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Introduction: Exosomes, pivotal in intercellular communication during skin disease pathogenesis, have garnered substantial attention. However, the impact of environmental pollutants, such as benzo[a]pyrene (BaP) and 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD), on exosome release amid inflammatory skin diseases remains unexplored. This study addresses this gap by examining the influence of BaP and TCDD on exosome function, specifically focusing on immune-related pathway alterations in normal recipient keratinocytes and peripheral blood mononuclear cells (PBMCs).
Methods: HaCaT cells were treated with exosomes from BaP- or TCDD-treated keratinocytes. Proinflammatory cytokines and chemokines, including TNF-α, IL-1β, IL-6, IL-8, CXCL1, and CXCL5, were assessed. The involvement of the p65NF-κB/p38MAPK/ERK signaling pathway in recipient keratinocytes was investigated. Aryl hydrocarbon receptor (AhR) silencing was employed to elucidate its role in mediating the proinflammatory response induced by exosomes from BaP- or TCDD-treated keratinocytes.
Results and discussion: Treatment with exosomes from BaP- or TCDD-treated keratinocytes induced a significant increase in proinflammatory cytokines and chemokines in HaCaT cells. The upregulation implicated the p65NF-κB/p38MAPK/ERK signaling pathway. AhR silencing attenuated this response, suggesting a role for AhR in mediating this response. In PBMCs from healthy controls, exosomes from BaP-stimulated PBMCs of psoriatic patients led to increased expression of proinflammatory cytokines and modulation of Th1/Th17 cell distribution via AhR activation. These findings unveil a novel dimension in the interplay between environmental xenobiotic agents (BaP and TCDD) and exosomal functions. The study establishes their influence on psoriatic inflammatory responses, shedding light on the underlying mechanisms mediated through the AhR signaling pathway in recipient keratinocytes and PBMCs.
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1 INTRODUCTION
Benzo[a]pyrene (BaP), a polycyclic aromatic hydrocarbon and a ubiquitous environmental pollutant, is produced through the incomplete combustion of diesel exhaust, tobacco smoke, and industrial waste (Kamal et al., 2015). Humans are exposed to benzo[a]pyrene through smoking, which is known to exacerbate inflammatory skin diseases such as psoriasis (Fortes et al., 2005). The environmental chemical TCDD, belonging to the “polyhalogenated aromatic hydrocarbon” (PHAH) family, is identified as an endocrine-disrupting chemical (EDC) (Hotchkiss et al., 2008). It is commonly known as dioxin and is predominantly produced from waste incineration, metal production, fossil fuels, and wood combustion (Schecter and Gasiewicz, 2003). Due to its lipophilic nature, TCDD easily penetrates animal tissues and accumulates in the food chain, making animal-derived food the primary source of human exposure (Antignac et al., 2006).
BaP and TCDD are metabolized in humans via the aryl hydrocarbon receptor (AhR) signaling pathway. Xenobiotic compounds, such as BaP and TCDD, bind to AhR, leading to the synthesis of members of the cytochrome P450 enzyme family, including subfamily A, polypeptide 1 (CYP1A1) (Anttila et al., 1992; Reyes et al., 1992; Ko et al., 1996; Duan et al., 2001; Esser et al., 2013). BaP or TCDD have been suggested to play a role in regulating inflammation, in addition to their involvement in carcinogenesis (Mandal, 2005; Chen and Liao, 2006; Hong et al., 2016; Gutierrez-Vazquez and Quintana, 2018; Kim et al., 2020). While BaP and TCDD have been implicated in regulating inflammation and carcinogenesis, there is a paucity of research on their effects on inflammatory immune response, particularly on the skin.
Previous studies have demonstrated the roles of BaP and TCDD in inducing inflammatory reactions in healthy mouse models. Alalaiwe et al. (2020) showed that BaP application elicited cutaneous inflammation, such as epidermal proliferation and infiltration of immune cells, in the skin of normal mice. Rudyak et al. (2018) found that TCDD application resulted in an inflammatory reaction in the skin, resembling that of psoriasis or dermatitis, including hyperproliferation, parakeratosis, infiltration of immune cells, and increased expression of inflammation-related genes, in normal mice models. Kim et al. (2020), Kim et al. (2021) reported that TCDD aggravates inflammatory reactions in keratinocytes and psoriasis-like mice via AhR activation (Kim et al., 2020; Kim et al., 2021).
Intercellular communication plays an important role in skin pathogenesis. Complicated communication between keratinocytes and immune cells, such as lymphocytes and neutrophils, can induce complex responses in the skin environment through internal or external stimuli (Xiong et al., 2021). Exosomes, cell-derived vesicles with a diameter of 40–160 nm, contain proteins, lipids, DNA, and miRNAs depending on the properties of the parent cell (Kalluri and LeBleu, 2020). They act as intercellular transmitters, shuttling paracrine mediators to neighboring cells and influencing the biological properties of recipient cells. Exosomes play a pivotal role in various physiological functions, including proliferation, differentiation, and cell death. Additionally, they are implicated in the pathological processes underlying various diseases (Than et al., 2019). Recent evidence highlights the potential of exosomes as promising therapeutic targets and biomarkers (Xunian and Kalluri, 2020). However, few studies have elucidated the regulatory mechanisms of exosomes in inflammatory skin diseases such as psoriasis. While the impact of environmental pollutants on exosomes has been explored in neurodegenerative diseases, several cancers, and lung and liver diseases (Harischandra et al., 2017; van Meteren et al., 2019), nothing is available concerning their effects on skin diseases. Consequently, this study aims to investigate whether exosomes released by environmental pollutants, such as those from BaP- or TCDD-treated keratinocytes or PBMCs, modulate inflammatory reactions and immune responses in recipient cells.
