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Intestinal schistosomiasis, caused by the parasitic trematode Schistosoma mansoni, is a chronic disease and the prolonged and continuous exposure to S. mansoni antigens results in a deviation of the host's immune response. For diagnosis, the Kato-Katz (KK) method is recommended, however, this method showed low accuracy in areas of low endemicity. This study aimed to characterize the cytokine and chemokine profile of individuals with an extremely low parasite load (<4 eggs per gram of feces), e.g., individuals who were detected by alternative parasitological methods, such as the saline gradient and/or Helmintex®. In order to search for immunological markers for infection, the immunological profile in serum samples of these individuals was then compared with patients detected with the KK method and with a higher parasite load and with individuals repetitively negative by extensive stool exams. The study was conducted in Northern Minas Gerais in a rural area of the Municipality of Januária. Serum samples of a total of 139 parasitologically well-characterized individuals were assessed for the following immunological markers by commercially available immunoassays: TNF-α, IL-1β, IL-6, IL-17A, IL-5, IL-10, IL-13, IL-33, IL-27, CCL3, CCL5, CXCL10, CCL11, and CCL17. As a result, there were no significant differences in concentrations or frequencies for immunological markers between egg-negative individuals or individuals with ultra-low (<4 epg) or low (4–99 epg) parasite loads. However, we found significant correlations between egg counts and eosinophil counts and between egg counts and IL-1β or TNF-α concentrations. The most striking alterations were found in individuals with the highest parasite load (≥100 epg). They had significantly higher TNF-α concentrations in serum when compared with individuals with a low parasite load (4–99 epg) and CCL17 concentrations were significantly elevated when compared with egg-negative individuals. Radar diagrams of frequencies for cytokine and chemokine responders in each infection group confirmed a distinct profile only in the infection group with highest parasite loads (≥100 epg).
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INTRODUCTION

Schistosomiasis is a-chronic disease with estimates of more than 250 million infected people. Of these, the biggest part, about 201.5 million infected individuals, lives in Africa (1–3). In Brazil, the only species found is Schistosoma mansoni. Here, as in other parts of the world, the disease is still considered a public health problem and, most recently, it was estimated that around 1.5 million people are infected (4) and 25 million people live in endemic areas at risk of infection (5, 6). One of the main advances in the control of schistosomiasis was the implementation of the Brazilian Schistosomiasis Control Program (BSCP) in the 1970s, following the recommendations of the World Health Organization. One of the pillars of BSCP is the readily detection of infected individuals by large scale stool examinations, using the Kato-Katz (KK) method (7) and the subsequent treatment, in order to minimize mortality and morbidity of the affected population (8). Nowadays, with the advances of schistosomiasis control worldwide, the goals of WHO have moved from reduction of mortality rates and reduce morbidity to transmission control and even eradication in some areas (9). Other positive effects of the ongoing efforts on schistosomiasis control include significant reduction of prevalences and of individual parasite loads in endemic populations (5). As a consequence, most of the infected individuals in Brazil harbor low parasite loads, which are hardly detected by the commonly applied parasitological methods (10–12), as initially recommended by the WHO (9). However, if health services seek to advance to transmission control or even eradication, more sensitive diagnostic methods have to be integrated in endemic areas, as it was shown by Oliveira et al. (13).

During their development in the human body, the different parasitic stages of schistosomes induce significant alterations in the immune response, both during the acute and chronic phase of infection (14–17). In the course of the infection, the parasite-specific immune response is modulated from a type 1, inflammatory and cell-mediated, to a type 2, and more antibody-dependent immune response (15, 17–19). In schistosomiasis endemic areas, most of the infected individuals exhibit the intestinal asymptomatic form of the disease and are normally detected already during the chronic phase of infection (18). The majority of these studies on immune responses in humans are based on in vitro stimulation of peripheral blood mononuclear cells (PBMC) with schistosome antigens and the detection of intracellular transcription of cytokine or chemokine genes or detection of secretion patterns in cell culture supernatants. Even in stimulated PBMC cultures, such cytokine and chemokine secretion patterns sometimes are subtle and depend on the parasite load and clinical status of the individuals (20, 21) or may even be influenced by co-infections (22). Nevertheless, studies with different schistosome species (23–25) and studies on co-infections with soil-transmitted helminths and S. mansoni (26) indicated that systemic inflammatory or chemokine markers and/or type 2 responses might be used as surrogate markers of infection and might be of value for diagnostic purposes.

