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Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that regulates T cell function. The aim of this study was to investigate the effects of AhR ligands, 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), and 6-Formylindolo[3,2-b]carbazole (FICZ), on gut-associated microbiota and T cell responses during delayed-type hypersensitivity (DTH) reaction induced by methylated bovine serum albumin (mBSA) in a mouse model. Mice with DTH showed significant changes in gut microbiota including an increased abundance of Bacteroidetes and decreased Firmicutes at the phylum level. Also, there was a decrease in Clostridium cluster XIV and IV, which promote anti-inflammatory responses, and an increase in Prevotella copri that facilitates pro-inflammatory responses. Interestingly, treatment of mice with TCDD attenuated the DTH response, induced Tregs, suppressed Th17 cells in the mesenteric lymph nodes (MLNs), and reversed the gut microbiota composition toward normalcy. In contrast, FICZ exacerbated the DTH response, induced heightened Th17 cells, and failed to cause a major shift in gut microbiota. Furthermore, TCDD but not FICZ caused an increase in the levels of short-chain fatty acids (SCFA), n-butyric acid, and acetic acid. Administration of sodium butyrate into mice with DTH suppressed the response, increased Tregs, and reduced Th17 cells IL17. Butyrate also caused an increase in the abundance of Clostridium and a decrease in Prevotella. Lastly, TCDD, as well as butyrate but not FICZ, were able to inhibit proinflammatory Histone deacetylases (HDACs) class I and II. Together, our data suggest that AhR ligands, such as TCDD that suppress DTH response, may mediate this effect by reversing the gut dysbiosis induced during this inflammatory response, while FICZ may fail to suppress the DTH response because of its inability to overturn the dysbiosis.
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Introduction

Delayed-type hypersensitivity (DTH) is a type IV hypersensitivity response involved in a large number of clinical disorders, including contact dermatitis, drug-induced allergy, allogenic transplant rejection, and pathogenesis of certain autoimmune diseases (1). It also plays a major role in protection against intracellular bacterial infections, such as tuberculosis, while causing major tissue injury when not regulated (2, 3). DTH in the mouse has been used extensively to study the immune mechanisms and develop therapeutic drugs to treat DTH. One of the models involves the use of methylated bovine serum albumin (mBSA), which has been shown to activate primarily Th17 cells (4–6).

The aryl hydrocarbon receptor (AhR) is a vital immunomodulator and a ligand-dependent transcriptional factor that belongs to the basic helix-loop-helix (7). It is widely expressed in T cells, B cells, macrophages, NK cells, and dendritic cells (8). Activation of AhR can be induced by its exogenous and endogenous ligands (8). Depending on the nature of such ligands, the effect of AhR activation can be very diverse, from activation to suppression of immune response (9). For example, TCDD, an exogenous potent ligand, activates AhR leading to induction of Tregs and suppression of immune system (6, 10, 11), while FICZ, an endogenous ligand, also activates AhR but exacerbates inflammation by inducing Th17 cells (6, 10). Several dietary AhR ligands have also been shown to induce Tregs while suppressing Th17 cells (6, 12).

Recent studies have shown that AhR plays a crucial role in regulating intestinal homeostasis through epithelial cell renewal from intestinal stem cells (ISCs). Additionally, AhR regulates the maintenance of a homeostatic symbiosis between gut microbiome and the host that could lead to protection from pathogenic intestinal infection or chronic inflammation (13, 14). The gut microbiota is a diverse and complex community of gut microorganisms, including bacteria, viruses, archaea, fungi, and protozoans (15). The gut microbiota has a mutual relationship with its host and is engaged in the maintenance of the immune system, metabolic process, and protection against pathogens, in healthy individuals (16). Gut microbiota provides the host multiple advantages by regulating the host immunity (17, 18).

Tregs and Th17 cells are two essential lymphocyte subsets with disparate functions (19). Tregs/Th17 imbalance has often been found to be an important factor for metabolic- or immunologic disorder-associated diseases, including numerous types of allergic diseases (20, 21), chronic inflammations (22, 23), autoimmune diseases (24), and cancers (25, 26). Several studies have shown that intestinal microbiota is closely associated with the balance of Th17 and Tregs (27). Certain segmented filamentous bacterium (SFB) were shown to induce CD4+ T helper cells that produce IL-17 and IL-22 in the lamina propria (27). Furthermore, SFB was able to induce autoimmune arthritis through Th17 cells (28). In contrast, certain Clostridia promoted colonic Treg accumulation that maintained the immune hemostasis (29). Recently, it has been observed that gut microbiota-derived metabolites, short-chain fatty acids (SCFAs), stimulate the differentiation and development of Th17 cells and Tregs in humans (30). Sodium butyrate (BUT) treatment increased the number of Tregs but decreased the number of Th17 cells in experimental autoimmune uveitis through Nrf2/HO-1 pathway (31). Thus, understanding the relationship between intestinal microbiota and the equilibrium of Tregs/Th17 cells balance would be crucial to the cure of many diseases, triggered by an imbalance of these two T-cell subsets.

In the current study, we investigated the effect of two diverse AhR ligands (TCDD and FICZ) on the gut microbiome that led to Tregs/Th17 imbalance in a DTH mouse model. The results demonstrated that AhR ligands TCDD and FICZ have opposite effects with TCDD causing attenuation of DTH, inducing Tregs in the MLNS, altering the gut microbiota that promote anti-inflammatory activity, and induing butyric acid which facilitates Treg induction. In contrast, FICZ had opposite effects at all these levels. The current study demonstrates that while DTH response promotes proinflammatory gut microbiota and Th17 response in the MLNs, AhR ligands, such as TCDD, which reverse the dysbiosis, attenuate the DTH response, whereas FICZ, which fails to impact the dysbiosis, fails to suppress the DTH response. These data suggest that the ability of AhR to suppress DTH may be associated with gut dysbiosis.



Materials and Methods


Animals

Female C57BL/6 (BL6) mice, 8 to 10 weeks old with an average weight of 20 g, were purchased from Jackson Laboratories (Bar Harbor, ME). The mice were housed at the University of South Carolina School of Medicine Animal Resource Facility, in pathogen-free conditions and light- and temperature-controlled facility that allowed ad libitum access to water and diet. All animal experiments performed in this study were approved by the University of South Carolina Institutional Animal Care and Use Committee animal protocol (IACUC).