2 METHODS
2.1 Study participants, isolation of peripheral blood mononuclear cells, and BaP treatment
Blood samples were obtained from both patients diagnosed with psoriasis (n = 5) and healthy volunteers (n = 5), all of whom provided written informed consent to participate in this study. Approval for this study was granted by the Institutional Review Board of Hallym University Kangnam Sacred Heart Hospital (IRB No. 2022-03-022). Peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples of both patients with psoriasis and healthy volunteers. A 1:1 ratio of human blood samples to Ficoll-Paque solution (1.077 g/mL; Amersham Biosciences, Uppsala, Sweden) was used, followed by centrifugation at 800 × g for 15 min. The cells from the interphase were subsequently washed three times with PBS containing 5 mM EDTA. PBMCs derived from patients with psoriasis were treated with Benzo[a]pyrene (BaP) at a concentration of 10 µM (Sigma‒Aldrich, St. Louis, MO, United States) for 24 h. Subsequently, exosomes were isolated from BaP-treated PBMCs of patients with psoriasis, as well as from non-treated PBMCs of patients with psoriasis. Additionally, PBMCs from healthy controls (HCs) were treated with 20 μg/mL exosomes for 24 h.
2.2 HaCaT cell culture and treatment
The HaCaT cell line, an immortalized human keratinocyte cell line (Welgene, Daegu, South Korea), was cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Walkersville, MD, United States) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Waltham, MA, United States) and 1% penicillin-streptomycin. Cultures were maintained at 37°C in a humidified CO2 incubator (5% CO2). HaCaT cells were treated with 10 nM 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) (Sigma–Aldrich) or 0.5 µM Benzo [a]pyrene (BaP) (Sigma–Aldrich) for 24 h. Exosomes were then isolated from TCDD- or BaP-treated HaCaT cells and utilized to stimulate recipient HaCaT cells at a concentration of 20 μg/mL for an additional 24 h.
2.3 Isolation of exosomes
Exosomes were isolated from HaCaT cells, as well as peripheral blood mononuclear cells (PBMCs) obtained from both healthy controls and patients with psoriasis. The Exo-spin™ mini exosome purification kit (Cell Guidance Systems, St. Louis, MO, United States) was employed following the manufacturer’s protocol. Starting sample (50 mL) underwent centrifugation at 300 × g for 10 min to remove cells. The resulting supernatant was then transferred to a new microcentrifuge tube and centrifuged at 16,000 × g for 30 min. Subsequently, the supernatant was transferred to another microcentrifuge tube, and Exo-spin™ Buffer was added at a 2:1 ratio. After gently mixing by inversion, the tube was incubated at 4°C overnight. The mixture was then centrifuged at 16,000 g for 1 h, and the resulting pellet containing exosomes was resuspended in 100 µL of PBS. This resuspended exosome-containing pellet (100 µL) was applied to the top of the Exo-spin™ column, placed into a 1.5 mL microcentrifuge tube, and allowed to enter the column matrix under gravity. Subsequently, 180 µL of PBS was added to the top of the column and eluted. The Exo-spin™ column was then removed from the sample collection tube, and the sample collection tubes containing isolated exosomes were centrifuged at 100 × g for 30 s.
2.4 MTT assay
Cytotoxicity was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich). Psoriatic PBMCs at a concentration of 1.5 × 106 μg/mL were seeded into 96-well plates, incubated overnight, and starved for 24 h. Subsequently, varying concentrations (0, 0.1, 10, 20, 50, and 100 nM) of BaP were added, and the cells were cultured in serum-free DMEM for an additional 24 h. Following incubation, cells were washed with phosphate-buffered saline (PBS), treated with MTT solution for 4 h at 37°C, and the formazan crystals were dissolved in 500 µL of dimethyl sulfoxide (DMSO). Absorbance at 570 nm was measured using a microplate reader (Molecular Devices, Sunnyvale, CA, United States).
2.5 Nanoparticle tracking analysis (NTA)
The particle size distribution and exosome count in the conditioned medium were determined using NanoSight (NS300, Malvern, United Kingdom) equipped with a 488 nm laser. The sample was loaded into the chamber using a 1 mL disposable syringe. A 40-s video recorded all events for subsequent analysis using NTA software, based on Brownian motion. Exosomes were diluted in PBS until an optimal number was detected, and measurements were performed four times for each sample. The data represent both the number of exosomes and their size distribution.
2.6 Exosome uptake assay
Exosomes were labeled with the green fluorescent dye Vybrant DiO cell-labeling solution (Sigma-Aldrich). After washing with PBS, cells were fixed with 4% paraformaldehyde for 15 min. Subsequently, cells were permeabilized with 0.2% Triton X-100 in 1% bovine serum albumin (BSA) for 10 min and blocked with 3% BSA for 1 hour at room temperature. Vybrant DiO cell-labeling solution (Sigma-Aldrich) was added to the experimental group and incubated at 37°C for 2 h. Exosome uptake was visualized using fluorescence microscopy with the Leica Microsystems DFi8 LASX software light microscope (Leica, Wetzlar, Germany).
