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Abstract

:

Sporotrichosis is a subcutaneous mycosis that has re-emerged in several tropical and subtropical regions over the last decades. Growing findings suggest that the interplay of host, pathogen, and environment has a determinant effect on the diversity, local distribution, and virulence of Sporothrix schenckii sensu lato, the etiologic agent. Among the environmental factors, we have studied the potential role of repeated exposures to mercury (Hg), a known immunotoxic xenobiotic that is widely used in gold mining regions where sporotrichosis outbreaks are frequently reported. In this study, male Swiss mice received subcutaneous injections of either 300 or 1200 µg/kg of mercury (II) chloride (HgCl2) for 14 days, three times a week. A control group was injected with the vehicle Phosphate Buffered Saline (PBS). Treatment with HgCl2 impaired several immunologic parameters that are involved in host response to Sporothrix infection, such as the production of TNFα, IL-1, and nitric oxide by macrophages, and Th1/Th2/Th17 populations and their respective cytokines. The consequences of these effects on the host resistance to S. schenckii infection were subsequently evaluated. Hg-exposed mice exhibited a higher fungal load in the fungal inoculation site associated to systemic dissemination to spleen and liver on 14 days post-infection and a higher production of specific IgG1 and mild reduction of IgG2a. These findings suggest that repeated exposition to Hg enhances susceptibility to S. schenckii infection in mice and can be a factor associated to sporotrichosis outbreaks in endemic and highly Hg-polluted areas.
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1. Introduction


The effect of chemical pollutants as factors involved in the emergence human fungal diseases has not been described. Mercury (Hg) is a well-known toxic heavy metal and one of the most widespread environmental contaminants. Several species of Hg with different physicochemical properties can be found in air, water, and soils. They include elemental or metallic, inorganic (e.g., mercuric chloride), and organic (e.g., methyl- and ethylmercury) forms, which all have different toxic effects and can be converted from one form to another by natural processes [1]. Epidemiological studies evidenced that Hg may lead to toxic effects even at low concentrations, thus suggesting that a larger proportion of the global population is potentially being affected [2]. Mercury salts are used to amalgamate gold, and a significant amount of Hg is released to the environment during artisanal and small-scale gold mining, the world’s largest anthropogenic source of Hg emission [3,4,5]. Globally, millions of workers are employed as artisanal small-scale gold miners. Numerous studies show that mean Hg concentrations in all exposed subgroups are elevated and above threshold limits, often associated to health problems attributable to chronic metallic Hg exposition [4]. Previous studies demonstrated that exposure to low doses of HgCl2 causes immunotoxic effects that promote a higher susceptibility to Ascaris suum infections [6], malaria [7], leishmaniasis [8], coxsackievirus infection [9], and borreliosis [10] in murine models.



Sporotrichosis is a subcutaneous mycosis, caused by traumatic inoculation of the thermodimorphic fungus Sporothrix spp., including S. brasiliensis, S. globosa, S. mexicana, S. lurie, and S. schenckii sensu stricto [11]. The disease has a worldwide distribution, although it is more frequent in tropical and subtropical regions. Until recently, sporotrichosis was regarded a neglected disease, but in the last decades, an alarming increase in their incidence has been reported in several hiperendemic areas [12,13,14]. Susceptibility to sporotrichosis and clinical manifestations are highly dependent on the state of the host’s immune system and the presence of different virulence factors [15]. Thus, immunocompromised persons are more susceptible to infection and even more severe forms of the disease [16].



Though the cause of the emergence of this disease is not yet known, some evidences suggest that environmental factors can be involved in modification of fungal virulence and in host susceptibility [17,18]. Outbreaks of sporotrichosis have been described in areas of reduced socioeconomic status and with high levels of contamination. Indeed, S. schenckii has been isolated in soils contaminated with heavy metals [19,20]. In addition, several sporotrichosis outbreaks among workers of gold mines since early 20th century have been reported [21,22,23,24,25,26,27]. The largest and most well-documented sporotrichosis outbreaks were described in South Africa between 1941 and 1944 and affected more than 3000 gold mine workers [13,28]. Interestingly, artisanal goldmining is widely practiced in several regions of Latin America, Africa, and Southeast Asia, where sporotrichosis is endemic.



