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The early inflammatory skin micromilieu affects resistance in experimental infection with Leishmania major. We pursue the concept that macrophages, which take up parasites during early infection, exert decisive influence on the inflammatory micromilieu after infection. In order to analyze their distinctive potential, we identified differentially regulated genes of murine granuloma macrophages (GMΦ) from resistant and susceptible mice after their infection with metacyclic Leishmania major. We found induction of several cytokines in GMΦ from both strains and a stronger upregulation of the transcription factor aryl hydrocarbon receptor (AhR) in GMΦ from resistant mice. Using both an AhR agonist and antagonist we demonstrated that AhR is involved in Leishmania-induced production of TNF in macrophages. In vivo, single local injection of an AhR agonist in early lesions of susceptible mice caused an increased induction of Tnf and other cytokines in the skin. Importantly, local agonist treatment led to a reduction of disease severity, reduced parasite loads and a weaker Th2 response. Our results demonstrate that local activation of AhR has a beneficial effect in experimental leishmaniasis.
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INTRODUCTION

Interaction of pathogens and innate immune cells is a crucial early event in infection. It triggers immediate defense mechanisms and initiates pathogen-specific acquired immunity. Pathogens, however, have evolved mechanisms to circumvent activation of the immune system. Skin infection with intracellular parasite Leishmania (L.) major is an excellent murine model system to analyze host-pathogen interaction (1). Early after infection with L. major, macrophages take up infectious metacyclic promastigotes which then transform intracellularly into amastigotes. The innate immune system is unable to clear the infection without activation by T-cells. Ag-specific Th1 cells and their production of Interferon-γ (IFNγ) are necessary to achieve classical activation of macrophages and NO-mediated parasite clearing in resistant C57BL/6 mice (2). Susceptible BALB/c mice develop a Th2-response characterized by IL4 and IL13 secretion and fail to clear the parasite. Th-cell priming takes place in draining lymph nodes (dLN), but can be influenced by the inflammatory milieu of the infected skin (3–6). We already demonstrated differences in the early infiltrate of phagocytes with earlier appearance of mature macrophages in resistant mice (5, 7). Subsequently, we have identified several differentially regulated cytokines expressed in infected skin from resistant and susceptible mice early during infection. By altering the expression of some of these cytokines in the early inflammatory skin milieu, e.g., IL-6 and CXCL11, we were able to significantly influence polarization of Th-cells (5, 6).

Macrophages are among the first cells to interact with parasites and are capable of sustained production of inflammatory mediators. We thus consider them a prime candidate to determine the early inflammatory micromilieu.

Infection of macrophages with L. major has been shown to induce cytokine secretion, upregulation of genes and activation of cellular signaling pathways like ERK1/2, p38MAPK and NF-kappa-B (8–12). On the other hand, suppression of gene expression and inhibition of NF-kappa-B-signaling were reported (10, 13). For example, L. major uptake by macrophages abrogates LPS-induced IL12 secretion (8, 14).

However, differential reaction of macrophages to L. major also depends on the origin or activation of investigated macrophages or subtype of monocytes (15–18).

L. major-induced IL12 suppression was more pronounced in peritoneal macrophages compared to bone marrow macrophages (19). Similarly, a comparison of inflammatory and resident peritoneal macrophages infected with L. major revealed that resident, but not inflammatory macrophages induced production of various cytokines and reactive oxygen species (20).

Therefore, since macrophage subtypes can be different in response to L. major, we wanted to analyze cells which most closely resemble skin macrophages. Such cutaneous macrophages, well-suited for our study, can be isolated in considerable numbers from non-immune polyacrylamide granulomas (8, 21).

Strain-specific differences in skin macrophages could affect the early inflammatory milieu. Belkaid et al. already compared IL12, IL6, and TNF secretion of granuloma-macrophages (GMΦ) from C57BL/6 and BALB/c mice infected with L. major, and found no differences. For a more global analysis however, we performed microarray analysis of GMΦ infected with metacyclic L. major promastigotes. We identified differentially regulated genes between infected GMΦ from BALB/c and C57BL/6 mice. Among those we found transcription factor aryl hydrocarbon receptor (AhR), an inductor of xenobiotic compound-degrading enzymes, deserving a closer look because of its expanding role in immunity, especially macrophage function (22–26). Most relevant to our setting, Climaco-Arvizu et al. found a role for AhR in the regulation of nitric oxide and arginase production in mouse macrophages. Peritoneal macrophages from Ahr knockout mice showed reduced NO production, but enhanced secretion of several cytokines like TNF and IL12 when polarized to a M1 subtype and stimulated with LPS (26). Ahr knockout macrophages were more susceptible to in vitro Leishmania infection. In a previous work, the same group also reported that Ahr knockout mice on a resistant background showed an exacerbated immune response characterized by lower numbers of regulatory T-cells that, while causing more severe inflammation at first, ultimately resulted in accelerated control of the parasite (24). As AhR is a transcriptional regulator implicated in resistance against Leishmania both in vitro in macrophages and in vivo, we chose to further analyze the role of AhR in early events determining resistance against L. major.



MATERIALS AND METHODS


Experimental Leishmaniasis

Specific pathogen free mice from C57BL/6 and BALB/c strains were bred in the animal facility of the Department of Dermatology, Münster, or obtained from Charles River, Germany, and used at 8-12w of age. All experiments were approved according to the animal welfare laws of the Federal Republic of Germany by the animal welfare authority of the state of North Rhine- Westphalia, filed under reference 84-02.04.2015.A348.

Leishmania parasites of strain MHOM/IL/81/FE/BNI were grown in Schneider's Drosophila medium supplemented with 10% fetal calf serum (FCS), 2% human urine, 2% glutamine, and 1% penicillin-streptomycin at 25°C and 5% CO2.

Male BALB/c mice (5 per group) were infected in the left hind foot with 2×107 stationary phase parasites in 20 μl PBS to allow a comparison to our previously published data on the early phase of experimental leishmaniasis (5, 6). Mice were sacrificed after 20 h for measurement of epidermal gene expression or after 11 d (early Th response), and 4 or 5 w for infection experiments (late Th response, parasite load). Foot swelling was measured weekly using a caliper with the uninfected foot serving as control. All experiments were repeated at least 5 times.

For simultaneous treatment with AhR ligands, 30 nmol of agonist ITE (2-(1H-Indol-3-ylcarbonyl)-4-thiazolecarboxylic acid methyl ester, Tocris Bioscience) in 1 μl DMSO or solvent control was included in the final volume.

Comparison of parasite dissemination was performed by limiting dilution assay of infected dLN using Leishmania growth medium as described previously (5, 18) by using Leishmania medium instead of slant blood agar. Briefly, foot skin and dLN were removed aseptically and homogenized in 5 ml Leishmania medium. Serial dilutions were carried out in quadruples (100 μl culture volume each) using 96-well tissue plates. After culture for 1 w, the highest dilution yielding growth of viable parasites was determined using a phase contrast microscope.



