model in place of the original PET image. The coefficients corresponding to all participants constituted the coefficient matrix (i.e., the matrix A in Figure 1).
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FIGURE 1. Spatial ICA decomposition of original PET images. The left column indicates the original PET image for each participant. The images in each dash rectangles indicate the corresponding independent component, which is invariant to all participants. The coefficients of each row are specific to the participant of the same row, which is used in the subsequent construction of the classification model in place of the original PET image of the corresponding participant. The coefficients of all participants, namely, ai, j (i = 1,2,…,34; j = 1,2,…,34), constitute the coefficient matrix (i.e., A). X denotes the original PET images, each row of which corresponds to an original PET image reshaped into a vector. S denotes the independent components, each row of which corresponds to an independent component reshaped into a vector. ICA, independent component analysis; IC, independent component.


In this study, spatial ICA was performed using the ICASSO toolbox included in GIFT (http://trendscenter.org/software/). Specifically, in the training cohort, the original PET images were decomposed into the coefficient matrix (Atraining) and 34 spatially independent components (S) by ICA (Figure 2). To ensure the reliability of the spatially independent components, the decomposition based on ICA was repeated 200 times. Then, all independent components were clustered according to their mutual similarities. For each cluster, the independent component that showed the maximum similarity to the other independent components in the same cluster was considered a more reliable independent component. Thus, 34 reliable independent components from 34 clusters were selected, respectively. Then, the coefficient matrix of the testing cohort (Atesting) was calculated by the production of the original PET images of the testing cohort and the pseudo inverse of the S obtained in the training cohort (Figure 2). The rows of Atraining and Atesting were used as the feature vectors to train and test the classification model, respectively.


[image: Figure 2]
FIGURE 2. The training and testing of the classification model. Xtraining and Xtesting denote the original PET images of training and testing cohorts, respectively, each row of which corresponds to an original PET image reshaped into a vector. Atraining and Atesting are the coefficient matrixes for training and testing cohorts, respectively. S denotes the independent components in the training cohort, each row of which corresponds to an independent component reshaped into a vector. S+, the pseudo inverse of the S; SD, standard deviation; LOOCV, leave-one-out cross-validation; λ, the hyper-parameter of the logistic regression model.


The coefficients of each column of Atraining were normalized by first removing their mean value and then dividing them by their SD. In contrast, the coefficients of each column of Atesting were normalized by first removing the mean value and then dividing by the SD across the coefficients of the corresponding column of Atraining.

For the normalized Atraining and Atesting, the coefficients of each row were specific to the corresponding original PET images in the training and testing cohorts and, therefore, were used in the subsequent training and testing of classification models in place of those corresponding original PET images, respectively.



Multivariate Cross-Classification

In this study, the logistic regression model was used to discriminate between non-CD patients and healthy participants. In total, 33 healthy participants were randomly divided into two groups. There was no significant difference in age between the two groups [t(31) = 1.59; p > 0.05]. The training cohort included all CD patients (n = 17; 57.53 ± 11.76 years; 12 men) and one group of healthy participants (n = 17; 56.59 ± 9.80 years; 13 men) as controls. The testing cohort included all non-CD patients (n = 16; 58.31 ± 12.45 years; 10 men) and another group of healthy participants (n = 16; 52.56 ± 2.61 years; 10 men) as controls. There was no significant difference in age between patients and healthy participants for the training cohort [t(32) = 0.25; p > 0.05] or for the testing cohort [t(30) = 1.81; p > 0.05]. Table 2 lists the clinical characteristics of the CD patients in the training cohort and those of the non-CD patients in the testing cohort. As summarized in Table 2, when comparing CD patients of the training cohort with the non-CD patients of the testing cohort, a significant difference was observed only in the number of MRI abnormalities of the medial temporal lobe (p < 0.05). In contrast, there was no significant difference in each of the other clinical characteristics between the CD patients of the training cohort and the non-CD patients of the testing cohort (p > 0.05). Such differences in clinical characteristics were assessed using the two-sample Student's t-test for continuous data and Fisher's exact test for categorical data. The two-sample Student's t-test was performed using the SPSS Statistics software (SPSS for macOS, version 26.0, Chicago, IL, United States), and Fisher's exact test was performed using Python, version 3.6.


Table 2. Comparison of clinical characteristics between CD patients of the training cohort and non-CD patients of the testing cohort.

[image: Table 2]

As mentioned earlier, each row of the Atraining and the Atesting was specific to the corresponding original PET image in the training and testing cohorts, respectively. Thus, the rows of Atraining and Atesting were used as the feature vectors to train and test the logistic regression model, respectively. To determine the optimal value of the hyperparameter (λ) of the logistic regression model, leave-one-out cross-validation (LOOCV) was performed for each of 21 potential values [i.e., λ = (2−10, 2−9,..., 29, 210)]. The optimal λ value with the highest area under the curve (AUC) value was selected, with which a final logistic regression model was constructed using all samples from the training cohort, and then was tested by the testing cohort. The logistic regression model was implemented using scikit-learn version 0.23.2 (https://scikit-learn.org/stable/index.html).

Given the labels one and zero for patients and healthy participants in the classification model, respectively, 0.5 was set as a classification threshold. Thus, a sample with the prediction probability > 0.5 was classified as a patient, and that with the prediction probability ≤ 0.5 was classified as a healthy participant. In the testing cohort, the accuracy was calculated by dividing the number of correct predictions of the testing cohort by the number of all samples of the testing cohort. The sensitivity was calculated by dividing the number of correct predictions of the non-CD patients by the number of all non-CD patients. The specificity was calculated by dividing the number of correct predictions of controls by the total number of controls. A receiver operating characteristic (ROC) curve, which is independent of the classification threshold, was also used to evaluate the performance of the classification model. The ROC curve was plotted with the true-positive rate (i.e., sensitivity) and false-positive rate (i.e., 1-specificity) as vertical and horizontal coordinates, respectively, both of which varied as the functions of the classification threshold. The AUC was defined by the area under the ROC curve.



Significant Independent Components Selection

In the logistic regression model, the weights corresponded to the independent components one by one, respectively. The absolute value of each weight indicated the contribution of the corresponding independent component to discriminate between patients and healthy participants. Thus, we first ranked all weights according to their absolute values and then selected the top two weights (i.e., about the top 5% or p < 0.05). Two independent components corresponding to these top two weights were selected as significant independent components, which presented the difference in PET images between patients and healthy participants. The significant regions of these two independent components can be identified by converting them to z-score maps.

However, in this study, the interpretation of the z-score maps should be done by considering the signs of the weights in the classification model to which these z-score maps corresponded, respectively. This is because the sign of the weight in the classification model indicated the association between the z-score map and the signal of the PET image. For example, if the weight was positive, then the positively significant regions in the z-score map indicated increased PET signals and therefore hypermetabolism, and the negatively significant regions indicated hypometabolism for patients. However, if the weight was negative, then the positively significant regions in the z-score map indicated hypometabolism, and the negatively significant regions indicated hypermetabolism for patients.

Thus, for ease of understanding, two significant independent components were first multiplied by the signs of their respective weights in the classification model. Then, these two sign-corrected independent components were converted to z-score maps, and the clusters with |z| > 2.58 (p < 0.01) and cluster extent ≥50 voxels were identified as significant clusters. Thus, for the patients with anti-LGI1 encephalitis, the positively significant and negatively significant regions in the z-score map indicated hypermetabolism and hypometabolism, respectively.




RESULTS


Visual Assessment Results

For all 17 CD patients, abnormal metabolism was found in both the medial temporal lobe and the basal ganglia in their PET images. Table 3 summarizes the results of visual assessment for non-CD patients. Among the 16 non-CD patients, the abnormal metabolism was not able to be identified in the medial temporal lobe or the basal ganglia for seven patients and was able to be identified only in the medial temporal lobe for four patients and only in the basal ganglia for five patients.


Table 3. The patients with anti-LGI1 encephalitis who were non-completely detectable by visual assessment (non-CD patients).
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Multivariate Cross-Classification

In the training cohort, 2−10 was selected as the optimal λ value by using LOOCV. The accuracy was 100% in the training cohort. In the testing cohort, the constructed classifier had good generalization ability, with a sensitivity of 81.25%, a specificity of 100%, an overall accuracy of 90.63%, and an AUC value of 0.95. Thus, four non-CD patients, whose abnormal metabolism was able to be visually identified only in the medial temporal lobe, and five non-CD patients, whose abnormal metabolism was able to be visually identified only in the basal ganglia, were fully detected by our model. In contrast, only four out of seven non-CD patients, whose abnormal metabolism was not able to be visually identified in the medial temporal lobe or the basal ganglia, were detected by our model. The ROC curve of the testing cohort is shown in Figure 3.


[image: Figure 3]
FIGURE 3. The performance of the logistic regression model for the testing cohort was evaluated by the receiver operating characteristic (ROC) curve. AUC, the area under the ROC curve.




Significant Independent Components for Classifier

There were a total of 34 weights in the logistic regression model, which corresponded to the independent components one by one, respectively (Supplementary Table 1). We ranked all weights according to their absolute values. As shown in Supplementary Figure 1, the absolute values of the first weight and the seventh weight were evidently larger than those of the other weights. Thus, IC1 and IC7 were selected as significant independent components. Then, IC1 and IC7 were multiplied by the signs of their respective weights in the classification model. The z-score maps of the sign-corrected IC1 and the sign-corrected IC7 were shown in Figure 4. For each of these two z-score maps, all local peaks within each significant cluster and their respective corresponding brain regions are listed in Table 4. As shown in Figure 4 and summarized in Table 4, significantly increased PET signals were observed in the bilateral medial temporal lobe, the bilateral basal ganglia, the left precuneus, the left medial part of the superior frontal gyrus, the right postcentral gyrus, and the left calcarine fissure and surrounding cortex, indicating that the patients with anti-LGI1 encephalitis presented hypermetabolism in these brain regions. In contrast, significantly decreased PET signals were observed in the right supplementary motor area, the bilateral calcarine fissure and surrounding cortex, and the lobule III of the vermis, indicating that the patients with anti-LGI1 encephalitis presented hypometabolism in these brain regions. These findings suggest that abnormal metabolism of these brain regions played an important role in discriminating between the patients with anti-LGI1 encephalitis and healthy participants.


[image: Figure 4]
FIGURE 4. The significant regions in the z-score maps of sign-corrected IC1 (A) and sign-corrected IC7 (B) (|z| > 2.58, p < 0.01, cluster extent ≥ 50 voxels). Red indicates the regions with a z value > 2.58 and a cluster extent ≥50 voxels, and blue indicates the regions with a z value < −2.58 and a cluster extent ≥50 voxels. The positively significant regions (red) and the negatively significant regions (blue) indicate hypermetabolism and hypometabolism in patients with anti-LGI1 encephalitis, respectively. The white number in the upper left of each sub-figure indicates the Montreal Neurological Institute coordinates of transversal slices. R/L, right/left.



Table 4. The significant brain regions (|z| > 2.58, p < 0.01, cluster extent ≥ 50 voxels) included in the two sign-corrected independent components corresponding to the first two weights in the rank of the absolute values of all weights of the logistic regression model.
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Additionally, there was also an obvious cutoff of the absolute value of weight between the top seven weights and the other ones. The z-score maps of the sign-corrected independent components corresponding to these weights (except the top two weights) are shown in Supplementary Figure 2, and the significant regions of these sign-corrected independent components are summarized in Supplementary Table 2.