2.7 Quantitative PCR
Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Subsequently, the First Strand cDNA synthesis kit (Roche Diagnostics, Mannheim, Germany) was employed to synthesize cDNA from 1 µg of total RNA. Quantitative reverse transcriptase-PCR was conducted in triplicate using TaqMan Master Mix (Applied Biosystems) and a Real-Time PCR System (Applied Biosystems). The following primers were used for mRNA detection in this study: AhR (TaqMan Assay ID Hs 00169233_m1), CYP1A1 (TaqMan Assay ID Hs 1054794_m1), CXCL1 (TaqMan Assay ID Hs 00236937_m1), CXCL5 (TaqMan Assay ID Hs 00607029_m1), TNF-α (TaqMan Assay ID Hs 00174128_m1), IL-1β (TaqMan Assay ID Hs 1555410_m1), IL-6 (TaqMan Assay ID Hs 00174131_m1), IL-8 (TaqMan Assay ID Bt 3211906_m1), and GAPDH (TaqMan Assay ID 02758991_m1). Normalization of mRNA levels for AhR, CYP1A1, CXCL1, CXCL5, TNF-α, IL-1β, IL-6, and IL-8 was performed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold changes were calculated using the ΔΔCt method, and relative quantification was conducted using a LightCycler 96 instrument (Roche Diagnostics).
2.8 Western blotting
Cells were harvested in Pro-Prep lysis buffer (Intron, Seoul, Korea), supplemented with a protease inhibitor cocktail (Roche Diagnostics). Protein concentrations were determined using a copper (II) sulfate solution in bicinchoninic acid (Sigma‒Aldrich). Equal amounts of protein (20 µg) were separated by 10% SDS‒PAGE, transferred to enhanced chemiluminescence (ECL) nitrocellulose membranes (GE Healthcare, Buckinghamshire, United Kingdom), and blocked for 1 h with 5% skim milk in TBST. Membranes were incubated overnight at 4°C with specific primary antibodies, including rabbit anti-CD63 (1:1000, Abcam, Cambridge, United Kingdom), rabbit anti-CD9 (1:1000, Abcam), rabbit anti-HSP70 (1:1000, Abcam), rabbit anti-Alix (1:1000, Abcam), rabbit anti-TSG101 (1:1000, Abcam), rabbit anti-AhR (1:1000, Abcam), rabbit anti-CYP1A1 (1:1000, Abcam), rabbit anti-CXCL1 (1:1000, Abcam), rabbit anti-CXCL5 (1:1000, Abcam), rabbit anti-TNF-α (1:1000, Abcam), rabbit anti-IL-1β (1:1000, Abcam), rabbit anti-AhR (1:1000, Abcam), rabbit anti-IL-6 (1:1000, Abcam), rabbit anti-IL-8 (1:1000, Abcam), rabbit anti-ERK (1:1000, Abcam), rabbit anti-phospho ERK (1:1000, Abcam), rabbit anti-P65 (1:1000, Abcam), rabbit anti-phospho P65 (1:1000, Abcam), rabbit anti-P38 (1:1000, Abcam), and rabbit anti-phospho P38 (1:1000, Abcam) antibodies. Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit, 1:1000; Abcam) and chemiluminescent luminol (LUMINOGRAPH II; Atto, Tokyo, Japan). Immunocomplexes were visualized using an enhanced horseradish peroxidase/luminol chemiluminescence system (ECL Plus; Amersham International PLC, Little Chalfont, United Kingdom). GAPDH served as the loading control for Western blot analysis.
2.9 Transfection of siRNAs (small interfering RNAs) specific for AhR
siRNAs targeting AhR (AhR siRNA; Ambion; Thermo Fisher Scientific, Waltham, MA, United States) and a scrambled sequence control siRNA, which would not induce specific degradation of any cellular mRNA, were obtained from Ambion (Ambion; Thermo Fisher Scientific). HaCaT cells, cultured in 6-well plates, were incubated for 24 h in 0.5 mL of culture medium with a mixture containing 5 nM siRNA and 3 µL of Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher Scientific). Transfection was carried out after 24 h of culture using siRNA duplexes targeting the AhR mRNA sequence or control siRNA.
2.10 Flow cytometry
For surface staining, isolated PBMCs were stained with an APC anti-human CD4 antibody (R&D Systems, Minneapolis, MN, United States). For intracellular staining, cells were fixed with Cytofix buffer, permeabilized with Cytoperm solution (eBioscience, San Diego, CA, United States), and stained with Percp-cy5.5-anti-human IL-17A and FITC-anti-human IFN-γ (R&D Systems). Labeled cells were quantified using a Cyto FLEX Flow Cytometer (Beckman Coulter, CA, United States), and the data were analyzed using Cytex pert 2.4 (Beckman). The gating strategy was as follows: cells were first gated for lymphocytes in a forward/side scatter plot (FCS-A and SSC-A), and then gated for the separation of CD4+ T cells. CD4+ T cells were further gated for the identification of IFN-γ-producing CD4+ T cells (Th1 phenotype) and IL-17A-producing CD4+ T cells (Th17 phenotype).