Cytokine Assay

Cytokines from restimulated L. major-specific dLN cells were assessed using a mixed lymphocyte reaction as previously described (5). Briefly, the dLN from infected animals were mashed through a cell strainer in PBS, washed and transferred to uncoated 96-well U-bottom plates in RPMI 1640 containing 2 mM glutamine, 50 μM mercaptoethanol, and 10% FCS at 2 × 106 cells/well. Cells were restimulated with 1 μl soluble Leishmania antigen prepared by repeated freeze/thaw cycling of 5 × 108 stationary phase parasites in 1 ml PBS. After 5d at 37°C and 5% CO2, IFNγ and IL4 secretion were measured by cytometric bead assay using FlexSets by BD Bioscience (San Jose, California) according to the manufacturer's protocol.



Granuloma Macrophages

GMΦ were recovered from polyacrylamide gel pouches as described in John et al. (21). In short, sterile polyacrylamide gel (BioGel P-100, Bio-Rad, Germany) was injected subcutaneously in two 1 ml portions on the back of the animal. The gel was recovered after 48 h, resuspended in PBS and given through a cell strainer and then washed. GMΦ were then left to adhere in petri dishes with 10 ml DMEM medium containing 20% L-929 cell (ATCC #CCL-1) supernatant and 10% FCS at 1 × 106cells/ml for 24 h at 37°C and 7% CO2. Cells were incubated with 10 mM EDTA in PBS for 10 min at 37° and resuspended by repeated up and down-pipetting. Cells were then washed with PBS and resuspended in DMEM containing L-929-cell supernatant at 1 × 106cells/ml and left to adhere overnight in 12-well plates. Metacyclic L. major promastigotes were prepared from stationary cultures. Briefly, stationary phase cultures are centrifuged several times to enrich metacyclic parasites in the supernatant by their density after which the remaining parasites are collected and run over a Ficoll gradient as described in more detail by Späth et al. (27). Macrophages were incubated with a 5 × MOI of metacyclic L. major. 1 μl of 30 mM solutions of AhR antagonist CH-223191 and agonist ITE in sterile DMSO per ml medium were added where indicated, with untreated groups receiving 1 μl of DMSO. TNF concentration of the supernatant was measured using the cytometric bead assay FlexSet for murine TNF by BD Bioscience (San Jose, California). Parasite phagocytosis was measured by FACS analysis of cells incubated with a 5 × MOI of fluorescein isothiocyanate (FITC) -stained parasites in the presence of DMSO, ITE and CH-223191 using the same medium and concentrations as above. The FITC-staining was performed as described earlier (18). For assessment of parasite killing, cells where then washed and incubated in the presence of 500U of rmIFNγ (PromoCell, Germany) for another 20 h. Production of NO was measured by photometric measurement of nitrite in supernatant at 560 nm using Griess reagent and a nitrite standard curve after 24 h preincubation of 5 × 105 cells/ml with 500U of recombinant murine IFNγ) followed by further 24 h incubation with L. major in the presence of 500U/ml rmIFNγ as described in Ehrchen et al. (18).



Human Blood Monocytes

Human monocytes were isolated from fresh human blood leukocyte reduction chambers of platelet apheresis sets from healthy, voluntary whole blood donations after informed consent of the donors according to the regulations of the blood bank of the University Hospital Münster by Pancoll (PAA Laboratories, Austria) and subsequent Percoll (GE Healthcare) gradient centrifugation as described previously (28). Purity of monocytes was > 85%, as assessed by staining with CD14 antibody (Becton Dickinson) and FACS analysis. Cells were cultivated in McCoy's 5a medium supplemented with 15% FCS, 1% l-glutamine and 1% non-essential amino acids (all from Biochrome, Germany) and without antibiotics in uncoated 12 well-plates, and were allowed to rest overnight prior to experiments (37°C, 7% CO2). Cells were infected with a 5 × MOI of stationary phase L. major. Because of the reported lower affinity of the human AhR compared to murine AhR (29), we added 10 μl of 30 mM solutions of AhR ligands or carrier per ml of medium.



Real-Time PCR and Microarray Analysis

RNA from GMΦ and human monocytes was extracted using the Quiagen RNeasy micro kit according to the manufacturer's instructions. For RNA extraction from mouse feet, skin was homogenated in RNeasy lysis buffer using a peqlab Precellys homogenizer for a single run at maximum power and time settings. Semi- quantitative RT-PCR was performed as described previously on a Bio-Rad CFX384 Touch Real-Time PCR detection system (28).

For microarray analysis, total RNA from three independent experiments of 4 h L. major infected C57BL/6 or BALB/c GMΦ was isolated and subsequently processed for microarray hybridization using Affymetrix Murine Genome MG_U74Av2 arrays according to the manufacturer's instructions (Affymetrix). Arrays were developed and analyzed as previously described (5). Microarray data were analyzed using MicroArray Suite Software 5.0 (Affymetrix) using data from corresponding control samples as baseline.

We retained only genes which were significantly regulated in every single experiment (change p-value < 0.05, fold-change ≥1.5, expression over background) as well as in the complete set of experiments (fold-change of ≥1.5, p-value of < 0.05, paired t-test).

To compare L. major induced alterations expression patterns between macrophages isolated from resistant and susceptible mouse strains, signal log ratios of infected vs. uninfected control samples in both mice strains were evaluate by paired t-test. We retained only genes with a p < 0.05 and a differential fold-change regulation of ≥1.5.

To identify transcription factors with statistically over-represented binding sites in promoter regions of regulated genes, we used CARRIE with the implemented promoter sequence analysis tool ROVER (30). Promoter sequences were defined 1000 bases upstream to 100 bases downstream of the transcription start site and obtained using PromoSer (31) and equally sized group of control genes with stable expression but no detectable regulation by L. major infection were compared.




RESULTS


Transcriptional Changes in L. major Infected GMΦ

To identify genes that are regulated during infection of macrophages with L. major, GMΦ from C57BL/6 and BALB/c mice where incubated with metacyclic L. major for 4 h with a multiplicity of infection (MOI) of 5:1. More than 75% of macrophages had taken up L. major parasites at this timepoint. Using a cut-off value of 1.5-fold, 141 genes were significantly upregulated and 127 were significantly downregulated in GMΦ from C57BL/6 mice, whereas 69 genes were upregulated and 91 where downregulated in GMΦ from BALB/c mice. Among upregulated genes we found Tnf and other cytokine genes, transcription factors, genes associated with apoptosis, lipid metabolism and the NF-kappa B cascade. Table 1 shows a selection of upregulated genes. Array data was uploaded to the NCBI GEO repository under accession number GSE127541. Supplemental Tables 1, 2 contain a complete list of regulated genes in C57BL/6 and BALB/c mice, respectively.


Table 1. Genes significantly upregulated by Leishmania major infection.

[image: Table 1]



Infected GMΦ From Resistant Mice Upregulate Ahr

While most genes were similarly regulated in resistant and susceptible mice, we found only eight genes that showed strain-specific differences. Among them was the transcription factor Ahr.

To check whether AhR-signaling could be involved in the underlying transcriptional regulatory networks, we analyzed overrepresentation of transcription factor binding sites among regulated genes using CARRIE analysis, and found AhR binding sites overrepresented in upregulated C57BL/6 genes with a p-value of 0.000372 (Table 2).


Table 2. Top ten overrepresented transcription factor binding sites among genes upregulated in Leishmania major-infected C57BL/6 granuloma macrophages.
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Therefore, and because AhR has recently been identified as an important regulator of innate immunity (22, 26, 32–34) and was implicated in regulation of resistance to experimental leishmaniasis (24, 35, 36), we focused on AhR.