Despite these epidemiological antecedents, there are not studies evaluating the effect of Hg exposition on susceptibility to S. schenckii infection. Our hypothesis is that repeated administration to inorganic Hg could impair host resistance to S. schenckii infection. This effect was evaluated in a murine model of sporotrichosis.




2. Materials and Methods


2.1. Animals


Male 5–7-week-old specific-pathogen-free Swiss mice obtained from the Animal House at the School of Pharmaceutical Sciences, UNESP (Araraquara, SP, Brazil), were housed and maintained in microisolator cages (three mice per group). All procedures were approved by the Ethics Committee for Animal Use in Research (Protocol CEUA/FCF/CAR 41/2015) (11st September, 2015) in accordance with the National Institutes of Health Animal Care guidelines (NIH Publications No. 8023, revised 1978).




2.2. Experimental Models of HgCl2 Exposition


Mercury in the form of inorganic mercury (HgCl2) was used for the present study. Mice treated with HgCl2 were injected for 14 days, three times a week, subcutaneously with either 300 or 1200 µg/kg of HgCl2 (Sigma Chemical Co., St Louis, MO, USA) in 200 µL of sterile phosphate-buffered saline (PBS). Control mice were similarly treated with PBS only [8]. Three independent experiments were performed. Mice were euthanized in a CO2 chamber and bled by heart puncture. The resulting sera were aliquoted and stored at −20 °C until use.




2.3. Peritoneal Macrophages and Splenocytes Preparation


Peritoneal macrophages and total splenocytes were harvested from treated and control mice as described elsewhere [29,30]. Briefly, peritoneal exudate cells (PECs) were obtained from treated and control mice. Briefly, a 3% aqueous solution of sodium thioglycollate (Difco) was inoculated into the peritoneal cavity of the animals. Three days later, the peritoneal exudates were collected, washed with 5 mL of sterile PBS (pH 7.4), and resuspended in RPMI-1640 complete medium containing 0.02 mM β-mercaptoethanol, 100 U/mL penicillin, 100 U/mL streptomycin, 2 mM l-glutamine, and 5% foetal bovine serum (FBS). The cells were then counted in a Neubauer chamber (Boeco, Germany) and adjusted to a concentration appropriate for each test. Non-adherent cells were removed by incubating the suspension in cell culture plates for 1 h at 37 °C in an atmosphere containing 5% CO2 (Forma Scientific, Marietta, OH, USA) and then discarding the supernatant. The remaining adherent cells were incubated at 37 °C, 5% CO2 for 24 h, as required for each experiment. For preparation of total splenocytes spleens were aseptically removed and passed through a 100 µm cell strainer into a Petri dish containing 2 mL of PBS with the aid of a syringe plunger. For red cell lysis, the resulting suspension was added with 6 mL of a 0.17 M ammonium chloride solution and then incubated on ice for 5 min. The splenocytes were then separated from the supernatant by centrifugation at 300× g for 5 min at 4 °C, washed once with 3 mL of RPMI complete medium, and then resuspended in 1 mL of the same medium. Viability and cell concentration was determined by microscopy using the Trypan blue exclusion test and then the splenocytes were adjusted to 5 × 106 cells/mL in RPMI complete medium.




2.4. Blood Urea and Creatinine


Plasma concentrations of urea and creatinine were determined in sera using commercial kits (Labtest Diagnostica S.A., Lagoa Santa, MG, Brazil). The following principles were used: creatinine, via chromogen formation with picrate in alkaline medium [31]; and urea, by the urease method [32]. Assays were performed by spectrophotometric system identification in a semiautomated biochemical analyser.




