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Interleukin 22 (IL-22) is critically involved in gut immunity and host defense and primarily produced by activated T cells. In different circumstances IL-22 may contribute to pathological conditions or act as a cancer promoting cytokine secreted by infiltrating immune cells. Here we show that bone marrow-derived macrophages (BMM) express and produce IL-22 after activation of the aryl hydrocarbon receptor (AhR) when cells are activated through the Toll-like receptor (TLR) family. The additional activation of AhR triggered a significant induction of IL-22 in TLR-activated BMM. Deletion and mutation constructs of the IL-22 promoter revealed that a consensus DRE and RelBAhRE binding element are necessary to mediate the synergistic effects of AhR and TLR ligands. Inhibitor studies and analysis of BMM derived from knockout mice confirmed that the synergistic induction of IL-22 by AhR and TLR ligands depend on the expression of AhR and Nuclear Factor-kappa B (NF-κB) member RelB. The exposure to particulate matter (PM) collected from traffic related air pollution (TRAP) and wildfires activated AhR as well as NF-κB signaling and significantly induced the expression of IL-22. In summary this study shows that simultaneous activation of the AhR and NF-κB signaling pathways leads to synergistic and prolonged induction of IL-22 by integrating signals of the canonical and non-canonical AhR pathway.
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INTRODUCTION
The aryl hydrocarbon receptor (AhR) plays an important role in regulating immune responses (Stockinger et al., 2014; Gutiérrez-Vázquez and Quintana, 2018). Activation of the AhR affects the expression of immunoregulatory genes and the innate function of macrophages and dendritic cells (DC) (Vogel et al., 2008; Bankoti et al., 2010; Jin et al., 2010; Vogel et al., 2013). The exposure to AhR-activating ligands, including environmental toxicants such as dioxins and polycyclic aromatic hydrocarbons (PAHs) can trigger a dysregulation of cytokines and the development of immune system disorders (Marshall and Kerkvliet, 2010; Rothhammer and Quintana, 2019). Recent reports showed that ambient particulate matter (PM) may contain significant amounts of PAHs, which are a relevant source of environmental AhR ligands (Vogel et al., 2020). Consequently, recent work described a central role of the AhR as a mediator of inflammatory genes induced by air pollution PM and their chemical components generated by traffic and combustion in urban areas or by wildfire smoke (Castañeda et al., 2018; D'Evelyn et al., 2021; Dahlem et al., 2020; Yuan et al., 2020; Young et al., 2021). Further, a recent study revealed that PAHs are a critical component in PM promoting T helper 17 (Th17) cell-polarization and secretion of IL-17A from T cells in vivo associated with autoimmune diseases (O'Driscoll et al., 2018). Recently, we reported that TCDD as well as PAH-containing PM directly activate AhR and induce inflammatory markers associated with an enhanced activation of DC responsible for differentiation of naive T cells towards a Th17-like phenotype and an increased production of interleukin 22 (IL-22) (Castañeda et al., 2018). More than a decade ago Francisco Quintana’s and Brigitta Stockinger’s teams showed that the AhR is essential for the production of IL-22 and differentiation of Th17 cells (Quintana et al., 2008; Veldhoen et al., 2009). Further, it became evident that AhR is a key player driving the production of IL-22 in innate lymphoid cells 3 (ILC3) and regulates the development of ILC3 controlling intestinal immunity and inflammation (Lee et al., 2011; Qiu et al., 2012). The expression of IL-22 triggered by IL-21 and IL-23 in Th17 cells was controlled by AhR and RAR-related orphan receptor gamma t (RORγt) (Kiss et al., 2011; Yeste et al., 2014).
More recently the expression of IL-22 was found to be upregulated in DC and macrophages by AhR ligands (Vogel et al., 2013; Ishihara et al., 2019a). Further, we and other research teams revealed that a group of Nuclear Factor-kappa B (NF-κB) target genes encoding cytokines and chemokines may also be regulated by AhR (Kimura et al., 2009; Vogel et al., 2013; Øvrevik et al., 2014; Lahoti et al., 2015; Kado et al., 2017; Domínguez-Acosta et al., 2018; Zhu et al., 2018). NF-κB is a key transcription factor which regulates the transcription of many regulatory cytokines, chemokines, receptors and enzymes in innate immune cells (Hoffmann et al., 2002). Activation of NF-κB is induced through multiple Pattern Recognition Receptor (PRR) pathways such as the Toll-Like receptors (TLRs) (Mogensen, 2009; Kawasaki and Kawai, 2014). Thus, activation of TLR and NF-κB signaling downstream has a fundamental role in regulation of inflammation and disease. Interestingly, the transcriptional regulation of the Ahr gene has been found to be controlled by NF-κB subunits RelA and RelB (Vogel et al., 2014; Iu et al., 2017) highlighting the interaction of AhR and NF-κB signaling. Furthermore, AhR can physically interact with RelB as a component of the non-canonical AhR pathway, resulting in cooperative activation of human Il8 gene transcription (Vogel et al., 2007). In contrast to the canonical AhR pathway, which essentially depends on the heterodimerization of AhR with the Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT) and binding on consensus dioxin responsive elements (DRE), the non-canonical AhR pathway involves the interaction of AhR with other proteins such as the Krüppel-like Factor 6, members of the NF-κB protein family or the cross-talk with estrogen receptor alpha (ERα) (Matthews and Gustafsson, 2006; Vogel et al., 2007; Denison et al., 2011; Vogel et al., 2014; Iu et al., 2017; Wright et al., 2017). The non-canonical AhR pathway also includes ligand-independent activation of AhR signaling as described for cAMP-dependent protein kinase (PKA)-mediated activation of AhR (Oesch-Bartlomowicz et al., 2005; Vogel et al., 2007). The cross-regulation between the NF-κB and AhR signaling axis is of particular importance leading to dysregulation of genes including cytokines and cytochrome P4501A1 (CYP1A1) (Kim et al., 2000; Ke et al., 2001; Sulentic et al., 2004; Vogel et al., 2011; Vogel et al., 2013; Vogel et al., 2014; Salisbury and Sulentic, 2015) which can be an important contributing factor to the pathology of chronic diseases.