Induction of Delayed-Type Hypersensitivity and Treatment With AhR Ligands, and Sodium Butyrate

To generate DTH in mice, mBSA was used as an antigen as described previously (32, 33). Briefly, C57BL/6 mice were randomized and sensitized with subcutaneous injection (100 µl/hind flank) of 1.5 mg/ml of mBSA (Sigma-Aldrich, MO) emulsified in complete Freund’s adjuvant (CFA, Sigma Aldrich). Six days later, mice were re-challenged by intradermal injection of 10 mg/ml mBSA in PBS (20 μl) into the footpads. All mice were then separated into four groups: control (PBS), vehicle (corn oil), TCDD (10 µg/kg body weight), and FICZ (50 µg/kg body weight). These doses of TCDD and FICZ used in this study were based on the differential effects of these ligands on Tregs and Th17 cells as shown in our previous studies (34) and those from others (10, 35). On day 5, each group of mice was treated with vehicle, TCDD, or FICZ by intraperitoneal (i.p.) route as described previously (34, 36). The footpad thickness of the mice was measured using an engineer’s calipers 48 h after the secondary challenge on day 8. The footpad swelling response was calculated in percentage using the following formula: [(thickness (mBSA rechallenged footpad) − the thickness (PBS rechallenged footpad))/thickness (PBS rechallenged footpad)]/100. For butyrate administration experiments, after the induction of DTH as described above, mice were divided to four groups: control (naïve), sodium butyrate (BUT), mBSA+Veh, and mBSA+BUT. On day 5, BUT dissolved in water (500 mg/kg body weight) was administered orally, one dose a day for 3 days.



Antibodies, Reagents, and Chemicals

TCDD was kindly provided by Dr. Steve Safe (Institute of Biosciences & Technology, Texas A&M Health Sciences Center, College Station, Texas). FICZ was purchased from Enzo Life Sciences (Farmingdale, NY). Both TCDD and FICZ were dissolved in DMSO and diluted in corn oil for use. Sodium butyrate, corn oil, and mBSA were purchased from Sigma-Aldrich (St. Louis, MO). RPMI 1640, l-glutamine, penicillin-streptomycin, HEPES, PBS, and FBS were purchased from Invitrogen Life Technologies (Carlsbad, CA). Fluorophore labeled monoclonal antibodies (mAbs), such as BV785-conjugated anti–CD45, FITC–conjugated anti-CD3, APC/cy7-conjugated anti-CD4, and Alexa Fluor 700-conjugated anti-CD8 used for the flow cytometry, were purchased from Bio Legend (San Diego, CA) and Thermo Fisher (Grand Island, NY). For FoxP3 staining, we used FoxP3 Transcription Factor Buffer Set, and for IL-17 we used intracellular (IC) Fixation and Permeabilization Buffer from Thermo Fisher (Grand Island, NY).



Cellular Phenotyping by Flow Cytometry

To evaluate the effect of AhR ligands on immune cells in mice with DTH, mesenteric lymph nodes (MLNs) were harvested 48 h after the secondary challenge and treatments. Briefly, single-cell suspensions of MLNs were prepared and then cultured for 24 h in the presence of the Leukocyte Activation Cocktail (BD Biosciences, San Diego, CA) for 5 h to activate the cells. The cells were collected, washed, and stained using anti-mouse fluorophore-labeled mAbs. The cells (1 × 106 cells) were incubated together with Fc Blocker purchased from BD Biosciences (San Diego) for 10 min and then treated with conjugated anti-mouse monoclonal antibodies (BV785-conjugated anti–CD45, FITC–conjugated anti-CD3, APC/cy7-conjugated anti-CD4, and Alexa Fluor 700-conjugated anti-CD8) from Biolegend (San Diego, CA) for 30 min at 4°C. The cells were washed twice using FACS buffer (1× PBS containing 2% fetal bovine serum). The stained cells were analyzed using a flow cytometer (BD FACSCelesta), and data were analyzed using FlowJo v10 software. Foxp3/transcription factor staining buffer set and IC fixation and permeabilization (Thermo Fisher, Waltham, MA) were used for staining cells for Foxp3 and IL17 following the manufacturer’s instructions. Briefly, the cells were first stained for cell surface marker (CD4), and after washing, the cells were fixed using fixation/permeabilization buffer. The fixed cells were washed with PBS and then stained using anti-mouse antibodies (APC-conjugated anti-Foxp3, FITC-conjugated anti–IL-17) purchased from BD Biosciences (San Diego). The stained cells were analyzed by a flow cytometer (BD FACSCelesta) and data were analyzed using FlowJo v10 software.



Behavioral Pain Assays of Mice With DTH

To test the pain-associated DTH response, mice with DTH and treated with vehicle, TCDD, or FICZ were subjected to standard von Frey filament test and hot-plate test. The von Frey filament test was performed as described previously (37) Briefly, each mouse was transferred to a plastic cage fitted with a metal mesh floor and von Frey filaments (0.008 to 1.4 g) (North Coast Medical, Inc, Morgan Hill, CA, USA) having the ability to exert a different force to the animal paw, from the weakest to the strongest, until the paw was withdrawn. Paw withdrawal was observed as a positive reaction, and mechanical sensitivity was characterized by withdrawal threshold (37). The hot plate test was used to assess the heat threshold (38). In the hot plate test, an unrestrained mouse was placed on a metal surface maintained at a constant temperature of 50°C (Bioseb, Pinellas Park, FL, USA), and the response latency, which is the time taken to observe a nocifensive behavior, was recorded, which included hind paw withdrawal or licking and stamping (39).



Real-Time Quantitative PCR to Determine the Gene Expression in Cells from MLNs

To determine the expression of FoxP3, TGF-β, IL-10, IL-17, and RORγT in MLNs, RT-qPCR was performed as described earlier (34). Briefly, total RNA isolated from the MLN cells was used to generate cDNA using cDNA synthesis kit from Qiagen (Germantown, MD, USA) and following the protocol of the company. SSO Advanced™ SYBR green PCR kit obtained from Bio-Rad (Hercules, CA, USA) was used to perform RT-qPCR on CFX96 RT-qPCR system (BioRad). The following primer sets (Primer Bank, Harvard Medical School) were used for RT-qPCR.