Therefore, in the present study, we evaluated the serum cytokine and chemokine profile of S. mansoni-infected individuals from an endemic area in Brazil in the search for surrogate immunological markers for infection. Here, a special attention was drawn to individuals with medium to low parasite burdens, where common parasitological procedures may be negative and present with reduced sensitivities.

MATERIALS AND METHODS

Ethical Standards

This study was carried out in accordance with the Resolution CNS N° 466/12 from the National Brazilian Research Council and was approved by the Ethics Committee of Centro de Pesquisas René Rachou (Fiocruz) and by the Ethics Committee of the Federal University of Minas Gerais,and is registered at the National Brazilian Platform for Research with Human Subjects under the following number: CAAE # 21824513.9.0000.5091 with written informed consent from all subjects. In the case of minors, additional written informed consent was obtained from their parents or guardians. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Study Population

The study was conducted in the district of Brejo do Amparo, Municipality of Januária, about 600 km north of the capital Belo Horizonte, State of Minas Gerais. According to the local health authorities, the local population at the rural communities Corregos Santana, Tocantins, and Pé da Serra did not participate in any schistosomiasis control campaign during the last 2 years prior to the beginning of the study.

In this rural population, the initial prevalence for S. mansoni infection after parasitological screening with the KK method, as recommended by the World Health Organization (9), was 20.4%. However, after extensive parasitological examinations with different methods, such as up to 18 KK slides from three fecal samples, saline gradient, and Helmintex®, the prevalence reached 45.9% (13).

A longitudinal study was initiated in the area, where ~250 individuals were examined by parasitological methods (13). Individuals with a positive result for S. mansoni eggs were examined again 30 days after treatment with praziquantel, where parasitological cure was confirmed. Further follow-up visits took place for the whole population at several time points after treatment.

Out of a total population of ~270 individuals, 250 subjects signed the consent forms, but only 139 patients provided the required three fecal samples for thorough parasitological examinations. For the present immunological study, 139 individuals were enrolled, of which 113 were egg-positive for S. mansoni infection. Twenty-six egg-negative individuals served as uninfected controls and were negative for any intestinal protozoan or helminth parasite in extensive parasitological stool examinations, as stated above.

Blood samples (5 ml EDTA tubes) were drawn from these 139 individuals and complete hemograms were performed for each participant by a commercial clinical laboratory (Millenium, Januária). For serum collection, 5–10 ml of venous blood was collected in siliconized tubes. After clotting samples were centrifuged at 2.000 rpm for 15 min and obtained serum samples were aliquoted and stored at −20°C at the field laboratory in Januária. Subsequently, these serum samples were transferred to the main university laboratory and stored at −80°C, until used in immunological assays. From the 113 S. mansoni-infected and treated individuals, 78 cured individuals provided blood and were included in the follow-up immunological study at 3 months post-treatment. The extensive parasitological exams, as described in more detail below, allowed us to classify the individuals from the endemic area into different groups and investigate and compare their immunological profiles in the peripheral blood. The classification of the parasite loads based on KK results in the different infection groups was done according to the WHO (9). However, mean individual epg values were calculated from a total of six KK slides from three fecal samples, as recommended by others (9, 22) As such, the minimum epg value that could be detected by KK was 4 epg and, therefore, individuals only detected by the other parasitological methods were classified as ultra low or <4 epg. Infected individuals detected by the KK method were classified as low (4–99 epg) or medium to high (≥100 epg). The Negative group contained individuals negative for schistosome eggs in any of the parasitological exams, without any other intestinal coinfections, and with eosinophil counts in peripheral blood below 500 per mm3. The last group consisted of egg-positive and praziquantel-treated individuals, who were confirmed cured at 30 days post-treatment with 24 KK slides, and remained without reinfection 3 months after chemotherapy with praziquantel, confirmed with Helmintex®, saline gradient, and six KK slides from three fecal samples.