We first confirmed gene regulation of Ahr in GMΦ using RT-PCR. In agreement with microarray data, uptake of L. major induced Ahr expression significantly in both mice strains. Ahr induction was significantly stronger in C57BL/6 vs. BALB/c mice (Figure 1A). The strain specific difference in AhR upregulation between GMΦ from resistant and susceptible mice indicated a possible beneficial role of AhR in resistance to Leishmania.
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FIGURE 1. Infected granuloma macrophages express AhR upon infection with L. major, which regulates Tnf α expression and secretion. RT-PCR data showing differential induction of AhR in granuloma macrophages from C57BL/6 (black bars) and BALB/c mice (grey bars) infected with a 5 × MOI of metacyclic L. major for 24h (A). RT-PCR of Tnf mRNA expression from C57BL/6 macrophages treated with AhR antagonist CH-223191 (B) and AhR agonist ITE (C) after incubation with a 5 × MOI of metacyclic L. major for 4 h (B). TNF secretion by macrophages from C57BL/6 mice infected with L. major for 24 h in the presence of 30 nmol/ml AhR antagonist CH-223191 (D) and TNF secretion by macrophages infected with L. major for 24 h in the presence of 30 nmol/ml AhR agonist ITE (E). *p < 0.05, n = 3. Data shown is representative of three independent experiments with similar results.




AhR Ligands Change Cytokine Secretion by L. major Infected Macrophages

Since AhR itself presents a transcription factor and AhR binding sites were overrepresented among L. major-induced genes, we checked for relevance of AhR in Leishmania-induced gene expression. To this end we analyzed gene expression of C57BL/6 derived GMΦ after treatment with AhR antagonist CH-223191. We observed a reduction in Tnf expression (Figure 1B). Conversely, treatment with the AhR agonist (2-(1H-Indol-3-ylcarbonyl)-4-thiazolecarboxylic acid methyl ester (ITE) caused a higher expression of Tnf in macrophages co-incubated with L. major for 4 h (Figure 1C). Subsequently, we analyzed the effects of AhR antagonist CH-223191 (Figure 1D) or AhR agonist ITE (Figure 1E) on production and release of TNF protein by infected GMΦ. As shown previously using intracellular FACS analysis in GMΦ (8), GMΦ secreted TNF protein upon L. major infection. As indicated by RT-PCR data we found reduced secretion of TNF protein by cells treated with AhR antagonist, while those treated with AhR agonist showed enhanced secretion. In terms of general macrophage function, FACS analysis with FITC-stained parasites indicates that most cells contain parasites after 4 h, regardless of AhR ligand treatment. Macrophages are usually not able to effectively eliminate parasites since L. major inhibits upregulation of inducible nitic oxide synthase necessary for parasite killing (37). Also, since it has been observed that Ahr knockout peritoneal macrophages produce less NO upon LPS/IFNγ stimulation (26), we analyzed parasite killing and NO production in L. major/IFNγ stimulated cells. However, incubation for 20 h in the presence of IFNγ revealed no obvious differences in killing between cells treated with agonist or antagonist and untreated cells (Figure 2A; Supplemental Figure 1). Similarly, Leishmania-induced NO production in IFNγ-stimulated cells was unaffected by treatment with either agonist or antagonist (Figure 2B).
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FIGURE 2. AhR ligands do not affect phagocytosis, killing or NO production in granuloma macrophages. FACS analysis of granuloma macrophages incubated with a 5 × MOI of FITC-stained metacyclic L. major parasites in the presence of DMSO (carrier control), AhR agonist ITE or AhR antagonist CH-223191 for 4 h (phagocytosis) and after washing and further 20 h incubation in the presence of 500 units rmIFNγ (killing). Graphs display the mean fluorescence intensity shift in the FITC channel gated on macrophages incubated with stained parasites as compared to uninfected controls (A). Measurement of NO production of macrophages prestimulated with 500U of rmIFNγ for 1 d followed by infection with 5 × MOI of L. major for 24 h treated with AhR agonist ITE, AhR antagonist CH-223191 and carrier control (DMSO) in the presence of 500U of rmIFNγ (B), n = 3.




L. major Infected Human Blood Monocytes Do Not Upregulate Ahr but AhR Antagonist Treatment Reduces Tnf Expression

We also treated human monocytes co-incubated with Leishmania parasites with AhR agonist and antagonist in order to assess the translational potential of our findings in murine granuloma macrophages. We could not detect upregulation of Ahr in human monocytes from healthy donors in response to in vitro Leishmania infection (Figure 3A). While Tnf expression was induced in infected monocytes after 4 h, there was no additional effect of treatment with AhR agonist ITE (Figure 3B). However, we could observe a reduced induction of Tnf expression in human monocytes treated with AhR antagonist CH-223191 (Figure 3C). When measuring TNF secretion after 24 h using ELISA, variability was very high between samples and there were no differences reaching statistical significance. As the kinetics might be different between these cell types, we measured TNF secretion after 4 h and found no difference with agonist treatment (Figure 3D). When treated with AhR antagonist however, there was a trend toward reduced TNF secretion (Figure 3E), but it failed to reach our significance threshold with p = 0.06.
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FIGURE 3. Human monocytes do not upregulate Ahr upon infection with L. major but treatment with AhR antagonist reduces Tnf expression. RT-PCR data showing no induction of Ahr in human blood monocytes infected with a 5 × MOI of metacyclic L. major for 24 h (A). RT PCR of Tnf mRNA expression from human monocytes treated with AhR agonist ITE (B) and antagonist CH223191 (C) after incubation with 5 × MOI of metacyclic L. major for 4 h. TNF concentration in the supernatant of human blood monocytes infected with a 5 × MOI after 4 h of infection in the presence of AhR agonist ITE (E) and antagonist CH223191 (D). The graphs represent cumulative data from 3 independent experiments from individual blood donors. *p < 0.05.




Treatment of Infected Mice With AhR Ligands Influences the Cytokine Milieu in vivo

Having shown that Ahr is involved in L. major-induced gene expression by macrophages and that it increases release of TNF, we addressed our concept that gene expression in macrophages is decisively involved in generating a resistance-inducing early cutaneous micromilieu in vivo. Since we had previously demonstrated that L. major infection resulted in an induction of cytokines in infected skin (5), we analyzed whether interference with AhR-signaling modulates induction of these cytokines. Therefore, we injected BALB/c mice with AhR agonist ITE during infection with L. major and measured expression of genes using RT-PCR of foot skin samples after 20 h. We observed a significant increase in expression of Tnf, Cox2 Cxcl2 and Cxcl10 (Figures 4A–D). We demonstrated AhR-dependent induction of both well-established (Cox2), but also novel AhR target genes (Cxcl10) in L. major-infected skin, while expression of other genes (Il12, Il10, Il4, Il6, Il1β, Ccxcl11, Il1a, and Cxcl1) was not influenced (data not shown). Thus, signaling by AhR selectively induces genes which are known to be markedly present in the early cutaneous micromilieu after L. major infection.
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FIGURE 4. Early local AhR treatment changes the local cytokine milieu. Susceptible BALB/c mice were treated with 1 μl of 30 mM (30 nmol) solution of AhR agonist ITE during inoculation with 2 × 107 L. major. Skin samples were taken after 20 h of infection for RT-PCR analysis. We show expression levels of Tnf (A), Cox2 (B), Cxcl2 (C) and Cxcl10 (D). *p < 0.05, n = 3. Data shown is representative of three independent experiments with similar results.