	Foxp3 (F 5′CCCATCCCCAGGAGTCTTG3′; R 5′ACCATGACTAGGGGCACTGTA3′)

	TGF-β (F 5′CGCTGCCCTTAAAAATATGGC3′; R 5′GAGCCCCCTTTGTCTGAACTG3′)

	IL-10 (F 5′CCCATTCCTCGTCACGATCTC3′; R 5′TCAGACTGGTTTGGGATAGGTTT3′) IL-17 (F 5′CTCCTGCTTCTAGGCTGGTTG3′; R 5′CCACCTGGCACTTCGAGTTAG3′)

	RORγT (F 5′CAAGTTTGGCCGAATGTCC3′; R 5′CTATAGATGCTGTCTCTGC3′)

	IL-22 (F 5′GTCAACCGCACCTTTATGCT3′; R 5′ CATGTAGGGCTGGAACCTGT3′).



RT-qPCR was performed using the following PCR cycles (40 cycles) and under these conditions: initial activation step (15 min at 95°C), denaturing temperature (15 s at 94°C), annealing temperature (30 s at 60°C), and extension temperature and fluorescence data collection (30 s at 70°C) were used. Using NE ¼ 2_∆∆Ct, where Ct is the threshold cycle to detect fluorescence, normalized expression (NE) of mRNAs was calculated, and fold change of mRNA levels was normalized to β-actin (a housekeeping gene, ACTB).



Assessment of Cytokines in Serum

To assess cytokines in serum, we performed an enzyme-linked immunosorbent assay (ELISA). In brief, blood was collected on day 8 (euthanizing day) and serum was separated and stored at −80°C until analysis. ELISA kits for pro-inflammatory (IL17A and IL6) and anti-inflammatory (IL-10) were obtained from BioLegend (BioLegend, San Diego, CA, USA). Following the protocol of the company, ELISA was performed using the serum. Absorbance was measured at 450 nm using a Victor2 1420 counter (Wallac) as described previously (33).



Bacterial 16S rRNA Sequencing and PiCRUSt Functional Analysis

Colonic microbiota profiling was determined using 16S rRNA sequencing method and MySeq (Illumina, Illumina Way, San Diego, CA, USA) available in our laboratory, and phylogenetic analysis of bacterial colonization was determined by reconstruction of Unobserved States (PiCRUSt). 16S rRNA gut microbial profiling and SCFA quantification was done as previously described in our laboratory (40). Briefly, cecal flushes were collected from control, mBSA+Veh, mBSA+TCDD, and mBDS+FICZ groups after euthanasia and stored at −80°C until DNA isolation. For 16S rRNA sequencing, DNA was extracted from colonic flush contents by using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) according to instructions from the manufacturer. The 16S rRNA V3-V4 hypervariable regions of bacterial DNA libraries were prepared by amplification with added Illumina adapter overhang nucleotide sequences and sequencing with Illumina (San Diego, CA, USA) MiSeq platform. Nephele platform (https://nephele.niaid.nih.gov) from the National Institute of Allergy and Infectious Diseases (NIAID), Office of Cyber Infrastructure and Computational Biology (OCICB), Bethesda, MD was used for analyzing the sequenced reads (41).

To evaluate phylogenetic and possible metabolomic alterations within samples QIIME FASTQ paired-end with chimera removal, open reference, and SILVA rRNA database (Silva_99) options were used. For PiCRUSt data, a closed reference against the Greengenes database (Greengene_99) selection was used. Operational taxonomic unit (OTU) tables created from Nephele were additionally subjected to Linear Discrimination Analysis of effect size (LEfSe), which was provided by the Huttenhower group (https://huttenhower.sph.harvard.edu/galaxy/) (42).

RT-qPCR was performed to validate the presence of the following bacteria: Clostridium cluster XIV (coccoides group) and respective primer pairs (F 5′-AAATGACGGT ACCTGACTAA-3′; R 5′-CTTTGAGTTTCATTCTTGCGAA-3′); Clostridium cluster IV (leptum group) (F 5′-TTACTGGGTGTAAAGGG-3′; R 5′-TAGAGTGCTCTTGCGTA-3′); Prevotella copri (F 5′-CCGGACTCCTGCCCCTGCAA-3′; R 5′-GTTGCGCCAGGCACT GCGAT-3′). Using the Qiagen miScript kit (Qiagen, Valencia, CA, USA), cDNA synthesis was performed according to the protocol of the company. Using Bio-Rad SSO advanced SYBR Green PCR reagents, RT-qPCR was performed on a CFX96 RT-qPCR system (BioRad). Fold change of the bacteria was determined using the ∆∆CT method relative to a Eubacteria (Forward: 5′-ACTCCTACGGGAGGCAGCAGT-3′ Reverse: 5′-ATTACCGCGGCTGCTGGC-3′) as a control.



SCFA Analysis From Cecal Flushes

Quantification of SCFAs of cecal flushes collected from experimental groups was performed as previously described (43). Briefly, cecal contents (100 mg) were suspended in deionized water and then acidified using 25% metaphosphoric acid. The contents were centrifuged at 12,000g for 15 min at 4°C and then filtered using Ultra-free MC columns obtained from Thermo Fisher Scientific. HP 5890 gas chromatograph configured with flame-ionization detectors (GC-FID) was performed for SCFA analysis and 0.1 mM 2-ethyl butyric acid was used as an internal standard (IS) for all samples and standards. Varian MS Workstation (version 6.9.2) software was used for quantification and to detect the concentration of acetic acid, propionic acid, n-butyric acid, isovaleric acid, and valeric acid in the samples.



Microscopic Evaluation of the Colon Tissues

Colon tissues were collected from DTH mice on day 8. Colon tissues were fixed in 4% paraformaldehyde (PFA) overnight and then embedded in paraffin. Microtome sections (5 μm) were cut and transferred to slides. The colon tissues were stained with Hematoxylin and Eosin (H&E) to evaluate cellular morphology and infiltration into the colon. Histopathological scoring parameters were based on previously published reports (44). Images of stained sections were taken using a Keyence microscope (Itasca, IL, USA).



Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad Software version 8). The data were presented as mean ± SEM in groups of five or more mice. The Student’s t-test was performed to compare data between two groups. A one-way ANOVA test was used to compare three or more groups followed by post hoc analysis using Tukey’s method. Statistically significant differences were illustrated in figures as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.