Fecal Examinations

Kato-Katz Method

Before treatment, Helm Test (Biomanguinhos, Rio de Janeiro, Brazil) was performed with three fecal samples collected on consecutive days, as described by Katz et al. (7). From the first sample, up to 14 thick smears were mounted and examined under the microscope. Samples two and three were examined by two slides each. Three months after treatment, three fecal samples from the cured individuals were reexamined, again with two KK slides in each sample, in order to check for possible S. mansoni reinfection.

Modified Helmintex®

Thirty grams of feces were collected, homogenized in 10% formaldehyde, and purified by successive sieving processes. Subsequently, the sediment was placed in a 15 ml plastic tube and mixed with 5 ml ethyl acetate, according to Ritchie (27). After centrifugation, the sediment was removed from the plastic tube and transferred in a 1.5 ml eppendorf tube, adding 19 μL of paramagnetic beads (Mylteni, Germany). The samples were shook for 1 h on an orbital shaker and then exposed to a strong magnetic field for 3 min (BioMag®, Polysciences, USA). The final sediment trapped, to the walls of the reaction tube, was mixed with a few drops of saline (NaCl 0.9%), transferred onto a glass slide, and examined under the microscope for the presence of S. mansoni eggs, as described else where (28, 29).

Saline Gradient

Briefly, the apparatus consists of two interconnected cylindrical columns, with the lower column containing 500 mg of feces suspended in 0.9% saline solution. The purification of the fecal suspension with heavy schistosome eggs is guaranteed by a slow flow of a 3% saline solution from the upper column. Approximately 60 min after applying the slow flow of the concentrated saline solution, the suspension in the lower column was discarded and the remaining sediment transferred on microscope slides in order to search for S. mansoni eggs (30).

Measurement of Cytokine and Chemokine Concentrations in Peripheral Blood

In order to search for immunological markers of infection, peripheral blood serum samples from egg-negative endemic individuals, and egg-positive individuals were screened for the following cytokines and chemokines: IL-1β (3.9–500 pg/ml), IL-6 (4.68–600 pg/ml), TNF-α (7.8–1,000 pg/ml), IL-27 (78.13–10,000 pg/ml), CXCL10 (15.63–2,000), CCL3 (3.9–500 pg/ml), IL-17A (7.8–1,000 pg/ml), IL-10 (15.63–2,000 pg/ml), IL-5 (11.72–1500 pg/ml), IL- 13 (46–6,000 pg/ml), IL-33 (11.72–1,500 pg/ml), pg/ml), CCL5 (7.8–1,000 pg/ml), CCL11 (7.8–1,000 pg/ml), and CCL17 (3.9–500 pg/ml). The assays were run in duplicate, final concentrations extrapolated from a standard curve, and were expressed in pg/ml, according to the manufacturer's instructions (Duo Set kits, R&D Systems, USA).

Briefly, Costar half area microplates (Corning, USA) were sensitized with the respective capture antibodies, specific for each cytokine and chemokine and, subsequently incubated overnight at room temperature (RT). On the following day, after a washing step with PBS/ Tween-20 (0.05%), the microplates were blocked with diluent solution (PBS/ 1% BSA) and incubated for 1 h at RT. After another washing step, diluted serum samples (1:2 in diluent solution) and standards were added and incubated for 2 h at RT. Subsequently, plates were washed (5x), incubated with the diluted and biotinylated detection antibodies, and incubated for another 2 h at RT. Thereafter, plates were washed again (5x) and incubated for 20 min with streptavidin-horseradish peroxidase (1:200 in reagent diluent) at RT in the dark. After a last washing step (5x), substrate solution (1:1 H2O2 and tetramethylbenzidine solution) was added and plates incubated for 20 min. Finally, stop solution (4N H2SO4) was added and the color reaction read in an automated ELISA reader at 450 nm (Molecular Devices, Versa Max microplate reader). Sample concentrations were extrapolated from the standard curve, using a 4-point curve-fitting program (Softmax Pro 6.4), and considering the sample dilutions.

Frequency Profiles of Responders for Cytokines and Chemokines

Additional analyses of cytokine and chemokine data included frequency data of responders in each group of individuals, in order to check whether the response pattern was different between the infection groups and in comparison with egg-negative individuals and whether it changed after treatment in each infection group.

