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Abstract

:

The risk of developing pulmonary hypertension (PH) in people living with HIV is at least 300-fold higher than in the general population, and illicit drug use further potentiates the development of HIV-associated PH. The relevance of extracellular vesicles (EVs) containing both coding as well as non-coding RNAs in PH secondary to HIV infection and drug abuse is yet to be explored. We here compared the miRNA cargo of plasma-derived EVs from HIV-infected stimulant users with (HIV + Stimulants + PH) and without PH (HIV + Stimulants) using small RNA sequencing. The data were compared with 12 PH datasets available in the GEO database to identify potential candidate gene targets for differentially altered miRNAs using the following functional analysis tools: ingenuity pathway analysis (IPA), over-representation analysis (ORA), and gene set enrichment analysis (GSEA). MiRNAs involved in promoting cell proliferation and inhibition of intrinsic apoptotic signaling pathways were among the top upregulated miRNAs identified in EVs from the HIV + Stimulants + PH group compared to the HIV + Stimulants group. Alternatively, the downregulated miRNAs in the HIV + Stimulants + PH group suggested an association with the negative regulation of smooth muscle cell proliferation, IL-2 mediated signaling, and transmembrane receptor protein tyrosine kinase signaling pathways. The validation of significantly differentially expressed miRNAs in an independent set of HIV-infected (cocaine users and nondrug users) with and without PH confirmed the upregulation of miR-32-5p, 92-b-3p, and 301a-3p positively regulating cellular proliferation and downregulation of miR-5571, -4670 negatively regulating smooth muscle proliferation in EVs from HIV-PH patients. This increase in miR-301a-3p and decrease in miR-4670 were negatively correlated with the CD4 count and FEV1/FVC ratio, and positively correlated with viral load. Collectively, this data suggest the association of alterations in the miRNA cargo of circulating EVs with HIV-PH.
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1. Introduction


The use of antiretroviral medication has become increasingly important in recent years as a means of efficiently suppressing HIV replication and extending the survival of people living with HIV (PLWH). However, longer lifespans of PLWH on highly active antiretroviral therapy (HAART) have led to an increased incidence of co-morbidities including pulmonary hypertension (PH). Pulmonary hypertension, which is defined by elevated pressure in the peripheral pulmonary arteries and failure of the right ventricle, is caused by vasoconstriction and progressive blockage of the distal pulmonary arteries [1]. The risk of developing pulmonary hypertension in PLWH is 300–6000-fold more than in individuals without HIV infection [2]. The reports on the impact of antiretroviral therapy on HIV-PH continue to be contradictory, and individuals who have HIV-PH often die from the illness [3,4], thereby making HIV-PH one of the most serious non-infectious consequences of HIV infection [5]. Further, illicit drug use increases HIV transmission, disease progression, and non-compliance with ART, particularly in older people with pulmonary hypertension This “double hit” increases the risk of HIV-associated pulmonary hypertension (HIV-PH) and right heart failure [2].



The possible association of HIV-associated PH and the use of illicit drugs has been extensively studied in our lab. Research has indicated that the pulmonary vascular remodeling linked to the development of PH is enhanced in HIV-infected individuals, Simian Immunodeficiency Virus-infected macaques, and HIV transgenic rats by a second hit of drugs of abuse [6,7]. One of the main causes of PH pathophysiology, which leads to endothelial apoptosis and smooth muscle proliferation is loss of or reduction in bone morphogenetic protein receptor (BMPR)-2 expression [8]. We reported previously that cocaine increases the HIV-Tat, Nef, and gp120-driven decrease in the expression of BMPRs in pulmonary arterial smooth muscle cells (PASMCs) [7,9], and this increase corresponded with the activation of pro-proliferative TGF-β signaling, promoting hyper-proliferation of these cells [10,11]. Our previous reports further suggest translational repression of BMPR-2 by miRNAs in cocaine and/or HIV-1 protein(s)-mediated smooth muscle hyperplasia [9]. We did not observe a decrease in BMPR-2 at the mRNA levels in these cells or in HIV-transgenic rats and PLWH exposed to cocaine unlike other forms of PH [12,13].



Non-coding microRNAs have gained increasing attention as major regulators of gene expression in health and disease. These are protected from degradation by incorporation into extracellular vesicles (EVs). EVs carry various types of non-coding RNAs including pre- and mature-miRNAs, tRNAs, long non-coding RNAs, and circular RNAs; and changes in the levels of these in EVs have been associated with the pathologic processes of various diseases, including PH [5,14,15,16,17]. These EVs are actively excreted into the systemic circulation during disease conditions allowing for investigation of their role as mediators and markers of disease pathogenesis. Previous studies from our lab have shown that EVs released by HIV-infected monocyte-derived macrophages can potentiate pulmonary vascular endothelial injury and smooth muscle proliferation [5], leading to the development of cardio-pulmonary dysfunction [18]. We particularly reported that miRNA cargo in the EVs derived from HIV-infected macrophages in the presence of cocaine treatment can activate the proliferative PI3K/AKT signaling in pulmonary arterial smooth muscle cells [5]. In continuation of these initial cell-culture findings, we here now investigated the miRNA cargo of circulating EVs from PLWH with and without PH to identify unique EV-linked miRNAs associated with pulmonary hypertension in stimulant users living with HIV infection.




2. Material and Methods


2.1. Human Samples and Data Collection


The de-identified human plasma samples from PLWH abusing stimulants with (PLWH + Stimulants + PH) and without (PLWH + Stimulants) PH from the National Neuro-AIDS Tissue Consortium (NNTC) were used for small RNA seq analysis on plasma-derived EVs (n = 8). The stimulant users consisted of poly-drug users such as opioids, amphetamines, and/or cocaine users. For validation of selected miRNAs, plasma samples collected at the University of Pittsburgh HIV Cohort approved by the institutional review board were also used. Details on the inclusion/exclusion criteria have been published in previous reports [18,19,20]. A total of 36 samples [HIV-Uninfected non-drug users (n = 6), HIV-Uninfected cocaine users (Coc) (n = 6), people living with HIV non-drug users (PLWH) (n = 6), PLWH cocaine users (PLWH + Coc) (n = 6), PLWH with pulmonary hypertension (PLWH + PH) (n = 12, n = 6 non-drug users and n = 6 cocaine users)] were used for validation. The individuals included in the cocaine group were those who self-reported the use of cocaine (inhaled, crack, or intravenously) during the six months before their visit and had not previously used any other stimulants, opioids, or sedatives. Those who did not use drugs stated that they had never used illegal drugs of any kind. Among PLWH without PH (cocaine and non-drug users), n = 7 of 12 were hepatitis C positive, while the PLWH + PH group had n = 4 of 11 positives with the status of one unknown. Further uninfected cocaine users were mostly positive for Hepatitis C (4/5 and 1 unknown). About 80% of HIV-infected individuals were smokers with only 1–2 patients being diabetic across all the groups. The details on their demographics, use of antiretroviral therapy, viral load, plasma CD4+ T cell count, pulmonary function test, echocardiography, and other co-morbidities were collected previously [18,19,20]. PH was identified as pulmonary artery systolic pressure (PASP) greater than 40 mmHg, and it was not limited to the existence of Group I PH.




2.2. Isolation of Extracellular Vesicles


Extracellular vesicles were isolated from 500 µL of human EDTA plasma using the exoEasy kit (QIAGEN Inc., Germantown, MD, USA) as in our published findings [18]. In short, samples of plasma were thawed on ice and then centrifuged at 300× g for ten minutes at 4 °C. After discarding the pellet, the supernatant was centrifuged for 20 min at 4 °C at 3000× g. The larger vesicles were removed from the supernatant by centrifuging it again for 30 min at 4 °C at 10,000× g. Following the filtration of the resultant supernatant using a 0.45 µm filter, the filtrate was processed to isolate small EVs using an exoEasy kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s instructions. The quantity and size of the EVs was determined with the Nanosight LM10 system (Malvern Panalytical, Malvern, UK). In addition, EVs were characterized using a Transmission Electron Microscope (TEM), and Western blotting using CD9, CD81, flotillin-1, and Alix antibodies as detailed in our previous study [18] and shown in Supplementary Figure S1.




2.3. RNA Isolation from EVs


Before RNA separation from EVs, 1 µL (5 nM) of Cel-miR-39-3p miRNA [21] of Caenorhabditis elegans, which lacks homology with human miRNA (MSY0000010; (QIAGEN Inc., Germantown, MD, USA)), was spiked into 32 µg of EVs. Total RNA was then extracted from spiked EVs using the Qiagen miRNeasy Kit followed by measurement of RNA purity and concentration using a UV–vis spectrophotometer.




2.4. Small RNA Sequencing Analysis


To obtain an unbiased global profile of small RNA present in EVs, small RNA sequencing on RNA isolated from EVs was performed by Quick Biology (Monrovia, CA, USA). The analysis was performed in biological quadruplicates. After 3′ adapter removal and low-quality bases filtering using the Cutadapt software-version 1.18 (https://cutadapt.readthedocs.io/en/stable/, accessed on 26 April 2024) [22], the small RNA reads were mapped to the miRBase database (version 21) using the Bowtie alignment software (Bowtie version 1.2.2, https://bowtie-bio.sourceforge.net/index.shtml, accessed on 26 April 2024) [23]. Reads that were too short (<16 bp) were removed before alignment.



MiRNA abundance estimates were obtained using the QIASeq miRNA tools (QIAGEN Inc., Germantown, MD, USA). Between 3.7 and 5.4 million reads were obtained for each sample. Expression normalization and differential expression calculations were performed in DESeq2 software (DESeq2 version 1.38.3, https://bioconductor.org/packages/release/bioc/html/DESeq2.html, accessed on 26 April 2024) [24] to identify statistically significant differentially expressed miRNAs. DESeq2 employs a negative binomial generalized linear model (NB-GLM) for statistical calculations and works with minimal levels of biological replication. The significance p-values were adjusted for multiple hypotheses testing using the Benjamini and Hochberg method [25] establishing a false discovery rate (FDR) for each miRNA. MiRNAs with an absolute fold difference ≥ 1.5 and FDR ≤ 0.1 were considered significant for downstream analysis.




2.5. MiRNA Gene Interaction Networks


We used the Ingenuity Pathway Analysis software (IPA; Ingenuity Systems, www.ingenuity.com (last accessed on 15 June 2021)) to construct interaction networks between the perturbed miRNAs and their target genes. IPA is an online software tool that provides a comprehensive data repository of information on genes, and miRNAs together with their experimentally validated and predicted interactions and biological functions. Gene targets were identified as either experimentally observed, predicted with high confidence, or predicted with moderate confidence. We analyzed 12 datasets, publicly available in the GEO database (GSM3819897, GSE48149, GSE15197, GSE79786, GSE53408, GSE126262, GSE126262, GSE15197, GSE48149, GSE69416-1, GSE69416-2, GSE69416-3), associated with pulmonary hypertension, to identify potential candidate genes for our miRNAs. To be selected, genes had to be significantly differentially expressed (absolute fold-change ≥ 1.5 and p-value ≤ 0.05) concordantly in at least two of the datasets and not discordantly expressed in any of the other datasets. Proceeding from the understanding that miRNAs generally act as post-transcriptional gene suppressors, only those miRNA-mRNA targets with opposing differential expression patterns were reported. We used IPA’s Molecule Activity Predictor (MAP) tool to predict the activated state of PH explained by the differential expression pattern of miRNAs in our data and the expression pattern of their associated target genes.