Results


Effect of TCDD and FICZ on Delayed-Type Hypersensitivity Reaction

mBSA was used to generate DTH in C57BL/6 mice. There were four groups: PBS/control, mBSA+Veh, mBSA+TCDD, and mBSA+FICZ. The data obtained from this experiment showed that mBSA+Veh–treated mice showed a significant increase in footpad swelling, an indicator of DTH response, when compared with PBS/control (Figure 1A). TCDD treatment (mBSA+TCDD group) significantly reduced DTH responses by reducing the footpad thickness in comparison with mBSA+Veh group (Figure 1A). In contrast, FICZ treatment (mBSA+FICZ group) significantly increased the DTH responses by increasing the footpad thickness when compared with mBSA+Veh group (Figure 1A). Moreover, upon examination of the cellularity of mesenteric lymph node (MLN), there was also a significant increase in the total number of cells in the mBSA+Veh group when compared with PBS/control. Whereas mBSA+TCDD group showed a significant reduction in the total number of the cells in MLN when compared with mBSA+Veh group (Figure 1B), the mBSA+FICZ group showed a significant increase in the total number of the cells in MLN when compared with the mBSA+Veh group (Figure 1B).




Figure 1 | TCDD and FICZ exhibit opposite outcomes in mBSA-induced DTH in mice. DTH was induced by injecting mBSA followed by treatment with vehicle, TCDD, or FICZ. (A) Showing the percentage change in footpad thickness. (B) Absolute number of cells in mesenteric lymph nodes. (C) Von Frey filament test (0.008–1.4 g) was used to evaluate withdrawal force threshold of DTH reaction. (D) Latency for paw withdrawal on the hot plate test. The statistically significant differences between the groups were calculated using one-way ANOVA. Vertical Bars represent mean ± SEM and significant differences in total cell numbers are shown with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).



To test if the mBSA-induced inflammation and development of DTH in mice were associated with pain, we performed behavioral pain assays. The mice from both mBSA+Veh and mBSA+FICZ groups demonstrated significantly reduced threshold force for hindlimb withdrawal response to von Frey filament filaments (Figure 1C) in comparison to PBS/control and mBSA+TCDD mice that showed increase in the threshold force. In addition, a hot plate test for pain measurement in mice (Figure 1D) showed that mice from mBSA+Veh and mBSA+FICZ had a significant reduction in paw withdrawal latency response, which is the time taken to see a nocifensive behavior (hind paw withdrawal or licking) to the hot plate, when compared with PBS/Con and mBSA+TCDD groups. Collectively, these data demonstrated that AhR ligands, TCDD, and FICZ, had opposite effects on mBSA-induced DTH response and associated pain in mice (Figures 1A–C).



TCDD and FICZ Affect CD4+ T Cells But Not CD8+ T Cells in Mice With DTH

Because our goal was to test the effect of the AhR ligands on the gut-associated immune response, we tested the immunological changes occurring in the mesenteric lymph nodes (MLNs) of mice with DTH. Figures 2A, D show representative flow cytometric data of CD3+CD4+ and CD3+CD4+ T cells, respectively, and panels B and E show data from groups of five mice. Also, panels C and F show the total number of CD3+CD4+ or CD3+CD8+ T cells per mouse, which was calculated based on the percentage and absolute numbers of cells present in the MLNs. As shown in Figures 2A–C, there was a significant decrease in both the percentage and numbers of CD3+CD4+ T cells in the mBSA+TCDD group when compared to the mBSA+Veh group. On the other hand, there was a significant increase in the percentage and total number of CD3+CD4+ T cells in the mBSA+FICZ group when compared with mBSA+Veh (Figures 2A–C). However, neither mBSA+TCDD treatment nor mBSA+FICZ treatment had a significant effect on the total number of CD3+CD8+ cells when compared with the mBSA+Veh group (Figures 2D–F). Taken together, these data demonstrated that TCDD reduced the number of CD4+ T cells in the mesenteric lymph nodes, whereas FICZ increased the number of CD4+ T cells when compared with vehicle-treated mice with DTH, with no significant effect on CD8+ T cells.




Figure 2 | Effect of TCDD or FICZ on CD3+ and CD8+ T cells in the MLNs. DTH was induced by injecting mBSA followed by treatment with vehicle, TCDD, or FICZ. (A, D) Representative plots from FlowJo software analysis of flow cytometry data showing CD3+CD4+ and CD3+CD8+ cells in the MLNs. (B, E) Show percentages of CD3+CD4+ cells and CD+CD8+ T cells, respectively in groups of 5 mice. (C, F) Absolute cell numbers of CD3+CD4+ cells and CD+CD8+ T cells, respectively, in groups of 5 mice. The absolute numbers of T cell subsets were calculated based on the absolute number of cells found in the MLN multiplied by the percentage values of CD3+CD4+ cells or CD+CD8+ T cells obtained by flow cytometry, divided by 100. The statistically significant differences between the groups were calculated using one-way ANOVA. Vertical bars represent mean ± SEM and significant differences between groups were indicated by asterisks (*p < 0.05, **p < 0.01).





TCDD and FICZ Differentially Regulate the Generation of Tregs and Th17 Cells in Mice With DTH

Next, we investigated the effect of TCDD and FICZ on Tregs and Th17 cells in the MLNs of mice with DTH. As shown in Figures 3A, B, flow cytometric data showed that TCDD treatment caused a significant increase in the percentage and but not the numbers of Tregs in MLNs of mice with DTH when compared with vehicle-treated mice (Figures 3A–C). In contrast, FICZ treatment caused a significant reduction in the percentage, but not the number, of Tregs when compared with the mBSA+Veh group (Figures 3A–C). Next, we evaluated the expression of Foxp3, a transcription factor for Tregs, as well as Treg effector molecules, such as TGF-β and IL10, by RT-PCR. As shown in Figures 3D–F, there was a significant increase in FoxP3 (Figure 3D), TGF-β (Figure 3E), and IL10 (Figure 3F) expression in the mBSA+TCDD group when compared with the mBSA+Veh group. Treatment with FICZ in contrast caused a significant decrease in Foxp3 and TGF-β expression with no significant changes in IL10 expression (Figures 3D–F). When the expression of IL10 was determined by ELISA in the serum, we noted a significant increase in IL10 in the mBSA+TCDD group when compared with mBSA+Veh mice, whereas FICZ did not cause significant change when compared with the vehicle control (Figure 3G). Taken together, these data demonstrated that TCDD increased the proportion of Tregs and induction of FoxP3, TGF-β, and IL-10 in the MLNs of DTH mice, whereas FICZ decreased the percentage of Tregs, FoxP3, and TGF-β in the MLNs of mBSA-induced DTH mice.