2.5. Nitric Oxide (NO) and Cytokine Measurement


Peritoneal macrophages were incubated for 24 h at 37 °C in the presence of Escherichia coli O111B lipopolysaccharide (10 µg/mL) or RPMI-1640C alone for the negative control. To measure NO, 50-µL aliquots of the culture supernatants were mixed with 50 µL of Griess reagent (1% w/v sulfanilamide, 0.1% w/v naphthylethylenediamine, and 3% H3PO4) and incubated at room temperature for 10 min. The color reactions were analyzed at 540 nm with a Multiskan Ascent ELISA reader (Labsystems, Helsinki, Finland). Ex vivo release of macrophage-derived cytokines IL-1β and TNF-α were measured by ELISA (eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.




2.6. Th1/Th17 Cell Phenotyping and Flow Cytometry Analysis


For surface staining alone, splenocytes were resuspended at a concentration of 1 × 106 cells/mL in staining buffer (PBS 1x and 1% FBS). Fc receptors were blocked by the addition of unlabeled anti-CD16/32 (Fc block; BD Pharmingen, San Diego, CA, USA). The leukocytes were then stained for 20 min at 4 °C with the optimal dilution of FITC anti-mouse CD3 and APC anti-mouse CD4 antibody (BD, Pharmingen). Cells were washed twice with staining buffer, resuspended in 100 µL, and an equal volume of 2% formalin was added to fix the cells. After that, cells were treated with permeabilization buffer and intracellular IFNγ and IL-7A cytokines were identified with PE anti-mouse IL-17A and PE-Cy7- anti-mouse IFNγ respectively (BD, Pharmingen). The stained cells were analysed with a BDAccuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).




2.7. Th1/Th2/Th17-Related Cytokines Analysis by Cytometric Bead Array (CBA)


Cytokines in supernatant of splenocytes stimulated with Concanavalin A (ConA) (0.25 µg/mL) or unstimulated were measured with BD CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Bioscience, San Jose, CA, USA). The kit was used for the simultaneous detection of mouse interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6), interferon-γ (IFN-γ), tumor necrosis factor (TNF), interleukin-17A (IL-17A), and interleukin-10 (IL-10) in a single sample. The operations were performed according to the manufacturer’s instruction and the analysis was made with a BDAccuri C6 flow cytometer (BD Biosciences).




2.8. Microorganism and Growth Conditions


S. schenckii strain 1099–18 (ATCC MYA-4821), kindly provided by the Oswaldo Cruz Foundation, Rio de Janeiro, Brazil. For in vivo experiments, the mycelia phase of each strain was grown in Sabouraud broth (Difco, Detroit, MI, USA) for 5 days at room temperature, and the conidia were isolated from hyphae using a Buchner funnel and sterile gauze [33].




2.9. Experimental Infection


Three mice from treated groups and one untreated group were subcutaneously inoculated in the dorsal sacral region with 1 × 107 conidia suspended in 200 µL of PBS. A non-infected group inoculated with PBS was included. The parameters determined to evaluate the severity of the infection were the fungal load in the primary skin lesion and the systemic dissemination in spleen and liver by colony forming unit count (CFU) in Mycosel Agar after euthanasia 14th day post-infection [33]. Three independent experiments were performed.




2.10. Quantification of IgG anti Cell Wall Proteins of S. schenckii (ssCWP) by ELISA


Quantification of ssCWP-specific IgG in serum from mice treated with HgCl2 and infected, was carried out by ELISA as described by Portuondo et al. (2016) [34]. Sera from non-treated and non-infected mice control were used as negative control.




2.11. Statistical Analysis


Data were analysed using one-way analysis of variance (ANOVA) followed by Tukey’s post-test using Graph Pad Prism 5 (GraphPad Software Inc., San Diego, CA, USA). p < 0.05 was considered statistically significant.





3. Results


3.1. General Toxicity Parameters


Treated animals did not exhibit weight loss or decreased food or water intake, which are symptoms of mercury intoxication. In addition, there was no alteration of urea and creatinine concentration in sera (p > 0.05) as evidence of the absence of renal lesion (Figure 1).




3.2. Mercury Reduced NO and IL-1 While Stimulated TNFα Production by Macrophages


Peritoneal macrophages from treated mice with HgCl2 exhibited a dose-dependent reduction of NO, and IL-1 production, associated to higher TNFα release when compared with non-treated mice (p < 0.05) (Figure 2).