For this purpose, each individual cytokine and chemokine concentration was evaluated and defined as a positive response (responder), if the concentration showed a considerable value above the lowest detectable value of the standard curve of each of the different cytokines and chemokines. For IL-β, TNF-α, IL,5, IL-6, IL-13, CCL3, CCL11, CCL17 was 10 pg/ml. For IL-10, IL-17A, IL-27 the cut-off was set to 50 pg/ml and for CXCL10, CCL5, and IL-33 it was set to 100 pg/ml (Table S4).

Data Analysis

Statistical analysis was performed using the GraphPad Prism 6.0 software package (GraphPad Prism, USA) and Excel. Initially, a descriptive analysis was performed (median and interquartile ranges). Subsequently, the variables were analyzed with specific tests according to the data distribution and compared between the different groups. The normal distribution of the continuous data was verified and discarded through the Shapiro-Wilk test. Non-parametric data were compared between groups, using Kruskal-Wallis test and Dunn's post test. The analyses of paired samples before and after treatment were done with the Wilcoxon test. Categorical variables were compared using Pearson's chi square test. Also, associations between different variables were analyzed with Spearman's rank test. The threshold for statistical significance was set to p ≤ 0.05.

RESULTS

Parasitology

As described above, we analyzed blood samples from 139 individuals, of which 113 were detected as egg-positive for S. mansoni in stool samples by any of the three parasitological methods. Twenty-six individuals were found egg-negative for all of the before-mentioned methods, were negative for all other intestinal protozoan or helminth parasite, and did not show any significant peripheral blood count alterations, which might implicate any other state of infection or clinical condition.

Descriptives of median age, gender distribution, and presence of co-infections in each group were included in (Table 1). There was no significant bias in gender distribution and age between the different infection groups. Although, the egg-negative group consisted of an elevated percentage of male individuals and the group with highest parasite load (≥100 epg) presented the lowest median age. Of the 113 individuals diagnosed as egg-positive for S. mansoni, 102 individuals were classified as with a low or ultra low parasite load (Table 1), which represented 90.1% of the egg-positive population. The group with elevated parasite load (≥100 epg) consisted of 11 individuals, of which 7 individuals (6.2%) were considered with a median (100–399 epg) and only four individuals (3.5%) considered with a high parasite load (≥400 epg).


Table 1. Characterization of the study groups according to copro-parasitological results in relation to S. mansoni infection: Group <4 epg (n = 42), Group 4 to 99 epg (n = 60), Group ≥100 epg (n = 11), and Negatives (n = 26). Indicated for each group are sex distribution, median age, parasite load, and presence of co-infections.
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Roughly 50% of schistosome-infected individuals harbored a S. mansoni mono-infection in the different infection groups. On the other hand, co-infections with S. mansoni and especially with protozoan parasites were common in all infected individuals, but other intestinal helminth infections were not frequently found in this area (Table 1).

In Figure 1A the S. mansoni positivity rate is plotted for the different age groups and is divided into individuals who were readily detected by KK exams and individuals who were diagnosed by alternative parasitological methods, e.g., individuals considered as with an ultra low parasite load. KK results indicated the highest positivity rate in individuals during their second decade of life, whereas individuals diagnosed by the alternative methods had elevated and highest positivity rates during their first two decades and in the older age groups, respectively (Figure 1A). Evaluating the intensity of infection determined by KK, no significant differences resulted between the different age groups, but a highest median value resulted in the youngest age group (Figure 1B).
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FIGURE 1. Positivity rate for S. mansoni infection per age group (A), indicated for individuals detected by quantitative Kato-Katz method (black squares, >4 epg, n = 71) and for individuals detected by other qualitative parasitological methods, such as Helmintex® and saline gradient (red squares, <4 epg, n = 42). In (B), median intensity of infection and interquartile ranges per age group, indicated as eggs per gram of feces and determined by the Kato-Katz method for the different age groups (n = 71).