2.6. MiRNA Enrichment Analysis


We used the miRNA enrichment analysis and Annotation Tool (MiEAA) software (miEAA 2.1, https://ccb-compute2.cs.uni-saarland.de/mieaa/, accessed on 26 April 2024) [26] for miRNA enrichment analysis and annotation. MiEAA was used to identify significantly over-represented functional categories and pathways (p-value ≤ 0.05) associated with the differentially expressed miRNAs. It was also used for gene (miRNA) set enrichment analysis (GSEA) [27]. MiEAA queries a multitude of databases in its analysis including, miRTarBase [28] for miRNA gene target information, gene ontology [29] for annotations derived over miRTarBase, KEGG [30] for pathways, MNDR [31] for miRNA-associated diseases, and miRWalk [32] to provide a plethora of information on the perturbed miRNAs. Upregulated and downregulated miRNAs were analyzed separately in the over-representation analysis. We used QuickGO (https://www.ebi.ac.uk/QuickGO/annotations, accessed on 26 April 2024) [33] to identify genes associated with significantly enriched gene ontology terms specifically relevant to our study (GO2001243, GO0042127, GO0048662, GO0007169, GO0038110) and IPA to establish putative interactions between the perturbed miRNAs and those genes with potential regulatory effects.




2.7. Validation of miRNAs Using Quantitative RT-PCR


The RNA isolated from EVs was used to prepare cDNAs specific to miRNAs using miScript II RT Kit (QIAGEN Inc., Germantown, MD, USA), according to the manufacturer’s instructions followed by qRT-PCR by using QuantiTect SYBR Green PCR Kit (QIAGEN Inc., Germantown, MD, USA).




2.8. Statistical Analysis


One-way ANOVA was used for statistical analysis, and for multiple comparisons, a post hoc Bonferroni correction was applied (Prism; GraphPad, La Jolla, CA, USA). After applying Bonferroni correction, the data were considered statistically significant when p-values were ≤0.05.





3. Results


3.1. Enrichment of miRNAs Positively Regulating Smooth Muscle Proliferation and Negatively Regulating Apoptosis in the Plasma-Derived EVs from HIV-Infected Individuals with Pulmonary Hypertension


The RNA-seq analysis of RNA from plasma-derived EVs of HIV-infected stimulant users (HIV + Stimulants) and HIV-infected stimulant users with PH (HIV + Stimulants + PH) revealed differential expression patterns of miRNAs in EVs between individuals with and without PH as shown in the heatmap of Figure 1A and Table 1. Seven clusters of gene sets were identified by unsupervised hierarchical clustering (UHC). Notably, miRNAs in clusters 1–3 were downregulated in the HIV + Stimulants + PH group in comparison to HIV + Stimulants and were found to be enriched in pathways bearing gene ontology (GO) functional terms (Table 1). These changes were related to interleukin-2-mediated signaling, negative regulation of smooth muscle cell proliferation, transmembrane receptor protein tyrosine kinase signaling pathway, and small ubiquitin-like protein (SUMO) polymer binding. In contrast, miRNAs in clusters 4–7 were upregulated in HIV + Stimulants + PH samples in comparison to HIV + Stimulants and were enriched in pathways such as regulation of cell proliferation, negative regulation of intrinsic apoptotic signaling pathway, and positive regulation of interleukin-12 secretion. Importantly, 13 EV-derived miRNAs from the GO functional pathways listed above were found at higher levels while 14 were observed at lower levels (FC > 2 and FDR < 0.05) when patients within the HIV + Stimulants + PH grouping were compared to the HIV Stimulants only group (Figure 1B).



We next performed functional over-representation analysis (ORA) of the identified differentially expressed miRNAs using the web-based application miEAA as described in the Section 2. We selected some of the PH-relevant pathways (enriched) from the annotations derived over miRTarBase (gene ontology). As shown in Figure 2A, the ORA of upregulated miRNAs in HIV-infected stimulators with PH compared to non-PH subjects showed notable enrichment of miRNA targets mapping to pathways such as positive regulation of cell proliferation and negative regulation of intrinsic apoptosis signaling among the top 19 most significant pathways. Some of the highly significant upregulated miRNAs were common to the positive regulation of cell proliferation [34] and negative regulation of intrinsic apoptosis signaling pathways. They included miR-373-3p, miR-9-5p, miR-192-5p, miR-148a-3p, miR-92b-3p, miR-301a-3p, and miR-203b-3p (Figure 2A). Additional miRNAs involved in the regulation of cell proliferation including miR-4458, miR-92b-3p, miR-301a-3p, miR-373-3p, and miR-148a-3p were either experimentally observed or predicted to target TGFβR2 and/or TNF molecules (Supplementary Figure S2A). MiRNA-92b-3p in addition to TNF has been experimentally validated to target Krüppel-like factor 4 (KLF4), BMPR2, CCAAT enhancer-binding protein alpha (CEBPA) [35,36,37], while miR-4458 is known to target cyclin-dependent kinase 6 (CDK6), Neurofibromin 2 (NF2), CEBPA, PR domain zinc finger protein 1 (PRDM1), and Signal transducer and activator of transcription 3 (STAT 3) in addition to TGFBR2 and TNF. All these molecules belong to the pathways significantly involved in PH pathogenesis [38,39,40,41]. The significantly higher levels of miRNAs in EVs from the HIV + Stimulants + PH group over-representing negative regulation of intrinsic apoptosis signaling based on experimental validation included miR-133a-3p targeting BCL2, BCL2L1/L2, MCL1, and AKT1, miR-4458 targeting MMP9 and BCL2L1, and miR-451a and miR-1-3p targeting BCL2 (Supplementary Figure S2B).



The ORA analysis of downregulated miRNAs in EVs from the HIV + Stimulants + PH group had significant enrichment of interleukin-2 mediated signaling, transmembrane receptor protein kinase signaling, and negative regulation of smooth muscle cell proliferation among the top 25 most significant pathways (enrichment p-value < 0.05) (Figure 2B). Some of the common miRNAs in these pathways included miR-107, miR-3194-3p, miR-6778-3p, miR-19b-3p, miR-4670-3p, miR-5571-5p, and miR-6859-5p. Target genes of miRNAs in the interleukin-2-mediated signaling pathway included IL2RG, IL2RB, and IL2RA, whereas in transmembrane receptor protein tyrosine kinase signaling pathway Erb-B2 Receptor Tyrosine Kinase 4 (ERRB4), ERBB3, and cluster of differentiation 4 (CD4), CD7, SH2B Adaptor Protein 1 (SH2B1) were a few of the important targets (Supplementary Figure S3A,B). Targets associated with negative regulation of smooth muscle cell proliferation included Heme Oxygenase 1 (HMOX1), Insulin-like growth factor-binding protein 3 (IGFBP3), TNF Alpha Induced Protein 3 (TNFAIP3), and BMPR2 (Supplementary Figure S3C). Overall, sequence analysis of miRNA cargo of EVs from the HIV + Stimulants + PH group suggests enrichment of miRNAs associated with factors related to pulmonary hypertension.




3.2. Interactions of Significantly Altered miRNA in EVs with Pulmonary Hypertension Associated Gene Profiles


To construct interaction networks between the perturbed miRNAs and their target genes, IPA analysis was performed on significantly altered miRNAs (absolute fold difference ≥ 1.5 and FDR ≤ 0.1) and their target genes involved in pulmonary hypertension. As shown in Figure 3A, we analyzed 12 datasets, available in the GEO database associated with PH, to identify potential candidate PH-associated gene targets for altered miRNAs. Known interactions of the miRNAs from EVs with these PH-associated genes revealed that a majority of these target genes were associated with more than one miRNA (Figure 3A). For example, 6phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKBP3) involved in glycolysis is a target of six significantly altered miRNAs in EVs whereas Membrane Spanning 4-Domains A4A (MS4A4A) which belongs to tumor-associated macrophages is a target of four EV-linked miRNAs.



We observed more association of genes with the miRNAs that were downregulated (Figure 3A) which includes the miR-216a-3p/miR-128 cluster predicted to activate Adenosine A2b Receptor (ADORA2B) [42], miR-185-3p leading to activation of PFKFB3, and miR-4520-3p involved in the activation of Solute Carrier Family 9 Member A1 (SLC9A1). The observed downregulated miR-19a-3p is predicted to activate the antiangiogenic thrombospondin 1 [43] and the PH-associated Membrane Spanning 4-Domains A4A (MS4A4A) Also, our data demonstrated upregulated microRNA, namely the miR-6764-5p/1915 cluster, which was predicted to inhibit Interleukin 18 Receptor Accessory Protein (IL-18RAP). This alters IL-18 mediated pro-inflammatory signaling involved in pulmonary vascular remodeling [44].



We also used IPA’s Molecule Activity Predictor (MAP) to predict the activated state of pulmonary hypertension explained by the differential expression pattern of miRNAs in our data and the expression pattern of their associated target genes. As illustrated in Figure 3B, the IPA-MAP tool predicted the inhibition of BMPR2 by mature miR-32-5p and by another miRNA from the same family: miR-92b-3p [45], both of which were upregulated in EVs from the HIV + Stimulants + PH group. Along with this, indirect activation of TNF Superfamily Member 10 (TNFSF10) was predicted by the interaction of upregulated miR133b with miR-151-5p [46]. Further, the indirect interaction of upregulated mature miR192-5p with miR-203 [47] predicted activation of the promoter of the surviving BIRC5. We also identified multiple upregulated miRNAs (miR-148a-3p, miR-133a-3p, miR-342-3p, and miR-373-3p/302) known to target TNF expression and associated adipogenesis, cell proliferation, and apoptosis [48,49,50]. In addition, this MAP analysis also showed an association of downregulated miR-216a-3p/128 cluster [42] with the activation of ADORA2B (Figure 3B,C).




3.3. Validation of Selected Differentially Expressed miRNAs in EVs Using Quantitative RT-PCR


Next, we validated the alterations in the levels of miRNAs in EVs from HIV-infected stimulant users with and without PH as identified by small RNA sequencing. For this, we selected 13 upregulated and 14 downregulated miRNAs based on criteria of absolute fold-change ≥ 1.5 and FDR ≤ 0.05 as seen in the volcano plot, common in analysis of miRNA gene interaction networks by IPA and gene enrichment analysis and significant relevance to disease pathology known in the literature and/or previously shown to be associated with HIV infection [51,52,53] or inflammation and oxidative stress. As shown in Figure 4A, significantly higher levels of miR6501, miR-203b, miR-32-5p, miR-373-3p, miR-133a-5p, miR-192-5p, miR-335-3p, and miR-133A-3p were observed in the plasma-derived EVs from the HIV + Stimulants + PH group compared to EVs from the HIV + Stimulants group while miR-4670-3p, miR-6778-3p, miR-5571-5p, miR-185-3p, miR-19a-3p (p < 0.05), miR-564, and miR-216 (Figure 4B) were found to be significantly low in HIV + Stimulants + PH group. Due to the limitation of EV-derived RNA samples, we were not able to validate additional upregulated miRNAs (miR-92b-3p, miR-301a-3p, miR-4458, and miR-5688). Nevertheless, they were investigated in the validation cohort as mentioned below.