DISCUSSION

In this study, an MVCC method combined with ICA was used to analyze the PET data to detect non-CD patients and explore the consistency in PET image features between non-CD patients and CD patients. To the best of our knowledge, this is the first study in which the MVCC method combined with ICA was used to analyze PET images of patients with anti-LGI1 encephalitis. In the MVCC, a logistic regression model was first trained using the PET images of CD patients and then tested using the PET images of non-CD patients. By transferring the learning from the former to the latter, the MVCC can detect the relatively weak PET signal changes related to anti-LGI1 encephalitis of non-CD patients and therefore discriminate between non-CD patients and healthy participants with higher accuracy. Compared to visual assessment, the MVCC increased the sensitivity of the detection of non-CD patients and, at the same time, preserved the highest specificity. However, it should be noted that for the non-CD patients whose abnormal metabolism was not able to be visually identified in the medial temporal lobe or the basal ganglia, only four out of seven (about 57.14%) were detected by our ML method. One probable reason for this relatively low detection rate of this type of patient may be that there was no such type of patient in the training cohort. Thus, in future studies, more patients without visible metabolic abnormalities in the medial temporal lobe or the basal ganglia should be included in the training cohort to improve the performance of the classification model.

In this study, the important roles of ICA were feature extraction and dimension reduction. The PET image of the patient with anti-LGI1 encephalitis is actually the compound of multiple different patterns of PET signals resulting from different sources, such as metabolic abnormality related to anti-LGI1 encephalitis, other brain activities, noise, and background. Among these patterns of PET signals, if the one related to anti-LGI1 encephalitis metabolic abnormality is relatively strong, it will be visible in PET images (i.e., CD patient). However, if this pattern of PET signal is relatively weak, it will be covered by the superposition of the other patterns of PET signals and therefore is not able to be detected by visual assessment (i.e., non-CD patient). In this study, these overlapping patterns of PET signals related to different sources were separated by ICA into different spatially independent components. As revealed by the results of MVCC, the independent components with PET signal changes in the medial temporal lobe and the basal ganglia provided the most contribution to the discrimination between non-CD patients and healthy participants. Thus, the important findings of the present study were that non-CD patients presented similar patterns of metabolic abnormality as those of CD patients, though the PET signals related to anti-LGI1 encephalitis metabolic abnormality were unable to be detected in them. These findings are consistent with previous studies about patients with anti-LGI1 encephalitis (6, 28, 29), suggesting that anti-LGI1 encephalitis is closely related to the metabolic abnormality in the medial temporal lobe and the basal ganglia. A recent study (7) also found that patients with anti-LGI1 encephalitis presented hypermetabolism in the medial temporal lobe and the basal ganglia (i.e., including the putamen and the caudate), consistent with the findings of the present study. However, some other brain regions showing metabolic abnormalities in the study (7) (e.g., angular gyrus, olfactory, and pons) were observed as normal regions in the present study. It should be noted that, in the study (7), the mean of standardized uptake values across the regions of interest was used to measure the metabolic abnormalities. In contrast, in this study, the independent images related to anti-LGI1 encephalitis were separated by ICA. This difference in the methods of feature extraction may be one of the potential reasons for the discrepancies in the findings between these studies.

In addition to the medial temporal lobe and the basal ganglia, other brain regions of patients with anti-LGI1 encephalitis were also revealed to present different PET signals from those of the healthy participants (Table 4). A previous study found that patients with anti-LGI1 encephalitis presented abnormal metabolism in the precuneus (23). A recent study reported that the supplementary motor area of two patients with anti-LGI1 encephalitis presented hypometabolism in their PET images (30). This existing evidence along with our findings suggests that the metabolic abnormality of the left precuneus and the right supplementary motor area may also play important roles in anti-LGI1 encephalitis.

As for the left medial part of the superior frontal gyrus, the right postcentral gyrus, the bilateral calcarine fissure and surrounding cortex, and the lobule III of the vermis, they are rarely specifically reported by previous studies about anti-LGI1 encephalitis. These brain regions are a part of the frontal lobe, the parietal lobe, the occipital lobe, and the cerebellum, respectively. The existing studies using PET have reported that metabolic abnormalities were observed in these lobes of the patients with anti-LGI1 encephalitis, for example, the bilateral frontal lobe (8), the bilateral (8) and right (31) parietal lobe, the occipital lobe (8, 29) and the cerebellum (29). Thus, these brain regions with abnormal PET signals in the present study may also be related to the anti-LGI1 encephalitis. In the present study, the mixed PET signals were separated by ICA and then analyzed as a whole by the classifier. Additionally, as confirmed in the present study, the multivariate analysis is more sensitive to the changes in PET signals than visual assessment. Thus, compared to conventional visual assessment, the MVCC method combined with ICA can reveal more potential brain regions with metabolic abnormalities related to anti-LGI1 encephalitis. However, the roles of these brain regions in anti-LGI1 encephalitis need to be further explored.

The present study still had some limitations. First, the number of samples was small. This is because the prevalence and incidence of anti-LGI1 encephalitis are relatively low (32, 33). Further work will include as many as possible patients with anti-LGI1 encephalitis, particularly the data from multiple institutes to improve the performance of the classifier. Second, the good performance may be partly due to the involvement of the patients with visible abnormal metabolism either only in the medial temporal lobe or only in the basal ganglia in the testing cohort. Thus, more patients whose abnormal metabolism was not able to be visually identified in either the medial temporal lobe or the basal ganglia should be included in future studies to improve the ability of the classification model to identify this type of patient.

In general, as a relatively new imaging methodology, 18F-FDG-PET has presented a wide application prospect in the diagnosis of autoimmune encephalitis (34). This study used an MVCC method of PET imaging based on ICA and logistic regression, which was able to take the best advantage of the information of PET images to reveal the difference in PET signals between the patients with anti-LGI1 encephalitis and healthy participants, even in cases where this difference is not accessible with visual assessment. Our method is helpful to promote the application of PET imaging in the early diagnosis of autoimmune encephalitis, whose clinical effectiveness needs to be further validated by many prospective studies.



CONCLUSION

This study used an MVCC method combined with ICA to detect non-CD patients and explore the consistency in PET image features between non-CD patients and CD patients. This method can improve, to some degree, the detection of invisible abnormal metabolism in the PET images of patients with anti-LGI1 encephalitis. More importantly, this study suggested that the patterns of PET signal changes caused by metabolic abnormalities associated with anti-LGI1 encephalitis were similar in CD patients and non-CD patients.
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Background

Schizophrenia (SCZ) is a severe psychiatric disorder that involves inflammatory processes. The aim of this study was to explore the field of inflammation-related research in SCZ from a bibliometric perspective.



Methods

Regular and review articles on SCZ- and inflammation-related research were obtained from the Web of Science Core Collection (WOSCC) database from its inception to February 19, 2022. R package “bibliometrix” was used to summarize the main findings, count the occurrences of the top keywords, visualize the collaboration network between countries, and generate a three-field plot. VOSviewer software was applied to conduct both co-authorship and co-occurrence analyses. CiteSpace was used to identify the top references and keywords with the strongest citation burst.



Results

A total of 3,596 publications on SCZ and inflammation were included. Publications were mainly from the USA, China, and Germany. The highest number of publications was found in a list of relevant journals. Apart from “schizophrenia” and “inflammatory”, the terms “bipolar disorder,” “brain,” and “meta-analysis” were also the most frequently used keywords.



Conclusions

This bibliometric study mapped out a fundamental knowledge structure consisting of countries, institutions, authors, journals, and articles in the research field of SCZ and inflammation over the past 30 years. The results provide a comprehensive perspective about the wider landscape of this research area.
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1 Introduction

Schizophrenia (SCZ), a severe psychiatric disorder with strong heritability, is characterized by persistent delusions and hallucinations (1). Approximately 24 million people worldwide suffer from SCZ, which has an onset from late adolescence to early adulthood (2). Patients with SCZ often have a significantly reduced life expectancy than the general population (3).

In recent years, the role of inflammation in the pathogenesis of SCZ has gained wide attention. Inflammation is an adaptive biological response activated by a poisonous stimulus (4). For instance, one study found increased concentrations of inflammatory cytokines in SCZ patients compared with healthy controls (5). A meta-analysis revealed that patients with SCZ had increased levels of pro-inflammatory cytokine compared to healthy control subjects (6). A longitudinal study also found that a higher serum C-reactive protein level at the age of 15 or 16 years was associated with a greater risk of SCZ in adulthood (7). As such, certain inflammatory biomarkers could serve as possible treatment targets in SCZ. A meta-analysis of 26 randomized controlled trials revealed that anti-inflammatory agents such as estrogens and aspirin may have therapeutic potential for SCZ (8). Despite the rapid growth of published literature on the topic of inflammation and SCZ, accurate and useful information such as the number of relevant publications, countries, institutions, journals, authors, and the frequently used keywords in inflammation-related research in SCZ remains lacking.

Bibliometrics is a widely used approach for examining academic publications (9). With the emergence of scientific databases such as Web of Science (WOS), research data is currently easily accessible, which facilitates the development of bibliometric research (10). Bibliometrics is a comprehensive method comprising quantitative and qualitative analyses that can reveal various features of publications, such as identifying countries, journals, authors, and institutions contributing to a research area, showing commonly cited studies and frequently used keywords, and establishing the cooperation between countries, institutions, and authors in a specific scientific research field (11). Moreover, the bibliometric method can conveniently provide new researchers with an overview of the evolution and developmental frontiers of a certain research field (12). Several bibliometric analyses have investigated the publication trend on either the field of SCZ or inflammation alone (13–16). For instance, a bibliometric study of 51,117 articles on SCZ published from 1975 to 2020 found that “inflammation” has been a trending keyword in recent years (16). Another bibliometric analysis provided a comprehensive overview of the development of motivation in SCZ (17). To date, however, no bibliometric analysis on the topic of SCZ and inflammation together has been published. To fill this gap, this bibliometric analysis constructed a global map of the scientific publications on SCZ and inflammation related research.



2 Methods


2.1 Data Acquisition and Search Strategy

Web of Science (WOS) is one of the most commonly used academic database sources which contains more than 12,000 influential journals (18). Compared with other databases such as Scopus and PubMed, it is widely recognized as the most comprehensive and reliable database for bibliometric analysis (18, 19). In this study, the relevant literature was searched and exported in the Web of Science Core Collection database (WOSCC) on February 19, 2022. WOSCC with all editions (i.e., Science Citation Index Expanded (SCI-expanded), Social Sciences Citation Index (SSCI), Conference Proceedings Citation Index-Science (CPCI-S), Emerging Sources Citation Index (ESCI), Conference Proceedings Citation Index – Social Science & Humanities (CPCI-SSH), Arts & Humanities Citation Index (A&HCI), Book Citation Index – Science (BKCI-S), Book Citation Index – Social Sciences & Humanities (BKCI-SSH), Index Chemicus (IC), and Current Chemical Reactions (CCR-EXPANDED)) was used. Following previous studies, the search strategy was set as the following (16): (TS = (inflammatory OR inflammation OR inflammations)) AND TS = (schizophren*)—literature types including regular and review articles, with no limitation in publication language. Relevant articles were exported and stored in the form of plain.txt (including full record and cited references) for further analyses.



2.2 Data Analysis

Bibliometric analyses were performed using three tools, namely, R version 3.5.6 (20), VOSviewer (21), and CiteSpace (22).

Bibliometrix is an R package containing a series of functions for scientometric quantitative research. In this study, it was used to 1) summarize the number of publications and citations of bibliometric analysis; 2) identify annual cumulative occurrences of the top keywords/terms; 3) calculate the cooperation frequency among countries; and 4) visualize a three-field plot of the Keywords Plus analysis.