2.11 Cell immunofluorescence
Human peripheral PBMCs were seeded on coverslips and allowed to adhere overnight. After washing with PBS, cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 in 1% bovine serum albumin (BSA) for 10 min, blocked with 3% BSA for 1 hour at room temperature, and incubated overnight at 4°C with anti-IL6 (Abcam, Cambridge, United Kingdom), anti-IL17A (Abcam), anti-IL22 (Abcam), anti-IL23 (Abcam), and anti-IFN-γ (Abcam). Subsequently, Cells were immunolabeled using a combination of fluorescein-5-isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Abcam) at 1:200 for 1 h. The heavy chain of FITC-conjugated goat anti-rabbit IgG served as the marker for immunofluorescence staining. For nuclear counterstaining, mounting medium was used along with DAPI (Vector Laboratories, Burlingame, CA, United States). Fluorescent images were captured using a Leica Microsystems DFi8 with LASX software light microscopy (Leica, Wetzlar, Germany). The fluorescence intensity was semi-quantitatively analyzed using LAS X software (Leica, Wetzlar, Germany). The results are presented as the mean optical density with standard deviation based on three different digital images.
2.12 Statistical analyses
Statistical analyses were performed using GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA, United States). Data were analyzed using the Student’s t-test and one-way analysis of variance with Tukey’s post hoc test. Statistical significance was set at p < 0.05 significant.
3 RESULT
3.1 Characterization of exosomes and exosome uptake analysis
Exosomes were extracted from untreated HaCaT cells, TCDD-treated HaCaT cells, BaP-treated HaCaT cells, HC PBMCs, BaP-treated HC PBMCs, PBMCs from patients with psoriasis (PS), and BaP-treated PBMCs from PS. Nanoparticle tracking analysis verified average diameters of 145.9 ± 65.1 nm, 149.9 ± 59.5 nm, 142.3 ± 56.4 nm, 153 nm ± 49, 153.8 ± 58.1 nm, 156.1 ± 59 nm and 160.4 ± 67.4 nm across all groups (n = 4 each) (Figure 1A). All exosome groups exhibited expression of key exosomal markers (CD63, CD9, HSP70, Alix, and TSG101) when compared to total cell lysates. Notably, the exosomes from BaP-treated HaCaT cells showed elevated levels of Tsg101 and Alix, alongside reduced CD63 levels compared to non-treated cells. Exosomes isolated from PS PBMCs displayed lower CD63, CD9, and HSP70 levels but higher Alix and TSG101 expression compared to healthy controls (Figure 1B, Supplementary Figure S3). To validate exosome uptake, we labeled exosomes from BaP-treated HaCaT cells or BaP-treated PS PBMCs with DiI and introduced them to recipient HaCaT cells or HC PBMCs for 2 h. Efficient exosome uptake was observed in both HaCaT cells and HC PBMCs (Figure 1C).
[image: Figure 1]FIGURE 1 | Characterization of exosomes derived from HaCaT cells and PBMCs and exosome uptake analysis. (A) Size distribution of exosomes by nanoparticle tracking analysis (n = 4). (B) The expression of CD63, CD9, HSP70, Alix and TSG101 in exosomes and the corresponding total cell lysates. The relative expression was normalized to GAPDH (n = 3). The densitometric value of each independent band was compared with the total cell lysate control. (C) The representative immunofluorescence images of exosomes derived from BaP-treated HaCaT cells-treated recipient HaCaT cells or BaP-treated PS PBMC-treated recipient HC PBMCs. Nuclei were counterstained with DAPI (blue). Scale bar, 75 μm. exo, exosomes, BaP, benzo [a]pyrene. PS, psoriasis patients, HC, healthy controls, PBMC, peripheral blood mononuclear cell.
3.2 Induction of proinflammatory cytokines and chemokines in HaCaT cells by exosomes from BaP- or TCDD-treated cells
We evaluated the ability of exosomes from BaP- or TCDD-treated HaCaT cells to trigger proinflammatory cytokine and chemokine production in recipient HaCaT cells. We found that exosomes from BaP- or TCDD-treated HaCaT cells led to higher mRNA and protein expression of TNF-α, IL-1β, IL-6, CXCL1, and CXCL5 compared to untreated cells (Figures 2A, B, Supplementary Figure S3). Overall, these exosomes induced proinflammatory cytokine and chemokine production in recipient HaCaT cells. To further elucidate the signaling pathways involved in the proinflammatory response induced by TCDD- or BaP-treated HaCaT cell-derived exosomes, we assessed the phosphorylation of P65/NF-κB, P38/MAPK, and extracellular signal-regulated kinase (ERK)/MAPK in recipient HaCaT cells. Treatment with exosomes from TCDD- or BaP-treated HaCaT cells increased phosphorylation levels of these signaling pathways compared to the control (Figure 3A, Supplementary Figure S3). To confirm the involvement of P65/NF-κB, P38/MAPK, and ERK/MAPK signaling in the observed changes, we pretreated HaCaT cells with inhibitors for 1 h before stimulating the cells with exosomes from TCDD (10 nM) or BaP (0.5 µM)-treated HaCaT cells (20 μg/mL) for 24 h. Inhibition of P65, P38, and ERK significantly reduced the upregulation of TNF-α, IL-1β, IL-6, IL-8, CXCL1, and CXCL5 expression by exosomes from BaP- or TCDD-treated HaCaT cells in recipient HaCaT cells, confirming the involvement of the P65/NF-κB and MAPK targeting P38/ERK signaling pathways (Figure 3B).