3.4. Comparison of EV-miRNA Cargo in an Independent Group of HIV-Infected Cocaine Users with and without PH


The above mentioned findings using small RNA sequencing were on EVs isolated from HIV-infected poly-drug users, so we next validated the alterations in EV-linked miRNAs in a separate cohort with samples from HIV-infected cocaine users with and without PH. We first compared levels of selected miRNAs between uninfected (UI), uninfected individuals with cocaine use (Coc), HIV-infected individuals (HIV), and HIV-infected individuals with cocaine use (HIV + Coc) (n = 6/group) to see the effect of cocaine abuse in HIV-infected individuals. The levels of miRNA 32-5p, miR-192-5p, miR-335-3p, and miR-6501 were significantly higher in HIV-positive cocaine users compared to UI controls while no significant differences were observed in EVs from Coc or HIV groups (Figure 5A). However, a comparison of these significantly upregulated miRNAs in EVs from HIV-infected individuals with HIV-PH individuals (n = 12/group; n = 6 cocaine users, n = 6 non-drug users) revealed only miRNA 32-5p to further significantly increase in HIV-PH patients (Figure 5B), regardless of cocaine use. Notably, miR-92b-3p and miR-301a-3p were also significantly high in EVs from HIV + PH patients compared to HIV patients without PH, but this increase was associated with cocaine abuse (Figure 5C). This analysis confirmed sequencing analysis findings on HIV-infected poly-stimulant users showing higher levels of EV-linked miR-32-5p, miR-92-b-3p, miR-203-b, and miR-301-3p targeting cellular proliferation in HIV-PH patients.



Similarly, significantly downregulated miRNAs in EVs from HIV-infected stimulant users were also validated in an independent cohort of HIV-infected cocaine users with or without PH. The levels of miR-6859, miR-6778, and miR-5571 were found to be significantly downregulated in HIV-infected cocaine users or non-drug users when compared with uninfected non-drug users (Figure 6A). Comparison of these miRNAs between HIV-infected individuals with and without PH revealed significantly lower levels of miR-5571 along with miR-46708, miR-564, and miR-216a in HIV-PH patients (Figure 6B); however, this difference was not significantly associated with cocaine abuse (Figure 6C). Downward trends of miR-564 levels were observed in HIV-PH cocaine users compared to HIV-PH nondrug users.



Correlation analysis of significantly altered EV-linked miRNAs in HIV-PH patients with clinical parameters found a significant correlation of EV-linked miR-92b-3p (R2 0.839, p < 0.001) and miR-301a-3p with CD4 (Figure 7A). In addition, higher levels of miR-301a-3p were also found to be correlated with viral load, DLCO, and FEV1/FVC ratio. Among the downregulated miRNAs, miR-4670 and miR-5571 were significantly correlated with CD4 and viral load (Figure 7B); however, miR-4670 was also co-related with FEV1/FVC (R2 0.582, p = 0.004). Decreased levels of miR-564 in EVs only showed a significant correlation with DLCO (R2 0.455, p = 0.023).





4. Discussion


In this study, we first compared the miRNA cargo of plasma-derived EVs from HIV-infected poly-drug users with and without PH using small RNA sequencing. Among the most elevated miRNAs found in EVs from PWH with PH were those implicated in stimulating cell proliferation and inhibiting intrinsic apoptotic signaling pathways. On the other hand, the downregulated miRNAs in the individuals with PH indicated a possible correlation with the signaling pathways mediated by transmembrane receptor protein tyrosine kinase, IL-2, and the negative regulation of smooth muscle cell proliferation. The limitation of this analysis was the small sample size used for RNA sequencing. Therefore, we next validated the identified significantly altered miRNAs in EVs from an independent set of 36 HIV-infected individuals with and without PH using quantitative RT-PCR. We confirmed increased levels of miR-32-5p, 92-b-3p, and 301a-3p positively regulating cellular proliferation and decreased levels of miR-5571, -4670, negatively regulating smooth muscle proliferation in EVs from HIV-PH patients. The FEV1/FVC ratio and CD4 count showed a negative correlation with the higher levels of miR-301a-3p and lower levels of miR-4670 in EVs from PWH, whereas the viral load showed a positive correlation. All of these findings suggest a possible link between HIV-PH and changes in the miRNA cargo of circulating EVs.



EVs are released into the peripheral circulatory system directly from the cell surface plasma membrane or from the fusion of intracellular multivesicular bodies with the cell surface membrane [54]. EVs’ ability to merge with and release their contents into cells that are different from their source cells, as well as their potential to affect processes in the recipient cells by transferring their protein or coding and non-coding RNA cargo including miRNAs, have been the subject of extensive research by many researchers [14,55,56,57]. In a study of cancer patients, Yuan T et al. found miRNAs as one of the most abundant plasma extracellular RNA species [58]. Although the sorting of miRNA into EVs is not completely understood, the mechanism could be dependent or independent of the miRNA sequence and involves binding with either RNA-binding proteins or EV biogenesis proteins [59,60]. Cocaine on binding to sigma-1 receptor (Sig-1R) has been shown to stimulate EV secretion from neuroblastoma cells by dissociating the Sig-1R from ARF6 (ADP-ribosylation factor 6) protein involved in EV trafficking [61]. Further, HIV proteins and cocaine are known to cause oxidative stress [62,63] that can alter the expression of miRNA in cells [9,64]. This may then alter the sorting of miRNAs into EVs.



The analysis using 12 PH datasets available in the GEO database showed significant enrichment of miRNAs related to the positive regulation of cell proliferation and negative regulation of intrinsic apoptosis signaling in EVs from HIV-infected stimulant users with pulmonary hypertension (HIV + Stimulants + PH). Interestingly, previous studies investigating the EV proteome identified increased levels of cell proliferative and anti-apoptotic-associated proteins in plasma-derived EVs from HIV-positive individuals that correlated with immune activation markers [65]. In the upregulated pathway enrichment analysis, the vast majority of miRNAs were related to TGFBR2, TNF, BMPR2, NF2, HIF1A, and KLF4 genes in the regulation of cell proliferative pathways (miR-373-3p, miR-9-5p, miR-148a-3p, miR-92b-3p, and miR-301a-3p) and BCL2, MMP9, BCL2L1, BCL2L2 in the negative regulation of intrinsic apoptotic signaling pathway (miR-133a-3p, miR-451a, miR-373-3p, miR-9-5p, miR-192-5p, miR-148a-3p, and miR-203b-3p). Previous studies have suggested that miR-203b-3p suppresses Bcl-xL protein expression via direct binding to the gene’s mRNA 3’UTR and correlates negatively with BCL2L1 mRNA expression in breast tumors [66]. Alternatively, the downregulated miRNAs in the HIV + Stimulants + PH group were associated with IL-2RA and IL-2RB in interleukin-2-mediated signaling (miR-6778), with ERBB3 and DDR1 in the transmembrane receptor protein tyrosine kinase signaling (miR-6778 and 185-3p) and HMOX1, PPARG, IGFBP3, and BMPR2 targets involved in the negative regulation of smooth muscle cell proliferation (miR216a-3p, miR-19b-3p). Additional IPA analysis predicted the inhibition of BMPR2 by upregulated miR-32-5p/miR-92b-3p in EVs from the HIV + Stimulants + PH group. In addition, it predicted activation of the TNFSF10 (TRAIL) by upregulated miR133b, activation of survivin oncogene (BIRC5) by upregulated miR192-5p, and activation of adenosine receptor, ADORA2B by the downregulated miR-216a-3p/128 cluster. Together, these changes are consistent with a signature of hyperproliferative SMC, which is believed to be involved in PH development.



Aliotta et al. studied the pathological role of EVs in the mice model of monocrotaline-induced PAH [67,68]. They found that small-sized EVs from the lung and plasma of monocrotaline PH mice can develop PAH in healthy mice. This was associated with higher levels of pro-proliferative miRNAs in small EVs such as miR-19b, miR-20a, miR-20b, and -145 targeting BMPR 2 signaling. Further, they also reported increased levels of these miRNAs in EVs from idiopathic PAH patients in addition to other unique miRNAs including miR-148a [67] which we also observed to be high in EVs from HIV-PH patients.



Our previous studies identified higher numbers of plasma-derived EVs carrying higher levels of TGF-β1 in HIV-infected individuals (cocaine users and non-drug abusers) with PH compared to those without PH and this was found to be associated with pulmonary endothelial injury and smooth muscle hyperplasia, again two key components of PH development [18,69,70]. Validation studies using this same set of EVs from HIV-infected cocaine users confirmed the upregulation of miR-32-5p, -92-b-3p, and -301a-3p known to positively regulate cellular proliferation and downregulation of miR-5571, -4670 negatively regulating smooth muscle proliferation in EVs from HIV-PH patients. Interestingly, an increase in the levels of EV-linked miR-301a-3p and a decrease in miR-4670 in HIV-PH patients positively correlated with viral load and negatively with CD4 count, and FEV1/FVC ratio. Whether this could be related to (a) adherence to HAART and (b) stimulant consumption-associated development of COPD with PH could be a potential follow-up study.



In addition to the above-discussed miRNA changes with features of PH development, multiple further lines of evidence support the identified miRNA changes in EVs as functional markers of PH. For instance, it has been demonstrated that the miR-130/301 family of miRNAs is produced by a variety of factors that cause pulmonary hypertension, and inhibiting the action of these miRNAs reversed the disease in pre-clinical animal models of PH [5,71]. In our previous study, we reported increased levels of miR-301a in cocaine and HIV-Tat-treated human pulmonary arterial smooth muscle cells (HPASMC) and its involvement in the post-translational regulation of BMPR2 expression leading to enhanced smooth muscle cell proliferation. While mutations in the BMPR-2 have been linked to familial pulmonary arterial hypertension, multiple studies indicate decreased BMPR expression irrespective of mutations in the gene [72,73] contributing to the pathogenesis of PH. In another study, we observed that higher levels of miR-130a in the EVs derived from HIV-infected cocaine-treated macrophages were associated with the decrease in the expression of PTEN (phosphatase and tensin homolog and tuberous sclerosis 1 and 2) and activation of proliferative PI3K/AKT signaling in pulmonary arterial smooth muscles cells on treatment with these macrophage-derived EVs [5]. The same mechanisms could be associated with EVs loaded with miR 301a in HIV-PH subjects, as found in the current study, which has the potential to be used as an effective diagnostic biomarker. Additionally, we previously identified miR-216 to be upregulated in hyperproliferative cocaine and HIV-Tat-treated HPASMCs and associated negative regulation of BMPR2 translation [9]. However, miR-216 was found to be downregulated in plasma-derived EVs possibly due to the differential sorting mechanism of miRNAs in EVs [59] and/or given the fact that EVs in peripheral blood are expected to be derived from many cell types.