VOSviewer is a distance-based bibliometric tool that focuses on the visualization of bibliometric networks (23). It can assign a set of closely related nodes into several clusters, where the same color indicates higher correlations of nodes (24). Additionally, VOSviewer supports the overlay visualization map, in which the color and distance of nodes represent how nodes are distributed in two-dimensional spaces (i.e., the time and associations) (25). VOSviewer was used in this study to perform 1) a co-authorship network that explored the authors’ and their institutions’ collaboration networks and 2) co-occurrence network that reflected the associations between authors’ keyworks.

CiteSpace is a free Java application, with a focus on dynamic visualizations that reflect the evolution of the bibliometric network over time (26). In this study, it was used to identify highly cited references and keywords with the strongest citation burst during a certain period.

Moreover, the generalized additive model was used to estimate the trend and number of publications through R with the mgcv package (27). An online bibliometric website (https://bibliometric.com/) was used to visualize the international collaboration between countries.




3 Results


3.1 Publication Summary

A total of 3,596 publications on SCZ and inflammation were included, with 2,757 regular and 839 review articles. Of these articles, 3,518 (97.8%) were published in English, while 20 were published in French, 20 in German, 12 in Spanish, 12 in Polish, 6 in Japanese, 3 in Turkish, 2 in Russian and 1 each published in Chinese, Hungarian, and Italian languages.

Figure 1 illustrates the number and trend of the annual publications on SCZ and inflammation. The annual growth rate was 10.72%. The first article was published in 1991, with the growth of the number of articles increasing steadily from 2 in 1991 to 72 in 2010. In the following 10 years, the number of articles has exponentially increased, growing from 115 articles in 2011 to 449 in 2021; there was a substantial growth from 286 in 2017 to 371 in 2018 (growth rate: 38.4%). Additionally, a generalized additive model was used to assess the relationship between the number of articles and the publication year (excluding 2022), which showed that the model fitted perfectly with the publications’ annual trend (R2 = 0.999). According to the prediction curve, during the next 10 years till 2032, the trend of the literature on SCZ and inflammation will continue to increase, with an expected number of 811 in 2032.




Figure 1 | Number of annual articles on schizophrenia and inflammation by years.





3.2 Analysis of the Most Productive Countries

Figure 2 shows the number of articles in each country/territory. The USA had the greatest number of publications (N = 785), followed by China (N = 324), Germany (N = 213), and UK (N = 211). Each of the remaining countries published less than 200 articles.




Figure 2 | A world map depicting the contribution of each country based on publication counts.



Supplement Figure 1 shows the international cooperation between countries/territories. Most of the research collaborations occurred between North American, European, Oceania, and East Asian countries, with the most frequent cooperation between the USA and China (frequency = 106), followed by the cooperation between the USA and UK (frequency = 101) and between Australia and Thailand (frequency = 74).



3.3 Analysis of the Most Productive Institutions

Approximately 3,800 institutions contributed to the research on SCZ and inflammation. Figure 3 shows the 10 most productive institutions, with the UK, USA, Australia, and Norway each had two most productive institutions in the list. The co-authorship analysis of affiliations could estimate relationships among different institutions by the number of coauthored publications. In the overlay network of co-authorship analysis, the size of the circle indicates the number of publications and the color represents the average commencement year of publications in the specific research field in each institution. As shown in Supplement Figure 2, 60 institutions, with the minimum of 20 publications, were identified. Researchers at University of Cambridge in the UK and Johns Hopkins University in the USA started early in the research field of SCZ and inflammation. In contrast, those at Deakin University in Australia and at Chulalongkorn University in Thailand conducted more recent research in this area.




Figure 3 | Top 10 institutions with most publications in the field of schizophrenia and inflammation research.





3.4 Analysis of the Higher-Impact Journals

The articles on SCZ and inflammation research were published across 918 journals. Table 1 displays the top 10 journals with the greatest number of publications and their recent impact factor (IF). In terms of Journal Citation Reports (JCR), most of the journals were classified into Q1 (90%), with 70% of the journal classified as psychiatry. As for the publisher location, of the top 10 journals, five out of the top 10 journals were in the USA, 3 in the UK, and 2 in Netherlands.


Table 1 | Top 10  journals with most publications in the field of schizophrenia and inflammation research.





3.5 Analysis of the Most Influential Authors

As presented in Table 2, 15,692 authors contributed to SCZ- and inflammation-related publications. Michael Maes’ team/lab was the most productive which published 98 articles (h_index = 32), followed by Michael Berk (60 articles with h_index = 27), Marion Leboyer (55 articles with h_index = 21), and Norbert Muller (47 articles with h_index = 28). Supplement Figure 3 shows the maps of cooperation between researchers; the minimum number of papers per author was set as 10. Of the remaining 94 authors, there were several communities, with each community clustering near one or two frequently published authors. The links between different communities were relatively sparse, which indicates that cooperation between research teams/labs conducting SCZ- and inflammation-related studies was not well established.


Table 2 | Top 10 authors with the most publications in the field of schizophrenia and inflammation research.





3.6 Analysis of Research Hotspots


3.6.1 Most Cited Articles

Citation analysis is a valuable method to assess the most highly cited articles; the frequency of citations could reflect the influence of articles in a specific research field (28). Supplement Table 1 shows the 10 most cited articles, all of which were published between 1997 and 2019, and 80% of them have reached more than 500 citations. Of these articles, the top three were meta-analyses, with two published in Biological Psychiatry. Specifically, the article entitled “Meta-analysis of cytokine alterations in schizophrenia: clinical status and antipsychotic effects” published in 2011 is the top-cited article in this field with 1,031 citations (6). This meta-analysis included 40 studies and revealed that certain cytokines (e.g., IL-1β, IL-6, and TGF-β) were state markers of acute exacerbations, while others (e.g., IL-12, IFN-γ, TNF-α, and sIL-2R) were trait markers. It also suggested that the association between cytokine and acute exacerbations of SCZ was independent of any antipsychotics.



3.6.2 Analysis of References With Citation Burst

Figure S4 illustrates the top 20 references with the highest citation burst. The minimum duration of the burst was 5 years, while the blue line represents the observed time interval from 1992 to 1991 and the red line represents the burst duration. Of these articles, the article entitled “Inflammatory Cytokine Alterations in Schizophrenia: A Systematic Quantitative Review” published in Biological Psychiatry has the strongest citation burst value during 2008–2013. Moreover, the citation burst for several articles is still ongoing, such as “Postmortem evidence of cerebral inflammation in schizophrenia: a systematic review,” which suggests that such research topics are likely to remain popular in the future and may become potential frontiers in the SCZ and inflammation research field.



3.6.3 Analysis of the Most Frequently Used Keywords

Of the 5,906 keywords, with a minimum number of occurrences as 30, 60 keywords met the criteria and were included for analyses. Following a previous study (29), keywords with similar meanings were merged. Figure 4A shows the network visualization of these keywords. The size of nodes reflects the occurrence frequency of keywords, while the distance between two nodes reflects the strength of their association. Keywords with a closer distance were classified into the same cluster, which roughly reflects the main topics in the SCZ and inflammation research area. Cluster 1 is colored in red, with the main keywords focusing on psychiatric disorder- and inflammation-related terms such as “bipolar disorder,” “depression,” “immune,” and “immunology,” cluster 2 in green focused on antipsychotics, with the main keywords “clozapine,” “minocycline,” and “olanzapine.” In addition, several terms, such as “c-reactive protein” and “interleukin-6,” were also included in cluster 2. Cluster 3 in blue color focused on the pathways related to SCZ and inflammation, with the main keywords “biomarkers,” “gene system,” and “brain.” Cluster 4 in yellow color focused on the central nervous system (CNS), mainly involving “neuroinflammation,” “microglia,” “Parkinson’s disease,” “Alzheimer’s disease,” and “Multiple sclerosis.” Cluster 5 in purple color focused on “cytokines,” “dopamine,” “glutamate,” and “animal model.” Figure 4B presents the overlay visualization of author keywords. The keywords that appeared earlier are colored in blue, while the orange color represents the keywords that have appeared recently. Keywords, such as “cytokines,” “antipsychotic,” “neurodevelopment,” “infection,” and “animal model,” were the major topics in the early period. In contrast, keywords “biomarker,” “immune activation,” “microbiome,” and “neuroinflammation” have been popular topics in recent years.




Figure 4 | Analysis of the research hotspots on schizophrenia and inflammation (A, network visualization of author keywords; B, overlay visualization of author keywords; C, top 10 most frequent keywords; D, visualization map of top 20 keywords with the strongest citations bursts).



Figure 4C shows the 10 most frequent keywords, with “schizophrenia” being the most used keyword with 1,187 frequencies, followed by “inflammation” (N = 632) and “bipolar disorder” (N = 440). Of the commonly used keywords, “Meta-analysis” (N = 328) was a statistical-related term. Figure 5 shows the relationships between affiliations, authors, and keywords in the field of SCZ and inflammation research.




Figure 5 | Three-field plot of the Keywords Plus analysis on schizophrenia and inflammation Notes: three-field plot of the keywords plus analysis: (middle field: affiliations; left field: authors; right field: keywords plus).





3.6.4 Analysis of Keywords With Citation Burst

Figure 4D shows the top 20 keywords with the strongest citations bursts, with the minimum duration of the burst being 3 years. The keywords “rat brain” (1998–2013), “plasma level” (2000–2016), “tumor necrosis factor” (2000–2015), and “schizophrenic patients” (1991–2011) have received the longest attention during the past period. The keywords “gut microbiota” (2019–2022), “mental disorder” (2019–2022), and “autism” (2019–2022) have been used more recently, which indicates that these keywords have attracted sufficient attention lately and potentially may be a hot research topic in the future.





4 Discussion

This bibliometric analysis study analyzed the development of SCZ- and inflammation-related research in the past 30 years. Articles on SCZ and inflammation showed a growing trend over the past decades, particularly since 2011. A similar trend was observed in a previous bibliometric study on SCZ alone, which found that the publication number has also grown substantially since 2011 (15). The potential reason for the expansion of research might be due to the increasing recognition of the role of inflammation (30) in the development of SCZ (31) and, therefore, increased research funding in this field. More than 90% of the articles were published in English, which is not surprising because the WOSCC database mainly included English journal articles, and English is the most widely used academic language globally (32).

In this bibliometric analysis, most of the relevant articles were published by corresponding authors from several countries such as the USA, China, Germany, and the UK. Similar patterns have been found in bibliometric studies in other fields such as depression (33), bipolar disorders (34), and general neuropharmacology (35). Academic capability is largely determined by the economic status of a country (36). Additionally, governmental expenditure on healthcare may be another important indicator of medical research outputs (37). The USA outspends all other countries in health expenditure with USD10,202 per resident (38), which may partly explain the largest number of publications in the USA. Most of the collaborations on SCZ and inflammation research are also centered on the USA, which is consistent with the prominent contribution of USA in this academic field, which indicates that collaborations between other countries/territories need to be enhanced.

Similar to the findings on the contribution of individual countries on relevant publications, a number of institutions in the UK, USA, and Australia published widely on SCZ and inflammation. In contrast, only one Chinese institution was among the top 15 institutions in the ranking list, even though China is the second most productive country in terms of publications, while one university in Thailand alone published almost 100 articles on SCZ and inflammation research, which is not consistent with the volume of country contribution. Most of these articles were based on collaboration, suggesting that interinstitutional collaboration is an important approach to improving the quantity and quality of publications.