IL-22 is primarily produced by lymphoid cells including activated T cells and innate ILC. The production of IL-22 by ILC plays an important role in host defense, mucosal homeostasis, and protection against chronic inflammation (Zenewicz et al., 2008; Wei et al., 2020). On the other hand, models of autoimmunity, psoriasis, and atherosclerosis revealed a pathogenic function of IL-22 (Ma et al., 2008; Geboes et al., 2009; Rattik et al., 2015). Studies with preclinical models also suggest a complex role of IL-22 indicating that the effects of IL-22 are context specific and dependent on the microenvironment, which makes it difficult to predict the impact of IL-22 in disease (Wei et al., 2020). Moreover, IL-22 has been implicated in cancer development and progression (Di Lullo et al., 2015; Hernandez et al., 2018; Keir et al., 2020) including colon cancer (Huber et al., 2012; Kirchberger et al., 2013; Markota et al., 2018; Dmitrieva-Posocco et al., 2019; Arshad et al., 2020) and breast cancer (Kim et al., 2014; Banerjee and Resat, 2016; Irshad et al., 2017; Voigt et al., 2017; Zhang et al., 2020). Especially the dysregulation and prolonged expression of IL-22 seems to be associated with the mechanisms of pathological inflammation and tumorigenesis (Sonnenberg et al., 2011; Lim and Savan, 2014). An increased expression of IL-22 in breast cancer has been found to be associated with elevated infiltration of tumor associated macrophages and poor clinical outcomes (Zhao et al., 2021). This is consistent with the fact that IL-22 induces proliferative and anti-apoptotic signaling pathways and promotes epithelial-to-mesenchymal transition (Perusina Lanfranca et al., 2016). Subsequently, inhibition of IL-22 may be beneficial in cancer, whereas an enhanced IL-22 expression may be favorable in gut infections and inflammatory bowel disease. Based on the pleiotropic role of IL-22 it is important to identify the mechanisms of IL-22 regulation especially in the tumor microenvironment. Besides T cells and ILCs as the main cellular sources of IL-22 production, several myeloid cell subsets including neutrophils, dendritic cells, mast cells and macrophages may secrete IL-22 during inflammation (Ikeuchi et al., 2005; Hansson et al., 2013; Zindl et al., 2013; Chellan et al., 2014; Mashiko et al., 2015; Fumagalli et al., 2016). Because the control of IL-22 expression by AhR signaling, the focus of this study is on the modulatory mechanism induced by AhR ligands in bone marrow-derived macrophages (BMM) in cross-talk with NF-κB in TLR-activated BMM. Here we also investigated the effect of environmental PM derived from traffic related sources and wildfires to activate AhR and IL-22.
MATERIALS AND METHODS
Reagents and Preparation of PM
Dimethyl sulfoxide (DMSO) was purchased from Sigma. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (>99% purity) was originally obtained from Dow Chemical Co. (Midland, MI, United States). 6-Formylindolo[3,2-b]carbazole (FICZ), Indole-3-carbinol.
(I3C), 12-O-tetradecanoylphorbol-13-acetate (TPA) and other molecular biological reagents were purchased from Cayman Chemicals (Ann Arbor, MI, United States) and Applied Biosystems (Foster City, CA, United States). TLR ligands were purchased from InvivoGen (San Diego, CA, United States). RelB-specific polyclonal antibody from Active Motif (Carlsbad, CA, United States). AhR-specific polyclonal antibody from Enzo Life Sciences (Farmingdale, NY, United States). The traffic-related air pollution (TRAP)-related PM2.5 was collected from an exposure facility immediately adjacent to a major freeway tunnel system in Northern California (Patten et al., 2020) via impaction-based filter sampling and extracted according to the protocols of Bein and Wexler (2014) and Bein and Wexler (2015). TRAP samples were collected before and during the Sonoma/Napa wildfire in 2017. The wildfire PM sample was collected during the Carr wildfire in Northern California in 2018. The dry PM extracts were resuspended in DMSO and sonicated immediately prior to treatment of the cells.
Isolation, and Differentiation of Bone Marrow-Derived Macrophages
Primary bone marrow (BM) progenitor cells were isolated and differentiated from wildtype (WT), AhR null mice (AhR−/−), and RelB null mice (RelB−/−) as described earlier (Vogel et al., 2013; Castañeda et al., 2018; Ishihara et al., 2019b). C57BL/6 WT mice (age 5–6 weeks) were purchased from the Jackson Laboratory (Sacramento, CA, United States). Initial breeding stocks for B6. AhRtm1Bra (AhR−/−) mice were kindly provided by Christopher Bradfield (University of Wisconsin Madison). A breeding of RelB−/− mice was kindly provided by Alexander Hoffmann (University of California Los Angeles). The colonies of AhR−/− and RelB− were backcrossed on a C57BL/6 background and continually maintained at the University of Davis and genotyped using the DNA/RNA Shield reagent (Zymo Research, Irvine, CA, United States). The animals were maintained according to the guidelines set by the University of California Davis. The studies involving animals were reviewed and the protocol for animal care and use was approved and completed by the Institutional Animal Care and Use Committee (IACUC) on January 21, 2021 at the University of California Davis (#21564). This project was conducted in accordance with the ILAR guide for the care and use of laboratory animals, and the UC Davis Animal Welfare Assurance on file with the US Public Health Service.
Briefly, femurs from 8-week old female mice were isolated under sterile conditions, and BM cells were extracted via a Roswell Park Memorial Institute (RPMI) media-loaded syringe. Cells were passed through a 30 μm cell strainer, and the supernatant was centrifuged for 5 min at 1,000 ×g. The supernatant was decanted, and the pellet was resuspended and cultured in RPMI medium. Cells from three age-matched female mice were pooled and plated in 12- or 24-well cell culture plates for the various in vitro experiments and experimental groups. Differentiation of BM-derived macrophages was performed in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF; 20 ng/ml; Tonbo Biosciences, San Diego, CA). Differentiation of macrophages occurred over 6 days and adherent macrophages were purified (85–90%) as described previously (Ishihara et al., 2019b). The appropriate media was replenished every 2 days. On day 6, macrophages were treated in 12 well plates at a density of 5 × 104 cells/well and treated in triplicates with TLR and AhR ligands as indicated. At least three independent experiments were performed for the various in vitro studies. In order to test environmental pollutants on the expression of IL-22, BMM were treated with PM (10 μg/ml) collected from TRAP and wildfires (WF) in California.
Isolation and Activation of Naive CD4+ T Cells
CD4+CD62L+ naive T cells were isolated from C57BL/6 WT mice using Miltenyi Biotec’s mouse CD4+naïve T cell isolation kit as described (Castañeda et al., 2018). T cells were activated with MACSiBeads conjugated with CD3ε and CD28T antibodies and cultured at a 1:1 ratio with T cells. CD4+CD62L+ naive T cells were isolated and treated with TCDD (1 nM) and IL-21 (30 ng/ml). RNA was isolated to analyze IL-22 gene expression.