Multiple research studies demonstrate that the proliferative TGFβ1 arm of the TGFβ superfamily signaling can be stimulated by the failing anti-proliferative BMPR-axis, which can result in excessive smooth muscle cell proliferation and PH [10,11,74]. The EV-linked miR-192-5p found to be increased in HIV-PH patients mediates TGF-β/Smad 3-induced renal fibrosis [75]. In addition, miR-564 was consistently found to be downregulated in EVs from HIV-PH patients targeting TGF-β1 and associated with the reduced proliferation and invasion of glioblastoma cells [76]. miR-564 has been identified as a dual inhibitor of PI3K and MAPK pathways and reducing cell proliferation in breast cancer through G1 arrest [77]. The miR-185 which can negatively modulate TGF-β1 expression [78] was also observed to be at low levels in the EVs from HIV-PH patients compared to non-PH HIV-infected individuals which could potentially lead to increases in the TGF-β1-dependent pulmonary endothelial injury and smooth muscle hyperplasia [18].



Although aberrant TGF-β/BMPR2 signaling is most commonly associated with the development of PH, other factors can also cause endothelial smooth muscle cell dysfunction. These factors may include mitochondrial damage and oxidative stress [79,80]. In the early phases of pulmonary artery hypertension, oxidative stress-mediated vasoconstriction is likely one of the most important contributors [81,82]. Past research on HIV patients found alterations in plasma EV cargo, including RNA linked to oxidative stress, inflammation, and persistent immune activation [83,84]. EV-associated miRNAs, miR-6501, miR-373, miR-133, miR-192, and miR-335 were increased in HIV-Stim-PAH subjects which previously have been shown to correlate with oxidative stress. miR-373 has been previously shown to be elevated upon infection with HIV-1 [52], whereas miR-133 is known to play a role in vascular stress, remodeling, and cell survival [34] and previous study from our lab has also shown that lncRNA known to target miRNA-133 was elevated in HPASMC on the treatment of cocaine and HIV-Tat [85]. Also, the literature suggests that miR-133 and other miRNAs including miR-373 are increased in vascular tissues during inflammation and oxidative stress [86,87,88,89].



In summary, our findings indicate alterations in the levels of miRNAs associated with promoting cell proliferation and suppressing intrinsic apoptotic signaling pathways in small EVs from the plasma of HIV-drug users with PH (Figure 8). To our knowledge, this is the first report on the analysis of non-coding RNA cargo in circulating EVs from HIV-infected individuals with PH. The independent validation of circulating EVs isolated from HIV-infected cocaine users and nondrug users with and without PH shows the association of higher levels of EV-linked miR-32-5p, 92-b-3p, and 301a-3p in HIV-PH patients with the positive regulation of cellular proliferation and lower levels of miR-5571, -4670 in EVs with the negative regulation of smooth muscle proliferation. Collectively, these data suggest that alterations in the levels of these miRNAs in circulating EVs are associated with the development of PH in HIV-drug users. Further studies in larger cohorts are needed to confirm the identified EV-linked miRNA markers associated with PH in PLWH, to find the cellular origin of the significantly altered miRNA-linked EVs, and to assess whether target genes of identified altered miRNAs are up- or downregulated in vascular cells of remodeled vessels by in situ hybridization of lung sections or total RNA analysis of lungs from HIV-PH patients. Such work would provide a better understanding of the role of EV miRNAs in HIV-PH pathogenesis and identify a potential circulating prognostic and diagnostic biomarker of PH in PLWH.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells13110886/s1, Figure S1: Characterization of extracellular vesicles isolated from plasma of individuals with HIV+ Stim+ PH group and HIV+ Stim group. (A) Representative image of EVs based on Transmission Electron Microscopy (TEM). (B) Western blot analysis of EV markers. The same amount of total EV protein was loaded in both wells. Figure S2: Overrepresentation analysis of significantly up-regulated miRNAs depicted as heatmaps. (A) The association matrix of the significantly up-regulated miRNAs and their target genes, in the “regulation of cell proliferation” pathway (GO0042127), depicted as a heatmap. (B) The association matrix of the significantly up-regulated miRNAs and their target genes, in the “negative regulation of intrinsic apoptotic signaling” pathway (GO2001243), depicted as a heatmap. Figure S3: Overrepresentation analysis of significantly down-regulated miRNAs. Depicted as heatmaps are the association matrix of the significantly down-regulated miRNAs and their target genes, in the (A) “interleukin-2-mediated signaling” pathway (GO0038110), (B) “transmembrane receptor protein tyrosine kinase signaling” pathway (GO0007169), and (C) “negative regulation of smooth muscle cell proliferation” pathway (GO0048662).





Author Contributions


Conceptualization, N.K.D.; Methodology, A.M. (Aatish Mahajan) and S.G.; Validation, A.M. (Aatish Mahajan), S.G. and N.K.D.; Formal analysis, A.M. (Aatish Mahajan), S.G. and N.K.D.; Investigation, A.M. (Aatish Mahajan) and S.G.; Resources, A.M. (Alison Morris) and N.K.D.; Data curation, A.M. (Aatish Mahajan) and S.G.; Writing—original draft, A.M. (Aatish Mahajan); Writing—review & editing, S.G., A.M. (Alison Morris), M.C. and N.K.D.; Supervision, N.K.D.; Funding acquisition, A.M. (Alison Morris), M.C. and N.K.D. All authors have read and agreed to the published version of the manuscript.




Funding


The funds to carry out the study were provided by National Institute of Health (NIH) grants R01 DA042715 and R01 HL1528322 awarded to N.K.D., 1 R01 HL154859 to M.C., and R01HL125049 and R01 HL120398 to A.M. In addition, shared resources from NIH funding through the NIMH and NINDS by the following grants: Manhattan HIV Brain Bank (MHBB): U24MH100931, Texas NeuroAIDS Research Center (TNRC): U24MH100930, National Neurological AIDS Bank (NNAB): U24MH100929, California NeuroAIDS Tissue Network (CNTN): U24MH100928 and Data Coordinating Center (DCC): U24MH100925.




Institutional Review Board Statement


The study was conducted using the de-identified human samples in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of the University of Pittsburgh and NNTC participating institutes.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data will be available upon a reasonable request.




Acknowledgments


We thank Ashok Kumar and Balaji Krishnamachary for their help in isolating and characterizing EVs. The Ingenuity Pathways Analysis (IPA) software used in this publication was supported by the Biostatistics and Informatics Shared Resource, funded by the National Cancer Institute Cancer Center Support Grant P30 CA168524, and the Kansas IDeA Network of Biomedical Research Excellence Bioinformatics Core, supported in part by the National Institute of General Medical Science award P20GM103418.




Conflicts of Interest


The NNTC or NIH had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript. The authors declare no conflict of interest.




References


	



Lau, E.M.T.; Giannoulatou, E.; Celermajer, D.S.; Humbert, M. Epidemiology and treatment of pulmonary arterial hypertension. Nat. Rev. Cardiol. 2017, 14, 603–614. [Google Scholar] [CrossRef] [PubMed]

	



Cook, C.M.; Craddock, V.D.; Ram, A.K.; Abraham, A.A.; Dhillon, N.K. HIV and Drug Use: A Tale of Synergy in Pulmonary Vascular Disease Development. Compr. Physiol. 2023, 13, 4659–4683. [Google Scholar] [CrossRef]

	



Sitbon, O.; Lascoux-Combe, C.; Delfraissy, J.F.; Yeni, P.G.; Raffi, F.; De Zuttere, D.; Gressin, V.; Clerson, P.; Sereni, D.; Simonneau, G. Prevalence of HIV-related pulmonary arterial hypertension in the current antiretroviral therapy era. Am. J. Respir. Crit. Care Med. 2008, 177, 108–113. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Mahajan, A.; Salazar, E.A.; Pruitt, K.; Guzman, C.A.; Clauss, M.A.; Almodovar, S.; Dhillon, N.K. Impact of human immunodeficiency virus on pulmonary vascular disease. Glob. Cardiol. Sci. Pract. 2021, 2021, e202112. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, H.; Chinnappan, M.; Agarwal, S.; Dalvi, P.; Gunewardena, S.; O’Brien-Ladner, A.; Dhillon, N.K. Macrophage-derived extracellular vesicles mediate smooth muscle hyperplasia: Role of altered miRNA cargo in response to HIV infection and substance abuse. FASEB J. 2018, 32, 5174–5185. [Google Scholar] [CrossRef] [PubMed]

	



Dhillon, N.K.; Li, F.; Xue, B.; Tawfik, O.; Morgello, S.; Buch, S.; Ladner, A.O. Effect of cocaine on human immunodeficiency virus-mediated pulmonary endothelial and smooth muscle dysfunction. Am. J. Respir. Cell Mol. Biol. 2011, 45, 40–52. [Google Scholar] [CrossRef] [PubMed]

	



Dalvi, P.; Spikes, L.; Allen, J.; Gupta, V.G.; Sharma, H.; Gillcrist, M.; Montes de Oca, J.; O’Brien-Ladner, A.; Dhillon, N.K. Effect of Cocaine on Pulmonary Vascular Remodeling and Hemodynamics in Human Immunodeficiency Virus-Transgenic Rats. Am. J. Respir. Cell Mol. Biol. 2016, 55, 201–212. [Google Scholar] [CrossRef]

	



Teichert-Kuliszewska, K.; Kutryk, M.J.; Kuliszewski, M.A.; Karoubi, G.; Courtman, D.W.; Zucco, L.; Granton, J.; Stewart, D.J. Bone morphogenetic protein receptor-2 signaling promotes pulmonary arterial endothelial cell survival: Implications for loss-of-function mutations in the pathogenesis of pulmonary hypertension. Circ. Res. 2006, 98, 209–217. [Google Scholar] [CrossRef]

	



Chinnappan, M.; Mohan, A.; Agarwal, S.; Dalvi, P.; Dhillon, N.K. Network of MicroRNAs Mediate Translational Repression of Bone Morphogenetic Protein Receptor-2: Involvement in HIV-Associated Pulmonary Vascular Remodeling. J. Am. Heart Assoc. 2018, 7, e008472. [Google Scholar] [CrossRef]

	



Upton, P.D.; Davies, R.J.; Tajsic, T.; Morrell, N.W. Transforming growth factor-beta(1) represses bone morphogenetic protein-mediated Smad signaling in pulmonary artery smooth muscle cells via Smad3. Am. J. Respir. Cell Mol. Biol. 2013, 49, 1135–1145. [Google Scholar] [CrossRef] [PubMed]

	