Treatment of Infected Mice With AhR Ligands Increases Resistance to L. major Infection in BALB/c Mice

Since increased L. major-induced gene-expression in C57BL/6 mice in comparison to BALB/c mice is associated with resistance (5) and AhR-induced TNF is one known decisive agent in leishmaniasis (38–41), we wondered if susceptible mice could benefit from local AhR activation during early leishmaniasis. Therefore, we treated susceptible BALB/c mice with AhR agonist ITE, given as a single injection at the time of infection, reflecting its rapid induction in GMΦ of resistant mice. We observed a rapid increase in footpad swelling typical for high dose infection with this L. major strain. Importantly, we observed a small, but significant reduction in foot swelling during the first weeks of infection (Figure 5A), and, more relevantly, also more than 4-fold reduced parasite loads in dLN after 4w of infection (Figure 5B). We did not detect differences in parasite loads earlier during infection (11d, not shown). However, we were able to demonstrate reduced secretion of Th2 cytokine IL4 by popliteal lymph node cells restimulated with soluble Leishmania antigen (SLA), both early after parasite inoculation (11d, Figure 5C) and in established infection (4w, Figure 5D). Secretion of Th1 cytokine IFNγ was increased early after parasite inoculation, but this difference did not reach statistical significance and could not be observed in established infection (Figures 5E,F). This indicates that the Th2 response in AhR agonist-treated BALB/c mice is diminished, albeit not completely switched toward a Th1 response. In agreement with this, both the differences in foot swelling and parasite loads diminished during prolonged infection after 4 weeks (data not shown). To ascertain the transient nature of AhR agonist single treatment- induced differences in lesional Tnf expression, we also measured Tnf expression in the skin after 3w of infection. While there is residual Tnf expression in the lesion at this time point, we found no difference between treated and untreated animals (Figure 6).


[image: Figure 5]
FIGURE 5. Early local AhR treatment reduces infection severity in susceptible animals Treatment of susceptible BALB/c mice (n = 5 per group) with 30 nmol of AhR agonist ITE during inoculation with 2 × 107 L. major. Course of the infection was monitored by measuring the foot swelling in mm (A). Differences in parasite dissemination were measured by limiting dilution assay of popliteal lymph node cells after 4w, n = 5 (B). The quality of the T-cell response was assessed by measuring the secretion of Th2 cytokine IL4 by popliteal draining lymph node cells restimulated with soluble Leishmania antigen for 5d after 11d (C) and at w4 experiments (D). Th1 cytokine IFNγ was measured accordingly (E,F). *p < 0.05, n = 5. Data shown is representative of 5 independent experiments with similar results.
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FIGURE 6. Early local AhR agonist- treatment induced differences in Tnf expression are transient. Susceptible BALB/c mice were treated with 1 μl of 30 mM (30 nmol) solution of AhR agonist ITE during inoculation with 2 × 107 Leishmania major. Skin samples were taken after 3w of infection for RT-PCR analysis. n = 5.





DISCUSSION

In order to identify how macrophages contribute to the early cutaneous cytokine milieu, we analyzed L. major-induced gene expression profiles of tissue macrophages from resistant and susceptible mice. Using this experimental approach, we demonstrated that L. major infection caused a marked induction of several immune modulatory genes in tissue macrophages from both mice strains. Different macrophage subtypes respond differently to L. major and so far, L. major-induced gene expression profiles were analyzed using bone marrow-derived or peritoneal macrophages. In contrast to data from bone marrow macrophages infected for 24 h (13), we did not detect a general suppression of gene expression, but the number of repressed and induced genes was rather similar after 4 h of infection. This supports the observation that a dominant suppression of macrophage gene expression occurs only during prolonged infection (13).

Upregulation of several inflammatory cytokines has been seen as part of a global gene expression response in bone marrow-derived macrophages from resistant and susceptible strains infected with a Tunisian isolate of L. major (42). Their L. major-induced gene expression profile was otherwise distinct from our results. These differences probably reflect the heterogeneity of different macrophage and parasite populations and stress the importance of clarifying the physiological significance of in vitro data using in vivo models.

In our L. major-induced gene expression profile we found that most genes were similarly regulated in resistant and susceptible mice (Table 1). Only eight genes showed strain-specific differences, among them the transcription factor Ahr, which was more strongly upregulated in macrophages from resistant animals. AhR is emerging as an important regulator in host defense and homeostasis [for a review, see (43)]. It was also recently described as a regulator in macrophage polarization (26) and several publications have reported a role for AhR in resistance to experimental Leishmaniasis (24, 35, 36).

Since Ahr expression was induced, and since we also found a significant overrepresentation of AhR binding sites among promoter regions of genes upregulated by L. major infection, we expected that AhR could be involved in regulating L. major-induced gene expression in macrophages. Both positive and negative interaction with important inflammatory transcription factors like the Nf-kappa-B family in myeloid cells have been described for AhR (44). AhR activity has been shown to attenuate macrophage cytokine production in response to LPS (25, 32, 34). Similarly, peritoneal macrophages from Ahr knockout mice produced higher amounts of TNF and other cytokines in response to IFNγ and LPS and showed lower expression of M2 markers upon IL4 stimulation (26). Importantly, while TNF is induced in LPS-stimulated Ahr knockout macrophages, production of NO is inhibited, indicating an ambiguous nature of AhR-signaling in terms of macrophage functions relevant for Leishmaniasis. There are also reports that AhR ligand TCDD induces TNF production in the human macrophage cell line THP1 via the AhR pathway (45), underlining the complexity of the relationship of AhR activity with TNF production.

We now demonstrate that activation of AhR using non-persistent pharmacological AhR agonist ITE enhances TNF production in GMΦ, while treatment with AhR antagonist CH-223191 diminishes TNF production during L. major infection. This is seemingly contradictory to the upregulation of TNF observed in IFNγ/LPS- stimulated macrophages from Ahr knockout mice, which would suggest a suppressive role of AhR in macrophage TNF secretion (26), but as mentioned above, TCDD induces TNF in human THP1 cells via activation of AhR (45), so whether AhR activity induces or suppresses TNF might well-depend on the specific macrophage type, activation status and stimulus. The observation that Ahr knockout peritoneal macrophages produce less NO upon LPS/IFNγ stimulation (26) indicates that AhR activity enhances NO production in macrophages. However, in our experiments, IFNγ- activated granuloma macrophages treated with AhR ligands did not exhibit changes in NO secretion upon infection with L. major. The lack of difference in NO production was accompanied by a lack of difference in parasite load of infected, IFNγ-activated macrophages treated with either ligand. These differences in macrophage responses might again reflect the heterogeneity of macrophage subtypes and response patterns to different stimuli (46).

We also tested the role of AhR-signaling in human monocytes. Ahr mRNA was not upregulated in human blood monocytes upon infection but AhR antagonist significantly reduced expression of TNF mRNA while agonist treatment had no effect. Thus, the effects were not analogous to the response of murine granuloma macrophages but the reduction of TNF-mRNA nevertheless indicates a possible role of AhR-signaling in human L. major infected monocytes. These data are not yet sufficient to support the concept that AhR-signaling has pathophysiological effects in human leishmaniasis. Extensive studies using different human monocyte/macrophage populations and parasite strains are needed to answer this question.