3.3. Mercury Caused Reduction of CD3+CD4+, Th1 and Th17 Lymphocytes


In this study, a detriment effect of Hg treatment against CD3+CD4+, Th1, and Th1/Th17 lymphocytes was detected in the treated groups. The analysis of IFNγ+, IL-17A+, and IFNγ+IL-17A+ cells from CD3+CD4+ lymphocytes revealed a significant reduction of IFNγ+ lymphocytes in both treated group of mice and a dose-dependent reduction of CD3+CD4+ lymphocytes and IFNγ+IL-17A+ population (p < 0.05) (Figure 3).




3.4. Mercury Inhibited the Splenocytes Proliferation and Reduced Th1/Th2/Th17 Cytokine Production


Because Hg promoted a reduction of Th1 and Th1/Th17 populations, we investigated whether the production of their respective cytokines and those produced by Th2 lymphocytes are also affected. A dose-dependent reduction in the production of IFNγ and TNF-β (Th1 profile); IL-2, IL-4, IL-6 and IL-10 (Th2 profile), and IL-17 (Th17 profile) was observed in the culture supernatant of splenocytes from mice treated with Hg, suggesting a reduced activity of the Th1/Th2 Th17 response (p < 0.05). This effect was associated to a drop of splenocytes proliferative activity after ex vivo polyclonal stimulation with ConA (Figure 4).




3.5. Mercury Enhanced Susceptibility to S. schenckii Infection


To determine whether immunotoxic effects promoted by repeated administration of Hg could alter host responses to S. schenckii, groups of mice received injections of either PBS or HgCl2 as previously described, and after two weeks of treatment, mice were infected using the natural way of infection [33]. After subcutaneous inoculation of 107 conidia, the progression of the disease was followed up to 14 days post-infection. The first clinical manifestations of local infection began to be observed from the third day of inoculation. For a better observation of the local changes the mice were depilated before the inoculation of the fungus. The fungal burden in the primary subcutaneous lesion was determined by CFU. Additionally, possible dissemination to the internal organs (spleen and liver) was investigated.



Mice treated with the highest dose of HgCl2 showed a greater ulcerative lesion on the skin, associated to higher fungal load in the inoculation site while. All treated mice developed systemic spread, some of them exhibited a high systemic dissemination to spleen and liver at 14 days post-infection in the highest dose of Hg. The animals that did not receive Hg treatment showed little spread to the liver and spleen. In addition, a higher production of specific IgG1 and IgG2a was observed in the treated groups without differences between them, in comparison with non-treated animals (p < 0.05) (Figure 5).





4. Discussion


The exposition to Hg, even in small amounts, can have harmful effects in different systems including the immune systems [2]. Individuals living in Hg-polluted areas can have daily Hg exposition which easily exceed the WHO recommended limit of 0–43 mg/kg body weight and may be as high as 100 mg a day [8]. The immunotoxic hazards of Hg compounds have been extensively demonstrated in animal models and epidemiological studies, and Hg appears to have the most diverse effects on the immune system including autoimmune dysfunction and immunosuppression [35,36,37]. However, understanding the risks associated with Hg exposure is complicated by the existence of several Hg species in the environment, and the overarching influences of environmental, biological, and socioeconomic factors [38].



Several experimental studies have evidenced that repeated administration of inorganic Hg enhance the susceptibility to several infections and parasitic diseases [6,7,8,9,10]. The high frequency of sporotrichosis outbreaks among gold mine workers and the lack of information about the effect of Hg exposition on susceptibility to this disease, prompted us to study the influence of inorganic Hg, an immunotoxic metal on the host resistance to S. schenckii infection. The selected experimental model of subcutaneous inoculation of HgCl2, represent a proof of concept that have been used during decades to measure the toxic effect of Hg and the host susceptibility to infections after exposition [39,40,41,42,43]. The doses of HgCl2 used in this study were selected as a minimum regime reported to alter immune function in mice without relevant toxicity manifestation in other systems [7,8,44].