Davies, R.J.; Holmes, A.M.; Deighton, J.; Long, L.; Yang, X.; Barker, L.; Walker, C.; Budd, D.C.; Upton, P.D.; Morrell, N.W. BMP type II receptor deficiency confers resistance to growth inhibition by TGF-beta in pulmonary artery smooth muscle cells: Role of proinflammatory cytokines. Am. J. Physiol. Lung Cell Mol. Physiol. 2012, 302, L604–L615. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, C.; Stewart, S.; Upton, P.D.; Machado, R.; Thomson, J.R.; Trembath, R.C.; Morrell, N.W. Primary pulmonary hypertension is associated with reduced pulmonary vascular expression of type II bone morphogenetic protein receptor. Circulation 2002, 105, 1672–1678. [Google Scholar] [CrossRef]

	



Hurst, L.A.; Dunmore, B.J.; Long, L.; Crosby, A.; Al-Lamki, R.; Deighton, J.; Southwood, M.; Yang, X.; Nikolic, M.Z.; Herrera, B.; et al. TNFα drives pulmonary arterial hypertension by suppressing the BMP type-II receptor and altering NOTCH signalling. Nat. Commun. 2017, 8, 14079. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, Y.; Kuwano, K.; Ochiya, T.; Takeshita, F. The impact of extracellular vesicle-encapsulated circulating microRNAs in lung cancer research. Biomed. Res. Int. 2014, 2014, 486413. [Google Scholar] [CrossRef]

	



Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell. Vesicles 2014, 3, 24641. [Google Scholar] [CrossRef] [PubMed]

	



Mohan, A.; Agarwal, S.; Clauss, M.; Britt, N.S.; Dhillon, N.K. Extracellular vesicles: Novel communicators in lung diseases. Respir. Res. 2020, 21, 175. [Google Scholar] [CrossRef]

	



Samuels, M.; Jones, W.; Towler, B.; Turner, C.; Robinson, S.; Giamas, G. The role of non-coding RNAs in extracellular vesicles in breast cancer and their diagnostic implications. Oncogene 2023, 42, 3017–3034. [Google Scholar] [CrossRef] [PubMed]

	



Krishnamachary, B.; Mahajan, A.; Kumar, A.; Agarwal, S.; Mohan, A.; Chen, L.; Hsue, P.; Chalise, P.; Morris, A.; Dhillon, N.K. Extracellular vesicle TGF-beta1 is linked to cardiopulmonary dysfunction in HIV. Am. J. Respir. Cell Mol. Biol. 2021, 65, 413–429. [Google Scholar] [CrossRef]

	



Gingo, M.R.; George, M.P.; Kessinger, C.J.; Lucht, L.; Rissler, B.; Weinman, R.; Slivka, W.A.; McMahon, D.K.; Wenzel, S.E.; Sciurba, F.C.; et al. Pulmonary function abnormalities in HIV-infected patients during the current antiretroviral therapy era. Am. J. Respir. Crit. Care Med. 2010, 182, 790–796. [Google Scholar] [CrossRef] [PubMed]

	



Morris, A.; Gingo, M.R.; George, M.P.; Lucht, L.; Kessinger, C.; Singh, V.; Hillenbrand, M.; Busch, M.; McMahon, D.; Norris, K.A.; et al. Cardiopulmonary function in individuals with HIV infection in the antiretroviral therapy era. Aids 2012, 26, 731–740. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, T.C.; Coenen-Stass, A.M.; Wood, M.J. Assessment of RT-qPCR normalization strategies for accurate quantification of extracellular microRNAs in murine serum. PLoS ONE 2014, 9, e89237. [Google Scholar] [CrossRef] [PubMed]

	



Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [Google Scholar] [CrossRef]

	



Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 2009, 10, R25. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef] [PubMed]

	



Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. Society. Ser. B (Methodol.) 1995, 57, 289–300. [Google Scholar] [CrossRef]

	



Backes, C.; Khaleeq, Q.T.; Meese, E.; Keller, A. miEAA: microRNA enrichment analysis and annotation. Nucleic Acids Res. 2016, 44, W110–W116. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, S.D.; Lin, F.M.; Wu, W.Y.; Liang, C.; Huang, W.C.; Chan, W.L.; Tsai, W.T.; Chen, G.Z.; Lee, C.J.; Chiu, C.M.; et al. miRTarBase: A database curates experimentally validated microRNA-target interactions. Nucleic Acids Res. 2011, 39, D163–D169. [Google Scholar] [CrossRef] [PubMed]

	



Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 2000, 25, 25–29. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [Google Scholar] [CrossRef]

	



Ning, L.; Cui, T.; Zheng, B.; Wang, N.; Luo, J.; Yang, B.; Du, M.; Cheng, J.; Dou, Y.; Wang, D. MNDR v3.0: Mammal ncRNA-disease repository with increased coverage and annotation. Nucleic Acids Res. 2021, 49, D160–D164. [Google Scholar] [CrossRef] [PubMed]

	



Sticht, C.; De La Torre, C.; Parveen, A.; Gretz, N. miRWalk: An online resource for prediction of microRNA binding sites. PLoS ONE 2018, 13, e0206239. [Google Scholar] [CrossRef] [PubMed]

	



Binns, D.; Dimmer, E.; Huntley, R.; Barrell, D.; O’Donovan, C.; Apweiler, R. QuickGO: A web-based tool for Gene Ontology searching. Bioinformatics 2009, 25, 3045–3046. [Google Scholar] [CrossRef]

	



White, K.; Loscalzo, J.; Chan, S.Y. Holding our breath: The emerging and anticipated roles of microRNA in pulmonary hypertension. Pulm. Circ. 2012, 2, 278–290. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Fu, S.; Lin, X.; Zheng, J.; Pu, J.; Gu, Y.; Deng, W.; Liu, Y.; He, Z.; Liang, W.; et al. miR-92b-3p Functions As A Key Gene In Esophageal Squamous Cell Cancer As Determined by Co-Expression Analysis. Onco Targets Ther. 2019, 12, 8339–8353. [Google Scholar] [CrossRef]

	



Tregub, P.P.; Ibrahimli, I.; Averchuk, A.S.; Salmina, A.B.; Litvitskiy, P.F.; Manasova, Z.S.; Popova, I.A. The Role of microRNAs in Epigenetic Regulation of Signaling Pathways in Neurological Pathologies. Int. J. Mol. Sci. 2023, 24, 12899. [Google Scholar] [CrossRef] [PubMed]

	



Mustafa, M.I.; Mohammed, Z.O.; Murshed, N.S.; Elfadol, N.M.; Abdelmoneim, A.H.; Hassan, M.A. In Silico Genetics Revealing 5 Mutations in CEBPA Gene Associated with Acute Myeloid Leukemia. Cancer Inform. 2019, 18, 1176935119870817. [Google Scholar] [CrossRef] [PubMed]

	



Sang, H.Y.; Jin, Y.L.; Zhang, W.Q.; Chen, L.B. Downregulation of microRNA-637 Increases Risk of Hypoxia-Induced Pulmonary Hypertension by Modulating Expression of Cyclin Dependent Kinase 6 (CDK6) in Pulmonary Smooth Muscle Cells. Med. Sci. Monit. 2016, 22, 4066–4072. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, H.; Takashima, T.; Tu, L.; Thuillet, R.; Furukawa, A.; Furukawa, Y.; Kawamura, A.; Humbert, M.; Guignabert, C.; Tamura, Y. Pulmonary hypertension associated with neurofibromatosis type 2. Pulm. Circ. 2021, 11, 20458940211029550. [Google Scholar] [CrossRef] [PubMed]

	



Roger, I.; Milara, J.; Montero, P.; Cortijo, J. The Role of JAK/STAT Molecular Pathway in Vascular Remodeling Associated with Pulmonary Hypertension. Int. J. Mol. Sci. 2021, 22, 4980. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.; Wang, X.; Zhang, L.; Zhu, X.; Bai, J.; He, S.; Mei, J.; Jiang, J.; Guan, X.; Zheng, X.; et al. Super Enhancer-Associated Circular RNA-CircKrt4 Regulates Hypoxic Pulmonary Artery Endothelial Cell Dysfunction in Mice. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 1179–1198. [Google Scholar] [CrossRef] [PubMed]

	



Kolachala, V.L.; Wang, L.; Obertone, T.S.; Prasad, M.; Yan, Y.; Dalmasso, G.; Gewirtz, A.T.; Merlin, D.; Sitaraman, S.V. Adenosine 2B receptor expression is post-transcriptionally regulated by microRNA. J. Biol. Chem. 2010, 285, 18184–18190. [Google Scholar] [CrossRef]

	



Doebele, C.; Bonauer, A.; Fischer, A.; Scholz, A.; Reiss, Y.; Urbich, C.; Hofmann, W.K.; Zeiher, A.M.; Dimmeler, S. Members of the microRNA-17-92 cluster exhibit a cell-intrinsic antiangiogenic function in endothelial cells. Blood 2010, 115, 4944–4950. [Google Scholar] [CrossRef] [PubMed]

	



Kang, M.J.; Choi, J.M.; Kim, B.H.; Lee, C.M.; Cho, W.K.; Choe, G.; Kim, D.H.; Lee, C.G.; Elias, J.A. IL-18 induces emphysema and airway and vascular remodeling via IFN-gamma, IL-17A, and IL-13. Am. J. Respir. Crit. Care Med. 2012, 185, 1205–1217. [Google Scholar] [CrossRef] [PubMed]

	



Brock, M.; Trenkmann, M.; Gay, R.E.; Michel, B.A.; Gay, S.; Fischler, M.; Ulrich, S.; Speich, R.; Huber, L.C. Interleukin-6 modulates the expression of the bone morphogenic protein receptor type II through a novel STAT3-microRNA cluster 17/92 pathway. Circ. Res. 2009, 104, 1184–1191. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Li, Y.; Wang, L.; Yang, H.; Wang, Q.; Qi, H.; Li, S.; Zhou, P.; Liang, P.; Wang, Q.; et al. microRNA response elements-regulated TRAIL expression shows specific survival-suppressing activity on bladder cancer. J. Exp. Clin. Cancer Res. 2013, 32, 10. [Google Scholar] [CrossRef] [PubMed]

	



Gou, D.; Zhang, H.; Baviskar, P.S.; Liu, L. Primer extension-based method for the generation of a siRNA/miRNA expression vector. Physiol. Genom. 2007, 31, 554–562. [Google Scholar] [CrossRef]

	



Feng, Y.; Zou, L.; Yan, D.; Chen, H.; Xu, G.; Jian, W.; Cui, P.; Chao, W. Extracellular MicroRNAs Induce Potent Innate Immune Responses via TLR7/MyD88-Dependent Mechanisms. J. Immunol. 2017, 199, 2106–2117. [Google Scholar] [CrossRef] [PubMed]

	



Rosa, A.; Papaioannou, M.D.; Krzyspiak, J.E.; Brivanlou, A.H. miR-373 is regulated by TGFbeta signaling and promotes mesendoderm differentiation in human Embryonic Stem Cells. Dev. Biol. 2014, 391, 81–88. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.Y.; Shin, K.K.; Lee, A.L.; Kim, Y.S.; Park, H.J.; Park, Y.K.; Bae, Y.C.; Jung, J.S. MicroRNA-302 induces proliferation and inhibits oxidant-induced cell death in human adipose tissue-derived mesenchymal stem cells. Cell Death Dis. 2014, 5, e1385. [Google Scholar] [CrossRef]