RNA Isolation and Quantitative Real-Time PCR
The preparation of RNA and qPCR was performed according to the manufacturer’s protocol (Zymo Research and LightCycler 480, Roche) and as described earlier (Vogel et al., 2013). Total RNA was isolated from cells using a Quick-RNA Mini prep isolation kit (Zymo Research), and cDNA synthesis was performed using a cDNA synthesis kit Applied Biosystems (Foster City, CA, United States). Detection of β-actin and differentially expressed target genes was performed with a LightCycler LC480 Instrument (Roche Diagnostics, Indianapolis, IN, United States) using the Fast SYBR Green Master Mix (Applied Biosystems) according to the manufacturer’s instructions. The primers for each gene were designed on the basis of the respective cDNA or mRNA sequences using OLIGO primer analysis software provided by Steve Rozen and the Whitehead Institute/Massachusetts Institute of Technology Center for Genome Research so that the targets were 100–200 bp in length. To confirm the amplification specificity, the PCR products were subjected to melting curve analysis.
Measurement of IL-22 mRNA Half-Life
To determine if TCDD and LPS affects the IL-22 mRNA half-life, actinomycin D (5 μg/ml) was added to cells after 24 h of stimulation with TCDD and LPS. BMM were then rinsed with PBS and culture media containing actinomycin D was added. Cells were incubated for an additional 0.5–4 h in standard culture conditions. RNA was isolated from cells at the indicated time points after the addition of actinomycin D, and qPCR was performed as described above. Results were depicted as the percent of RNA remaining versus the time after the addition of actinomycin D (hour 0).
Measurement of IL-22 Concentrations in BMM
Cell culture supernatants from BMM cultures were used to quantify IL-22 protein levels using BioLegend’s (San Diego, CA, United States) mouse ELISA kit according to the manufacturer’s protocol and as described previously (Castañeda et al., 2018). Cell-free conditioned medium was obtained by centrifugation (300 g, 10 min).
Cloning of the Mouse IL-22 Promoter, Site-Directed Mutagenesis, and Transfection Experiments
Transient transfection and luciferase reporter studies using IL-22 promoter constructs were performed as described (Vogel et al., 2007; Vogel et al., 2014). The luciferase reporter construct containing the IL-22 promoter sequence was provided by SwitchGear Genomics (Menlo Park, CA, United States) corresponding to a −3,455 bp construct of the mouse promoter sequence. DNA promoter analysis and identification of putative transcription factor binding sites of the mouse IL-22 gene was performed using the TFSEARCH program (Heinemeyer et al., 1998). The mutations of the NF-κB, the DRE, and RelBAhRE sequences in the mouse IL-22 gene promoter were carried out by site-directed mutagenesis (Stratagene, La Jolla, CA) as described previously (Vogel et al., 2007; Vogel et al., 2014). The NF-κB luciferase reporter was a kind gift of Courtney Sulentic (Wright State University, OH). The plasmid DRE and NF-κB reporter constructs were amplified and purified with Zymo PURE-Endo Zero plasmid isolation kit (Zymo Research). Transfection of plasmid DNA and short interfering RNA (siRNA) into BMM was performed via Nucleofector technology as described (Vogel et al., 2014). Briefly, 106 BMM were resuspended in 100 μl of Nucleofector Solution V (Amaxa GmbH, Köln, Germany) and nucleofected with 1.0 μg of plasmid DNA or siRNA using program V-001, which is preprogrammed into the Nucleofector device (Amaxa GmbH).
Chromatin Immunoprecipitation Assays
ChIP assays with AhR- and RelB-specific antibodies were analyzed by PCR using primer pairs covering the specified DRE and RelBAhRE regions of mouse IL-22 as depicted in Figure 6A. Genomic DNA and the input DNA were separated by agarose gel electrophoresis. ChIP assay samples from BMM were analyzed as described (Vogel et al., 2014; Vogel et al., 2019a). In brief, BMM cells were treated with TCDD and LPS for the indicated times and protein-DNA complexes were cross-linked with 1% formaldehyde for 10 min and prepared for ChIP assay. DNA was purified using a DNA purification kit (Zymo Research) and eluted in 50 μl. ChIP DNA was amplified by real-time PCR with primers covering the specified region DRE and RelBAhRE of the IL-22 promoter.
Statistical Methods
Data are expressed as mean ± standard error of the mean (SEM). Inter-group (wildtype vs. RelB−/− or AhR−/−) comparisons were performed using two-way ANOVA followed by Bonferroni’s post-test. Intra-group comparisons (within the wildtype treatment groups) were assessed by one-way ANOVA followed by post hoc Tukey’s multiple comparison test using GraphPad PRISM 9 software. A value of p < 0.05 was considered statistically significant.
RESULTS
The Time-dependent Effects of AhR and TLR4 Activation on IL-22
The time-dependent effects of AhR and TLR4 activation by TCDD and LPS, respectively, on IL-22 expression in BMM derived from C57BL/6 wildtype (WT) mice are shown in Figure 1A. TCDD induced IL-22 mRNA expression by 5-fold above control after 3 h treatment and continued to increase over time to a maximum level of 32-fold at 48 h after treatment with TCDD (Figure 1A). LPS rapidly increased IL-22 mRNA 9-fold after 3 h treatment with a maximum level of 20-fold above control at 6 h. In contrast to LPS alone, the addition of the AhR ligand TCDD significantly increased the expression of IL-22 in LPS-activated BMM and led to a sustained elevated level of 290-fold at 48 h.
[image: Figure 1]FIGURE 1 | Synergistic effect of AhR and TLR4 activation on IL-22 mRNA expression. (A) Synergistic effect of TCDD and LPS on time-dependent expression of IL-22 in BMM. BMM derived from 8-week old female B6 wt mice were treated with LPS (1.0 μg/ml), TCDD (1 nM), or co-treated with TCDD plus LPS for 3–48 h. The expression of IL-22 was analyzed using qPCR. The expression was corrected against the housekeeping gene ß-actin. Results are presented as mean ± SEM of triplicates from three independent experiments and the y-axis represents mRNA expression level as fold increase above control. Lowercase letters indicate significant differences between control and treatment groups. asignificantly higher than control, p < 0.05; b significantly higher than cells treated with TCDD or LPS alone, p < 0.05 (B) Effect of actinomycin D on IL-22 mRNA levels in BMM. BMM from WT mice were cultured with TCDD plus LPS for 24 h before the addition of actinomycin D (5 μg/ml). Cells were harvested for RNA extraction and IL-22 expression analysis via qPCR at the times indicated. Expression of IL-22 mRNA is normalized to the relative expression ratio at the time of addition of actinomycin D (hour 0). Results are presented as mean ± SEM of triplicates from three independent experiments.