Figure 3 | Effect of TCDD and FICZ on FoxP3+ Tregs during DTH response in the MLNs. DTH was induced by injecting mBSA followed by treatment with vehicle, TCDD, or FICZ. Cells harvested from the MLNs and analyzed. (A) Representative plots of flow cytometry data showing CD4+ Foxp3+ cells in MLNs. (B) Percentage of CD4+Foxp3+ cells from groups of 5 mice. (C) Total number of CD4+Foxp3+ cells from groups of 5 mice. qRT-PCR mRNA expression of Foxp3 (D), TGF-β (E), and IL-10 (F) in MLN cells. (G) Detection of IL10 by ELISA in the serum. The statistically significant differences between the groups were calculated using one-way ANOVA. Vertical bars represent mean ± -SEM and significant differences between groups are shown with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).



We also investigated the effect of TCDD and FICZ on the generation of Th17 cells in the MLNs of mice with DTH. There was a significant decrease in the percentage but not the numbers of Th17 cells in the MLNs of mBSA+TCDD mice when compared with mBSA+Veh mice (Figures 4A–C), In contrast, mBSA+FICZ mice showed a significant increase in the percentage but not the numbers of Th17 cells when compared with mBSA+Veh mice (Figures 4A–C). Upon evaluation of IL17 and RORγt expression (RT-qPCR) in MLN cells, there was a significant increase in both IL17 and RORγt expression in the mBSA+FICZ mice when compared with the mBSA+Veh mice (Figures 4D, F). On the other hand, mBSA+TCDD group showed a significant decrease in IL17 expression when compared with mBSA+Veh mice (Figure 4D), whereas RORγt expression showed no significant change (Figure 4F). When IL-22 expression was assayed in the MLN cells, we noted that IL-22 expression was significantly increased in the mBSA+TCDD group when compared to the mBSA+Veh mice, while the mBSA+FICZ mice showed no significant change (Figure 4E). Furthermore, upon evaluation of IL17 and IL6 in sera by ELISA, there was a significant increase in both cytokines in the mBSA+FICZ group in comparison with mBSA+Veh mice (Figures 4G, H) while TCDD suppressed these cytokines (Figures 4G, H). Taken together, these data demonstrated that AhR ligands, TCDD and FICZ, have opposite effects on Tregs and Th17 cells during mBSA-induced DTH reaction in mice.




Figure 4 | Effect of TCDD and FICZ on Th-17 cells in the MLNs of mice with DTH. DTH was induced by injecting mBSA followed by treatment with vehicle, TCDD or FICZ. Cells harvested from the MLNs and analyzed for Th-17 cells. (A) Representative plots from FlowJo software analysis of flow cytometry data showing CD4+IL7+ cells. Percentage (B) and total number (C) of CD4+IL17+ cells based on groups of 5 mice. (D) qRT-PCR based mRNA expression of IL17 (D), IL-22 (E), and RORγ (F) in MLN cells. Serum was collected on day 8 to determine levels of IL17 (G) and IL6 (H) by ELISA. Vertical bars represent mean ± SEM and significant differences between groups are shown with asterisks (*p < 0.05, ***p < 0.001, ****p < 0.0001) based on one-way ANOVA.





AhR Ligands, TCDD and FICZ, Alter the Gut Microbiota and SCFA in mBSA-Induced DTH Mice

Next, we investigated microbial dysbiosis in the gut of mice with DTH. We first evaluated the health of the colons of all the four groups (PBS/control, mBSA+Veh, mBSA+TCDD, and mBSA+FICZ) histologically. Analysis of histological data of the colons showed that there was a significant cell infiltration in the mBSA+Veh group when compared with the PBS/control group (Figure 5A). However, the mBSA+TCDD group showed a reduction in the number of infiltrating cells in the colon in comparison with the mBSA+Veh group (Figure 5A). mBSA+FICZ group, on the other hand, exhibited a slight increase in the number of infiltrating cells in the colon when compared with the mBSA+Veh group (Figure 5A). Histological scores of colons showed that mBSA+TCDD group showed a significant decrease in scores, whereas mBSA+FICZ group showed similar scores when compared with the mBSA+Veh group (Figure 5B). These data suggested that mBSA was able to induce inflammation in the colon of DTH mice, and that although TCDD caused an attenuation, FICZ failed to decrease the inflammatory response in the colon.




Figure 5 | Effect of DTH response and treatment with TCDD and FICZ on the gut microbiome. DTH was induced by injecting mBSA followed by treatment with vehicle, TCDD or FICZ. Cecal flushes were collected for microbiome analysis. (A) H&E (10X magnification) staining of histological sections of the colon from all four groups of mice. (B) Bar graph showing histopathological scores of H&E-stained colons from mice (n = 3). (C, D) 16S rRNA sequencing from the cecal flushes was performed on PBS/Control (n = 3), mBSA+Veh (n = 3), mBSA+TCDD (n = 3), and mBSA+FICZ (n = 3) groups. Sequenced reads were analyzed using Nephele to generate chao1 alpha diversity (C) and beta diversity PCOA (D) plots. (E–G) Individual bar graphs are depicted for the following at the phylum level: Bacteroidetes (E), Deferribacteres (F), and Firmicutes (G). Vertical bars represent mean ± SEM and significant differences between groups are shown with asterisks (*p < 0.05, **p < 0.01, ****p < 0.0001). based on one-way ANOVA.