Firstly, we explored the effect of repeated exposition of two doses Hg on several known mechanisms involved in anti-S. schenckii immune response. Macrophages are involved in the early clearance of S. schenckii during infection. They produce a variety of effector molecules, including TNF-α, IL-1, IL-6, and NO that participate in fungal elimination [45,46,47]. In this study, peritoneal macrophages from mice treated with Hg exhibited reduced capacity of NO and IL-1 production but enhanced TNFα production. An inhibitory effect of Hg on NO production associated to stimulation of TNFα pathway was reported in the murine macrophage cell line J774A.1 treated in vitro with HgCl2 in presence or absence of LPS. The authors demonstrated that Hg directly activated p38MAPK signalling with increased LPS-induced p38MAPK activation as a possible mechanism of TNFα stimulation [48]. More recently, it was reported that administration of methylmercury, another environmental chemical species of Hg, selectively induced TNF-α expression in the brain of mice [49]. Another study showed that inorganic Hg caused upregulation of TNFα, IL-10, and TGF-β mRNAs and downregulation of IL-1β in the head kidney of yellow catfish following 6 weeks of exposure to environmental concentrations of the metal [50]. In reference to the NO inhibition, authors suggested that the thiol-binding properties of Hg may be responsible for the inhibitory effects on NF-κB activation and downstream NO production [48,51,52]. However, a study performed in RAW264.7 cells (a murine monocytic cell line) revealed a contrary effect; Hg induced the activation of NF-κB and the expression of iNOS and COX-2 [53]. Therefore, whether or not mercury inhibits NF-κB activation is controversial and further studies are needed for understanding this effect.



A significant reduction of CD3+CD4+ lymphocytes and Th1/Th7 subpopulations was also observed in mice exposed to Hg. The treatment with Hg also affected the production of Th1/Th2/Th17 after splenocytes stimulation with ConA. All these finding are consistent with specific immunotoxic effects of mercury related to depressed cell mediated immunity [7,37]. However, several authors reported that Hg treatment favours a Th2 response in certain mice models [7,8,54], but in the conditions used in this study with the Swiss mice, this effect was not observed.



Different studies showed that the function of Th1 and Th17 lymphocytes are determinant for S. schenckii clearance during the infection process [30,55,56,57]. In this way, treatment with anti-IL-23 mAb caused a marked decrease in IL-17, IL-22, and IFNγ, which was shown to be directly correlated with an impaired capacity to control the S. schenckii infection, in a murine model [30]. Similarly, in a model of immunosuppression by cyclophosphamide with damage in diverse populations of T lymphocytes and reduced production capacity of IFN and IL-17, a significant increase in susceptibility to subcutaneous infection by S. schenckii was observed [58].



Based on these results we hypothesized that impaired immunity caused by HgCl2 exposure can enhance susceptibility to S. schenckii infection. The hypothesis was confirmed when treated and non-treated groups were infected with S. schenckii conidia by subcutaneous route, the natural way of infection [33]. The higher fungal load in the inoculation site associated to and stronger systemic dissemination on 14 days post-infection on treated groups suggest that the deleterious effects of Hg in the anti-Sporothrix mechanisms reduced the resistance to the infection in our model. On the other hand, a higher production of specific IgG1 associated to a mild reduction of IgG2a in Hg-exposed mice was also observed. Studies in our laboratory have shown that IgG1 and IgG2a antibodies against S. schenckii play a role against fungal infection [34,59]. However, the elevated production of specific IgG1 observed in this study was not sufficient to achieve an effective control of the infection.



Several reports reveal that repeated exposure to Hg is capable of raising IgG1 values and this elevation has been associated with an increase in the production of IL-4 and IgE as well as autoimmune manifestations [8,60,61]. However, in our study, a reduction of IL-4 was detected in the supernatant of splenocytes from mice treated with Hg and stimulated with the T cell mitogen, ConA, albeit de Vos et al. (2007) reporting that Con A had relatively little effect on IL-4 production in vitro [62].