Effect of TCDD and LPS on IL-22 mRNA Stability
The modification of IL-22 mRNA stability could be one possible mechanism for the increase of IL-22 mRNA expression induced by LPS and TCDD. We then evaluated IL-22 mRNA half-life in TCDD and LPS treated WT BMM, using actinomycin D, an inhibitor of transcription (Figure 1B). Results showed that neither the single treatment with TCDD or LPS nor the combinatorial treatment modifies the half-life of IL-22 mRNA, compared to the half-life measured in control cells, which is about 3.5 h. Results of these analyses indicated that the induction of IL-22 mRNA by TCDD and LPS is not due to a stabilization of its mRNA.
Activation of IL-22 by Various AhR Ligands
Expression analysis using BMM derived from WT showed that I3C, TCDD, and FICZ induced the expression of IL-22 mRNA in steady state BMM (Figure 2A). Treatment with I3C led to a small, but statistically not significant increase of IL-22 after 24 h, followed by a 24- and 29-fold increase by TCDD and FICZ, respectively. TCDD and FICZ significantly increased the expression of IL-22 in LPS-activated BMM compared to BMM treated with LPS alone (Figure 2A). The induction of IL-22 by AhR ligands in steady-state as well as LPS-activated BMM was AhR-dependent as shown in BMM derived from AhR−/− mice (Figure 2B). The LPS-mediated induction of IL-22 was in part dependent on the presence of RelB as shown in BMM derived from RelB−/− mice (Figure 2C). The synergistic effects of TCDD and FICZ on LPS-induced expression was also significantly lower in RelB−/- BMM compared to BMM derived from WT mice. Further, we considered the role of RelA in AhR- and NF-κB-induced expression of IL-22. Results from transfection experiments for gene silencing of RelA via siRNA showed a reduced induction of IL-22 by TCDD and FICZ and a significant repression of the LPS-mediated induction of IL-22 compared to BMM transfected with a scrambled siRNA (Figure 2D).
[image: Figure 2]FIGURE 2 | Effect of AhR ligands on IL-22 mRNA expression. BMM derived from (A) WT, (B) AhR−/−, and (C) RelB−/− mice were treated with I3C (50 μM), TCDD (1 nM), and FICZ (100 nM), in non-activated and LPS- (1.0 μg/ml) activated BMM for 24 h. The expression was corrected against the housekeeping gene ß-actin. Results are presented as mean ± SEM and the y-axis represents mRNA expression level as fold increase above control. (D) Effect of gene silencing of RelA on the expression of IL-22. BMM derived from WT mice were transfected with scrambled siRNA as control or siRNA specific for RelA for 24 h and then treated with I3C (50 μM), TCDD (1 nM), and FICZ (100 nM), in non-activated and LPS- (1.0 μg/ml) activated BMM for 24 h. (E) BMM derived from WT, AhR−/−, and RelB−/− mice were stimulated with TCDD in presence or absence of LPS. After 24 h, IL-22 production was determined in cell supernatant by ELISA. (F) Effect of TCDD on IL-22 expression in BMM is independent of RORγt and JAK/STAT. BMM were pre-treated with antagonists of AhR (CH223191, 10 μM), antagonists of RORγt (SR-2211, 5 μM) and the JAK/STAT inhibitor JSI-124 (5 μM) for 10 min and then treated with 1 nM TCDD for 24 h. (G) Effect of TCDD on IL-22 mRNA expression in CD4+ T cells depends on RORγt and JAK/STAT. CD4+ T cells were stimulated with IL-21 (30 ng/ml) for 24 h in presence or absence of TCDD (1 nM). To inhibit AhR, RORγt and JAK/STAT, CD4+ T cells were pre-treated with antagonists of AhR (CH223191, 10 μM), antagonists of RORγt (SR-2211, 5 μM) and the JAK/STAT inhibitor JSI-124 (5 μM) for 10 min and then treated with 1 nM TCDD for 24 h. Cells were harvested for RNA extraction and IL-22 expression analysis via qPCR. Results are presented as mean ± SEM of triplicates from three independent experiments. Lowercase letters indicate significant differences between control and treatment groups. asignificantly higher than control, p < 0.05; bsignificantly higher than AhR ligands or LPS alone, p < 0.05, csignificantly lower than BMM derived from wt mice, p < 0.05.
Next, we measured the level of IL-22 protein in the supernatant of LPS- and TCDD-treated BMM. Analysis of IL-22 secretion stimulated by AhR ligand TCDD and the TLR4 ligand LPS for 48 h indicate that the induced expression of IL-22 mRNA resulted in an elevated level of the IL-22 protein in supernatant of BMM from WT mice (Figure 2E). The co-treatment of TCDD plus LPS led to a significant increase of IL-22 in the supernatant of BMM derived from WT mice. The analysis of IL-22 production in BMM derived from AhR−/− and Relb−/− mice confirm the important role of AhR and RelB in IL-22 production stimulated by TCDD and LPS treatment (Figure 2E).
TCDD-Induced Expression of IL-22 in BMM is Independent of RORγt and STAT3
Previous studies have shown that IL-21 stimulates the production of IL-22 in CD4+ T cells which involved activation of STAT3, RORγt and the interaction with AhR (Yeste et al., 2014). Here we tested the role of RORγt and STAT3 in the AhR-mediated induction of IL-22 in BMM. The results showed that pre-treatment with an inhibitor of RORγt (SR-2211) had no effect on the expression of IL-22 induced by TCDD (Figure 2F). Further, the pretreatment of BMM with JSI-124, a selective inhibitor of the JAK2/STAT3 signaling pathway, did not affect the expression of IL-22 induced by TCDD. Confirming the data with BMM from AhR−/− mice, pre-treatment with the AhR antagonist CH223191 significantly suppressed the TCDD-triggered expression of IL-22. In addition to BMM, we tested the effect of TCDD on the expression of IL-22 in CD4+ T cells. The results showed that inhibition of RORγt and STAT3 repressed the TCDD-stimulated expression of IL-22 in CD4+ T cells stimulated with IL-21 (Figure 2G) confirming previous studies (Kiss et al., 2011; Yeste et al., 2014).