	



Lecellier, C.H.; Dunoyer, P.; Arar, K.; Lehmann-Che, J.; Eyquem, S.; Himber, C.; Saib, A.; Voinnet, O. A cellular microRNA mediates antiviral defense in human cells. Science 2005, 308, 557–560. [Google Scholar] [CrossRef] [PubMed]

	



Triboulet, R.; Mari, B.; Lin, Y.L.; Chable-Bessia, C.; Bennasser, Y.; Lebrigand, K.; Cardinaud, B.; Maurin, T.; Barbry, P.; Baillat, V.; et al. Suppression of microRNA-silencing pathway by HIV-1 during virus replication. Science 2007, 315, 1579–1582. [Google Scholar] [CrossRef] [PubMed]

	



Care, A.; Catalucci, D.; Felicetti, F.; Bonci, D.; Addario, A.; Gallo, P.; Bang, M.L.; Segnalini, P.; Gu, Y.; Dalton, N.D.; et al. MicroRNA-133 controls cardiac hypertrophy. Nat. Med. 2007, 13, 613–618. [Google Scholar] [CrossRef]

	



Nieuwland, R.; Siljander, P.R. A beginner’s guide to study extracellular vesicles in human blood plasma and serum. J. Extracell. Vesicles 2024, 13, e12400. [Google Scholar] [CrossRef]

	



Li, Y.; Liu, B.; Zhao, T.; Quan, X.; Han, Y.; Cheng, Y.; Chen, Y.; Shen, X.; Zheng, Y.; Zhao, Y. Comparative study of extracellular vesicles derived from mesenchymal stem cells and brain endothelial cells attenuating blood-brain barrier permeability via regulating Caveolin-1-dependent ZO-1 and Claudin-5 endocytosis in acute ischemic stroke. J. Nanobiotechnol. 2023, 21, 70. [Google Scholar] [CrossRef]

	



Hu, X.; Pan, J.; Li, Y.; Jiang, Y.; Zheng, H.; Shi, R.; Zhang, Q.; Liu, C.; Tian, H.; Zhang, Z.; et al. Extracellular vesicles from adipose-derived stem cells promote microglia M2 polarization and neurological recovery in a mouse model of transient middle cerebral artery occlusion. Stem Cell Res. Ther. 2022, 13, 21. [Google Scholar] [CrossRef]

	



Joshi, B.S.; de Beer, M.A.; Giepmans, B.N.G.; Zuhorn, I.S. Endocytosis of Extracellular Vesicles and Release of Their Cargo from Endosomes. ACS Nano 2020, 14, 4444–4455. [Google Scholar] [CrossRef]

	



Yuan, T.; Huang, X.; Woodcock, M.; Du, M.; Dittmar, R.; Wang, Y.; Tsai, S.; Kohli, M.; Boardman, L.; Patel, T.; et al. Plasma extracellular RNA profiles in healthy and cancer patients. Sci. Rep. 2016, 6, 19413. [Google Scholar] [CrossRef] [PubMed]

	



Groot, M.; Lee, H. Sorting Mechanisms for MicroRNAs into Extracellular Vesicles and Their Associated Diseases. Cells 2020, 9, 1044. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Di, K.; Fan, B.; Wu, J.; Gu, X.; Sun, Y.; Khan, A.; Li, P.; Li, Z. MicroRNAs in extracellular vesicles: Sorting mechanisms, diagnostic value, isolation, and detection technology. Front. Bioeng. Biotechnol. 2022, 10, 948959. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, Y.; Dryanovski, D.I.; Kimura, Y.; Jackson, S.N.; Woods, A.S.; Yasui, Y.; Tsai, S.Y.; Patel, S.; Covey, D.P.; Su, T.P.; et al. Cocaine-induced endocannabinoid signaling mediated by sigma-1 receptors and extracellular vesicle secretion. Elife 2019, 8, e47209. [Google Scholar] [CrossRef] [PubMed]

	



Price, T.O.; Ercal, N.; Nakaoke, R.; Banks, W.A. HIV-1 viral proteins gp120 and Tat induce oxidative stress in brain endothelial cells. Brain Res. 2005, 1045, 57–63. [Google Scholar] [CrossRef] [PubMed]

	



Aksenov, M.Y.; Aksenova, M.V.; Nath, A.; Ray, P.D.; Mactutus, C.F.; Booze, R.M. Cocaine-mediated enhancement of Tat toxicity in rat hippocampal cell cultures: The role of oxidative stress and D1 dopamine receptor. Neurotoxicology 2006, 27, 217–228. [Google Scholar] [CrossRef] [PubMed]

	



Simone, N.L.; Soule, B.P.; Ly, D.; Saleh, A.D.; Savage, J.E.; Degraff, W.; Cook, J.; Harris, C.C.; Gius, D.; Mitchell, J.B. Ionizing radiation-induced oxidative stress alters miRNA expression. PLoS ONE 2009, 4, e6377. [Google Scholar] [CrossRef] [PubMed]

	



Kodidela, S.; Wang, Y.; Patters, B.J.; Gong, Y.; Sinha, N.; Ranjit, S.; Gerth, K.; Haque, S.; Cory, T.; McArthur, C.; et al. Proteomic Profiling of Exosomes Derived from Plasma of HIV-Infected Alcohol Drinkers and Cigarette Smokers. J. Neuroimmune Pharmacol. 2020, 15, 501–519. [Google Scholar] [CrossRef] [PubMed]

	



Aakko, S.; Straume, A.H.; Birkeland, E.E.; Chen, P.; Qiao, X.; Lønning, P.E.; Kallio, M.J. MYC-Induced miR-203b-3p and miR-203a-3p Control Bcl-xL Expression and Paclitaxel Sensitivity in Tumor Cells. Transl. Oncol. 2019, 12, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Aliotta, J.M.; Pereira, M.; Wen, S.; Dooner, M.S.; Del Tatto, M.; Papa, E.; Goldberg, L.R.; Baird, G.L.; Ventetuolo, C.E.; Quesenberry, P.J.; et al. Exosomes induce and reverse monocrotaline-induced pulmonary hypertension in mice. Cardiovasc. Res. 2016, 110, 319–330. [Google Scholar] [CrossRef] [PubMed]

	



Aliotta, J.M.; Pereira, M.; Amaral, A.; Sorokina, A.; Igbinoba, Z.; Hasslinger, A.; El-Bizri, R.; Rounds, S.I.; Quesenberry, P.J.; Klinger, J.R. Induction of pulmonary hypertensive changes by extracellular vesicles from monocrotaline-treated mice. Cardiovasc. Res. 2013, 100, 354–362. [Google Scholar] [CrossRef]

	



Rabinovitch, M. Pathobiology of pulmonary hypertension. Annu. Rev. Pathol. 2007, 2, 369–399. [Google Scholar] [CrossRef]

	



Rabinovitch, M. Molecular pathogenesis of pulmonary arterial hypertension. J. Clin. Investig. 2012, 122, 4306–4313. [Google Scholar] [CrossRef]

	



Bertero, T.; Cottrill, K.; Krauszman, A.; Lu, Y.; Annis, S.; Hale, A.; Bhat, B.; Waxman, A.B.; Chau, B.N.; Kuebler, W.M. The microRNA-130/301 family controls vasoconstriction in pulmonary hypertension. J. Biol. Chem. 2015, 290, 2069–2085. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Long, L.; Southwood, M.; Rudarakanchana, N.; Upton, P.D.; Jeffery, T.K.; Atkinson, C.; Chen, H.; Trembath, R.C.; Morrell, N.W. Dysfunctional Smad signaling contributes to abnormal smooth muscle cell proliferation in familial pulmonary arterial hypertension. Circ. Res. 2005, 96, 1053–1063. [Google Scholar] [CrossRef] [PubMed]

	



Morrell, N.W. Pulmonary hypertension due to BMPR2 mutation: A new paradigm for tissue remodeling? Proc. Am. Thorac. Soc. 2006, 3, 680–686. [Google Scholar] [CrossRef] [PubMed]

	



Nasim, M.T.; Ogo, T.; Chowdhury, H.M.; Zhao, L.; Chen, C.N.; Rhodes, C.; Trembath, R.C. BMPR-II deficiency elicits pro-proliferative and anti-apoptotic responses through the activation of TGFbeta-TAK1-MAPK pathways in PAH. Hum. Mol. Genet. 2012, 21, 2548–2558. [Google Scholar] [CrossRef] [PubMed]

	



Chung, A.C.; Huang, X.R.; Meng, X.; Lan, H.Y. miR-192 mediates TGF-beta/Smad3-driven renal fibrosis. J. Am. Soc. Nephrol. 2010, 21, 1317–1325. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, C.; Shen, F.; Du, J.; Hu, Z.; Li, X.; Su, J.; Wang, X.; Huang, X. MicroRNA-564 is downregulated in glioblastoma and inhibited proliferation and invasion of glioblastoma cells by targeting TGF-β1. Oncotarget 2016, 7, 56200–56208. [Google Scholar] [CrossRef]

	



Mutlu, M.; Saatci, Ö.; Ansari, S.A.; Yurdusev, E.; Shehwana, H.; Konu, Ö.; Raza, U.; Şahin, Ö. miR-564 acts as a dual inhibitor of PI3K and MAPK signaling networks and inhibits proliferation and invasion in breast cancer. Sci. Rep. 2016, 6, 32541. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Chen, B.; Liu, P.; Yang, J. XIST promotes gastric cancer (GC) progression through TGF-β1 via targeting miR-185. J. Cell Biochem. 2018, 119, 2787–2796. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Plecitá-Hlavatá, L.; Dobrinskikh, E.; McKeon, B.A.; Gandjeva, A.; Riddle, S.; Laux, A.; Prasad, R.R.; Kumar, S.; Tuder, R.M.; et al. SIRT3 Is a Critical Regulator of Mitochondrial Function of Fibroblasts in Pulmonary Hypertension. Am. J. Respir. Cell Mol. Biol. 2023, 69, 570–583. [Google Scholar] [CrossRef] [PubMed]

	



Sithamparanathan, S.; Rocha, M.C.; Parikh, J.D.; Rygiel, K.A.; Falkous, G.; Grady, J.P.; Hollingsworth, K.G.; Trenell, M.I.; Taylor, R.W.; Turnbull, D.M.; et al. Skeletal muscle mitochondrial oxidative phosphorylation function in idiopathic pulmonary arterial hypertension: In vivo and in vitro study. Pulm. Circ. 2018, 8, 2045894018768290. [Google Scholar] [CrossRef] [PubMed]

	



Sanders, K.A.; Hoidal, J.R. The NOX on pulmonary hypertension. Circ. Res. 2007, 101, 224–226. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, S.; Sharma, H.; Chen, L.; Dhillon, N.K. NADPH oxidase-mediated endothelial injury in HIV- and opioid-induced pulmonary arterial hypertension. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2020, 318, L1097–L1108. [Google Scholar] [CrossRef] [PubMed]