Next, we determined the gut microbiome in mice with DTH and treated with vehicle or TCDD or FICZ. To this end, we performed bacterial 16S rRNA gene sequencing using Illumina MiSeq platform and primers targeting the V3 and V4 variable regions. Sequences were analyzed using 16S QIIME paired-end pipeline available online by the National Institute of Health (NIH). We used the Nephele platform (release 1.6 which uses QIIME 1.9.1) for analysis of MySeq data to characterize differences in gut microbiome diversity, phylogeny, and function (45). Upon assessment using Chao1 rare fraction measure, we noted that DTH induction using mBSA had lowered the abundance of bacteria in the gut when compared to mice that did not receive mBSA (Figure 5C). Also, vehicle and FICZ treatments of DTH mice showed similar abundances of bacteria in the gut, whereas TCDD treatment increased the abundances of bacteria in the gut when compared with these two groups (Figure 5C). Beta diversity analysis that measures the similarity or dissimilarity between various groups showed that all groups were well separated. However, mBSA+Veh and mBSA+FICZ bacteria were more closely clustered together, whereas the other two groups, PBS/control and mBSA+TCDD, showed clear separation from each other (Figure 5D). This suggested that the microbiome composition in the mBSA+TCDD was distinct when compared with mBSA+Veh. In contrast, mBSA+FICZ mice showed a close resemblance in microbiome composition with mBSA+Veh. At the phylum level, there were notable differences. Mice with DTH (mBSA+Veh) had an increased abundance of Bacteriodetes when compared with mice that did not receive mBSA (PBS/Control) (Figure 5E). mBSA+TCDD group showed a decreased abundance of Bacteriodetes when compared with the mBSA+Veh group, whereas the mBSA+FICZ group showed levels similar to that shown by mBSA+Veh (Figure 5E). Furthermore, mBSA+Veh and mBSA+FICZ groups had significantly lower levels of Deferribacteres and Firmicutes when compared with PBS/control (Figures 5F, G). In contrast, the mBSA+TCDD group showed an increased abundance of Deferribacteres and Firmicutes when compared with the mBSA+Veh and mBSA+FICZ groups (Figures 5F, G). To distinguish significantly altered bacteria among all the experimental groups, Linear discriminant analysis effect size (LefSe) (46) analysis (Figure 6A) and the corresponding cladogram (Figure 6B) were generated on the operational taxonomic unit (OTUs) from phylum to species level. Data showed that there were several bacteria found to be distinctly expressed in each of the four groups (Figure 6A). For example, Clostridium was shown to be significantly decreased in the bacteria abundance OTUs following DTH (mBSA+Veh) when compared to mice without DTH (PBS/Control) group, whereas in the mBSA+TCDD group, it was significantly increased while in the mBSA+FICZ group, it was similar to mBSA+Veh group (Figure 7A). In contrast, for Prevotella, DTH induction (mBSA+Veh) caused increased abundance when compared to mice without DTH (PBS/Control) (Figure 7B). In contrast, mBSA+TCDD–treated mice showed a decrease in Prevotella while the mBSA+FICZ group showed no significant change when compared to the mBSA+Veh group (Figure 7B).




Figure 6 | LefSE analysis of unique microbiota found in different treatment groups of mice with DTH. 16S rRNA sequencing from the cecal flushes was performed on PBS/Control (n = 3), mBSA+Veh (n = 3), mBSA+TCDD (n = 3), and mBSA+FICZ (n = 3) experimental mice and OTU data were subjected to LefSE analysis to generate cladogram (A) and LDA scores (B) among all four groups. For LefSe data, the alpha factorial Kruskal-Wallis test among classes was set to 0.05, and the threshold on the logarithmic LDA score for discriminative features was set at 3.






Figure 7 | TCDD and FICZ alter the microbiome and microbiome-associated metabolome in mice with DTH response. (A) Bar graph depicting the percent OTUs of Clostridium generated from 16S rRNA sequencing (B) Bar graph depicting the percent OTUs of Prevotella generated from 16S rRNA sequencing (C) PCR validation and fold change of Clostridium cluster XIV (coccoides groups) in PBS/Control (n = 3), mBSA+Veh (n = 3), mBSA+TCDD (n = 3), and mBSA+FICZ (n = 3). (D) PCR validation and fold change of Clostridium cluster IV (leptum groups). (E) Bar graph depicting PCR validation and fold change of Prevotella copri. Vertical bars represent mean ± SEM and significant differences between groups are shown with asterisks (*p < 0.05, **p < 0.01, ****p < 0.0001) based on one-way ANOVA.



To confirm the results obtained from sequencing post-Nephele and LefSe analyses, PCR was performed using primers specific for the following species: Clostridium cluster XIV (coccoides group) (Figure 7C), Clostridium cluster IV (leptum group) (Figure 7D), and Prevotella copri (Figure 7E). These results confirmed the data obtained from the sequencing. Specifically, Clostridium was found to be significantly increased in mBSA+TCDD mice when compared to other groups while Prevotella copri was found to be significantly decreased in mBSA+TCDD in comparison with mBSA+Veh and mBSA+FICZ (Figures 7C–E). Taken together, the phylogenetic data and PCR data supported that DTH induction leads to significant alterations in the colonic microbiota, and furthermore AhR ligands, such as TCDD, cause additional alterations. Interestingly, treatment of DTH mice with FICZ did not cause major alterations and behaved similar to the mBSA+Veh group.

In addition to microbial profiling, bacterial metabolomic SCFA production was also evaluated in the cecal flush samples collected from all four groups (Figures 8A–F). Data showed that two of the SCFA (acetic acid and n-butyric acid) were found to be significantly reduced in the mBSA+Veh and mBSA+FICZ group when compared to PBS/Control group, whereas the mBSA+TCDD group showed restoration to normal levels seen in PBS/Control group (Figures 8A, D). Taken together, these results showed that AhR ligands behave differently with respect to SCFA induction during the DTH response, and that although TCDD treatment was able to restore some of the SCFA to normal levels, FICZ was unable to restore.




Figure 8 | Concentrations of SCFAs from cecal flushes of DTH mice treated with TCDD or FICZ: DTH was induced by injecting mBSA followed by treatment with vehicle, TCDD or FICZ. Cecal flushes were analyzed as follows. (A–F) Concentrations of SCFAs from cecal flushes of PBS/Control (n = 5), mBSA+Veh (n = 5), mBSA+TCDD (n = 5), and mBSA+FICZ (n = 5). Vertical bars represent mean ± SEM and significant differences between groups are shown with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) based on one-way ANOVA.





Sodium Butyrate Inhibits HDACs and Ameliorates mBSA-Induced DTH in Mice

Because TCDD induced higher levels of butyrate, we next tested the effect of oral administration of Sodium Butyrate (BUT) on DTH in mice. For this experiment, we took four groups of mice: naïve, mice with BUT (BUT), DTH mice with vehicle (mBSA+Veh), and DTH mice with BUT (mBSA+BUT). mBSA+BUT mice showed a significant reduction in the footpad thickness when compared with the mBSA+Veh group (Figure 9A). Moreover, upon examination of the cellularity of mesenteric lymph node (MLN), there was also a significant reduction in the total number of cells in the mBSA+BUT mice when compared with mBSA+Veh mice (Figure 9B). We also noted significant increase in the percentage and numbers of Tregs (Figures 9C, D) and a decrease in the percentage and numbers of Th17 cells (Figures 9E, F) in MLNs of the mBSA+BUT group when compared with the mBSA+Veh group.