Effect of TCDD on IL-22 Expression in TLR-Activated BMM
Here we tested the effect of TCDD in BMM activated by different TLR ligands. We treated BMM with specific TLR ligands including LPS (TLR4), PGN (TLR2), polyinosinic-polycytidylic acid (poly(I:C)) (TLR3), CL307 (TLR7), and TL8-506 (TLR8) for 24 h. BMM were treated with TLR ligands in presence or absence of TCDD. As for LPS, ligands of TLR2, TLR7 and TLR8 induced the expression of IL-22 in WT BMM after stimulation for 24 h (Figure 3). Activation of TLR7 by CL307 led to the strongest induction (53-fold) of IL-22 followed by PGN (35-fold), LPS (25-fold), and TL8-506 (8-fold). The TLR3 ligand poly(I:C) did not change the expression of IL-22 and had no synergistic effect in combination with TCDD. TCDD in cotreatment with poly(I:C) induced IL-22 expression (18-fold) in WT BMM which was lower than the effect of TCDD alone as shown in Figure 2A. The highest synergistic induction of IL-22 in presence of TCDD was found with CL307 (2593-fold) followed by PGN (2353-fold), TL8-506 (1833-fold), and LPS (283-fold).
[image: Figure 3]FIGURE 3 | Effect of TLR ligands on IL-22 mRNA expression in macrophages. BMM derived from WT, AhR−/−, and RelB−/− mice were treated with LPS (1.0 μg/ml), PGN (1.0 μg/ml), poly(I:C) (1.0 μg/ml), and CL307 (1.0 μg/ml), in non-treated and TCDD- (1 nM) treated BMM. Non-treated cells received 0.1% DMSO as vehicle control. The expression of IL-22 was analyzed using qPCR. The expression was corrected against the housekeeping gene ß-actin. Results of triplicates from three independent experiments are presented as mean ± SEM and the y-axis represents mRNA expression level as fold increase above control. Lowercase letters indicate significant differences between control and treatment groups. asignificantly higher than control, p < 0.05; bsignificantly higher than TLR ligands alone, p < 0.05, csignificantly lower than BMM derived from WT mice, p < 0.05.
Effect of PM Samples on IL-22 Expression and the Activity of AhR and NF-κB
In recent years studies have shown that the AhR acts as an environmental sensor of environmental pollutants such as ambient air particulate matter (PM) modifying the immune response (Vogel et al., 2020). Especially, PM collected from TRAP and wildfires have been found to activate the AhR pathway and induce CYP1A1 as well as inflammatory cytokines (Castañeda et al., 2018; Young et al., 2021; O'Driscoll et al., 2018). Here we tested the effects of TRAP-derived PM collected in a tunnel system near San Francisco (CA) before and during a firestorm in 2017 and a PM sample collected from the Carr wildfire in Redding (CA) on the expression of IL-22 in BMM (Figure 4A). All PM samples tested increased the mRNA level of IL-22. Interestingly, a strong induction of 80-fold of IL-22 was found in BMM treated with a PM sample which was collected in the tunnel system during a wildfire (TRAP + WF) in 2017 in Napa/Sonoma (CA). The induction of the TRAP + WF PM was significantly higher compared to the TRAP PM sample collected before the wildfire or the PM sample collected from a wildfire. The TRAP and wildfire PM samples activated the AhR activity as determined in a DRE luciferase assay (Figure 4B). Furthermore, the wildfire PM sample and the TRAP + WF PM sample collected during the wildfire stimulated the NF-κB activity which was less induced by TRAP-derived PM. Further, we tested the contribution of AhR and RelB to PM-induced effects and performed DRE and NF-κB luciferase assays using BMM from AhR−/− and RelB−/− mice. The luciferase activity of NF-κB induced by the wildfire PM sample and the TRAP + WF PM sample collected during a wildfire was significantly reduced in AhR deficient BMM compared to WT BMM (Figure 4C). This indicates that activation of NF-κB by the PM samples is mediated at least in part through AhR signaling supporting the regulation of NF-κB by AhR and the interaction of both signaling pathways as shown in previous studies (Puga et al., 2000; Tian et al., 2002; Øvrevik et al., 2014). The PM samples derived from TRAP and wildfire or the positive control TCDD did not increase DRE luciferase activity in AhR−/− BMM. The results with RelB deficient BMM showed no significant change of PM- or LPS-induced NF-κB activity compared to WT BMM (Figure 4D). A small but statistically not significant decrease in PM- and TCDD-induced DRE activity was observed in RelB deficient BMM compared to WT BMM.
[image: Figure 4]FIGURE 4 | Effect of environmental PM samples on IL-22 mRNA expression and the activity of AhR and NF-κB. (A) Effect of wildfire and TRAP PM samples on IL-22 mRNA expression in BMM derived from WT and AhR−/− mice. BMM were treated with 10 μg/ml of particulate matter (PM) samples collected from TRAP and the 2018 Carr wildfire (WF) in California. TRAP samples were collected at two different timepoints in March 2017 before (TRAP) and in September 2017 during the Napa/Sonoma wildfire (TRAP/WF). The expression of IL-22 was analyzed after 24 h using qPCR. The expression was corrected against the housekeeping gene ß-actin. Results of triplicates from three independent experiments are presented as mean ± SEM and the y-axis represents mRNA expression level as fold increase above control. (B) Activation of a NF-κB- and DRE-luciferase reporter activity after exposure to 10 μg/ml PM fractions from TRAP. (B) WT BMM, (C) AhR−/− BMM and (D) RelB−/− BMM were transiently transfected with NF-κB and DRE reporter constructs for 24 h and treated with PM for 4 h. Relative luciferase activity units are given as mean values of triplicates as a result of three independent experiments. Cells were treated with LPS (1.0 μg/ml) and TCDD (1 nM) as positive control. Non-treated cells received 0.1% DMSO as vehicle control. Lowercase letters indicate significant differences between control and treatment groups. asignificantly higher than control, p < 0.05; bsignificantly higher than LPS or TCDD treated cells, p < 0.05, csignificantly lower than BMM derived from WT mice, p < 0.05.