Thus, as in vitro data on AhR-signaling suggest both positive and negative effects on macrophage activation, and our own data suggested a positive regulation of Leishmania-induced cytokine secretion by AhR, we then investigated the relevance of AhR-signaling during L. major infection in vivo. Analyzing the effect of AhR activation on cytokine expression in infected skin, we found that AhR agonist indeed also induced expression of Tnf in vivo. We also observed AhR-dependent regulation of Cxcl10 and Cxcl2. We have previously demonstrated that Tnf, Cxcl10 and Cxcl2 are all more prominently expressed in the skin of resistant animals (5) and could therefore contribute to resistance. Other, already confirmed early regulatory cytokines like Il4, Il6, Il12, and Il1a (3, 5, 47) were not affected by ITE treatment.

Thus, AhR activity contributes to the early skin cytokine milieu. Since we previously had demonstrated the relevance of the early cutaneous cytokine milieu for the subsequent development of resistance (5, 6), we speculated that early AhR-dependent signaling also influences the course of infection. Indeed, when we treated susceptible BALB/c mice with AhR agonist ITE at the first day of infection we observed a small, but significant reduction in footpad swelling during the first and third week of infection. No more differences in footpad swelling were observed after 4w, but we found more than 4-fold reduced numbers of parasites in skin dLN. We also found a significant~50% reduction of L. major-specific IL4 secretion by restimulated dLN-cells in the early phase of Th differentiation. The relative reduction in IL4 secretion by ITE treatment was still observable after 4w, albeit not as pronounced. We observed no concomitant increase of IFNγ secretion. The reduced levels of IL-4 could enhance macrophage effector functions and explain the lower numbers of living parasites in draining lymph nodes. Thus, we show significant and matching effects on footpad swelling, parasite levels and the Th2 response during the first weeks of infection after a very short and local treatment with non-persistent AhR agonist only at the time of parasite inoculation. Therefore, our experiments indicate that AhR activation in skin of susceptible mice enhances early resistance against L. major by diminishing the Th2 response, but is not sufficient to reverse the genetic susceptibility toward the parasite.

Significant involvement of AhR-signaling in immunity (23, 33, 48) is established for infection with e.g., influenza and toxoplasma. There are also some data on the relevance of AhR for experimental leishmaniasis. Ahr knockout mice on a resistant background showed increased resistance compared to wildtype animals (24). On the other hand, oral treatment of infected mice with persistent AhR ligand 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) lead to a slower disease progression and lower parasite numbers not only in BALB mice, but also in Skid mice lacking T-cells, indicating that TCDD-induced changes in AhR activity in innate immune cells are relevant for AhR-mediated resistance (35).

While these studies demonstrate that AhR-signaling can influence experimental leishmaniasis, seemingly both positively and negatively, and in case of peritoneal knockout macrophages, at the same time, they focus neither on the function of AhR-signaling during the early crucial phase of infection nor on the relevance of AhR-signaling at the site of infection. The work by Elizondo et al. using Ahr knockout mice on a resistant background found that systemic absence of AhR caused a decrease in FoxP3+ regulatory T-cells in infected animals in the 4th and 6th week of infection and a concomitant increase in IL10 secretion by restimulated pLN cells after 6w, while Leishmania Ag specific secretion of IFNγ and IL4 were not affected in infected animals (24). Moreover, Ahr knockout mice had higher serum levels of TNF in the blood prior to and also during infection. The source of TNF production was not specifically determined. Since in our experiments AhR was only activated locally in the early phase of infection prior to the development of the Th-cell response, these results are not necessarily contradictory to our observed beneficial effect of early local AhR activation, especially because there is evidence for AhR activity-dependent induction of TNF secretion in macrophage like cells (45). The permanent absence of AhR-signaling in all immune cells including T-cells does not allow for analyzing time- or location-dependent effects. In those studies using animals treated systemically with permanent AhR ligand TCDD, AhR is permanently activated. Since effects of TCDD were also seen in SCID mice, this argues for T-cell independent effects of AhR-signaling in experimental leishmaniasis. However, significant differences in parasite numbers were only observed after 4 weeks using high doses of TCDD in a low dose infection model and may therefore reflect the prolonged activation of AhR in this model which is in contrast to the transient activation by ITE in our experiments. Also, there is recent evidence from Ahr knockout rats suggesting that the classical AhR ligand TCDD has AhR independent effects on a number of immune cells like CD11+ cells (49). Thus, the results from experiments using the TCDD are not in contrast to our results indicating an effect of early local AhR-signaling on Th-cell differentiation.

Our data newly establish that the local signaling by AhR increases resistance early during experimental leishmaniasis. It may exert these effects by influencing mechanisms of both innate and adaptive immunity. It has long been known, that early TNF production is required for resistance (38–41). Thus, enhanced expression of TNF by infected GMΦ might contribute to the increased early resistance in our in vivo experiments. TNF is necessary to facilitate the leishmanicidal properties of macrophages by inhibiting the IL4-induced production of Arg1 (50). Here, the lesional macrophage phenotype of TNF-deficient animals closely resembled that of susceptible BALB/c mice, so AhR activation might ameliorate the low leishmanicidal phenotype by boosting local TNF secretion. However, this effect can only be responsible for the very early difference in footpad swelling, as ITE is not a persistent AhR ligand and we have shown that TNF levels do not remain higher in ITE-treated animals during the height of infection.

With respect to adaptive immunity, we used ITE, a non-persistent AhR agonist which does not lead to TCDD-induced lymphocyte suppression and toxicity. We demonstrate significantly reduced L. major-specific secretion of IL4 by dLN-cells and therefore a diminished early Th2-response. We already demonstrated that differences in the early skin micromilieu correlate with differences in cytokine secretion from dendritic cells in skin draining lymph nodes (5). Thus, a similar effect of AhR-signaling on adaptive immunity via the altered skin cytokine milieu and dendritic cells is possible. The exact mechanisms of AhR-dependent effects on adaptive immunity have to be revealed in further studies.

In summary, our experiments demonstrate the relevance of AhR-signaling for cytokine expression in murine macrophages. We also demonstrate that AhR antagonist treatment reduced L. major induced TNF mRNA expression in human monocytes, indicating a possible role of AhR-signaling in the response of human monocytes to this parasite. In vivo we demonstrate the relevance of AhR-signaling in skin during L. major infection and provide further evidence for a relevance of the early skin micromilieu in instructing resistance to L. major.

Importantly, we showed that local treatment with a non-toxic, non-persistent, physiological AhR ligand had beneficial effects on experimental leishmaniasis in susceptible mice, opening possibilities of further studies on the effects of AhR-signaling in infectious diseases like leishmaniasis.



DATA AVAILABILITY STATEMENT

The array data generated for this manuscript was uploaded to the NCBI GEO repository under accession number GSE127541: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE127541.



ETHICS STATEMENT

Human monocytes were isolated from fresh human blood leukocyte reduction chambers of platelet apheresis sets from healthy, voluntary whole blood donations after informed consent of the donors according to the regulations of the blood bank of the University Hospital Münster. Leukocyte reduction filters were anonymized prior to delivery from the blood bank in line with the ethics code provided by the scientific and ethics committee of the University of Münster.