Analyzing the characteristic of international peer-reviewed journals is helpful to understanding the current trends (39, 40). Among the top 10 most active journals in the field of SCZ and inflammation research, most of the publishers are in the USA and Western Europe. Schizophrenia Research was the most productive journal in the SCZ and inflammation research field; not surprisingly, this journal was also the most active journal with the maximum number of articles in other schizophrenia-related academic fields such as motivation in SCZ (17), cognitive behavioral therapy for SCZ (41), and magnetic resonance imaging studies of SCZ (42). In contrast, no publishers are based in East Asia although China and Japan were also two key countries contributing to SCZ and inflammation research. This highlights the importance of developing influential international journals in Asia. The IF of journals is a crucial evaluation indicator. JCR is also a commonly used index for evaluating the quality of journals based on the ranking of IF with four classifications, ranging from the top quartile (Q1) to the fourth quartile (Q4). However, no significant associations were found between number of articles, IF value, and JCR quartile in this study, which indicates that journals may use different approaches to establish research impact. Some journals prefer to publish a large number of articles, while others may prefer high-quality articles that may have more frequent citations with higher IF values or JCR quartile.

The number of articles published by a research team could reflect its activity and contribution in a certain scientific area. In 1995, a team in Thailand published an article on the association of immune-inflammatory variables in SCZ and mania, which has been highly cited (number of citations = 480) (43). The coauthorship between researchers is helpful to exploring existing collaborations and finding potential collaborators. Co-authorship analysis is a useful method to identifying existing partnerships and facilitating developing potential partners. Two teams in Thailand and Australia have collaborated closely, with one of their publications on the pathway between inflammation and bipolar disorder having more than 1,000 citations (44).

Hotspots refers to a scientific topic in a specific research area during a certain period of time, which is one of the key methodologies in bibliometric analysis (29). Citation analysis could reflect the academic influence of publications. Among the 10 most cited articles identified in this study, the key focus was inflammatory cytokine alterations in SCZ patients (45–48). Previous studies found that the imbalance of Th1/Th2 cytokines plays a vital role in SCZ, with a slant toward the Th2 system (45, 49, 50). In addition, IL-6 levels significantly decreased, while sIL-2R, IL-1RA, and IL-6 levels increased in SCZ patients (47). Among the 10 most cited articles, two articles were reviews on the pathology under SCZ and inflammation (51, 52), and another two articles focused on the treatment of psychiatric disorders (53, 54). In contrast, recent research focused more on SCZ- and inflammation-related genetic variants (55, 56). A genome-wide association study found that six immune candidates, namely, DPP4, HSPD1, EGR1, CLU, ESAM, and NFATC3, were associated with schizophrenia (57). Hence, this research field has been focusing on biomarker discovery and the development of precision treatments for SCZ patients. Keyword is an important indicator in scientific research as it reflects the core content of the relevant paper. The co-occurrence analysis of keywords could show the closeness and prevalence of the research topics in scientific areas (58). For the most frequently used keywords, apart from terms “schizophrenia” and “inflammation,” other commonly used keywords focused on the potential mechanisms of SCZ that involve inflammation. Additionally, biomarkers of inflammation c-reactive protein (CRP) appeared frequently. Researchers have found that the association between elevated CRP and SCZ was independent of confounding factors, such as BMI and smoking, which may lead to the development of immune treatments of SCZ (59). Bipolar disorder is another high-frequency keyword; SCZ and bipolar disorder often shared the same clinical attributes (60) and genetic factors (61); thus, they are usually investigated together.

The co-occurrence clustering function roughly divided the whole network into five clusters, with each cluster as a main topic. Cluster 2 in green color included keywords on antipsychotic medications. Some studies found that certain antipsychotic drugs may have immunomodulatory effects through targeting cytokines (62, 63). In addition, other studies found that certain anti-inflammatory drugs (e.g., aspirin) could be used as adjuncts to antipsychotic drugs, and their efficacy and safety in treating schizophrenia might be better than antipsychotics alone (54, 64). Cluster 4 in yellow color contained several CNS-related terms. Neuroinflammation, an innate activation response to an inflammatory stimulus, was often used in connection with microglia (65). Microglia, as the CNS-resident macrophages, has been shown to be involved in the initiation or progression of several CNS disorders, such as Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, and SCZ (66, 67). One explanation is that microglia can facilitate the maturation of neuronal progenitors by secreting insulin-like growth factors; thus, it may play a crucial role in CNS immune responses (68).

The burst detection analysis is an important approach to explore the evolution of research hotspots in an academic interest area. Articles or keywords with high citation bursts imply that they are actively discussed or used during a specific period. Gut microbiota has been an ongoing burst keyword since 2019, which is consistent with the development of microbiota–microglia axis hypothesis in the SCZ and inflammation field. Specifically, gut microbiota work as a regulator of microglial function, and microglia are involved in mediating inflammation and neurodegenerative disorders such as SCZ (69). Compared to healthy controls, immunomodulatory bacterial genera, such as Lactobacilli and Bifidobacteria, are relatively more prevalent in SCZ patients (70). Therefore, targeting a specific gut microbiome may be a future direction in SCZ treatment.

This study has several limitations. First, the data were retrieved from WOSCC alone. Although WOS has been recommended as the most reliable database for bibliometric studies (71–74), some articles may be still missed. Second, the majority of articles were published in English, which may lead to selection bias in terms of publication language. Third, certain inconsistencies may exist in various aspects; for example, one institution may use different names across different periods.



5 Conclusion

In conclusion, research on the role of inflammation in SCZ has received growing attention. The substantial growth in the number of annual publications suggests that this research field has gained importance globally, with the USA having the largest number of publications. This study has identified the key researchers and institutions involved in SCZ- and inflammation-related research globally. Schizophrenia Research was the most productive journal in this research field, while Molecular Psychiatry has the highest IF in this field. Inflammatory cytokine and genetic variants have been regarded as the hot topics, while gut microbiota may be a key direction of future research. These findings provide a comprehensive perspective for new researchers and policymakers about the wider landscape of this research field.
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Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder characterised by stereotyped behaviours, specific interests, and impaired communication skills. Elevated levels of pro-inflammatory cytokines, such as interleukin-17A (IL-17A or IL-17), have been implicated as part of immune alterations that may contribute to this outcome. In this context, rodent models have helped elucidate the role of T-cell activation and IL-17 secretion in the pathogenesis of ASD. Regarding the preclinical findings, the data available is contradictory in offspring but not in the pregnant dams, pointing to IL-17 as one of the main drivers of altered behaviour in some models ASD, whilst there are no alterations described in IL-17 levels in others. To address this gap in the literature, a systematic review of altered IL-17 levels in rodent models of ASD was conducted. In total, 28 studies that explored IL-17 levels were included and observed that this cytokine was generally increased among the different models of ASD. The data compiled in this review can help the choice of animal models to study the role of cytokines in the development of ASD, seeking a parallel with immune alterations observed in individuals with this condition.
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Introduction

Autism spectrum disorder (ASD) is a complex, heterogeneous neurodevelopmental disorder characterised by restricted patterns of repetitive behaviour, activities, interests and impairments in social skills and communication (1). In Europe, the prevalence was 0.38% in children aged 4 years and 1.55% in children aged 8 years, while in the USA, the prevalence ranged between 1.70% and 1.85%, respectively (2). ASD is also etiologically heterogeneous, and its precise mechanism remains undefined. However, studies have suggested that it results from a combination of immunological, environmental, and genetic factors which can affect brain development and synaptic plasticity (3).

There are currently no biomarkers identified for ASD as its diagnosis is mainly based on clinical assessments (4). However, increasing evidence suggests that an aberrant immune phenotype may be linked to the development of ASD (5). Elevated levels of inflammatory cytokines, such as IL-6, TNF-α, IFN-γ, IL-1β, and IL-12, have been detected in several tissues of individuals with ASD, such as serum, plasma, and brain (6, 7). Elevations in these cytokine levels have been associated with increased stereotypical behaviours, increased aberrant behavioural scores, increased impaired neurodevelopment, and a regressive form of ASD (8, 9). Further studies have also observed increased concentrations of pro-inflammatory cytokines in the amniotic fluid of mothers whose children developed ASD, supporting the role of increased immune activity in ASD development (10, 11).

Another pro-inflammatory cytokine implicated in ASD is IL-17 (12). IL-17 comprises a family of six structurally related cytokines that includes IL-17A (commonly referred to as IL-17), IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F (12). Although IL-17 is well known for its role in pathogenic responses, physiological effects of IL-17 include maintenance of mucosal integrity (13).

Elevated levels of IL-17 have been described in the serum of children with ASD (14), and enrichment in IL-17 genes was reported in individuals with ASD, indicating a possible role for this cytokine in the pathophysiology of this condition (15). Data suggesting the involvement of IL-17 in the development of ASD is also supported by findings in preclinical models of maternal immune activation (MIA) that linked the upregulation of IL-17 during pregnancy to the development of ASD-like behaviours (16).

Animal models have provided ground-breaking data in investigating the relationship between features related to ASD and altered IL-17 levels. It has been demonstrated that inducible models such as MIA by injection of polyinosinic:polycytidylic acid (poly(I:C)) or lipopolysaccharide (LPS), displayed elevated levels of IL-17 in maternal serum followed by upregulation of IL17Ra in foetal brains (16, 17). However, IL-17 levels in foetal, postnatal, and adult offspring of inducible or genetic models of ASD display conflicting data (18–20).

Therefore, a systematic review of data reporting altered IL-17 levels in rodent models of ASD was conducted. We aimed to answer the following questions (1): Are there IL-17 aberrations across rodent models of ASD? (2); If there are IL-17 aberrations across models, what is the magnitude of the difference? (3); Do these IL-17 aberrations differ across the age of rodent models?



Methods


Study Selection

Seven electronic databases were utilised for this systematic review: Web of Science, PubMed, BMC, Scopus, SciELO, Proquest Dissertations and Theses — Global, and British Library EthOS. SciELO (South America) was included to address English language bias. The search terms used and the number of records found in each electronic database can be seen in the Supplementary Material (see Supplementary Table 1).

We included records containing mouse or rat models of ASD that fitted our inclusion criteria, presenting ASD-like phenotypes and IL-17 analysis. We included all records regardless of the sex or age of the animals. Furthermore, we added all records published between January 1st, 2000, and January 1st, 2022.

We excluded studies that did not analyse IL-17 levels and were not original research studies. Additionally, review articles, posters, and abstracts from conferences, case studies, and retracted articles were excluded.



Data Extraction, Synthesis, and Quality Assessment

Three reviewers (AJT, LPV, and FDRP) independently screened abstracts, assessed full-text articles, extracted data, and evaluated the risk of bias. Disagreements and inconsistencies were resolved by the consensus of all review group members. The study search strategy is outlined by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The study is registered on PROSPERO (CRD42022306558).

Data extracted included the type of mouse or rat model, IL-17 alterations, intervention characteristics (i.e. dosing regimen for MIA models), the age, and sex of the animals. Studies were assessed using the CAMARADES’ study quality checklist criteria adapted as follows (21): peer-reviewed publication; random allocation to treatment or control; appropriate animal model (MIA, chemically induced, inbred strain); sex-matched animals; age-matched animals; sample size calculation; compliance with animal welfare regulations; and statement of potential conflict of interests. Each study was given a quality score out of eight points. These criteria were chosen to identify the overall methodological quality of those records.

Furthermore, by amending the quality checklist to include age and sex match animals, this review seeks to ensure that appropriate comparisons between control and treatment groups were made. It is possible that cytokine aberrations in ASD models significantly differ across age and sex and ensuring that animals were age and sex-matched may reduce this bias (Table 1).


Table 1 | Bias assessment and study quality using animal data from experimental studies (CAMARADES) checklist items.



One reviewer (AJT) assessed the risk of bias and included records using the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) (46). This risk of bias tool assessed methodological quality using animal study-specific criteria and was adapted (46) from the Cochrane Risk of Bias tool. For each included study, the parameters for each type of bias were marked as Yes (Y), No (N), or Unclear (U). A final score out of 10 was given to each study (Table 2).


Table 2 | Systematic Review Centre for Laboratory animal Experimentation (SYRCLE) scale for risk of bias.