Compositional Intercomparison of the NorCal Wildfire and TRAP PM Samples
The Caldecott Tunnel Exposure Facility (CTEF) is located immediately adjacent to a major freeway tunnel system in the San Francisco Bay Area and facilitates chronic exposure studies on TRAP (Patten et al., 2020; Patten et al., 2021; Edwards et al., 2020). Emissions are drawn directly from the tunnel and delivered unaltered in real-time to onsite exposure chambers. The CTEF is also equipped with an air quality measurement laboratory for continuous emissions monitoring and PM and gas sampling for subsequent offline chemical and toxicological analysis. During the 2017 Northern California (NorCal) Firestorm, the CTEF was heavily impacted by wildfire emissions for a period of approximately 6 days. Figure 5A shows the daily average PM2.5 and total suspended particulate (TSP) concentrations determined from gravimetric analyses of 24-hr filter samples collected at the CTEF before, during, and after the wildfire event. The peak impact of wildfire emissions was observed on October 13th when PM2.5 concentrations were an order of magnitude larger than the average background TRAP concentrations before and after the event. TSP filter samples from this day were extracted according to protocols described elsewhere (Bein and Wexler, 2014; Bein and Wexler, 2015) and the PM extracts used for the exposure in the in vitro studies. Similarly, TSP sampled continuously for the period after the wildfire event from October 19th through November 12th was extracted identically and used for the TRAP exposure.
[image: Figure 5]FIGURE 5 | Compositional intercomparison of the NorCal wildfire and TRAP PM samples (A) Daily average PM2.5 and TSP concentrations determined via gravimetric analyses of filter samples collected at the Caldecott Tunnel Exposure Facility before, during, and after the impact of the 2017 Northern California (NorCal) Firestorm from October 10th through the 16th. For the in vitro studies, the TSP filter sample from October 13th was used for the wildfire exposure group while TSP collected continuously from October 19th through November 12th was used for the TRAP exposure group. (B) Fractional shift in dose normalized PM2.5 elemental composition during the 2017 NorCal Firestorm event relative to the average background TRAP at the Caldecott Tunnel Exposure Facility. Values greater than unity—depicted by black dotted line—indicate the element is enhanced in the wildfire sample relative to TRAP and vice versa for values less than one. Error bars are 99% confidence intervals. (C) Fractional shift in dose normalized PM2.5 composition distribution as a function of chemical component during the 2017 NorCal Firestorm event relative to the average background TRAP at the Caldecott Tunnel Exposure Facility. Values greater than unity—depicted by the horizontal black line—indicate the chemical component is enhanced in the wildfire sample relative to TRAP and vice versa for values less than one. The inset shows the relative composition distribution for the wildfire sample versus the TRAP background from mass closure analysis. All error bars represent 99% confidence intervals.
For compositional intercomparison of the NorCal wildfire and TRAP TSP samples used in the in vitro studies, 24-hr PM2.5 filter samples collected at the CTEF during the same time periods—one 24-hr sample from October 13th for the wildfire event and four separate 24-hr samples spanning the period October 19th through November 12th for TRAP—were analyzed for elemental composition via X-ray fluorescence (XRF) and elemental carbon and organic carbon (EC/OC) via thermal optical reflectance (TOR) according to protocols detailed elsewhere (Berg et al., 2020).
Figure 5B shows the fractional shift in dose normalized PM2.5 elemental composition during the 2017 NorCal Firestorm event relative to the TRAP average at the CTEF. Values greater than unity—depicted by the black dotted line—indicate elements that are enhanced in the wildfire sample relative to TRAP and vice versa for values less than one. The error bars represent 99% confidence intervals. Analyzed elements not included in the figure are magnesium, vanadium, rubidium, and zirconium (detected in TRAP but not the wildfire sample) and arsenic (not detected in TRAP or wildfire samples). Significant enhancements in aluminum, silicon, chlorine, zinc, bromine, and lead were observed in the wildfire sample while TRAP was enhanced in crustal elements associated with road dust. The most striking difference is the 40-fold increase in bromine, followed by a 5-fold increase in chlorine and 3-fold increase in lead (Figure 5B). Given the NorCal firestorm decimated entire neighborhoods throughout Napa and Sonoma Counties, it is posited that the bromine and chlorine enhancements are associated with polyhalogenated organics like biphenyls, diphenyl ethers, and dibenzo dioxins and furans from combustion of synthetic materials in the built environment (Lemieux et al., 2004). Lead, on the other hand, is ubiquitous throughout the environment due to years of leaded gasoline and lead pipes and was likely vaporized during the fire and then nucleated or condensed on preexisting PM upon dilution.
The fractional shift in dose normalized PM2.5 composition distribution as a function of chemical category during the NorCal Firestorm event relative to the TRAP average at the CTEF is shown in Figure 5C. Again, values greater than unity (black horizontal line) indicate an enhancement of the component in the wildfire sample relative to TRAP and vice versa for values less than one. The inset of Figure 5C shows results from mass closure analysis of the wildfire and TRAP samples on a mass fraction of total PM2.5 basis. A value of unity indicates that the sum of components analyzed fully account for total PM2.5 mass, while lower and higher values indicate un-apportioned and over-apportioned mass, respectively. All error bars represent 99% confidence intervals. Composite sums for the wildfire and average TRAP samples are 1.02 ± 0.04 and 0.94 ± 0.05, respectively.
In addition to the trends in trace versus crustal elements noted previously, the wildfire sample is enhanced in organic carbon relative to TRAP by a factor of 2 (Figure 5C). Pyrolyzed carbon is an artifact of the TOR measurement where certain organic molecules undergo pyrolysis during the temperature ramp and thus get measured as elemental carbon. Data are then corrected by subtracting this from the EC value and adding it to the OC value. The relevance here is that it indicates significant differences in the nature of the organic carbon between the wildfire and TRAP samples, which likely accounts for differences in toxicity, especially given the bromine and chlorine enhancements discussed previously. Wildfires are known to produce large amounts of brown carbon (Palm et al., 2020), and this may have an impact on the pyrolyzed carbon artifact as well. Vehicular emissions and wildfires are both well-known sources of EC but for wildfires, this depends heavily on combustion phase with flaming tending to produce more EC than smoldering (Andreae and Merlet, 2001). The significant depletion in wildfire EC relative to TRAP suggests the sampled plume was dominated by smoldering combustion, which also tends to produce significantly larger amounts of organic carbon.