AUTHOR CONTRIBUTIONS

N-AM, JR, CS, and JE contributed to the design and conception of the study. JE acquired and analysed array data. N-AM acquired and analysed all other data. N-AM wrote the first draft of the manuscript. N-AM, JE, and CS wrote sections of the manuscript. N-AM, JR, CS, and JE contributed to manuscript revision, read, and approved the submitted version.



FUNDING

Intramural funding was provided by the grants EH111006 and Sun2/019/07 by the intramural programs Interdisziplinäres Zentrum für Klinische Forschung (IZKF) and Innovative medizinische Forschung (IMF), respectively. Additional funding was provided by the German research foundation under grant no. DFG EH 397/2-1.



ACKNOWLEDGMENTS

We thank Prof. Charlotte Esser for helpful discussions and Eva Nattkemper, Ulla Nordhues, and Laura Adrian for outstanding technical support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.02442/full#supplementary-material



REFERENCES

 1. Sacks D, Noben-Trauth N. The immunology of susceptibility and resistance to Leishmania major in mice. Nat Rev Immunol. (2002) 2:845–58. doi: 10.1038/nri933

 2. Scott P, Novais FO. Cutaneous leishmaniasis: immune responses in protection and pathogenesis. Nat Rev Immunol. (2016) 16:581–92. doi: 10.1038/nri.2016.72

 3. von Stebut E, Ehrchen JM, Belkaid Y, Kostka SL, Molle K, Knop J, et al. Interleukin 1alpha promotes Th1 differentiation and inhibits disease progression in Leishmania major-susceptible BALB/c mice. J Exp Med. (2003) 198:191–9. doi: 10.1084/jem.20030159

 4. Ehrchen JM, Roth J, Roebrock K, Varga G, Domschke W, Newberry R, et al. The absence of cutaneous lymph nodes results in a Th2 response and increased susceptibility to leishmania major infection in Mice. Infect Immun. (2008) 76:4241–50. doi: 10.1128/IAI.01714-07

 5. Ehrchen JM, Roebrock K, Foell D, Nippe N, Stebut E von, Weiss JM, et al. Keratinocytes determine Th1 immunity during early experimental leishmaniasis. PLoS Pathog. (2010) 6:e1000871. doi: 10.1371/journal.ppat.1000871

 6. Roebrock K, Sunderkötter C, Münck NA, Wolf M, Nippe N, Barczyk K, et al. Epidermal expression of I-TAC (Cxcl11) instructs adaptive Th2-type immunity. FASEB J. (2014) 28:1724–34. doi: 10.1096/fj.13-233593

 7. Sunderkötter C, Kunz M, Steinbrink K, Meinardus-Hager G, Goebeler M, Bildau H, et al. Resistance of mice to experimental leishmaniasis is associated with more rapid appearance of mature macrophages in vitro and in vivo. J Immunol. (1993) 151:4891–901.

 8. Belkaid Y, Butcher B, Sacks DL. Analysis of cytokine production by inflammatory mouse macrophages at the single-cell level: selective impairment of IL-12 induction in Leishmania-infected cells. Eur J Immunol. (1998) 28:1389–400.

 9. Guizani-Tabbane L, Ben-Aissa K, Belghith M, Sassi A, Dellagi K. Leishmania major amastigotes Induce p50/c-Rel NF- B transcription factor in human macrophages: involvement in cytokine synthesis. Infect Immun. (2004) 72:2582–9. doi: 10.1128/IAI.72.5.2582-2589.2004

 10. Ben-Othman R, Guizani-Tabbane L, Dellagi K. Leishmania initially activates but subsequently down-regulates intracellular mitogen-activated protein kinases and nuclear factor-kappaB signaling in macrophages. Mol Immunol. (2008) 45:3222–9. doi: 10.1016/j.molimm.2008.02.019

 11. Gregory DJ, Godbout M, Contreras I, Forget G, Olivier M. A novel form of NF-kappaB is induced by Leishmania infection: involvement in macrophage gene expression. Eur J Immunol. (2008) 38:1071–81. doi: 10.1002/eji.200737586

 12. Ben-Othman R, Dellagi K, Guizani-Tabbane L. Leishmania major parasites induced macrophage tolerance: implication of MAPK and NF-kappaB pathways. Mol Immunol. (2009) 46:3438–44. doi: 10.1016/j.molimm.2009.05.337

 13. Gregory DJ, Sladek R, Olivier M, Matlashewski G. Comparison of the effects of Leishmania major or Leishmania donovani infection on macrophage gene expression. Infect Immun. (2008) 76:1186–92. doi: 10.1128/IAI.01320-07

 14. Lapara NJ, Kelly BL. Suppression of LPS-induced inflammatory responses in macrophages infected with Leishmania. J Inflamm. (2010) 7:8. doi: 10.1186/1476-9255-7-8

 15. Drevets DA, Dillon MJ, Schawang JS, van Rooijen N, Ehrchen J, Sunderkötter C, et al. The Ly-6Chigh monocyte subpopulation transports Listeria monocytogenes into the brain during systemic infection of mice. J Immunol. (2004) 172:4418–24. doi: 10.4049/jimmunol.172.7.4418

 16. Sunderkötter C, Nikolic T, Dillon MJ, van Rooijen N, Stehling M, Drevets DA, et al. Subpopulations of mouse blood monocytes differ in maturation stage and inflammatory response. J Immunol. (2004) 172:4410–7. doi: 10.4049/jimmunol.172.7.4410

 17. Helming L, Böse J, Ehrchen J, Schiebe S, Frahm T, Geffers R, et al. 1alpha,25-Dihydroxyvitamin D3 is a potent suppressor of interferon gamma-mediated macrophage activation. Blood. (2005) 106:4351–8. doi: 10.1182/blood-2005-03-1029

 18. Ehrchen J, Helming L, Varga G, Pasche B, Loser K, Gunzer M, et al. Vitamin D receptor signaling contributes to susceptibility to infection with Leishmania major. FASEB J. (2007) 21:3208–18. doi: 10.1096/fj.06-7261com

 19. Schönlau F, Schlesiger C, Ehrchen J, Grabbe S, Sorg C, Sunderkötter C, et al. Monocyte and macrophage functions in M-CSF-deficient op/op mice during experimental leishmaniasis. J Leukoc Biol. (2003) 73:564–73. doi: 10.1189/jlb.12011003

 20. Filardy AA, Costa-da-Silva AC, Koeller CM, Guimarães-Pinto K, Ribeiro-Gomes FL, Lopes MF, et al. Infection with Leishmania major induces a cellular stress response in macrophages. PLoS ONE. (2014) 9:e85715. doi: 10.1371/journal.pone.0085715

 21. John D, Fischer MR, Stebut E von. Model for generation of large numbers of primary, inflammatory skin-derived neutrophils, and macrophages. Methods Mol Biol. (2013) 961:403–10. doi: 10.1007/978-1-62703-227-8_27

 22. Matsunawa M, Amano Y, Endo K, Uno S, Sakaki T, Yamada S, et al. The aryl hydrocarbon receptor activator benzoapyrene enhances vitamin D3 catabolism in macrophages. Toxicol Sci. (2009) 109:50–8. doi: 10.1093/toxsci/kfp044