[image: Figure 2]FIGURE 2 | The effects of exosomes derived from BaP- or TCDD-treated HaCaT cells on proinflammatory cytokine/chemokine mRNA or protein expression in recipient HaCaT cells. (A) The mRNA expression of TNF-α, IL-1β, IL-6, IL-8, CXCL1 and CXCL5. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. Data represent the mean ± S.D. of 3 independent experiments. **p < 0.01 and ***p < 0.001. (B) Immunoblotting of TNF-α, IL-1β, IL-6, IL-8, CXCL1 and CXCL5. The relative expression was normalized to GAPDH (n = 3). The relative intensities of western blots were compared with the control and measured by ImageJ software. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. Data represent the mean ± S.D. of 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.
[image: Figure 3]FIGURE 3 | The effects of exosomes derived from BaP- or TCDD-treated HaCaT cells on the p65/NF-κB, p38/MAPK and ERK/MAPK signaling pathways in recipient HaCaT cells. (A) P-P65, P-P38 and P-ERK expression treated with exosomes derived from BaP- or TCDD-treated HaCaT cells by Western blotting. The relative expression was normalized to GAPDH (n = 3). The relative intensity of each band was quantified by densitometric scan. (B) TNF-α, IL-1β, IL-6, IL-8, CXCL1, and CXCL5 expression with the exosome-derived from BaP- or TCDD-treated HaCaT cell in the absence or presence of inhibitors of P65 (PDTC, 10 µM), P38 (SB203580, 10 µM), or ERK (PD980599, 5 µM) by quantitative PCR. Statistics: mean ± S.D. (n = 3). Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. **p < 0.01 and ***p < 0.001. PDTC, pyrrolidine dithiocarbamate, exo, exosome, BaP, benzo [a]pyrene.
3.3 Upregulation of cytokine and chemokine expression in recipient HaCaT cells induced by BaP- or TCDD-stimulated HaCaT cell-derived exosomes via the AhR signaling pathway
To assess the capability of BaP- or TCDD-treated HaCaT cell-derived exosomes in activating AhR in recipient HaCaT cells, we exposed HaCaT cells to these exosomes for 24 h and subsequently measured the expression of AhR and CYP1A1. In comparison to the control group, both TCDD-treated and BaP-treated HaCaT cell-derived exosome groups exhibited increased mRNA and protein expression of AhR and CYP1A1 (Figures 4A, B, Supplementary Figure S3). Thus, we observed that TCDD- or BaP-treated HaCaT cell-derived exosomes induced AhR activation in recipient HaCaT cells.
[image: Figure 4]FIGURE 4 | The effects of exosomes derived from BaP- or TCDD-treated HaCaT cells on the AhR and CYP1A1 expression in recipient HaCaT cells. (A) The treatment of recipient HaCaT cells with exosomes derived from BaP- or TCDD-treated HaCaT cells increased AhR and CYP1A1 mRNA expression. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. Data represent the mean ± SD of 3 independent experiments. **p < 0.01 and ***p < 0.001. (B) The protein expression of AhR and CYP1A1. The relative expression was normalized to that of GAPDH (n = 3). The relative intensities were compared with the control.
To further corroborate the influence of AhR on proinflammatory cytokine and chemokine production in recipient HaCaT cells treated with BaP- or TCDD-stimulated HaCaT cell-derived exosomes, we conducted AhR blockade experiments using siRNA oligonucleotides (Figure 5A). HaCaT cells were transfected with AhR siRNA for 24 h and subsequently stimulated with TCDD (10 nM)-treated HaCaT cell-derived exosomes (20 μg/μL) or BaP (0.5 µM)-treated HaCaT cell-derived exosomes (20 μg/μL) for an additional 24 h. To ensure the viability of transfected cells, we performed the MTT assay, which indicated that AhR siRNA transfection did not affect cell viability (Figure 5B). The silencing of AhR attenuated the upregulation of proinflammatory cytokines and chemokines induced by exosomes from TCDD-treated or BaP-treated HaCaT cells in recipient HaCaT cells, suggesting a role for AhR in mediating these responses (Figure 5C).
[image: Figure 5]FIGURE 5 | The Upregulation of Cytokine and Chemokine Expression in Recipient HaCaT Cells Treated with BaP- or TCDD-Stimulated HaCaT Cell-Derived Exosomes was dependent on AhR signaling pathway. (A) A 77% reduction in AhR mRNA was shown in the AhR siRNA-transfected cells compared to the nontransfected cells. HaCaT cells were transfected with AhR siRNA for 24 h. (B) Cell viability of AhR siRNA transfected HaCaT cells by MTT assay. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. Data represent the mean ± SD of 3 independent experiments. (C) AhR silencing attenuated the upregulation induced by exosomes from TCDD-treated HaCaT cells or BaP-treated HaCaT cells on TNF-α, IL-1β, IL-6, IL-8, CXCL1, and CXCL5 in recipient HaCaT cells. Data represent the mean ± S.D. (n = 3). Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. **p < 0.01 and ***p < 0.001. exo, exosome, BaP, benzo [a]pyrene.