Regulation of IL-22 Promoter Activity by AhR
Three DREs, one RelB/AhR responsive element (RelBAhRE), and one consensus NF-κB site within 3,455 bp upstream of the transcriptional start site of the mouse Il22 gene were identified (Figure 6A). A promoter construct containing 3,455 bp of the regulatory region of the mouse Il22 gene was used for transient transfection in BMM. LPS and TCDD increased the IL-22 promoter activity, which was further increased by co-treatment with LPS plus TCDD (Figure 6B). Next, we created a 980 bp deletion construct which did not contain the DRE, NF-κB or RelBAhRE binding elements as identified above. Treatment with TCDD or LPS had no effect on IL-22 promoter activity of the 980 bp deletion construct suggesting the requirement of the NF-κB, DRE and RelBAhRE binding sites to mediate the induction by TCDD and LPS. Transfection of the full-length IL-22 construct using BMM derived from AhR−/− mice indicated that AhR is required to mediate the induction of IL-22 by TCDD and the synergistic effect stimulated by the co-treatment with TCDD plus LPS (Figure 6C). The results from transfection experiments with BMM derived from RelB−/− mice suggest that the effects of TCDD and LPS at least in part depend on the function of RelB. In order to test the relevance of the NF-κB, DRE and RelBAhRE binding sites, mutation constructs of the IL-22 promoter were generated as schematically shown (Figure 6D). Mutation of the NF-κB site (M1) lowered the stimulation of the promoter activity induced by LPS, but not TCDD (Figure 6E). The synergistic effect induced by the co-treatment with LPS and TCDD on IL-22 promoter activity was not significantly affected by mutation of the NF-κB site. The TCDD and LPS induced IL-22 activity was not affected by mutations of the DRE-1 (M2) or DRE-2 (M4) binding sites. However, the mutation of the RelBAhRE site (M3) caused a lower induction of IL-22 promoter activity stimulated by LPS and TCDD. The TCDD-induced promoter activity of IL-22 was also repressed with the promoter construct containing a mutation of the DRE-3 (M5) consensus element at −1,082 bp closer to the start site of the Il22 gene. The results suggest that the NF-κB site is involved in the LPS stimulation of IL-22, however, the DRE-3 and RelBAhRE binding sites are critical to mediate the synergistic effects of LPS and TCDD co-treatment.
[image: Figure 6]FIGURE 6 | Effect of AhR and TLR4 activation on IL-22 promoter activity. (A) Schematic illustration of the mouse IL-22 promoter containing 3,455 bp upstream of the transcriptional start site. Positions of putative DRE, RelBAhRE, and NF-κB DNA binding sites are presented. (B) Effect of TCDD and LPS on IL-22 promoter activity. BMM derived from WT mice were transiently transfected with the full-length IL-22 or a IL-22 deletion construct containing 980 bp upstream of the start site. (C) BMM derived from WT, AhR−/− and RelB−/− mice were transiently transfected with the full-length IL-22 construct containing 3,455 bp upstream of the start site. Cells were treated with 1 nM TCDD and 1.0 μg/ml LPS or co-treated with LPS plus TCDD for 24 h. (D) Schematic illustration of the mutated (indicated by small letters) NF-κB (M1), DRE-1 (M2), RelBAhRE (M3), DRE-2 (M4), and DRE-3 (M5) sites of the mouse Il22 gene. (E) Effect of LPS and TCDD on mutation constructs of the mouse IL-22 promoter. BMM were transiently transfected with the full-length (wt) and the mutation constructs M1 to M5 and treated with 1 nM TCDD and 1.0 μg/ml LPS or co-treated with LPS plus TCDD for 24 h. Mean +S.D. of triplicates from three independent experiments are given. Lowercase letters indicate significant differences between control and treatment groups. asignificantly higher than control, p < 0.05; bsignificantly higher than TCDD or LPS alone, p < 0.05; csignificantly lower than BMM derived from WT mice, p < 0.05.
Enhanced Recruitment of AhR and RelB to the DRE and RelBAhRE Binding Sites of the IL-22 Promoter
Chromatin immunoprecipitation (ChIP) assays with BMM from WT mice were performed to study the recruitment of AhR and RelB proteins to the IL-22 promoter. The ChIP samples were analyzed by real-time qPCR and the relative enrichment levels are shown in Figure 7. The DNA binding activity of AhR to the DRE-3 site at −1,082 bp of the IL-22 promoter was elevated by TCDD, which was enhanced by the combinatorial treatment of TCDD with LPS (Figure 7A). LPS stimulated the recruitment of RelB whereas TCDD increased the occupancy of the RelBAhRE promoter region by AhR (Figure 7B). The occupancy of AhR and RelB at the RelBAhRE promoter region was enhanced by the co-treatment with LPS plus TCDD compared to LPS or TCDD alone.
[image: Figure 7]FIGURE 7 | ChIP assay for DRE-3 and the RelBAhRE regions of the mIL-22 promoter. (A) TCDD and LPS stimulate the recruitment of AhR to the DRE-3 site and (B) the RelBAhRE site of the mIL-22 promoter. BMM from three mice were stimulated with TCDD in the presence or absence of LPS for 6 h, and anti-AhR or anti-RelB Abs were used for immunoprecipitation. Data are expressed as the ratio of the enrichment of the promoter region target in cells treated with TCDD in combination with LPS compared with cells treated with TCDD or LPS alone. The fold enrichment of AhR and RelB was calculated relative to that of anti-IgG, serving as a negative control. qPCR was performed to analyze the levels of AhR and RelB enriched on (A) DRE-3 and (B) RelBAhRE binding sites of the IL-22 promoter. The error bars represent standard deviations from the mean of at least three experimental replicates. asignificantly higher than control.
DISCUSSION
Numerous studies demonstrated the critical role of AhR as a transcription factor regulating immune responses and cytokine gene expression (Kerkvliet, 2002). IL-22 is a member of the IL-10 family of cytokines and can be produced by both innate and adaptive immune cells (Wei et al., 2020). Here we show that BMM express and produce IL-22 after TLR stimulation, which was synergistically enhanced after ligand-dependent activation of AhR. The additional activation of AhR triggered a significant and prolonged induction of IL-22 in TLR-activated BMM. Results indicate clearly that activation of AhR signaling can change the regular TLR- and NF-κB-mediated response supporting recent findings in AhR−/− mice and LPS-activated DCs (Wu et al., 2011; Kado et al., 2017). As a consequence, the usually transient effect of LPS on IL-22 can be significantly increased and prolonged by the simultaneous activation of AhR. Noteworthy, the TLR3 ligand poly(I:C) had no effect on IL-22 expression and did not synergize the effect of TCDD in BMM. Unlike other TLRs, TLR3 signals solely through TIR-domain-containing adapter-inducing interferon-β (TRIF) and not via Myeloid differentiation primary response 88 (MyD88) (Kawasaki and Kawai, 2014). The result implies that the synergistic effects of AhR and TLR ligands are limited to TLR ligands which signal through MyD88. Our previous study in human DC, however, showed that poly(I:C) may induce and synergize with AhR signaling to activate the expression of IL-1ß and CCL1 (Kado et al., 2017).