 23. Head JL, Lawrence BP. The aryl hydrocarbon receptor is a modulator of anti-viral immunity. Biochem Pharmacol. (2009) 77:642–53. doi: 10.1016/j.bcp.2008.10.031

 24. Elizondo G, Rodríguez-Sosa M, Estrada-Muñiz E, Gonzalez FJ, Vega L. Deletion of the Aryl hydrocarbon receptor enhances the inflammatory response to Leishmania major infection. Int J Biol Sci. (2011) 7:1220–9. doi: 10.7150/ijbs.7.1220

 25. Bessede A, Gargaro M, Pallotta MT, Matino D, Servillo G, Brunacci C, et al. Aryl hydrocarbon receptor control of a disease tolerance defence pathway. Nature. (2014) 511:184–90. doi: 10.1038/nature13323

 26. Climaco-Arvizu S, Domínguez-Acosta O, Cabañas-Cortés MA, Rodríguez-Sosa M, Gonzalez FJ, Vega L, et al. Aryl hydrocarbon receptor influences nitric oxide and arginine production and alters M1/M2 macrophage polarization. Life Sci. (2016) 155:76–84. doi: 10.1016/j.lfs.2016.05.001

 27. Späth GF, Beverley SM. A lipophosphoglycan-independent method for isolation of infective Leishmania metacyclic promastigotes by density gradient centrifugation. Exp Parasitol. (2001) 99:97–103. doi: 10.1006/expr.2001.4656

 28. Ehrchen J, Steinmüller L, Barczyk K, Tenbrock K, Nacken W, Eisenacher M, et al. Glucocorticoids induce differentiation of a specifically activated, anti-inflammatory subtype of human monocytes. Blood. (2007) 109:1265–74. doi: 10.1182/blood-2006-02-001115

 29. Flaveny CA, Perdew GH. Transgenic humanized AHR mouse reveals differences between human and mouse AHR ligand selectivity. Mol Cell Pharmacol. (2009) 1:119–23. doi: 10.4255/mcpharmacol.09.15

 30. Haverty PM, Frith MC, Weng Z. CARRIE web service: automated transcriptional regulatory network inference and interactive analysis. Nucleic Acids Res. (2004) 32:W213–6. doi: 10.1093/nar/gkh402

 31. Halees AS, Leyfer D, Weng Z. PromoSer: A large-scale mammalian promoter and transcription start site identification service. Nucleic Acids Res. (2003) 31:3554–9. doi: 10.1093/nar/gkg549

 32. Kimura A, Naka T, Nakahama T, Chinen I, Masuda K, Nohara K, et al. Aryl hydrocarbon receptor in combination with Stat1 regulates LPS-induced inflammatory responses. J Exp Med. (2009) 206:2027–35. doi: 10.1084/jem.20090560

 33. Jin G-B, Moore AJ, Head JL, Neumiller JJ, Lawrence BP. Aryl hydrocarbon receptor activation reduces dendritic cell function during influenza virus infection. Toxicol Sci. (2010) 116:514–22. doi: 10.1093/toxsci/kfq153

 34. Sekine H, Mimura J, Oshima M, Okawa H, Kanno J, Igarashi K, et al. Hypersensitivity of aryl hydrocarbon receptor-deficient mice to lipopolysaccharide-induced septic shock. Mol Cell Biol. (2009) 29:6391–400. doi: 10.1128/MCB.00337-09

 35. DeKrey GK, Teagarden RE, Lenberg JL, Titus RG, Makishima M. 2,3,7,8-Tetrachlorodibenzo-p-dioxin slows the progression of experimental cutaneous Leishmaniasis in susceptible BALB/c and SCID mice. PLoS ONE. (2013) 8:e76259. doi: 10.1371/journal.pone.0076259

 36. DeKrey GK, Titus RG, Bowers OJ, Hanneman WH, Sowell RT, Sommersted KB, et al. 2,3,7,8-Tetrachlorodibenzo-P-dioxin (TCDD) Reduces leishmania major burdens in C57BL/6 MICE. Am J Trop Med Hyg. (2006) 75:749–52. doi: 10.4269/ajtmh.2006.75.749

 37. Carrera L, Gazzinelli RT, Badolato R, Hieny S, Muller W, Kuhn R, et al. Leishmania promastigotes selectively inhibit interleukin 12 induction in bone marrow-derived macrophages from susceptible and resistant mice. J Exp Med. (1996) 183:515–26. doi: 10.1084/jem.183.2.515

 38. Bogdan C, Moll H, Solbach W, Röllinghoff M. Tumor necrosis factor-alpha in combination with interferon-gamma, but not with interleukin 4 activates murine macrophages for elimination of Leishmania major amastigotes. Eur J Immunol. (1990) 20:1131–5. doi: 10.1002/eji.1830200528

 39. Liew FY, Parkinson C, Millott S, Severn A, Carrier M. Tumour necrosis factor (TNF alpha) in leishmaniasis. I. TNF alpha mediates host protection against cutaneous leishmaniasis. Immunology. (1990) 69:570–3.

 40. Wilhelm P, Ritter U, Labbow S, Donhauser N, Rollinghoff M, Bogdan C, et al. Rapidly fatal leishmaniasis in resistant C57BL/6 mice lacking TNF. J Immunol. (2001) 166:4012–9. doi: 10.4049/jimmunol.166.6.4012

 41. Fromm PD, Kling JC, Remke A, Bogdan C, Körner H. Fatal leishmaniasis in the absence of TNF despite a strong Th1 response. Front Microbiol. (2015) 6:1520. doi: 10.3389/fmicb.2015.01520

 42. Rabhi I, Rabhi S, Ben-Othman R, Aniba MR, Trentin B, Piquemal D, et al. Comparative analysis of resistant and susceptible macrophage gene expression response to Leishmania major parasite. BMC Genomics. (2013) 14:723. doi: 10.1186/1471-2164-14-723

 43. Kawajiri K, Fujii-Kuriyama Y. The aryl hydrocarbon receptor: a multifunctional chemical sensor for host defense and homeostatic maintenance. Exp Anim. (2017) 66:75–89. doi: 10.1538/expanim.16-0092

 44. Vogel CF, Matsumura F. A new cross-talk between the aryl hydrocarbon receptor and RelB, a member of the NF-kappaB family. Biochem Pharmacol. (2009) 77:734–45. doi: 10.1016/j.bcp.2008.09.036

 45. Cheon H, Woo Y-S, Lee JY, Kim HS, Kim HJ, Cho S, et al. Signaling pathway for 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced TNF-alpha production in differentiated THP-1 human macrophages. Exp Mol Med. (2007) 39:524–34. doi: 10.1038/emm.2007.58

 46. Ehrchen JM, Roth J, Barczyk-Kahlert K. More than suppression: glucocorticoid action on monocytes and macrophages. Front Immunol. (2019) 10:2028. doi: 10.3389/fimmu.2019.02028

 47. Biedermann T, Zimmermann S, Himmelrich H, Gumy A, Egeter O, Sakrauski AK, et al. IL-4 instructs TH1 responses and resistance to Leishmania major in susceptible BALB/c mice. Nat Immunol. (2001) 2:1054–60. doi: 10.1038/ni725

 48. Sanchez Y, Dios Rosado J de, Vega L, Elizondo G, Estrada-Muñiz E, Saavedra R, et al. The unexpected role for the aryl hydrocarbon receptor on susceptibility to experimental toxoplasmosis. J Biomed Biotechnol. (2010) 2010:1–15. doi: 10.1155/2010/505694