Results


Study Selection

A total of 643 records were obtained from the database search (see Supplementary Table 1). Following duplicate removal, we screened 630 records, and 28 studies met inclusion criteria (Figure 1). All these articles were considered appropriate and were included in this review. Among them, two articles - Chen et al., 2019 and Ozaki et al. (22, 34) - were added using a snowballing technique as they fitted the inclusion criteria but did not show up in the total searches and one article - Kim et al. (45) - was included as it met the inclusion criteria and was published in January, 11 2022. A total of 28 papers were analysed in this review.




Figure 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart.



Only two studies using rat models matched the criteria for this review (26, 42). Many of the studies generated by the database searches focused on mouse models of ASD. This indicates a data gap and raises the question of if mouse models have better mechanical viability when modelling immune aberrations of ASD compared to rat models; however, this may also be due to the broader availability of mouse cytokine evaluation kits and the prevalence of mouse models in immunology.



Quality Assessment

According to CAMARADES’ quality scale, the 28 records included articles had a mean score of 5.42 ± 0.77 (mean ± standard deviation) out of a possible 8 (Table 1). All papers were published in peer-reviewed journals, and most used models of ASD. Most records used age and sex-matched animals. However, some articles were unclear on whether female rodents were included. This may affect the results obtained since sex-biased alterations of IL-17 in rodent models of ASD is unknown. Furthermore, none of the articles showed the sample size calculations, further affecting the results. Also, the allotment of treatment groups, the use of different litters, and the number of pups per litter were not mentioned. Nevertheless, all articles complied with animal welfare regulations, and many articles included disclosure of potential conflicts of interest.

The assessment of the risk of bias can be seen in Table 2. The mean SYRCLE score among all included records was 3.82 ± 1.41. Of the 28 studies included, no papers randomly housed the animals within the animal unit. Most of the records did not blind investigators, and similarly, only 9 papers utilised blinded outcome assessors. In addition, many of the studies did not appropriately generate and apply a sequence generation to the animals used. One study completed a random outcome assessment (26). Similarly, only 8 studies addressed incomplete data.

Furthermore, only 1 of the studies included in this review, Reed et al. (19), concealed the allocation of control and treatment groups (19). All papers had no other apparent sources of bias when reviewed with the SYRCLE guidelines. All studies also established the baseline characteristic of control IL-17 levels compared with ASD rodent models.



Qualitative Synthesis


Altered IL-17 in MIA Models

A total of 16 studies identified from the database search utilised MIA models of ASD, and all of them described alterations in IL-17 levels (16, 17, 19, 22–26, 29, 32, 33, 35, 41, 42, 44) (Table 3). Most of the papers used one of two different protocols of inducing MIA, either utilising an intraperitoneal (i.p.) injection of 20 mg/kg of poly(I:C), or an injection of 0.05 mg/kg of LPS, at embryonic day (E) 12.5. One study used a subcutaneous osmotic pump releasing IL-17 at a rate of 0.025 mg/kg per hour to simulate chronic inflammation (35). A further study induced the MIA model through sensitisation with 10µg of ovalbumin to mimic chronic maternal allergic asthma in C57BL/6 and FVB mice, which develop mild and a more severe asthma respectively (41). Out of the 15 studies, 13 reported increases in IL-17 levels, with one article reporting no alteration in IL-17 production compared to BTBR mice (a well-established model of ASD) (24) and a second report noting a significant decrease in IL-17 at postnatal day 30 (25). A further study found that IL-17 levels decreased at 48 hours post injection (44). IL-17 was assessed at different ages throughout the studies, from foetal to adult (15 weeks old) and in both offspring and dams. When comparing results for each age point, much of the data obtained for each age was similar. There was also a variety of tissues used, the most frequent being offspring serum, brain, kidney, spleen, maternal serum, placenta, and uterus. One study examined IL-17 secretion in lymphocytes from the lamina propria derived from colon tissue (45). Many of the papers that used the same tissue types for the analysis reported similar IL-17 alterations. The studies utilised a variety of techniques, including ELISA, flow cytometry, cytometric bead array, and real-time PCR to assess and infer IL-17 levels.


Table 3 | Qualitative synthesis of studies included.





Altered IL-17 in Chemically Induced Models

One study investigated if exposure to teratogens during pregnancy could induce similar alterations to the well-established model of maternal activation poly(I:C) (34). In this case, pregnant C57BL/6 mice were exposed to the polybrominated diphenyl ether (PBDE) 209 and lead (Pb), common pollutants that co-exist in the environment. The study suggested that the perinatal exposure to the mixture of PBDE209 and Pb elicited restricted, repetitive patterns of behaviour and affected learning in male offspring, and IL-17 levels were increased in the serum of mice at postnatal day 30 (34). However, social behaviour was not impaired after chemical exposure, differently from the observed in the poly(I:C) model (34). This suggests that although not all behavioural alterations typically associated with animal models of ASD were induced by these teratogens, neurobehavioral alterations were still present and therefore presenting relevant validities as a model. A further study found that neonatal and P1 pups from dams treated with valproic acid to induce chronic immune response had significantly higher IL-17A in both the skin and brain. These IL-17A increases were also correlated to ASD-like features, as examined through the Morris Water Maze (43).



Altered IL-17 in Inbred Models

A total of 8 studies utilised inbred rodent models of ASD, and 6 of them found alterations in IL-17 concentrations (20, 24, 27, 28, 30, 31). All papers used the BTBR mice, with five of the eight papers only using males. However, some studies used a smaller age range of mice than the papers that used the MIA models, with a range of 6-13 weeks. Out of the eight studies that observed IL-17 aberrations, all found a significant increase in IL-17 intracellular levels and mRNA expression (Table 3). One paper found a significant increase in IL-17A intracellular staining in T CD4+ cells from the spleen, as well as increase in IL-17A mRNA expression and protein expression in brain tissue when compared to C57BL/6 mice (37).

A 2011 study by Heo et al. found that 3 days following infection with Keyhole limpet haemocyanin (KLH) and Listeria monocytogenes, BTBR mice had significantly increased levels of IL-17 in the liver when compared to C57BL/6 mice. However, the data regarding IL-17 alterations found in this study is not shown, making it difficult to fully understand and evaluate the immune alterations related to IL-17 (38).

Interestingly, BTBR mice, which present higher basal levels of IL-17 when compared to controls, were described to increase these levels even further when exposed to perinatal poly(I:C), suggesting that BTBR mice may have a dysregulated cytokine response that could impact the ASD-like behavioural alterations (24).

All 8 studies utilised similar tissues including the spleen and brain, mostly focusing on investigating intracellular levels of IL-17 in splenocytes from BTBR mice, as well as IL-17 expression in brain tissue. Techniques varied from ELISA assays, flow cytometry, Western blotting, and real-time PCR to assess IL-17 concentrations.



Altered IL-17 in Genetic Models

A total of 2 studies utilised genetically modified rodent model of ASD (19, 39). Reed et al. (19) utilised mice models in which the animals harbour mutations in genes related to an increased chance of ASD, including contactin-associated protein-like 2 (Cntnap2), fragile X mental retardation-1 (Fmr1), and multiple ankyrin repeat domains 3 (Shank3) genes, for comparison with environmental ASD model such as MIA. This paper showed that inflammatory response caused by LPS injection on offspring born to mothers injected with poly(I:C) at embryonic day (E)12.5 (MIA-offspring) rescued social behaviour deficits, and that this LPS-induced rescue is dependent on IL-17A. However, this same result was not observed in the monogenic models of ASD, suggesting that differences in cytokine production across models are instrumental to the behavioural rescue observed. This hypothesis was further supported since after LPS injection both (a) the monogenic mice did not display an increase in plasmatic IL-17A and (b) IL-17A blockage in the MIA-offspring mice prevented the sociability rescue (19).

Jaini et al. (39) utilised PtenWT/m3m4 mouse dams to breed 2 offspring genotypes, PtenWT/m3m4 and PtenWT/WT, which were then bred to produce offspring. PTEN mutations are associated with ASD, accounting for 2% of all ASD and 17% of macrocephalic-ASD cases (39). Inflammatory markers, cellular phenotypes and gene expression were examined in the dams and offspring via multiplex ELISA, multiplex bead-based cytokine assays and gene expression panel analysis on E17.5. This paper found no IL-17A transcripts in the spleen from either mouse genotype used in this study and no differences in IL-17A in the serum were found (39).



Altered IL-17 in High Salt Diet Model

A total of 2 papers used a model in which animals were fed diets that included parental high salt consumption in an attempt to induce the development of ASD-like characteristics in the offspring. Afroz et al. (2021) used 8% NaCl in chow and an additional 1% NaCl in drinking water for male and female C57BL/6 mice for 8 weeks, after this period of time animals were used for breeding (36). IL-17A was detected on maternal serum without any alterations as compared to controls using flow cytometry-based assay (36). Another study exposed pregnant Sprague-Dawley rats to three different hypertonic solutions, including 3% NaCl, mineral water (3% NaHCO3+magnesium+calcium content) and Ayran (0.8% NaCl content) (42). Pregnant rats were exposed to hypertonic solutions throughout the pregnancy (21 days) via oral gavage at a dose of 5 mL/kg with dosing repeated up to 3 times within 24 h period (42). IL-17A increase was detected in the brain homogenate from male offspring of hypertonic solution fed-rats via ELISA kit (42).





Discussion

To our knowledge, this is the first systematic review assessing IL-17 levels in rodent models of ASD. Our findings show that IL-17 levels are increased in different tissues and in the serum of ASD rodent models, as reported by 23 out of 28 studies included in this review. Also, increased IL-17 levels could be observed in pregnant mice, embryos, and offspring, highlighting the possible role of this cytokine during neurodevelopment, pathogenesis and pathophysiology of ASD, as well as in behavioural alterations.

This review has also highlighted the potential role of IL-17 in the establishment of ASD-like behaviours across rodent models with a specific focus on offspring and maternal IL-17 levels. The studies examined in this review have demonstrated the role of the maternal immune state and the increase in IL-17 production in the development of ASD-like features. Several papers stressed the importance of the maternal immune state and how it relates to microbiota (29, 45), genetics (39), and nutrition (36).

Several papers have suggested the important role of homeostatic maternal immune state is and the development of ASD (11, 16, 22). Whereas other studies found increased pro-inflammatory cytokine levels in the amniotic fluid of mothers whose children develop ASD, including IL-6, a cytokine necessary for the differentiation of Th17 cells (10, 47).

As previously discussed in this review, much of the increased IL-17 production appeared to be derived from Th17 cells (27, 28, 30, 31). However, another possible producer of IL-17 in ASD models seems to be γδ T cells. Increased concentrations of IL-17 producing γδ T cells were observed in the uterus of pregnant mice after MIA (17). Previous data have shown that residential IL-17 producing γδ T cells in the meninges of the brain can control anxiety-like behaviour in mice via IL-17 receptor A signalling (18, 48). Other studies found that increased meningeal γδ T cells reduce synaptic density via IL-17 pathways (48). Taken together, these findings suggest that whilst the increase of uterine γδ T cells may induce a systemic increase of IL-17 in pregnant mice, the increase may cause a localised inflammatory response in the brain of their offspring, which may affect synaptic density (48). However, uterine γδ T cells may not be the only source of upregulated IL-17. Kim et al. (49) have demonstrated that T cells isolated from gut connective tissue of poly(I:C) treated mice expressed increased levels of IL-17A when compared to tissue from PBS treated mice (49). This study offers insightful data relating to the role of the gut in ASD mouse models. This study, however, did not match the inclusion criteria and was not included in the present systematic review.