Figure 9 | Effect of sodium butyrate (BUT) on DTH response, immune profile, and gut microbiota. DTH was induced as described in Figure 1 legend. Experimental groups consisted of: Naïve (n= 5), BUT (n = 5), mBSA+Veh (n = 5), and mBSA+BUT (n = 5). (A) Showing the percentage change in footpad thickness. (B) Absolute cell number in the mesenteric lymph nodes. Percentage (C) and total number (D) of CD4+Foxp3+ cells in mesenteric lymph nodes of various groups. Percentage (E) and total number (F) of CD4+IL17+ cells in the MLNs of various groups. Bar graph depicting PCR validation and fold change of Clostridium cluster XIV (coccoides groups) (G), Clostridium cluster IV (leptum groups) (H), and Prevotella copri (I) in cecal flushes of various groups. The statistically significant differences between the groups were calculated using one-way ANOVA. Vertical bars represent mean ± SEM and significant differences between groups are shown with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) based on one-way ANOVA.



Next, we investigated the effect of BUT treatment on the bacteria that were identified as significantly altered by AhR ligands. To that end, we performed RT-qPCR to determine the presence of Clostridium cluster XIV (coccoides group) (Figure 9G), Clostridium cluster IV (leptum group) (Figure 9H), and Prevotella copri (Figure 9I) in mice. The results demonstrated that treatment with BUT (mBSA+BUT) caused a significant increase in both Clostridium clusters when compared to the mBSA+Veh group (Figures 9G, H). Interestingly, BUT alone in naïve mice caused a significant increase in Clostridium clusters (Figures 9G, H). Treatment with BUT during DTH caused a significant decrease in Prevotella copri when compared with the mBSA+Veh group (Figure 9I). These data suggested that butyrate can suppress DTH, increase Tregs, and suppress Th17 cells as well as alter the levels of Clostridium and Prevotella, similar to TCDD.



Effect of AhR Activation on HDAC During the DTH Response

Previous studies have shown that butyrate also inhibits HDAC activities which in turn exert anti-inflammatory activities (47). To that end, we also investigated HDAC expression in mice with DTH and treated with AhR ligands (TCDD and FICZ) or BUT. The results obtained from this experiment showed that TCDD (mBSA+TCDD) caused a significant decrease in HDAC I (HDAC 1, 2, 3, 8) expression in mice with DTH when compared mBSA+Veh group, and FICZ-treated (mBSA+FICZ) mice (Figure 10A). Also, mBSA+TCDD mice showed a significant decrease in HDAC II (HDAC 4, 5, 6, 7, 9, 10) expression when compared with mBSA+Veh mice and mBSA+FICZ mice (Figure 10B). Interestingly, administration of BUT (mBSA+BUT) also caused a significant decrease in HDAC I and HDAC II expression when compared with the mBSA+Veh group (Figures 10C, D).




Figure 10 | Treatment of mice bearing DTH with TCDD, FICZ or BUT leads to inhibition of HDAC. Expression of HDAC I (A) and HDAC II (B) was evaluated from MLNs isolated from experimental groups (PBS/Con, mBSA+Veh, mBSA+TCDD, mBSA+FICZ). PCR-based fold change in the expression of HDAC I (C) and HDAC II (D) was evaluated in MLN cells isolated from various groups. Vertical bars represent mean ± SEM and significant differences between groups are shown with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) based on one-way ANOVA.






Discussion

In the current study, we demonstrate that induction of DTH can alter the gut microbiota and that AhR activation during this process can have a significant impact on this dysbiosis with potential consequences on T cell responses and inflammation associated with the DTH response. Our study demonstrated that AhR ligands, such as TCDD and FICZ, have opposite effects on DTH response mediated by mBSA, with the former suppressing DTH while the latter, enhancing this response, consistent with our recent studies (34). Interestingly, in our previous report (34) on mBSA-induced DTH response, we focused on T-cell responses in the draining popliteal lymph nodes while in the current study, because we were interested in studying gut-associated microbiota and inflammation, resorted to MLNs. Thus, we were surprised to note that the changes brought about by AhR ligands in the MLNs were similar to that seen in the draining lymph nodes (34) in that TCDD caused induction of Tregs while suppressing Th17 cells, whereas FICZ had the opposite effects on these T cells. Furthermore, there was a significant increase in Foxp3, TGF-β, and IL10 expression in MLN as well a significant increase in IL10 concentration in the serum of mBSA+TCDD mice when compared with the mBSA+Veh group. FICZ, on other hand, caused a significant increase in the expression of IL17 and RORγ in MLN (Figures 4C, D), as well as a significant increase in IL17 and IL6 concentration in the serum of mice. We also found that unlike CD4+ T cells, the CD8+ T cells were not significantly impacted by TCDD and FICZ. The CD8+ T cells have been shown previously to be down-regulated by TCDD (48, 49). This may be because the antigen that we used in this study, mBSA, is an exogenous antigen that activates primarily CD4+ Th1 and Th17 cells and not CD8+ T cells that are activated through the endogenous pathway of antigen processing and presentation (50). It should also be noted that antigen-activated T cells are more susceptible than naïve T cells to TCDD-mediated immunosuppression (51).

When we screened for IL22, we noted that TCDD caused a significant increase in IL22, whereas FICZ did not significantly alter IL22 expression. IL-22 is a member of the IL-10 family produced by a variety of immune cells, including Th1, Th17 cells, and Th22 cells (52). IL22 acts primarily on non-hematopoietic cells that express IL22 receptor and provides barrier immunity at the mucosal surfaces (53). TCDD has been shown previously to induce IL22 in human CD4+ T cells in an AhR-dependent manner (54). In another study, while TCDD induced IL22, FICZ was shown to suppress IL22 (55, 56). This contrasts with some studies showing that FICZ caused upregulation of IL22 (57). In the current study, we noted that FICZ did not alter the expression of IL22 in the MLN. Such discrepancies clearly suggest that the effect of AhR ligands on Th1, Th17, and Th22 cells may depend on a variety of factors, including binding affinity, nature of antigen, metabolism of the ligands, the target tissue, and the like.

In addition to the immunological changes seen in the MLNs during the DTH response, interestingly, we also saw significant changes in the colonic inflammation and microbiota induced by the DTH response. Currently, there are no published data indicating alterations in the gut microbiota during DTH response. It is likely that the mBSA antigen may travel to the MLN and the gut to induce an inflammatory response and consequently cause alterations in the gut microbiota or the antigen may directly cause alterations in the microbiota of the gut which may lead to a pro-inflammatory response. Additional studies are necessary to address this using cecal transplants of the microbiota.