3.4 Treatment with BaP-Stimulated PS PBMC-derived exosomes induced psoriatic cytokine expression via AhR activation in recipient HC PBMCs
Next, we investigated the impact of 10 µM BaP-treated PS PBMC-derived exosomes (20 μg/mL) on recipient HC PBMCs over a 24-h period. The assessment included the measurement of AhR, CYP1A1 expression, proinflammatory cytokines, and the distribution of CD4+IL-17 cells and CD4+IFN-γ cells. The concentration of 10 µM BaP in PBMC experiments was determined based on the results of the MTT assay (Supplementary Figure S1). HC PBMCs treated with PS PBMC-derived exosomes (20 μg/mL) exhibited elevated protein and mRNA expression levels of AhR and CYP1A1 compared to untreated HC PBMCs. Furthermore, BaP-treated PS PBMC-derived exosomes increased the protein and mRNA expression of AhR and CYP1A1 in recipient HC PBMCs compared to HC PBMCs treated with PS PBMC-derived exosomes alone (Figures 6A, B, Supplementary Figure S3). In the immunofluorescence analysis, BaP-treated PS PBMC-derived exosomes heightened the staining intensities of IL-6, IL-17A, IL-22, IL-23, and IFN-γ compared to untreated HC PBMCs or HC PBMCs treated with PS PBMC-derived exosomes. As anticipated, HC PBMCs treated with PS PBMC-derived exosomes showed higher levels of all cytokines than untreated HC PBMCs (Figure 7A). About 50 percentages of lymphocytes was presented in relation to total PBMCs. We observed that exosomes derived from BaP-treated PS PBMCs enhanced the staining intensities of IL-6, IL-17A, IL-22, IL-23, and IFN-γ in CD4+ lymphocytes compared to the untreated HC CD4+ lymphocytes group or HC CD4+ lymphocytes treated with PS PBMC-derived exosomes (Supplementary Figure S2). The distribution of CD4+IL-17 cells and CD4+IFN-γ cells significantly increased in recipient HC PBMCs treated with BaP-treated PS PBMC-derived exosomes compared to HC PBMCs or HC PBMCs treated with PS PBMC-derived exosomes alone. Additionally, HC PBMCs treated with PS PBMC-derived exosomes exhibited a higher distribution of CD4+IL-17 cells and CD4+IFN-γ cells compared to HS PBMCs (Figure 7B). In summary, these findings demonstrate that BaP-treated PS PBMC-derived exosomes induce the expression of TH1 and TH17 cytokines and promote the differentiation of TH1 and TH17 cells in recipient PBMCs.
[image: Figure 6]FIGURE 6 | The effects of exosomes derived from BaP-treated PS PBMCs on AhR and CYP1A1 expression in recipient HC PBMCs. (A) Representative images of western blots for AhR and CYP1A1. The relative expression was normalized to GAPDH. The results are representative of three independent experiments. The relative intensities of western blots were measured by ImageJ. (B) mRNA expression of AhR and CYP1A1. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. Data represent the mean ± S.D. of 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.
[image: Figure 7]FIGURE 7 | The effects of exosomes derived from BaP-treated PS PBMCs on proinflammatory cytokine expression, and the distribution of IL-17A-positive and IFN-γ-positive CD4+ T cells in recipient HC PBMCs. (A) The expressions of IL-6, IL-17A, IL-22, IL-23, and IFN-γ by immunofluorescence. Results are a representation of one sample of each group (PS = 3, HC = 3). Scale bar = 75 µm. The fluorescence intensity was semi-quantitatively analyzed and the results are presented as the mean optical density with standard deviation based on three different digital images. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. ***p < 0.001 (B) Representative dot plots and the percentages of IL-17A-positive and IFN-γ-positive CD4+ T cells. The percentage of IL-17A-positive and IFN-γ-positive CD4+ T cells by flow cytometric analysis. The percentage of dead cells in IL-17 and CD4 was 1.86% for HC, 1.09% for HC/PS-exo, and 0.21% for HC/PS Bap-exo. For INF-y and CD4, the percentages were 0.38% for both HC and HC/PS-exo, and 0.11% for HC/PS Bap-exo and 0.57%. Results are a representation of one sample of each group (PS = 3, HC = 3). Statistics: mean ± S.D. **p < 0.05 and ***p < 0.001. exo, exosome, BaP, benzo [a]pyrene, PS, psoriasis patient, HC, healthy control.
4 DISCUSSION
This study examines the impact of BaP and TCDD on exosome function and their role in immune-related changes in recipient keratinocytes and PBMCs. Treating HaCaT cells with BaP or TCDD induces exosomes from the treated keratinocytes to upregulate proinflammatory cytokines and chemokines in recipient keratinocytes through AhR activation. The upregulation of these inflammatory molecules involves the p65NF-κB/p38MAPK/ERK signaling pathway. Moreover, exosomes from BaP-stimulated PBMCs of psoriatic patients increase the expression of proinflammatory cytokines (IL-6, IL-17A, IL-22, IL-23, and IFN-γ) and promote Th1/Th17 cell distribution in recipient PBMCs via AhR activation. This reveals that environmental toxicants BaP and TCDD induce psoriatic inflammatory reactions in human keratinocytes and PBMCs through exosome-mediated cell-to-cell communication.