In the gut, another factor potentially playing a role in the development of ASD-like features is maternal microbiota. Lammert et al. (29) found that C57BL/6 mice from Taconic Biosciences (Tac) displayed higher levels of IL-17A after poly(I:C) injections when compared to C57BL/6 Jackson Laboratory’s (JAX) mice. They also presented a high relative abundance of segmented filamentous bacteria (SFB), known to promote IL-17A inflammatory response (29). Offspring from poly(I:C) treated Tac mice displayed ASD-like behavioural alterations. However, those alterations were not observed in saline controls or in the offspring of JAX mice. Additionally, experiments of co-housing were able to induce behavioural alterations in JAX mice offspring and led to an increase in IL-17A in maternal serum after poly(I:C) injection, further relating the role of the gut microbiota in the production and regulation of IL-17 and Th17 cells (49). Those findings are also supported by Choi et al. (16), who demonstrated that upregulation of IL-17A after poly(I:C) led to abnormal cortical development in the offspring as well as ASD-like altered behaviour (16). Those alterations were reversed after pre-treatment with IL-17A blocking antibodies, reinforcing the hypothesis that altered maternal IL-17A response plays an important role in the development of ASD in the offspring (16). Furthermore, data from Kim et al. (2022) (45) have demonstrated that MIA immune alterations observed in the offspring may happen postnatally, as crossfostering pups from PBS-treated mothers with MIA mothers led to an increase in the percentage of colonic IL-17A and IFN- γ -producing Th17 cells in the pups after infection (37). This immune priming seems to be related to the maternal microbiota as experiments with stool transfer have demonstrated that offspring from animals that received stool transfer from MIA-mothers displayed pro-inflammatory immune phenotype after immune challenge (45).

Clinical evidence also supports that microbiota plays a role in the pathogenesis and development of ASD. It has been demonstrated that children with ASD displayed a decrease in anti-inflammatory Faecalibacterium bacteria and an increase in the pathogenic inflammatory Enterobacteriaceae and Sutterellaceae bacteria in the faecal microbiome (50). A further study found that an oral administration of the endogenous human micro-organism, B. fragilis, improved the behavioural ASD-like features in mouse models as well as metabolite modulation in the gut (51).

In line with alterations induced by maternal microbiota, data resulting from altered diet and the development of ASD-like features in the offspring has also been debated (36, 42). Previous reports have demonstrated that excess dietary salt leads to cognitive impairment, increased Th17 differentiation in the intestine and IL-17 plasmatic levels in mice (52). This impairment is dependent on lymphocytes, as it was not observed in mice lacking IL-17 or Rag1−/− mice (52). However, Afroz et al. (2021) have demonstrated that a high salt diet (HSD) did not induce any behavioural or immune alteration in HSD-fed mice. Furthermore, behaviour alterations were present in the offspring of HSD-fed mice, including altered social behaviour and increased repetitive behaviours (36, 52). In another paper analysed in this review, Senkal et al. (2021) (42) have demonstrated that male offspring rats from animals exposed to hypertonic solutions during pregnancy displayed a pro-inflammatory immune profile in brain tissue with increased IL-17 as well as ASD-like behaviours, reinforcing the hypothesis that maternal state in regards to diet and microbiota may play a role in the development of ASD-like characteristics in the offspring (42).

The kinetics of induction of MIA may play a pivotal role in the development and severity of ASD-like features in rodent models, with alteration of IL-17 levels being associated with specific points of synaptogenesis (25). Synaptic genes were also enriched in the brains of the offspring (35), suggesting a link between the MIA induction time point, maternal and foetal IL-17 levels, and synaptic development, which may induce autistic-like behaviour and affect the immune phenotype (53, 54). However, further studies are necessary to confirm the association between the aberrant IL-17 levels and unregulated synapses seen in ASD.

ASD has a strong genetic component, as demonstrated by high heritability amongst siblings (55). Another evidence for the genetic impact of ASD comes from single gene alterations linked with developmental disorders such as mutations in FMR1 (fragile X syndrome), MECP2 (Rett syndrome), TSC1/TSC2 (tuberous sclerosis complex), and CACNA1C (Timothy syndrome), as well as mutations in CNTNAP2 (cortical dysplasia–focal epilepsy syndrome) (55, 56). Animal models with single gene alterations allow for the understatement of how those mutations play a role in the development of the core characteristics of ASD, such as behavioural alterations (56). However, as it was described by Reed et al. (19), animal models for Cntnap2, Fmr1, and Shank3 did not display any IL-17 alteration after immune challenge with LPS as compared to the MIA-offspring model, indicating that immune alterations may be related to environmental factors or alteration in several genes (19). In this regard, Jaini et al. 2021 (39) hypothesised that maternal genetics may be an important modulator of neuro-immune alterations in the offspring and using the mice model for mutation in PTEN (PtenWT/m3m4), which has also been associated with ASD, set to investigate the influence of maternal genetics on ASD development in offspring (39). However, no IL-17A transcription was detected on the spleen of pregnant mice, nor any difference in the cytokine was detected in serum (39). Nevertheless, the authors demonstrated that low IL-10 during pregnancy was directly correlated with decreased complement expression in the foetal liver and offspring from mutant mice also displayed altered social and repetitive behaviours without external immune insult (39).

Several limitations should be highlighted when describing our analyses. We were not able to perform a meta-analysis due to the high methodological heterogeneity among studies, including diverse outcomes, distinct species, experimental designs, and types of animal models. Most of the studies analysed in this systematic review used male mice or did not explicitly examine the differences between the sexes. Although this is understandable due to the increased prevalence of ASD in male individuals, excluding one sex can hinder the translational validity of the results (57, 58). The exclusion of female-specific results could potentially lead to a data gap regarding immune aberrations in females, which could affect research and potential future treatments.

Another aspect that could affect IL-17 levels is receptor desensitisation due to persistent stimulation (59). Further studies are necessary to examine how IL-17 receptors could be altered in rodent models of ASD and how their altered signalling can affect pathways dependent on IL-17, such as mRNA stabilisation via the ACT1 dependent pathway (60).

IL-17 production and the effects of IL-17 have been noted to change with age within the papers examined in this review. The study by Pendyala et al. showed that although IL-17 was altered at all stages of development, the aberration was only significant at postnatal day 30 when IL-17 was decreased (25). Equivalent results were found with IL-17 concentrations significantly up-regulated by MIA after poly(I:C) exposure at gestational day 17 followed by lower levels at postnatal day 5 in the study by Arrode-Brusés and Brusés (2012) (23). These results suggest that MIA primes offspring’s immune system for a pro-inflammatory response following secondary exposure to poly(I:C), and IL-17 levels may be altered with age. However, this requires further exploration in both clinical and preclinical settings.

Additionally, the technique used to measure cytokine levels, which can changed between the studies, may play a role in the observed outcome. While some methods used in the papers, i.e. ELISA and flow cytometry, measure IL-17 protein levels, qRT-PCR measures IL-17 mRNA levels. Many of the studies that utilised qRT-PCR also included a technique to measure the IL-17 protein concentration, such as in a study where ELISA assays and flow cytometry were used to measure protein IL-17 and IL-17 producing cells alongside RT-PCR (16). One study confirmed the presence of elevated levels of IL-17 in BTBR mice by intracellular staining. However, they did not provide the data demonstrating such increase, mainly pointing out that even though there were elevated levels of IL-17, there was no differentiation into a Th17 profile (20). It is difficult to understand the full scope of IL-17 alterations in the model used in this work, as some data was not shown in the article; this absence of data also makes it difficult to incorporate the findings of this article in a meta-analyses. In despite of that, the study was included in this systematic review as it met all inclusion criteria.

In summary, this systematic review identified common alterations in IL-17 across different models of ASD and almost the totality of the paper reported increases in the level of IL-17 or in IL-17 producing cells, across different detection techniques. The selection of the papers and parameters analysed may help the choice of animal models to study the role of IL-17 and other cytokines in the development of ASD and/or behavioural alterations. It is important to notice that, although the results were consistent, there is a need for further characterisation of the meaning of IL-17 increase, and its importance to the pathophysiology of ASD.
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Age (years)

Range  Mean + SD

Patients with anti-LGI1 31-78 5791+ 11.91
encephalitis (n = 33)

Healthy participants (1 = 33) 40-60  54.64+7.44
p value 0.19°

LGH, leucine-rich gliomatinactivated 1; SD, standard deviation.
Two-sample Student's t-test.
bFisher's exact test.

Gender

Male Female

22 1
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CDpatients ~ Non-CD patients  p value

Age (years) 575341176 58311245 0.85°
Gender (male) 12 (70.59%) 10 (62.50%) 072>
Interval time (weeks) 1600+ 1545  17.56 16.50 078"
Treatment, n (%) 7 (41.18%) 6(37.50%) 1.00°
MRI abnommalities, n (%)

Total 12 (70.59%) 6(37.50%) 0.08°
Only MTL 12 (70.59%) 5(31.25%) 0.04°
Only BG 0 1(6.25%) 0.48°
Both MTL and BG 0 0 1.00°

Clinical symptoms, n (%)

Seizures 17 (100%) 16 (100%) 1.00°
FBDS 7 (41.18%) 7(43.75%) 1.00°
Temporal lobe seizures 9 (52.94%) 7 (43.75%) 0.73°
Other types 5(29.41%) 6(37.50%) 0.72°

Memory loss 3(17.65%) 5(31.25%) 0.44°

Sleep disorder 0 1(6.25%) 0.48°

Headache 1(5.88%) 0 1.00°

Psychiatric symptoms. 1(5.88%) 3(18.75%) 0.34°

Hallucinations 0 1(6.25%) 0.48°

MTL, the medial temporal lobe; BG, the basal ganglia; FBDS, faciobrachial dystonic
seizures; CD, completely detectable; non-CD, non-completely detectable.

Two-sample Student's t-test.

bFisher's exact test.
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Patient no. Visual assessment

Medial temporal lobe Basal ganglia
Patient 1 Yes No
Patient 2 No Yes
Patient 3 No No
Patient 4 No Yes
Patient 5 No Yes
Patient 6 Yes No
Patient 7 Yes No
Patient 8 No No
Patient 9 No No
Patient 10 No No
Patient 11 Yes No
Patient 12 No No
Patient 13 No No
Patient 14 No Yes
Patient 15 No No
Patient 16 No Yes

Yes: the abnormal metabolism was able to be detected by visual assessment.
No: the abnormal metabolism couldn't be identified by visual assessment.
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aMCl (n = 23) LLD (n = 23) NC (n = 23) P
TNF-ot (pg/mi) 52(1.8) 7 (16.8) 5(0.9) 0.280
CCL1 (pg/mi) 1.709) 6(0.8) 4(05) 0578
CXCL8 (pg/m) 3222 30.7) 529 0.361
CCL7 (pg/m) 203 (16.9) 13 6(13.1) 17 7(158) 0.282
MIP2 (pg/mi) 194.8 (140.4) 180 6 (260.8) 268 9 (259.4) 0.249
IL-1B (og/m) 37(1.7) 5(2.7) 3(25) 0.175
IFN-y (pg/ml) 26.6 (10.4) 24.9 ©.0) 24.2 (6.4) 0.741
CCL20 (pg/mi) 60.4 (29.5) 84.1 (117.1) 64.3 (54.6) 0.509
CCL24 (pg/mi) 550.5 (224.8) 446.4 (260.2) 553.1 (292.4) 0.050
CCL3 (pg/m) 133.8 (32.5) 127.4 (41.5) 130.3 (49.4) 0.955
CCL8 (pg/m) 2795 (16.7) 278.4 (13.9) 275.7 (14.9) 0.557
IL-4 (pg/mi) 29.2 (6.5) 283 (5.0) 27.5(5.9) 0.663
CCL19 (pg/mi) 1159 (38.8) 158.4 (143.9) 114.4 (64.6) 0.668
IL-2 (pg/mi) 40(1.9) 3325 3622 0.118
CXCL9 (pg/mi) 588.1 (80.7) 611.6 (81.4) 613.2 (89.3) 0.705
CCL23 (pg/mi) 4215 (150.6) 454.6 (216.4) 458.5 (200.2) 0.784
VCAM-1 (ng/mi) 1,210.8 (452.7) 1,342.2 (594.8) 1,138.4 (599.4) 0.324
CcCL27 (pg/mi) 508.8 (146.1) 488.2 (138.0) 508.5 (143.2) 0.880
CCL11 (pg/mi) 85.4 (31.5) 787 (17.4) 76.5 (42.2) 0.302
CXCLS5 (pg/mi) 437.7 (308.0) 339.4 (223.2) 605.4 (481.5) 0.209
CXCL6 (pg/mi) 164.8 (90.2) 121.6 (62.7) 221.0 (191.4) 0.179
CCL25 (pg/mi) 1729 (78.6) 145.2 (61.9) 205.2 (130.6) 0.258
CCL2 (pg/m) 216.3 (117.8) 153.2 (72.5) 186.2 (98.6) 0.118
CCL17 (pg/mi) 171.0 (120.5) 116.5 (46.7) 151.1(95.9) 0.181