AhR has been demonstrated to affect Th17 cell differentiation and to mediate the production of IL-17A and IL-22 in Th17 cells (Quintana et al., 2008; Veldhoen et al., 2009). The production of IL-22 by CD4+ T cells was dependent on the interaction AhR with RORγt which may facilitate the binding of AhR and activate the IL-22 promoter (Yeste et al., 2014). In the current study inhibitor studies and analysis of BMM derived from knockout mice confirmed that the induction of IL-22 by ligands of the AhR and TLR depend on the expression of AhR, but was not affected by the inhibition of RORγt or STAT3. The results indicate that induction of IL-22 expression in BMM via AhR is independent from RORyt and STAT3. In contrast, the TCDD-induced expression of IL-22 in IL-21-stimulated CD4+ T cells required RORγt and STAT3 as reported earlier (Kiss et al., 2011; Yeste et al., 2014), indicating a different mechanism of IL-22 regulation between myeloid derived macrophages and lymphoid T cells. Quintana’s group identified 3 putative binding sites for AhR upstream of the human IL-22 promoter (Yeste et al., 2014). This agrees with the identification of 3 consensus DRE sequences within 3,455 bp upstream of the start site of the mouse Il-22 gene. The DRE sequence closest to the start site as well as a RelBAhRE DNA binding site were necessary to mediate the synergistic effects of LPS and TCDD to activate the IL-22 promoter in BMM. The mutation of the NF-κB element caused a reduced LPS-induced IL-22 promoter activity, but did not affect the synergistic effect with TCDD. However, gene silencing of RelA suppressed the TCDD- and LPS-induced mRNA expression of IL-22 in BMM. Noteworthy, RelA has been found to regulate the transcriptional activity of RelB and may also control the expression of AhR (Vogel et al., 2014; Bren et al., 2001), which may ultimately influence the effects of ligands activating TLR or AhR signaling. Results from ChIP assays indicated the enhanced recruitment of AhR and RelB to the IL-22 promoter stimulated by TCDD and LPS which supports the interaction of AhR and NF-κB RelB. A hypothetical scheme of the combinatorial regulation of IL-22 through AhR and NF-κB signaling pathways is illustrated in Figure 8. It is not yet clear whether it is the interaction of the two proteins or chromatin remodeling of the locus by NF-κB RelB that actually facilitates the binding of AhR and enables the synergistic effects of TLR and AhR ligands on IL-22 expression. The results of the current study also showed that exposure to PM derived from TRAP and wildfire smoke significantly induce the expression of IL-22. This is in line with a recent study reporting an increased production of IL-22 in peripheral blood mononuclear cells (PBMCs) from nonallergic non-asthmatic and allergic asthmatic patients after treatment with diesel exhaust particle (DEP)-PAH and Benzo[a]pyrene (B[a]P) (Plé et al., 2015). Noteworthy, PAH-induced IL-22 levels in asthmatic patients were higher than in healthy subjects. In addition to AhR-dependent signaling, the authors reported an AhR-independent pathway involving Mitogen-activated protein kinase (MAPK) and Phosphoinositide 3-kinase (PI3K) in DEP- and BaP-induced activation of IL-22 in human mononuclear cells. In the current study we found that PAH containing PM from TRAP and wildfire may not only activate AhR but also activate NF-κB signaling which would explain the strong increase of IL-22 in PM-treated BMM. Whereas, the exposure to endogenous ligands like FICZ or the prototypical ligand TCDD may totally depend upon AhR, environmentally abundant AhR ligands in mixtures such as PM containing PAHs and metals may involve additional pathways including NF-κB to dysregulate the expression of cytokines like IL-22. Recently, we were able to identify components in wildfire ash samples which correlated with activation of AhR signaling and the induction of CYP1A1 and IL-8 in macrophages (Young et al., 2021). Wildfire smoke contains numerous hazardous chemicals which may lead to adverse health effects, including potential AhR ligands such as PAHs and dioxin-like chemicals (Keir et al., 2017; Beitel et al., 2020). PM collected in urban areas and from engine emission have also been found to contain significant amounts of PAHs and induce the expression of CYP1A1 and inflammatory markers such as IL-8 in an AhR-dependent manner (Vogel et al., 2019b; Yuan et al., 2020; Li et al., 2021). Emissions from wildfires may have a substantial impact on the PM2.5 concentration of ambient PM samples collected during wildfire events. The compositional intercomparison of the wildfire and TRAP PM samples showed significant differences in trace and crustal elements and increased levels of organic carbon in wildfire PM vs TRAP PM. More research is needed to clearly identify the chemical composition and the bioactive compounds in complex mixtures from wildfire and TRAP related sources, which are responsible to mediate human health effects. The fact that AhR may act as a sensor of environmental signals in the form of PM components suggest that the dysregulation of cytokines such as IL-22 and likely other inflammatory biomarkers initiates a critical step in the development of chronic diseases promoted by the exposure to air pollutants. In summary the results show that simultaneous activation of AhR and TLR signaling synergistically induce IL-22 and the mechanism of IL-22 induction in BMM may differ from lymphoid T cells which require RORyt. This indicates that it is important to define the molecular mechanisms by which AhR exerts its influence in different cell types. Finally, innate immune cells like macrophages that respond to AhR and TLR ligands with synergistic expression of IL-22 and the extent to which their production of IL-22 contributes to homeostasis and host defense or chronic inflammatory diseases and malignancies requires further investigation.
[image: Figure 8]FIGURE 8 | Schematic illustration of the combinatorial regulation of mouse IL-22 via AhR and TLR/NF-κB in macrophages. 1) AhR ligands such as TCDD or PM containing PAHs activate the AhR signaling pathway and enhance DNA binding of AhR and RelB on the IL-22 promoter. PM derived from various sources like traffic emissions, combustion or wildfires may also contain components such as endotoxin or metals which activate TLR and NF-κB. 2) TLR ligands including LPS bind to TLR and activate NF-κB (p65/p50) inducing DNA binding activity of NF-κB and RelB. Activation of both AhR and NF-κB signaling leads to a synergistic induction of IL-22.
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