Psoriasis, a common immune-mediated inflammatory cutaneous disorder, is associated with systemic diseases encompassing arthritic, metabolic, cardiovascular, and psychological comorbidities (Griffiths et al., 2021). Its complex pathogenesis involves abnormal activation of the innate and adaptive immune systems, with the IL-23/IL-17 axis playing a central role. This axis leads to excessive keratinocyte proliferation (Lowes et al., 2008). The interplay between genetic susceptibility and environmental stimuli evokes the development or aggravation of psoriasis (Griffiths et al., 2021). While the role of genetic factors in psoriasis pathogenesis has been well elucidated (Tang et al., 2014; Tsoi et al., 2017), the detailed molecular mechanisms underlying the influence of environmental factors on psoriasis remain unknown. Cigarette smoking, a well-known environmental factor for psoriasis (Fortes et al., 2005; Jankovic et al., 2009), is intriguingly linked to BaP, a major PAH in smoke fume. BaP elicits proinflammatory psoriatic molecules via the p65NF-κB/p38MAPK/ERK pathways by transferring exosomes from parent keratinocytes to recipient keratinocytes. Additionally, BaP affects exosomes from peripheral PBMCs of psoriasis patients, triggering exacerbated Th1/Th17 cytokine production and Th1/Th17 CD4+ T-cell differentiation in recipient peripheral PBMCs from normal controls.
AhR plays critical roles in inflammatory and immune-mediated cutaneous diseases, including chloracne, atopic dermatitis, and psoriasis (Rothhammer and Quintana, 2019; Furue, 2020). Activated by various ligands, including endogenous L-tryptophan-derived ligands, exogenous dietary ligands, microbial-derived ligands, and environmental xenobiotic agents (e.g., TCDD and BaP), AhR is implicated in detrimental effects on human organs, including the skin. Growing evidence suggests that exposure to TCDD or BaP induces pathological responses in the skin, leading to chronic inflammatory skin diseases such as psoriasis through AhR activation (Tsuji et al., 2011; Kim et al., 2014; Smith et al., 2017a). TCDD induces an increase in CXCL5 expression via AhR activation in primary mouse keratinocytes (Smith et al., 2017a), while in vitro studies show that TCDD elevates the secretion of IL-6 and IL-8 in normal human epidermal keratinocytes (Kim et al., 2014). BaP triggers an increase in IL-8 production in an AhR-reactive oxygen species (ROS)-dependent manner in human keratinocytes (Tsuji et al., 2011). Our study found that exosomes isolated from TCDD- or BaP-treated keratinocytes exhibit proinflammatory reactions through AhR activation in recipient cells. AhR silencing attenuates the upregulation of proinflammatory cytokines and chemokines in recipient keratinocytes induced by exosomes from BaP- or TCDD-treated keratinocytes, suggesting AhR’s involvement in the expression of psoriatic inflammatory markers, including TNF-α, IL-1β, IL-6, IL-8, CXCL1, and CXCL5, by BaP or TCDD.
AhR plays a pivotal role as a modulator in the context of inflammatory and autoimmune Th17 cell populations, responding to specific ligands or the cellular microenvironment. Interestingly, diverse ligands prompt AhR to engage distinct transcriptional partners, leading to AhR binding to varied DNA target sequences and resulting in distinct biological reactions (Quintana et al., 2008; Duarte et al., 2013). Activation of AhR by TCDD has been shown to enhance Th17 cell differentiation in vitro (Duarte et al., 2013). Moreover, Kim et al. observed that TCDD exacerbates skin lesions in a psoriasis-like mouse model by inducing the production of Th17 cytokines, such as IL-17A and IL-22 (Kim et al., 2021).
In our study, we found that BaP-treated PBMCs from psoriasis patient-derived exosomes promote Th17/Th1 cell differentiation in recipient PBMCs from healthy controls. This effect was compared to the response observed in healthy control PBMCs stimulated by non-treated PBMCs from psoriasis patient-derived exosomes. Furthermore, BaP-treated PBMCs from psoriasis patient-derived exosomes upregulated the expression of proinflammatory cytokines, including IL-6, IL-17A, IL-22, IL-23, and IFN-γ, in recipient PBMCs from healthy controls, in contrast to HC PBMCs treated with PBMCs from non-treated psoriasis patient-derived exosomes. While previous studies, including our current investigation, have demonstrated that environmental toxicants like TCDD or BaP induce proinflammatory reactions, it is noteworthy that endogenous AhR ligands, such as FICZ, and the direct binding of tapinarof to AhR yield anti-inflammatory responses in psoriasis-like models (Di Meglio et al., 2014).
Furthermore, tapinarof exhibits direct binding to the aryl hydrocarbon receptor (AhR), leading to a reduction in the production of inflammatory cytokines, including IL-17A, IL-17F, IL-22, IL-23, and IL-1β, as demonstrated in a psoriasis-like mouse model (Smith et al., 2017b). Clinical trials have substantiated the efficacy of topical tapinarof in patients with psoriasis and atopic dermatitis (Lebwohl et al., 2021; Strober et al., 2022). The distinct biological functions of AhR, mediated by various ligands, are hypothesized to be influenced by divergent AhR activation pathways governed by regulatory mechanisms (Fernandez-Gallego et al., 2021). Controlled AhR activation through physiological ligands, such as FICZ, supports the preservation of skin homeostasis and anti-inflammatory reactions. Conversely, prolonged and heightened uncontrolled AhR activation induced by pathological ligands, including TCDD and BaP, elicits inflammatory responses associated with cutaneous inflammatory diseases, such as psoriasis.