All values are expressed as mean = SD.

aMCl, amnestic mild cognitive impairment; LLD, late-life depression; NC, normal controls; TNF-e, tumor necrosis factor-alpha; IL-1p, interleukin-1-beta; (MIP)-2, macrophage
inflammatory protein-2; IFN-y, interferon-y-inducing factor; IL-2, interleukin-2; IL-4, interleukin-4; VCAM-1, vascular cell adhesion molecule-1; CCL1, C-C chemokine ligand 1; CCL2,
C-C chemokine ligand 2; CCL3, C-C chemokine ligand 3; CCL7, C-C chemokine ligand 7; CCL8, C-C chemokine ligand 8; CCL20, C-C chemokine ligand 20; CCL24, C-C chemokine
ligand 24; CCL11, C-C chemokine ligand 11; CCL17, C-C chemokine ligand 17; CCL19, C-C chemokine ligand 19; CCL23, C-C chemokine ligand 23; CCL25, C-C chemokine ligand 25;
CCL27, C-C chemokine ligand 27: CXCL5, C-X-C chemokine ligand 5; CXCL5, C-X-C chemokine ligand 6; CXCL8, C-X-C chemokine ligand 8; CXCL9, C-X-C chemokine ligand 9.
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score
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Clinical demographic data
Age

Years of education

Gender (male:female)
Lifestyle (Y:N)

Smoking

Drinking

Tea drinking habits

Regular exercise

Global Cognitive scales
C-MoCA score

WMDS score

CFT score

COWAT score

Geriatric Depression Scale

aMCl (n = 23)

73.0 (4.5)
13.0 (3.4)
10:18

5:18
6:17
13:10
21:2

208 (2.6)
121 2.8)
6.7 (2.5)
12.1 (3.4)
7.03.9)

LLD (n=23)

71.9(6.7)
112 (29"
8:15

3:20
419
518
6:17*

18.8 (6.1)
13.4 (3.1)
5.5(3.6)
9.3 (3.5)"
22,0 (4.6)*

All values, except sex, anti-inflammatory medication, and lifestyle, are expressed as mean = SD.
aMCl, amnestic mild cognitive impairment; LLD, late-life depression; NC, normal controls; C-MoCA, Chinese version of Montreal Cognitive Assessment; WMDS, Wechsler Memory Digit

Span; CFT, Category Fluency Test; COWAT, Controlled Word Association Test.
*Significantly different from controls (p < 0.05).

“ngn/ficantly different from aMCI group (p < 0.05).

&Significantly different from LLD group (p < 0.05).

NC (n =23)

72,5 (0.8)
15.2 (2.2)"
9:14

3:20
4:19
12:11
17:6

Statistics

0.665
<0.01
0.833

0.649
0.097
0.024
<0.01

<0.01
<0.01
<0.01
<0.01
<0.01





OPS/images/fimmu.2022.874064/table1.jpg
Author Peer-reviewed Random  Animal Sex- Age- Sample  Compliance Statement Total
publication  allocation model  matched matched size with animal  of conflict of
animals animals calculation welfare interests
regulations

Ozaki et al, 2020 (22)
Arrode-Brusés and Brusés, 2012 (23)
Schwartzer et al, 2013 (24)
Pendyala et al, 2017 (25)
Xu et al., 2017 (26)

Reed et al., 2020 (19)

Choi et al., 2016 (16)
Ahmad et al, 2018 (27)
Nadeem et al, 2019 (28)
Lammert et al, 2018 (29)
Yasumatsu et al, 2020 (17)
Bakheet et al, 2017 (30)
Ansari et al, 2017 (31)
Hsiao et al, 2012 (32)
Zhang et al, 2013 (20)
Luan et al, 2015 (33)

Chen et al, 2019 (34)
Gumusoglu et al., 2020 (35)
Afroz et al., 2021 (36)
Alhosani et al., 2021 (37)
Heo et al., 2011 (38)

Jaini et al., 2021 (39)

Kalish et al., 2021 (40)
Schwartzer et al., 2017 (41)
Senkal et al., 2021 (42)
Shin et al., 2021 (43)
Shimizu et al., 2021 (44)
Kim et al., 2022 (45)
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Author Sequence Baseline Allocation  Random Blinding Random Blinding Incomplete outcome No selective  No other Total

generation characteristics concealment Housing (Investigators) (outcome (outcome dataaddressed  outcome  source of  Score
assessment) assessors) reporting bias

Ozaki et al, 2020 (22) N N N u 3
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and Brusés, 2012 (23)
Schwartzer et al, 2013 (24)
Pendyala et al, 2017 (25)
Xu et al., 2017 (26)

Reed et al., 2020 (19)
Choi et al., 2016 (16)
Ahmad et al, 2018 (27)
Lammert et al, 2018 (29)
Yasumatsu et al, 2020 (17)
Bakheet et al, 2017 (30)
Ansari et al, 2017 (31)
Hsizo et al, 2012 (32)
Zhang et al, 2013 (20)
Luan et al, 2015 (33)

Chen et al, 2019 (34)
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Alhosani et al., 2021 (37)
Heo et al., 2011 (38)
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Kalish et al., 2021 (40)
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Kim et al., 2022 (45)
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Auhor  Species  Strain  Sex Sample  Rodent ASD model Dose (mg/kg) Inducement Route. Treatment age Testing  Tissueused  Technique used 1L-17 akteration Statitically
size age significant
Ok, 2020 mce  CSTBUEN mde 4 ™ 10 ) ip Ei2E15 foetal E12,  mcrogla, ver, FT-POR, orease No
e2) E15,P10 pacenta,
bran, serum
Arode- mice  CSTBLEN bo NS MA 20 Poy(:C) ip GD16, PND4 Pa.footal  maternal MiexMap  increase Yes
Brusés, sorum,
2012 (3) ofspring
brans
Schwarizer, mice  CS7BLEN bolh 121018 MABTER 20 PoM:C) i Er25 wesks  spleen e orease Yes
2013 (24) /BT8R mulpiedng bead
imuncassays
Pondyaa,  mice  (Pep- both  P1P7=  MA 20 PoyC) in E125 PIP7,  cosbelar  mutiplELSA  cecreasat P30 Yes
2017 (25 EGFR) P14, P14,P3O  ysates QAMCYTS
BT153Gsay P30=6
Nmh
X,2017 s Wtar both 10 A 005 s i Er2s Tmonth seum ET norease No
25)
Aecd, 2020 mice  CS7TBLEN mde 4108 MA 20 Poy:C) ip Ei25 E25  seum ELsA Increase dferimmune sl Yes
(19)
Choi, 2016 mce  CSTBUEN mde NS MA 20 Po:C) i 2 E45  pecenta,  ELSARTPOR, ncrease Yes
(6) decidua, Fiow cytometry
meternal
Avad, e wa mde NS BTBR wa wa wa wa 79weeks  splen,bran  Fowcylomety,  crease Yes
2018 (27) westa bioting,
RT-PCR
Nedeem,  mice mde NS BTBR wa wa wa wa 810 Spenocytes,  Fow cylomety,  icrease Yes
2019 (25 woeks  CDévcels,  AT-POR
corcbelum
ammer,  mica  CSTBLEN boh NS MA 20 PoV(C) ip. ENs 25 E145  maemd ELSA, Cytokine  crease Yes
2018 (29) serum bocade
Vesumalsu, mce  CSTELEN mde NS MA 005 1ps i et focta,  matornal ELISA,RT-PCR,  icrease Yes
2020 (17) mother  werus,ban  Fow ylomety
Bdedt,  moe  na mde NS BTER wa wa wa wa 68weck  sphon,bran,  Fowcjomely,  ncrease Yes
2017 (50) Coitcols  ATPCR,
iraceluiar
staning
pvsar, 2017 mice  a mde 6 BTER wa wa wa wa 68weck  speonbran  Powcjomety,  ncrease Yes
1) westem bloting,
RTPGR
Hiao, 2012 mce  CS7BLEN boh NS MA 20 PoVIC) W Er2s T5wesks  CD4+Tods  ELISA norease Yes
c2)
Zharg, 2013 mce  BTBN  boh NS BTBR wa wa va wa 23 SpenicTCD4  Fowcylomety  icrease Undear
(20) C57BUB manths
Lian, 2015 mice 86 boh NS MA 005 s in Ei25 dam, 612 CDATools  Inracelur norease Yes
) ok fom ver and,  Gytodne staning
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Top Diseases Score Focus Molecules in Network