	



Chettimada, S.; Lorenz, D.R.; Misra, V.; Wolinsky, S.M.; Gabuzda, D. Small RNA sequencing of extracellular vesicles identifies circulating miRNAs related to inflammation and oxidative stress in HIV patients. BMC Immunol. 2020, 21, 57. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, J.; Pan, Y.; Li, X.H.; Yang, X.Y.; Feng, Y.L.; Tan, H.H.; Jiang, L.; Feng, J.; Yu, X.Y. Cardiac progenitor cell-derived exosomes prevent cardiomyocytes apoptosis through exosomal miR-21 by targeting PDCD4. Cell Death Dis. 2016, 7, e2277. [Google Scholar] [CrossRef] [PubMed]

	



Chinnappan, M.; Gunewardena, S.; Chalise, P.; Dhillon, N.K. Analysis of lncRNA-miRNA-mRNA Interactions in Hyper-proliferative Human Pulmonary Arterial Smooth Muscle Cells. Sci. Rep. 2019, 9, 10533. [Google Scholar] [CrossRef] [PubMed]

	



Abdellatif, M. The role of microRNA-133 in cardiac hypertrophy uncovered. Circ. Res. 2010, 106, 16–18. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Y.; Zhao, J.; Tuazon, J.P.; Borlongan, C.V.; Yu, G. MicroRNA-133a and Myocardial Infarction. Cell Transplant. 2019, 28, 831–838. [Google Scholar] [CrossRef] [PubMed]

	



Bakr, N.M.; Mahmoud, M.S.; Nabil, R.; Boushnak, H.; Swellam, M. Impact of circulating miRNA-373 on breast cancer diagnosis through targeting VEGF and cyclin D1 genes. J. Genet. Eng. Biotechnol. 2021, 19, 84. [Google Scholar] [CrossRef]

	



Chen, D.; Dang, B.L.; Huang, J.Z.; Chen, M.; Wu, D.; Xu, M.L.; Li, R.; Yan, G.R. MiR-373 drives the epithelial-to-mesenchymal transition and metastasis via the miR-373-TXNIP-HIF1α-TWIST signaling axis in breast cancer. Oncotarget 2015, 6, 32701–32712. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 13 00886 g001] 





Figure 1. (A) Heatmap of the standardized expression of miRNAs that are significantly differentially expressed between HIV + STIM + PAH and HIV + STIM samples. MiRNAs are represented in rows and samples in columns. The normalized expression data were row standardized (zero mean and unit variance) with negative values in green representing relatively low expression and positive red values representing relatively high expression. The data were hierarchically clustered both row and column wise using the Euclidean distance measure and Ward’s linkage function. (B) Volcano plot of the differential expression profile of miRNAs between HIV + STIM + PAH and HIV + STIM samples. The x-axis represents the log of the differential expression ratio, and the y-axis represents the negative log of the false discovery rate. The vertical red perforated lines represent the +/− 1.5-fold-change values. The horizontal red perforated line represents the 0.05 FDR value. MiRNAs that are significantly downregulated in HIV + STIM + PAH relative to HIV + STIM are shown in green and those that are significantly upregulated are shown in red. 
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Figure 2. Over-representation analysis using miEAA. (A) Significantly upregulated and (B) significantly downregulated miRNAs depicted as a heatmap representing the effected pathways. The diagrams only represent pathways that contain at least four miRNAs and miRNAs that are in at least four pathways. The cells corresponding to an miRNA that is associated with regulated pathways are colored red for upregulated and green for downregulated pathways whereas the not significantly altered pathways are in black. The expression fold difference of the miRNAs is given on top of the heatmap along the column of the corresponding miRNA. The color-bar along the right margin of the heatmap indicates the over (orange)- or under (green)-representation status of the miRNAs in the pathway. 
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Figure 3. (A) Hierarchically clustered heatmap of differential gene expression between PAH and Control samples in 12 GEO datasets. The log ratio of genes that showed consistent differential expression changes across the 12 samples are shown in the heatmap with red indicating up-regulation and green indicating down-regulation. These genes were selected for their direct association with pulmonary hypertension based on the literature evidence. (B,C) Shown are molecular interaction networks between the significantly differentially expressed miRNAs (HIV + STIM + PAH vs. HIV + STIM) and genes associated with pulmonary hypertension leading to a predicted activation state of the function as deduced by IPA’s causal analysis tools. Solid lines indicate direct molecular interactions and perforated lines indicate indirect interactions. 
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Figure 4. Quantitative RT-PCR analysis of some of the significantly upregulated (A) and downregulated miRNAs (B) in the plasma-derived EVs from HIV + Stim + PH group compared to EVs from HIV + Stim group. The miRNAs were selected based on criteria of absolute fold-change ≥ 1.5 and p-value ≤ 0.05 as seen in volcano plot, common in the analysis of miRNA gene interaction networks by IPA and gene enrichment analysis; and significant relevance to disease pathology known in the literature and/or previously shown to be associated with HIV infection. * p < 0.05, ** p < 0.01 vs. HIV + STIM. 
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Figure 5. RT-PCR validation of significantly upregulated miRNAs in plasma-derived EVs from an independent cohort from the University of Pittsburgh. (A) The comparison between plasma-derived EVs from uninfected (UI), uninfected individuals with cocaine use (Coc), HIV-infected individuals (HIV), and HIV-infected individuals with cocaine use (HIV + Coc) (n = 6/group) * p < 0.05, ** p < 0.01 vs. UI and (B) compares EVs from HIV-infected individuals with and without PH individuals (n = 6/group) based on cocaine use * p < 0.05, ** p < 0.01, *** p < 0.001 vs. HIV while (C) shows overall comparison between the two groups (n = 12/group) * p < 0.05, ** p < 0.01 vs. HIV. 
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Figure 6. RT-PCR validation of selected significantly downregulated miRNAs in EVs from the University of Pittsburgh cohort. (A) Comparison of plasma-derived EVs from uninfected (UI), uninfected individuals with cocaine use (Coc), HIV-infected individuals (HIV), and HIV-infected individuals with cocaine use (HIV + Coc) (n = 6/group) * p < 0.05, ** p < 0.01, *** p < 0.001 vs. UI. (B,C) The levels of downregulated miRNA in EVs from HIV-infected individuals with and without PH individuals showing drug usage (n = 6/group) (C) and overall comparison (n = 12/group). * p < 0.05 vs. HIV. 
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Figure 7. (A) Correlation analysis of significantly upregulated EV-linked miR-301a-3p in HIV-PH patients with clinical parameters CD4, viral load, DLCO, and FEV1/FVC ratio. (B) Correlation analysis of HIV-PH associated downregulated miR-4670 and miR-5571 with CD4 and viral load in HIV-infected individuals. 
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Figure 8. Schematic summarizing the miRNA analysis of EVs from people living with HIV with and without pulmonary hypertension. Upregulated molecules are colored red and downregulated molecules are colored green. 
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Table 1. Selected miRNAs in the seven sub-clusters of the dendrogram in Figure 1A formed by hierarchically clustering the miRNA and their associated biological functions.
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HIV + STIM + PH Downregulated

	
Interleukin-2-Mediated Signaling Pathway GO0038110

	
Negative Regulation of Smooth Muscle Cell Proliferation GO0048662

	
Transmembrane Receptor Protein Tyrosine Kinase Signaling Pathway GO0007169

	
SUMO Polymer Binding GO0032184






	
Cluster 1

	
hsa-miR-19a-3p, hsa-miR-484, hsa-miR-6130, hsa-miR-642a-5p

	
hsa-miR-19a-3p, hsa-miR-26b-5p, hsa-miR-484, hsa-miR-642a-5p

	
hsa-miR-19a-3p, hsa-miR-26b-5p, hsa-miR-484, hsa-miR-6130, hsa-miR-642a-5p

	
hsa-miR-19a-3p, hsa-miR-26b-5p, hsa-miR-484, hsa-miR-6130




	
Cluster 2

	
hsa-miR-615-3p, hsa-miR-6754-3p, hsa-miR-6778-3p

	
hsa-miR-1260b, hsa-miR-4659a-3p, hsa-miR-525-5p, hsa-miR-548e-3p, hsa-miR-6754-3p, hsa-miR-6859-5p

	
hsa-miR-1260b, hsa-miR-4520-3p, hsa-miR-4530, hsa-miR-4659a-3p, hsa-miR-525-5p, hsa-miR-548e-3p, hsa-miR-548v, hsa-miR-615-3p, hsa-miR-6778-3p, hsa-miR-6785-5p, hsa-miR-6794-3p, hsa-miR-6809-5p, hsa-miR-6859-5p

	
hsa-miR-4659a-3p, hsa-miR-548v, hsa-miR-6785-5p




	
Cluster 3

	
hsa-miR-1294, hsa-miR-4279, hsa-miR-4763-5p, hsa-miR-6129, hsa-miR-6855-3p, hsa-miR-93-3p

	

	
hsa-miR-1207-5p, hsa-miR-1294, hsa-miR-1911-3p, hsa-miR-4279, hsa-miR-4763-5p, hsa-miR-567, hsa-miR-6129, hsa-miR-6796-5p, hsa-miR-6855-3p, hsa-miR-93-3p

	
hsa-miR-1911-3p, hsa-miR-6129, hsa-miR-6796-5p, hsa-miR-93-3p




	
HIV + STIM + PH

Up Regulated

	
Regulation of Cell Proliferation GO0042127

	
Negative Regulation of Intrinsic Apoptotic Signaling Pathway GO2001243

	
Positive Regulation of Interleukin-12 Secretion GO2001184




	
Cluster 4

	
hsa-miR-1-3p, hsa-miR-126-3p, hsa-miR-342-3p, hsa-miR-9-5p

	
hsa-miR-1-3p, hsa-miR-126-3p, hsa-miR-342-3p, hsa-miR-9-5p

	




	
Cluster 5

	
hsa-miR-1224-5p, hsa-miR-1292-3p, hsa-miR-186-3p, hsa-miR-22-3p, hsa-miR-335-3p, hsa-miR-3652, hsa-miR-373-3p, hsa-miR-4282, hsa-miR-5787, hsa-miR-660-3p, hsa-miR-92b-3p

	
hsa-miR-1224-5p, hsa-miR-1292-3p, hsa-miR-186-3p, hsa-miR-3652, hsa-miR-373-3p, hsa-miR-4282, hsa-miR-5787, hsa-miR-629-3p, hsa-miR-660-3p, hsa-miR-92b-3p

	
hsa-miR-186-3p, hsa-miR-22-3p, hsa-miR-335-3p, hsa-miR-5787, hsa-miR-629-3p, hsa-miR-92b-3p