Exosomes, derived from both non-immune and immune cells, play a pivotal role in regulating immune reactions associated with inflammatory diseases (Xiong et al., 2021). Despite suggestions regarding the involvement of exosomes in the pathogenesis of psoriasis, limited studies have been conducted. Cheung et al. demonstrated that exosomes can serve as crucial carriers of non-peptide antigens, such as neolipids, acting as significant regulators of T cells (Cheung et al., 2016). In their study, Cheung et al. showed that exosomes containing Phospholipase A2 (PLA2) from LAD2 mast cells induced the production of IL-17A and IL-22 by CD1a-autoreactive T cells from psoriasis patients (Cheung et al., 2016). Notably, our study found that BaP stimulation in exosomes from PBMCs of patients with psoriasis triggered inflammatory reactions involving changes in psoriatic cytokine expression and Th1/Th17 CD4+ T-cell distribution in recipient PBMCs from healthy controls. These data imply that BaP may amplify these proinflammatory responses in immune cells through exosome transfer. In addition to immune cells, keratinocytes play key roles in the development of psoriasis, characterized by abnormalities in keratinocyte proliferation and differentiation (Ni and Lai, 2020). Our study further demonstrated that BaP-treated keratinocyte exosomes induced psoriatic inflammatory reactions in recipient keratinocytes. Exosomes derived from BaP-stimulated human keratinocytes triggered the expression of psoriatic cytokines and chemokines, including TNF-α, IL-1β, IL-6, IL-8, CXCL1, and CXCL5, through the activation of the NF-κB and MAPK pathways in recipient human keratinocytes. Notably, these inflammatory responses were mediated by the AhR signaling pathway. Two prior studies have highlighted the role of exosomes as cell-to-cell messengers between keratinocytes and immune cells in psoriasis pathogenesis (Jiang et al., 2019; Shao et al., 2019). Jiang et al. reported that psoriasis-like cytokine-treated keratinocyte exosomes increased the expression of TNF-α, IL-6, and IL-8 in neutrophils through NF-κB/MAPK signaling (Jiang et al., 2019). Similarly, Shao et al. identified that exosomes from neutrophils of generalized pustular psoriasis patients increased the expression of inflammatory molecules, such as IL-1β, IL-36, IL-18, and TNF-α, in recipient keratinocytes (Shao et al., 2019). Collectively, based on previous studies and our present findings, it is suggested that exosomes serve as critical messengers in psoriatic inflammatory reactions.
A prior investigation by van Meteren et al. (2019) established that BaP enhances exosome release and alters exosomal protein markers in hepatocytes, indicating its impact on exosome biogenesis. In alignment with this, our study reveals heightened expression of ESCRT machinery proteins, Tsg101 and Alix, alongside diminished levels of tetraspanin CD63 in exosomes upon exposure to BaP, consistent with the findings of van Meteren et al. (2019). Moreover, the alterations observed in exosome marker protein expression in BaP-stimulated PBMCs compared to healthy controls mirror those seen in hepatocytes. Notably, our results highlight an escalated exosome release in response to BaP (refer to Supplementary Table S1), corroborating previous research findings. These collective outcomes imply that the influence of BaP on exosome-specific marker proteins involved in biosynthesis extends beyond hepatocytes, suggesting a potential role in the modulation of exosome biosynthesis in inflammatory diseases like psoriasis. Specifically, changes in the expression of exosomal marker proteins in psoriasis or under BaP stimulation could serve as promising biomarkers. Further research is imperative to validate these findings.
It has been established that secretions from cells in the cellular microenvironment can influence various cellular processes, including those involving exosomes. In addition to assessing the intended impact on the target exosomes, it is essential to consider the relevance of exosome-mediated effects in relation to the presence of compounds in the media. Notably, commonly used bovine serum as a medium supplement contains bovine RNA in extracellular vesicles and non-vesicular entities. These extracellular RNAs (exRNAs) have the potential to introduce confounding factors in molecular and functional readouts in recipient cells exposed to exosomes. In addition, it is crucial to consider factors secreted by exosome-independent processes. It can be postulated that autocrine substances, such as cell metabolites present in conditioned medium, may also play a role. These substances are produced directly by cells, independently of exosomes.
This study has several limitations. Although the original experiment design overlooked this aspect, it is necessary to broaden the scope of the PBMC experiments by including the exposure of psoriasis exosomes to psoriasis recipients as a control. BaP is known to induce apoptosis in HaCaT cells (Stolpmann et al., 2012), and it is plausible that apoptotic vesicles could potentially contaminate exosome preparations. Moreover, to unequivocally confirm that the observed effect is mediated by exosomes, additional investigations should involve co-cultures with donor and recipient PBMCs, as well as incubating the supernatant of donor PBMCs with recipient PBMCs. Additionally, the impact of BaP on psoriasis warrants confirmation through in vivo studies. Consequently, ongoing research employs an imiquimod (IMQ)-induced psoriasis mouse model to evaluate the in vitro findings regarding the effects of BaP.
In conclusion, this study pioneers the revelation that TCDD and BaP exert discernible effects on exosomes within human keratinocytes and PBMCs. Consequently, they fuel psoriatic inflammatory reactions by augmenting the expression of pro-inflammatory cytokines/chemokines and promoting Th17/Th1 cell differentiation in recipient cells. Our findings strongly imply the pivotal role of exosomes in exacerbating inflammatory skin responses to environmental toxicants. These results offer valuable insights into the involvement of exosomes in the pathogenesis of inflammatory cutaneous reactions induced by toxicants.
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