and Functions Molecules
Networks
Cancer, 30 16 AGO2,BIRC5,DICER1,ETS1,JUN,miR-125b-5p (and other miRNAs w/seed CCCUGAG),miR-126a-3p (and other miRNAs w/seed
Organismal CGUACCG),miR-128-3p (and other miRNAs w/seed CACAGUG),miR-130a-3p (and other miRNAs w/seed AGUGCAA),miR-139-
Injury and 5p (MiRNAs w/seed CUACAGU),miR-150-5p (and other miRNAs w/seed CUCCCAA),miR-18a-5p (and other miRNAs w/seed
Abnormalities, AAGGUGC),miR-193a-5p (miRNAs w/seed GGGUCUU),miR-199a-5p (and other miRNAs w/seed CCAGUGU),miR-19b-3p (and
Reproductive other miRNAs w/seed GUGCAAA),miR-223-3p (MiRNAs w/seed GUCAGUU),miR-23a-3p (and other miRNAs w/seed
System UCACAUU) miR-361-5p (MIRNAs w/seed UAUCAGA),miR-487b-3p (MIRNAs w/seed AUCGUAC),miR-494-3p (MiRNAs w/seed
Disease GAAACAU),miR-96-5p (and other miRNAs w/seed UUGGCAC),SSB,TNRCEB,TP53
Cancer, 29 15 AGO2,AQP4,miR-103-3p (and other miRNAs w/seed GCAGCAU),miR-151-3p (and other miRNAs w/seed UAGACUG),miR-151-
Hematological 5p (and other miRNAs w/seed CGAGGAG),miR-188-3p (MiRNAs w/seed UCCCACA),miR-1913 (and other miRNAs w/seed
Disease, CUGCCCC),miR-320b (and other miRNAs w/seed AAAGCUG),miR-342-3p (MIRNAs w/seed CUCACAC),miR-342-5p (and other
Immunological miRNAs w/seed GGGGUGC),miR-378a-3p (and other miRNAs w/seed CUGGACU),miR-421-3p (and other miRNAs w/seed
Disease UCAACAG),miR-423-5p (and other miRNAs w/seed GAGGGGC),miR-455-3p (MIRNAs w/seed CAGUCCA),miR-501-3p (and
other miRNAs w/seed AUGCACC),miR-532-3p (MiRNAs w/seed CUCCCAC),miR-668-3p (and other miRNAs w/seed
GUCACUC),RPS15,SSB,TP53
Cancer, 29 17 BCL6,CDC25C,CDKN2A  EIFAE,FAM3C,KLF4,LAMP2 let-7a-5p (and other miRNAs w/seed GAGGUAG),mir-9,mir-130,mir-146,
Inflammatory miR-1246 (MiRNAs w/seed AUGGAUU),miR-125b-5p (and other miRNAs w/seed CCCUGAG),miR-1275 (and other miRNAs w/
Disease, seed UGGGGGA),miR-140-3p (and other miRNAs w/seed ACCACAG),miR-145-5p (and other miRNAs w/seed UCCAGUU),miR-
Inflammatory 194-5p (miRNAs w/seed GUAACAG),miR-200b-3p (and other miRNAs w/seed AAUACUG),miR-210-3p (MiRNAs w/seed
Response UGUGCGU),miR-29b-3p (and other miRNAs w/seed AGCACCA),miR-30c-5p (and other miRNAs w/seed GUAAACA),miR-324-
5p (MiRNAs w/seed GCAUCCC),miR-330-3p (and other miRNAs w/seed CAAAGCA),miR-339-5p (and other miRNAs w/seed
CCCUGUC),miR-486-5p (and other miRNAs w/seed CCUGUAC),miR-503-5p (miRNAs w/seed AGCAGCG),miR-532-5p (and
other miRNAs w/seed AUGCCUU),MYC,PPM1D,RBPJ,SSB, TOP2A, TP53,YBX1,ZFP36L1
Cancer, 22 14 AAGO2,CCND3,CHEK1,Creb,CXCL12,CYCS,DICER1,KAT6A KIF23, MET,mir-130,miR-132-3p (and other miRNAs w/seed
Organismal AACAGUC),miR-16-5p (and other miRNAs w/seed AGCAGCA),miR-185-5p (and other miRNAs w/seed GGAGAGA),miR-191-5p
Injury and (and other miRNAs w/seed AACGGAA),miR-192-5p (and other miRNAs w/seed UGACCUA),miR-194-5p (MiRNAs w/seed
Abnormalities, GUAACAG),miR-210-3p (MiRNAs w/seed UGUGCGU),miR-22-3p (MiRNAs w/seed AGCUGCC),miR-221-3p (and other miRNAs
Reproductive w/seed GCUACAU),miR-24-3p (and other miRNAs w/seed GGCUCAG),miR-330-3p (and other miRNAs w/seed CAAAGCA),
System miR-331-3p (MiRNAs w/seed CCCCUGG),miR-486-5p (and other miRNAs w/seed CCUGUAC),miR-584-5p (and other miRNAs
Disease w/seed UAUGGUU),PLK1,PRC1,PTK2,PTPN1,RHOA,SSB,TP53,YBX1,ZEB1,2YX
Dermatological 16 " CARD11,CXCL3,CXCL8,DMBTH estrogen receptor,FCER2,IL1RAP,IL1RL2,IL23A,IL36A,IL36B,IL36G,KRAS,LTF,mir-146,miR-
Diseases and 143-3p (and other miRNAs w/seed GAGAUGA),miR-146a-5p (and other miRNAs w/seed GAGAACU),miR-148a-3p (and other
Conditions, miRNAs w/seed CAGUGCA) miR-155-5p (MiRNAs w/seed UAAUGCU),miR-181a-5p (and other miRNAs w/seed ACAUUCA),
Cancer, miR-21-5p (and other miRNAs w/seed AGCUUAU),miR-26a-5p (and other miRNAs w/seed UCAAGUA),miR-27a-3p (and other
Endocrine miRNAs w/seed UCACAGU),miR-31-5p (and other miRNAs w/seed GGCAAGA),miR-491-5p (and other miRNAs w/seed
System GUGGGGA),miR-708-5p (and other miRNAs w/seed AGGAGCU),NFkB (complex),PELI1,PTAFR,S100A12,TIMP3,TLR1,TLR3,
Disorders TLR10,VHL
Cell Cycle, 7 6 AGO2,BCL2L1,BCL2L11,BIRC5,BMP2,CCND1,CDKN1B,CHUK,DICERT1, EIF4E,EIFAEBP1,GSK3B,H2AFXIGF1,KDM5B,KRAS,
Cancer, let-7a-5p (and other miRNAs w/seed GAGGUAG),MAP2K1/2,Mek,miR-100-5p (and other miRNAs w/seed ACCCGUA),miR-17-
Cellular 5p (and other miRNAs w/seed AAAGUGC),miR-193a-3p (and other miRNAs w/seed ACUGGCC),miR-199a-3p (and other
Development miRNAs w/seed CAGUAGU),miR-92a-3p (and other miRNAs w/seed AUUGCAC),MTOR,MUC1,p70 S6k,PTEN,RPS6,RPTOR,

Smad2/3,SRC,STAT3,TGFBR2,VIM

The ranking of Disease and Function Networks is based on the score and number of molecules involved in the pathways associated with significantly altered miRNA between Control (n=4)
and PTSD (n=8) samples. TP53 (in 4 of the top 6 Networks) has been put in bold and italic text.
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TP53 and Mdm2 Gene Expression (PCR)

Parameters Control (n = 6) PTSD (n =19) P-value
Age 40.7 (7.3) 38.9 (9.4) 0.6173
Race N/A
AA? 3(0.5) 11(0.6)

CA* 3(0.5) 6(0.3)

IS 0(0.0) 1(0.1)

He 0(0.0) 1(0.1)

Sex N/A
MP 0.8 17 (0.9)

i 1(02) 2(0.1)

Depression score 13.3(6.7) 31.4(12.7) 0.0032*
Anxiety score 11.2 (11.2) 28.1(12.7) 0.0078**
PTSD score 43.7 (3.6) 62.8 (12.1) 0.0010"**
For DNA Methylation of the TP53 Promoter

Parameters Control (n =5) PTSD (n =5) P-value
Age 55.4 (18.0) 47.8(17.4) 0.5162
Race N/A
AAR 5(1.0) 5(1.0)

cA? 0(0.0) 0(0.0)

A2 0(0.0) 0(0.0

H* 0(0.0 0(0.0)

Sex N/A
M° 4(0.8) 2(0.4)

e 1(0.2) 3(06)

Values indicate the mean (standard deviation) for continuous variables (Age, Depression score, Anxiety score, PTSD score) and the number (proportion) was used for categorical variables
(Race and Sex). Values were rounded to the nearest tenth. P-value was determined using unpaired two-tailed t test comparing Control and PTSD groups for continuous variable data (**P-
value < 0.01, ***P-value < 0.001). Based on these results, Age, Race, and Sex were comparable between the two groups for the PCR data. Age and Race were comparable for the DNA

methylation studiies, though male proportions were skewed higher in Control samples, with higher proportions of females in the PTSD samples.

“AA, African American; CA, Caucasian; A, Asian; H, Hispanic.

"M, Male; F, Female.
N/A, not applicable.
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Drugs Targets Effects Receptors Effects Pathways Subjects
Galantamine Cholinergic neuron Activate Cholinesterase Inhibit - Cells/mice
OLT1177 NLRP3 Inflammasome Inhibit Caspase-1 Inhibit - Patients/mice
Stavudine NLRP3 Inflammasome Inhibit < = AKT Cells

JC-124 NLRP3 Inflammasome Inhibit Caspase-1 Inhibit & Mice
PF-04418948 Prostaglandin E2 Inhibit EP-2 Inhibit AKT Cells
Indomethacin AB-42 Reduce Y-secretase Switch - Cells

SEO IL-1B Inhibit P38 Inhibit NF-xB Mice

Glycine IFN-y Inhibit - - - Cells
RhinacanthinC IFN-y Inhibit - - NF-xB Cells

APN TNF-o Inhibit AdipoR1 Activate AMPK-NF-xB Cells
AL002¢c TREM2 Activate anti-hTREM2 agonistic Activate ITAM Patients/mice
curcumin IL-10 Activate < = PI3K Rats

THC TGF-B Activate - - Ras/ERK Cells
DSP-8658 CD36 Activate PPARy Activate - Mice

V.A RAGE Inhibit - - JINK Mice
Gemfibrozil/ \Wy14643 PPARo. Activate ~ e 2 Mice
Metformin IDE Activate = “ AMPK Mice
TAK-242 M1 M1 to M2 switch TLR4 Inhibit MyD88/NF-kappaB/NLRP3 Mice
Resveratrol M1 M1 to M2 switch PGC-1a. Inhibit NF-xB/STAT Cells
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XP 013999866.1 Cx32.2 Salmo salar
AEMG65784.1 Cx32.2 Nothobranchius furzeri
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Sequence (5’ to 3)

CTTGGCGGGAGCAGTGGTTG
AGAGTCCGTGGCATTCGTTTT
CTCGTCAACTTGGTCCTGTTCATT
ACGTCAGCGAACTAAAGTCCTACAA
TCACTGCCACCAGCAACAAAA
CTCTGTTCGGATGTTGCGGTAT
CCGCCATGAAACTTTAACAGACA
AAATAAATCTGCTCCTCCTTCTTCC
AGTGGGGTTTTCTGTCCTCTCTC
GCTGTGCTGTGACTGGCATCAT
CTGTACGGGTTTGTCATGGACC
TTCTACCTGGCGTGTTCTCGC
TCAGAGTCGGTGTTGAGACAAAGAT
TGGGAAGGCATGGTCATAGCAG
ATTCAGCCCCACAGCAGGTGA
TCAAAGAAGAGCTTGCAGCACTAAA
ATGGGAGACTTTGGTTTTCTGTCA
ACCACTCAGCAGTTGTTTCTCCTC
CCTGCTCCAAGAAGCCCTGT
GATTTGTACCAGGGTCAGATGCG
CCCTTGATCGTCACCTTTCCCT
CCAGAAGCGAATGTGCGAGAT
ATCTCTCCCAGCCAGAGACAGTCC
CACGCTTTCCATTATGAGATTTCC
GGGCGATGAGCAATCTGACTTT
CCATGTTGTTGTTCTCAGGCGA
TCCGTCTCCCTCGTCCTCAGT
ATGGCGAGGAGGCAGGACTA
GCCACCAGCATGAACCAGATG
CTGGAGGGTGAAACCGTAAAGT
AAGCAGGACAACTGGCGACTGAA
CACACCGTTTAACTTCCCCAACG
CTGGGTCGTCTACTGGACAAGG
CTTATGCTCGTGGGTATCATCG
TGGTGTCCCTGCTGCTCAAC
CTGTCCGCTGCTAAGTACGCT
CGTGCTCCTCAATGCCATACTTT
TGGGTGTTACATTTGAAGGCAGA
CGGTCCCAAACTTGGATTTC
GACAACAGTGATTGAGGTTAGCC
CTGAGGAGACGAGGTCATTGC
GCAAGGGAGTGAGCTCTTTCATC
AAGGAGACCTGCTGGGAAACTAC
CGAGAACACGCCAGGTAGAAG
GATTTGTACCAGGGTCAGATGCG
CCATCCAGGCTTCCACCAATAC
CCCTCGTCCTCAGTCTGGTTG
TGTTCTCAGGCGATACGTICTTG
ACCAATGTCCCCTCCAGGCTAC
TTATGCTCGTGGGTATCATCGG
ATCTCTGGATGGCACGGAGA
CAGTGTGGTTCCGCTAGCAT
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