Recently, several studies, including those from our laboratory, have shown that AhR plays a vital and important role in maintaining intestinal homeostasis, both when conditions are healthy and when not (58–62). In the current study, we noted that not only did the gut microbiota alter following DTH induction but also caused further changes in the microbiota in the administration of AhR ligands. The human gut microbiota consists primarily of two major bacterial phyla, Firmicutes and Bacteroidetes, which constitute more than 90% of the total community (63). It was thus interesting to note that DTH caused an increase in Bacteroidetes and a decrease in Firmicutes in the gut. Furthermore, TCDD caused a reversal of these effects while FICZ did not exert much change. These data are consistent with the ability of TCDD to suppress DTH response. While FICZ caused an increase in the DTH response, it did not correlate with an altered proportion of Firmicutes and Bacteroidetes, the reason for which was not clear but it can be speculated that the alterations in the microbiota had peaked with DTH induction. Deferribacteres is another gut microbiota with relatively less abundance which was found to be decreased during DTH response. TCDD was found to increase while FICZ did not cause major changes in these bacteria. AhR ligands have been well established to exert different levels of AhR activation, which is further influenced by AhR-induced metabolism. Thus, a single dose of TCDD triggers sustained AhR activation in the μg/kg range, whereas FICZ is rapidly metabolized and therefore causing transient AhR activation (35). This could lead to altered distribution or accumulation of FICZ vs TCDD in the gut which can, in turn, regulate the microbiota, independent of AhR. Clearly, additional studies are necessary to address this premise.

We also noted that DTH response altered levels of Clostridium spp and increased that of Prevotella. Furthermore, TCDD caused an increase in the abundance of Clostridium spp and decreased that of Prevotella, correlating with the ability of TCDD to suppress the DTH response, while FICZ did not have a major effect. Species of Clostridium cluster XIVa and IV are quite predominant in the gut, accounting for 10% to 40% of the total bacteria and act as key regulators of intestinal homeostasis (64, 65). Several studies have shown that increase in Clostridium spp, particularly clusters IV and XIVa, promoted Treg cell generation (64). Furthermore, colonization of mice by a defined mix of Clostridium strains facilitated an environment with high expression in TGF-β and affected Tregs number and functions in the colon (29). Furthermore, Atarashi et al using IL10 reporter mice demonstrated that Foxp3+ CTLA4high Tregs induced by specific Clostridium species were adequately powerful to secrete IL10 to sustain both intestinal and systemic homeostasis (29). Our results are consistent with the above observations in that DTH induction led to a decrease in the abundance of Clostridium cluster XIV (coccoides group) and Clostridium cluster IV (leptum group) expression in the cecal flushes, and treatment with TCDD (mBSA+TCDD) caused marked increase in these Clostridium clusters as well as induction of Tregs in the MLNs and attenuation of DTH, while FICZ caused no marked changes in the Clostridium clusters, failed to induce Tregs and suppress DTH.

In recent years, several studies have shown a link between an increase in Prevotella bacteria and the disease development, as observed by the higher abundance of Prevotella spp in inflammatory disorders, such as rheumatoid arthritis, periodontitis, intestinal dysbiosis, and inflammation in HIV patients (8, 66–69). Interestingly, in the current study, we noted that DTH induction led to an increased abundance of Prevotella copri expression in the cecal flushes while treatment with TCDD caused a marked decline in Prevotella copri abundance while FICZ treatment caused a further increase in Prevotella copri abundance. These data were consistent with the observation that Prevotella copri may promote inflammation.

Changes in the gut microbiome often contribute to changes in bacterial metabolism, such as the production of SCFAs. SCFA, including acetic acid and butyric acid, are metabolic end products of undigested complex carbohydrate post bacterial fermentation throughout the colon (70). Our results showed that the level of acetic acid and butyric acid were significantly increased in mBSA+TCDD mice in comparison with mBSA+Veh mice. Zhang et al. showed that oral administration of sodium butyrate induced Tregs and inhibited IL17 production in plasma and colonic mucosa leading to amelioration of colonic colitis lesions in rats (71). Our laboratory has shown that administration of indole-3-carbinol (I3C), an AhR ligand into mice with colitis leads to attenuation of colitis which is associated with the induction of a subset of gram-positive bacteria known to produce butyrate, thereby causing increased production of butyrate (40). Additionally, butyrate administration also caused attenuation of colitis (40). In the current study, butyrate administration into mice with DTH was found to suppress the DTH response which was associated with an increased presence of Tregs and decreased levels of Th17 cells in the MLNs. Moreover, butyrate restored some of the beneficial bacteria such as Clostridium clusters while decreasing Prevotella that were deleterious.

Previous studies have suggested butyrate acts as a regulator of AhR-dependent genes and their functions, and acts as a histone deacetylase inhibitor (HDACi) (72). Also, butyrate has been shown to induce anti-inflammatory responses by inhibition of HDACs (46, 73). In this study, we also observed that there was a significant decrease in HDAC class I and II in mice with DTH and treated with TCDD when compared with mice with DTH treated with vehicle or FICZ. Moreover, butyrate was able to suppress HDACs class I and II in mice with DTH (Figures 9C, D). Data taken together provides insights on how AhR ligands may have a potential role in modulating the cecal microbiome leading to induction of SCFA, HDAC inhibition, and amelioration of DTH in mice.

There are many reports demonstrating that TCDD and FICZ often exert opposing effects on T cell-mediated inflammation (10, 11). Our laboratory has shown that some dietary AhR ligands, such as I3C can also preferentially induce Tregs than Th17 (6, 12). The precise mechanisms responsible for the differential effects of AhR ligands to induce Tregs vs Th17 cells are not clear. Studies have suggested that this property may depend on the ligand, duration of AhR activation, the affinity of the ligand, epigenetic pathways induced, and the nature of microbiota [reviewed in (9)]. The current study supports the hypothesis that microbiota may play a role in the ability of AhR ligands to attenuate DTH response by promoting bacteria and butyrate production that induce Tregs. Additionally, our previous studies also demonstrated that TCDD may induce Tregs through regulation of miRNA-132 which targets HMGB1 (34).

In summary, the current study demonstrates that DTH induction in mice leads to significant alterations in the gut microbiota as well as associated proinflammatory T cell response in the MLNs and colon. Administration of TCDD leads to reversal of the alterations in the microbiota and attenuation of DTH which correlates with induction of Tregs, suppression of Th17 cells, and increased production of anti-inflammatory cytokines, such as TGF-β and IL-10. In contrast, FICZ enhances the DTH response, induces Th-17 cells but not Tregs, and fails to reverse the effect on microbiota induced during the DTH response. Together, our studies demonstrate that the ability of AhR ligands to suppress DTH response may depend on their capacity to reverse the alterations in the gut microbiota.
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