 49. Phadnis-Moghe AS, Chen W, Li J, Crawford RB, Bach A, D'Ingillo S, et al. Immunological characterization of the aryl hydrocarbon receptor (AHR) knockout rat in the presence and absence of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicology. (2016) 368–369:172–82. doi: 10.1016/j.tox.2016.08.019

 50. Schleicher U, Paduch K, Debus A, Obermeyer S, König T, Kling JC, et al. TNF-mediated restriction of arginase 1 expression in myeloid cells triggers type 2 NO synthase activity at the site of infection. Cell Rep. (2016) 15:1062–75. doi: 10.1016/j.celrep.2016.04.001

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Münck, Roth, Sunderkötter and Ehrchen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-10-02442-g005.gif
2
2 H
£ t
o -
(RS
o . °
g o
zie 1%
it 8
g - G -
H IR NN
s KR
5 o






OPS/images/fimmu-10-02442-g006.gif
2 Jo 59103 0000} J9d s01don





OPS/images/fimmu-10-02442-g003.gif
«copies per 10,000 copiesof RPL >

L

poimi

‘copies per 10,000 copiesof RPL *

z

¥

160
140
120
100

%0

“
2

copies per 10,000 copiesof RPL.

Monocytes  Monocytes + L
major

e

o)
-
M
w.,
o]
]
ol
T

®

Moo iesecrserocyirscnts
prite
Sotspenst
e
v

e

onecyesianocyesHonocyesHomscyes
VAR U AR

st ssginst
Pl

[r——
ey
St






OPS/images/fimmu-10-02442-g004.gif





OPS/images/fimmu-10-02442-t001.jpg
Gene  Description (NCBI gene) n-fold n-fold  p-value for
Symbol C57BL/6 BALB/c  differential
regulation in
C57BL/6 vs.
BALB/C

Chemokines and receptors

Cald Chemokine (C-C motif ligand 4~ 24.9 87 ns

Cxcl2  Chemokine (C-X-Cmotfj igand2 210 12.0 ns.

Cxclt  Chemokine (C-X-Crmotifigand 1 179 107 ns.

Cerl2 Ghemokine (C-C motif) 26 32 ns.
receptor-like 2

Cytokines and related molecules

Tnf “Tumor necrosis factor 182 82 ns.

ita Interleukin 1 alpha 107 61 ns.

im Interleukin 1 receptor antagonist 5.1 82 ns.

Apoptosis

Myc Myelocytomatosis oncogene 27 -02 0.007

Tnfaip3  Tumor necrosis factor, 43 28 ns.
alpha-induced protein 3

Socs3  Suppressor of cytokine signaling 3 8.9 2.3 ns

Casp4  Caspase 4, apoptosis-related 23 17 ns.
cysteine protease

Sod2  Superoxide dismutase 2, 23 16 ns.
mitochondial

Cdknla  Cyclin-dependent kinase inhibitor 19 16 ns.
1A (P21)

Receptors and cell surface proteins

Vcam1 Vascular cell adhesion molecule 1 10.6 3.0 ns.

Oirt Oxidized low density lpoprotein 9.0 2.5 <0001
(lectin-like) receptor 1

lcam1 Intercellular adhesion molecule 33 1.7 ns.

Adora2a  Adenosine A2a receptor 32 22 ns.

Mapkkk cascade

Gadddsb Growth arrest and 31 28 ns.
DNA-damage-inducible 45 beta

Cav Caveolin, caveolae protein 23 07 0.008

Mapkapk MAP kinase-activated protein 20 15 ns,
kinase 2

Dusp!  Dual specificity phosphatase 1 24 15 n.s.

Other genes involved in immune response

Tnipl  TNFAIP3 interacting protein 1 25 17 ns.

Traf5  Tnfreceptorassociated factor5 23 1.6 ns.

Sz Schiafen 2 31 07 0.034

Mmp13  Matrix metalloproteinase 13 25 16 0.031

1205 Interferon activated gene 205 22 14 0.001

Tiaft  Tnfreceptorassociated factor 1 128 8.1 0,049

Lipid metabolism

Pigs2  Prostaglandin-endoperoxide 72 88 ns.
synthase 2, cox-2

Piges  Prostaglandin E synthase 38 30 ns.

Transcription factors

Fosit  Fos-like antigen 1 149 42 ns.

Anr Aryl-hydrocarbon receptor 87 46 0.020

Spic Spi-C transcription factor 7.4 4.4 ns.

(Spi-1/PU.1 related)
Protein import into nucleus/nf-kappa b cascade

Nikbia  Nuclear factor of kappalight chain 3.8~ 2.7 ns.
gene enhancer in B-cells inhibitor,
alpha
Nikbib  Nuclear factor of kappa fight chain 22 1.7 ns.
gene enhancer in B-cells inhibitor,
beta
Kpna3  Karyopherin (mportin) alpha 3 20 18 ns
Nikb2  Nuclear factor of kappa light 23 18 ns

polypeptide gene enhancer in
B-cells 2, p49/p100

Nfkb1 Nuclear factor of kappa light chain 2.3 18 ns
gene enhancer in B-cels 1, p105





OPS/images/fimmu-10-02442-t002.jpg
Binding site

NF-kappaB binding site
Myogenic enhancer factor 2

Cellular and viral TATA box elements

Signal transducer and activator of transcription 1
Paired box factor 2

o-Rel

ATF-1

AnR

BTB and CNC homolog 1

HNF-3/Fkh homolog-8

p-value

3.14E-08
0.00000382
0.00000391
0.00000634
0.00000805
0.000148
0.000159
0.000372
0.000526
0.000621





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Aryl Hydrocarbon Receptor-Signaling Regulates Early Leishmania major-Induced Cytokine Expression



		Introduction



		Materials and Methods



		Experimental Leishmaniasis



		Cytokine Assay



		Granuloma Macrophages



		Human Blood Monocytes



		Real-Time PCR and Microarray Analysis









		Results



		Transcriptional Changes in L. major Infected GMΦ



		Infected GMΦ From Resistant Mice Upregulate Ahr



		AhR Ligands Change Cytokine Secretion by L. major Infected Macrophages



		L. major Infected Human Blood Monocytes Do Not Upregulate Ahr but AhR Antagonist Treatment Reduces Tnf Expression



		Treatment of Infected Mice With AhR Ligands Influences the Cytokine Milieu in vivo



		Treatment of Infected Mice With AhR Ligands Increases Resistance to L. major Infection in BALB/c Mice









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Immunology

Aryl Hydrocarbon Receptor-Signaling
Regulates Early Leishmania
major-Induced Cytokine Expression





OPS/images/fimmu-10-02442-g001.gif
g — en . .
S § o
3 3 o
| 34 §
g w g o
£ £
£y ™
| 0 i%m
S - s —
Ty o e oot woec
o [ e M ot
i ™
. . i
=
o0 R
3 00 feved
%o . 000
fo] ——— i
g Show
& mo Ziom
T o
Eo ] T
folm o
YT W oo o st oL
R e S o o
AR o AR
— -
o
o
o
o
Ewo] —
2an
P
a0
8!
o oA o+ o
A
)

oot





OPS/images/fimmu-10-02442-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