On the other hand, the slight reduction of IgG2a can be associated to the observed reduction of Th1 response in mice that were treated with HgCl2, since Th1 response is associated with the induction of IgG2a, IgG2b, and IgG3 antibodies [63]. It is known that the patterns of response to treatment with Hg are complex and highly dependent of the genetic pattern and the susceptibility of the animals used [64]. For this reason, in this study the outbreed Swiss mice was used. These mice exhibit a diverse genetic background that mimics the high degree of heterozygosity found in typical human populations.



In this first study, we wanted to have an approach to the possible effect of the administration of Hg in immunotoxic dose on susceptibility to infection by S. schenckii. However, in practice, many populations exposed to this metal can exhibit different levels of exposure and frequently the Hg levels may be above the values used in this experiment. Gibb et al. (2014) reviewed more than 60 studies that measured biomarkers of Hg exposure in individuals living in or near artisanal small-scale gold mining communities in 19 different countries in South America, Asia, and Africa. These studies demonstrated that hair and urine concentrations of Hg are well above World Health Organization health guidance values for these communities [65].



In addition to the high incidence of sporotrichosis here discussed, other frequent infections have been reported in gold miners, including tuberculosis, viral infections, and malaria [66,67]. The multiple alterations that Hg causes in the immune system and that have also been described in these populations [68] may be favouring the occurrence of different types of opportunistic infections.



In conclusion, the results of the present study suggest that exposures to repeated doses of Hg can compromise host immune response to S. schenckii causing enhanced susceptibility to sporotrichosis in mice used in this study. This effect can be caused, at least in part, by downregulation of macrophages function and inhibition of antifungal Th1 and Th17 responses. Further studies with other Hg species are necessary, associating exposure, Hg levels in blood and other tissues, and studies of different immunological endpoints and fungal load in animals and humans. These studies will allow a better definition of risk related to Hg exposition in contaminated areas and sporotrichosis including their different clinical forms.
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Figure 1. Average absolute body weight (g) per week across the duration of the study (A), and Serum total urea and creatinine concentration (B,C) in Swiss mice treated with either 300 or 1200 µg/kg of HgCl2, subcutaneously for 14 days, three times a week. Data expressed as means plus standard errors. No differences were observed between groups (p > 0.05). 
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Figure 2. NO (A); IL-1β (B) and TNFα (C) production in cultured peritoneal macrophages from Swiss mice treated with either PBS (Control), 300 or 1200 µg/kg of HgCl2, subcutaneously for 14 days, three times a week. Peritoneal exudate cells (PECs) were stimulated overnight with LPS. The data are shown as the mean ± SD from three independent experiments (* p < 0.05; *** p < 0.001; **** p < 0.0001). 
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Figure 3. Quantification of CD3+CD4+ lymphocytes (A) and Th1 (B), Th17 (C), Th1/Th17 (D) subpopulations by intracellular staining of IFNγ+ and IL-17A+ in splenocytes from male Swiss mice treated with either PBS (Control), 300 or 1200 µg/kg of HgCl2, subcutaneously for 14 days, three times a week (* p < 0.05, ** p < 0.01; *** p < 0.001; **** p < 0.0001). E and F depict representative plots and gating strategy for determination of CD3+CD4+ (E), IFNγ+, IL-17A+, or IFNγ+IL-17+ Th cells (F). 
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Figure 4. Proliferative response (A) and ex vivo release of Th1/Th2/Th17 cytokines production (B–G), of splenocytes unstimulated or after ConA. Splenocytes were purified from the spleen of male Swiss mice treated with either PBS (Control), 300 or 1200 µg/kg of HgCl2, subcutaneously for 14 days, three times a week (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Figure 5. Fungal load in the inoculation site (A). Representative images of external aspect of skin lesion from each experimental group (B), fungal load in spleen and liver (C), IgG1 and IgG2a level in sera (D) of male Swiss mice treated with either PBS (Control), 300 or 1200 µg/kg of HgCl2, subcutaneously for 14 days, three times a week. The analysis was made on 14 days post fungal inoculation (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Different letters above the bars represent significant differences (p < 0.05) between non-infected and infected groups. 
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