	
Cluster 6

	
hsa-miR-144-3p, hsa-miR-148a-3p, hsa-miR-149-3p, hsa-miR-192-5p, hsa-miR-302a-5p, hsa-miR-31-5p, hsa-miR-3672, hsa-miR-4505, hsa-miR-4733-5p, hsa-miR-548f-3p, hsa-miR-5688, hsa-miR-579-3p, hsa-miR-6501-5p, hsa-miR-6797-5p, hsa-miR-7844-5p

	
hsa-miR-144-3p, hsa-miR-148a-3p, hsa-miR-149-3p, hsa-miR-192-5p, hsa-miR-302a-5p, hsa-miR-31-5p, hsa-miR-4429, hsa-miR-4505, hsa-miR-4733-5p, hsa-miR-548f-3p, hsa-miR-5688, hsa-miR-6797-5p, hsa-miR-7844-5p

	
hsa-miR-3672, hsa-miR-4429, hsa-miR-4505, hsa-miR-579-3p, hsa-miR-6501-5p




	
Cluster 7

	
hsa-miR-138-5p, hsa-miR-203b-3p, hsa-miR-320d, hsa-miR-338-5p, hsa-miR-3690, hsa-miR-4458

	
hsa-miR-203b-3p, hsa-miR-320d, hsa-miR-338-5p, hsa-miR-3690, hsa-miR-4458

	

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
A





media/file4.png
DR

{E-09
IE-05
-03
02
02
02
02
02

bl

SE-

IE

6 SE
27 E-02

i
©o
~
N

hsa-miR-373-3p

hsa-miR-148a-3p

E-03
IE-04

11

376.8

hsa-miR-203b-3p

regulation of cell proliferation

negative regulation of intrinsic apoptotic signaling pathway
voltage-gated chloride channel activity

protein kinase A regulatory subunit binding

positive regulation of interleukin-12 secretion

positive regulation of insulin secretion involved in cellular response to glucose stimulus
macrophage cytokine production

negative regulation of peptidyl-lysine acetylation
regulation of smooth muscle cell apoptotic process
negative regulation of prostaglandin biosynthetic process
negative regulation of histone H3-K14 acetylation
maintenance of chromatin silencing

volume-sensitive chloride channel activity

positive regulation of Wnt signaling pathway, calcium modulating pathway

positive regulation of heart induction by negative regulation of canonical Wnt signaling pathway

negative regulation of canonical Wnt signaling pathway involved in cardiac muscle cell fate commitment

negative regulation of Wnt-Frizzled-LRP56 complex assembly
protein localization to early endosome

positive regulation of cytokine activity

R

FC

-8.0 24
-116 44

hsa-miR-107

50 9.0

-31

1.05

-28

hsa-miR-19b-3p
hsa-miR-6785-5p

hsa-miR-6129

Ngl\(ﬁNNN(’)lnNNNN(O
(SR = = = = -R RN =N =
MANOUTANANNODN~OD~00OM
N-N®OOQITN®RHNOO
Teyoaddodceqqaw

hsa-miR-4659a-3p
hsa-miR-548v
hsa-miR-6513-5p
hsa-miR-548t-5p
hsa-miR-6859-5p

interleukin-2-mediated signaling pathway

o |1t

p of

rr_\nl\lA tail shortening

ptor protein tyr

negative regulation of smooth muscle cell proliferation

insulin-like growth factor ternary complex

insulin-like growth factor binding protein complex

fibronectin binding

tohlish +

positive regulation of transcription from RNA polymerase Il promoter in response to hypoxia

tube formation

4 1ati.

of cysteine-typ

p

interleukin-2 production

interf ptor activity
apoptotic nuclear changes
endothelial tube morphogenesis

regulation of DNA d

pep y Involved In apop

ignal transduction by p53 class mediator

SUMO polymer binding

biquiti

q p protein

regulation of BMP signaling pathway

positive regulation of intereukin-1 alpha secretion

3 1ati

of

entry of viral g ints

1choli d ch | ?
ty gat clustering

ptor kinase activity

regulation of respiratory system process

telomeric repeat-containing RNA binding

pore complex via importin

pathway





nav.xhtml


  cells-13-00886


  
    		
      cells-13-00886
    


  




  





media/file16.png
Small RNA sequencing on
RNA of plasma -EVs from:

PLWH + Stimulants
with and without PH

o Differential expression
analysis

e Over-representation
analysis of miRNA using
miEAA

e Association of miRNAs
with target genes

12 PH data sets and IPA’s
Molecular Activity
\Predictor

* Generation of miRNA gene
interaction networks using

Fa: , TN
4 miRNA in EVs from PH
patients associated with

- cell proliferation
- inhibition of apoptosis

-inhibition of BMPR2
signaling

A

a2 N

J miRNA in EVs from PH
patients associated with

- negative regulation of
smooth muscle cell
(SMC) proliferation

- IL-2 and Receptor
tyrosine kinase signaling

e o

Validation by RT-PCR in an

independent set of
patients from:

PLWH +/-Cocaine users
with and without PH

('miR-32-5p, 92-b-3p, and\
301a-3p
(positive regulation of SMC
proliferation)
J mir-5571, -4670
(negative regulation of SMC
proliferation)

* miR-301a-3p & -4670
negatively correlated with
the CD4 count and

positively correlated with
\_viral load






media/file2.png
(A)

(B)

-Iogm(false discovery rate)

20

-h
ps

-
N

ad
o

@

hsa-miR-3194-3p

Y

hsa-miR-6859-5p

Y

hsa-miR-1911-3p hsa-miR-203b-3p
y o< - hsa-miR-107

hsa-miR-3652

hsa-miR-3121-5p hsa-miR-373-3p
# hsa-miR-1294 " ¥ # hsa-miR-6501-5p
P 2
. . &. hsa-miR-335-3p
hsa-miR-564 |\sa.mir-6830-5p i
tis-miR-5571-5p £ - hsa-miR-133a-3p

S hsa-miR-9-5p ‘?‘ hsa-miR-133a-5p

& hsa-miR-6778-3p a %

%, hsa-miR-19a-3p ’x 2" _

R o3 - 9 s=i* hsa-miR-32-6p
. ’-..'

< ‘ ':;'. . ..- e
e.{ls.ammp'l,g‘ip h&AiR-192-5p
hsa-miR-6764-5p

t§ hsa‘miR-148a-3p

Iogz(fold enrichment)

l._,"hf.a-miR-MZ-l'op
'-:.J,
5 10 15 20

25





media/file5.jpg





media/file3.jpg
(A)

(B)






media/file1.jpg
(A)

(8)






media/file7.jpg
" ®

illl.;l.l b .a. l'ﬂlﬂlﬂuﬁw
/"//"//t"f/’f;"/f //"/"/"////

1 !
:






media/file10.png
— -
—{ESFTTs—
—{
X
¥ R
[ (c: o7
< o e
< Lic o Q%.%
% % %,
QT O o -
O0<O a2
O O %,
Frx b
=>=2=>2 4+ %5
T LTI T ,%\«o
i - -
DOoN o,
| o Ko Y
-
3
T T T T T I_l 0\
(=] o o o o o
o] < ™ N -
abueyo pjo4
m
—’ ———%"T "}
 m— I S P
—— T ¥
—{ =+ SJe %}
——— I A ]
Ly NS S—
—F
L o
O —{ T}
S e
+
_8z3
OD0ITIT
o0
1 1 1
n o n
N N -
abueyo pjo4

(A)

O HIV

f|0|+oo _ o o

B HIV+PH

o
(1]
abueyo pj

1
<)
N

o4






media/file12.png
HIV
= HIV+COC
= HIV+PH

mm HIV+COC+PAH

W il m, h" hla ﬁlil llll

(B)

O ul

2.0

T
0
-

0
0.5+
0.0

1
abueyd pjo4

*
i
B

I

= HIV+COC
*;*

O CoC
HIV
*kk

@5;

|q|

S

&

| %

;

|

*kk
ﬁ * %%k
N
/\
&

:
L.

i

|

:

— e L e -

1

N
abueys pjo4

!

!

>3
= —
oa ' DI e
w3
——l
i
— F 4
x ——FF
' [ -+
* )
S FX
B
o]t
* —— iR
p— e oefee
™ ™ mwlm.:m:uv_o‘nl_. ° °






media/file9.jpg
(A






media/file0.png





media/file17.png





media/file14.png
(A) (B)

[ P (two-tailed) [0.015
P (two-tailed) | <0.001 [ R squared | 0.499 [P value [0.033]
| R squared | 0.769 | miR-301a-3 | R squared | 0.451 | [ R'squared [ 0.685 |
miR-301a-3p P miR4670 miR4670
60 o 1.0
60 081 o o
40- o ) g
o i c
2 £ 40 . . g 06 g
% 204 'S % 0.4+ %
Ko} T 20 5 e
= | @ e TSN O @ e o) 0.2_
e o o g S
i 200 400 600 800 1000 O] T l . ] 0.0 . . — oo . : . ]
J 100,000 200,000 300,000 400,000 - 200 400 600 800 1000 0 100,000 200,000 300,000 400,000
20 cb4 -20 Viral load - CD4 Viral load
P (two-tailed) 10.014 | Pvalue [0.002]
| P (two-tailed) [0.022| [ Rsquared [ 0.472 ] [ Rsquared [ 0.734 ]
R 310460 R 301 3 iR5571 | R squared | 0.596|
square ; % 8
< mi a->p mi miR5571
miR-301a-3p 60— 0.3 0.4
60
40- o o 024 ¢ g 0°
& .o 2 5
404 o g s S0z ° *
o . « ' S 01d e e~ °
§ 204 e = ‘® Y041
R B I = o e LE (J
g 0 e e . Lo od— e o - @ 0.0 T T T ~—T 1 66
T ] - -0 T T T 1
o 05 0.6 07 0.8 0.9 200 400CD4600 800~ 1000 100,000 Vgool,(lmod 300,000 400,000
- - Iral loa
20 pLCO 20 FEV1/FVC o1

-40-





media/file8.png
* — e |
(oA
—] DO - — |mﬂ®
6
“¥
T rE=mE, 4
< 1 }
o &,
s 3 <
== el IR
("] —] D D — \m.,
+ + Q
=2 %,
L o= Lz
0 T —=w %
@.v&
3
| b&G
7
%,
e |,
o o 2 \@G
Y,
* ek ¢
%
e 1 . — = N“»
&,@
i f, %
fra) - %,
Y%,
* L,
 Com m—— -.».\«
«w.m\
1 ) o Y - %,
T %
“%,
A=
b €y,
N
+ b | @s\&\
[o/4
— 0 | o —4= m-.o%
««G
x oSSk |Om.. \««\
C—T——=+ |
Avv«
e A a
— s | - 1+ fw.'Q
| 1 | m..%
© < N o 9.
abueyo pjo4 a.\\&\
— * E% Mo
- mll
B B wm.m,
Iz Y,
I .l._nw “
o BF o,
= = %&
h o * "o
: 3 CBr By .
T comEl,, Y%
Q.
£ 3 = o &.\\NQ
L %,
+€ 1 o&.
., Y,
| %,
. qwm,,
v Y%,
T ,o«.«
4
- B %V \N\
BF 7y,
7
* ...-Q
3] TN