When peripheral blood eosinophil counts were compared between the different infection groups, no significant differences resulted between individuals with an ultra low, low, or median to high parasite load (Figure 2A). Interestingly, in these infection groups the percentage of individuals who presented with peripheral blood eosinophilia was only 42.9, 33.3, and 50.0% in individuals classified as with ultra low, low, or median to high parasite load, respectively. Nevertheless, for egg-positive individuals with a quantitative KK result, a weak but significant correlation (p = 0.03) between eosinophil counts and epg values was observed (Figure 2B).
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FIGURE 2. Individual eosinophil counts (mm3) in different S. mansoni infection groups (A). Groups were classified according to their individual egg counts by six Kato-Katz slides into median to high (≥100 epg) or low (4 to 99 epg) parasite load, or into <4 epg, according to more sensitive, qualitative detection methods. The dotted red line indicates the limit of normal eosinophil counts in clinical samples (range 0–500 mm3). Association between peripheral blood eosinophil counts and egg counts per gram of feces, as determined by Kato-Katz (B).



Cytokine and Chemokine Profile in Sera From Infected and Non-Infected Individuals Before Treatment

In order to search for serological markers of infection, we evaluated the immunological profile of type 1, type 2, inflammatory markers, and of regulatory chemokines and cytokines in individuals with different parasite loads and compared them with non-infected individuals. Initially, the raw cytokine and chemokine concentrations were compared between the different groups. Serum concentrations of some inflammatory (IL-1β and IL-17A) and type 2 cytokines (IL-5, IL-13, IL-33) were very low and were not shown (Table S1). With a few responders in each infection group, the serum concentrations of the cytokines TNF-α and of IL-10 showed significant differences between the groups ≥100 epg and 4–99 epg for TNF-α and between 4–99 epg and <4 epg for IL-10 (p ≤ 0.05) for each comparison, (Figures 3A,B). The most striking differences were observed for type 2 CCL17. Here, we measured a significant higher serum concentration (p ≤ 0.05) in the group ≥100 epg, when compared with the non-infected controls (Figure 3C). The cytokines and chemokines IL-6, IL-27, CXCL10, CCL3, CCL5, and CCL11 were readily detected in almost all serum samples. However, no significant differences were observed between the different infection groups (Figures 3D–I).We further checked whether co-infections with protozoan parasites and/or intestinal helminths, as described in (Table 1), might have influenced cytokine and chemokine concentrations in sera. Only a few alterations between mono- and co-infected individuals in each of the schistosome infection groups were measured. In the group <4 epg, co-infected individuals showed significantly (p ≤ 0.01) higher IL-10 concentrations when compared with mono-infected individuals, whereas, IL-13 was significantly elevated (p ≤ 0.01) in mono- as compared with co-infected individuals. For the group 4–99 epg, significantly higher (p ≤ 0.01) concentrations of inflammatory IL-6 were observed in co-infected when compared with mono-infected individuals (Table S2).
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FIGURE 3. Comparison of serum cytokine and chemokine concentrations (pg/ml) in different S. mansoni infection groups. Groups were classified according to their individual egg counts into median to high (≥100 epg; n = 11) or low (4 to 99 epg; n = 60) parasite load, or into <4 epg (n = 42) and compared with egg-negative individuals (n = 26). Shown are results for TNF-α (A), IL-10 (B), CCL17 (C), IL-6 (D), IL-27 (E), CXCL10 (F),CCL3 (G), CCL5 (H), CCL11 (I). Indicated were median values and 25 and 75% interquartile ranges and data were analyzed with Kruskal-Wallis test and Dunn's post-test. Not significant differences (ns: p ≥ 0.05) and significant differences between groups (*p ≤ 0.05) were indicated.



When the cytokine and chemokine concentrations in sera were correlated with the individual parasite load of all egg-positive individuals diagnosed by the KK method, significant positive correlations between epg values and IL-1β (p = 0.006) and with TNF-α (p = 0.002) were detected (Table 2, Figure S1).


Table 2. Correlations between cytokine and chemokine concentrations in peripheral blood and S. mansoni egg counts (epg), as determined in individuals by the Kato-Katz method (>4 epg).
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Cytokine and Chemokine Profile in Sera From Formerly Infected Individuals Three Months Post-Treatment

The infected individuals were treated with praziquantel, treatment efficacy was confirmed at 1-month post-treatment, and those individuals were offered another extensive parasitological examination at 3 months post-treatment in order to search for reinfection. The immunological profile of 78 individuals, who were confirmed as egg-negative (without reinfection) was re-evaluated. Most of the cytokines and chemokines did not show any significant alterations at 3 months post-treatment when compared with pre-treatment serum concentrations (Table S3). However, in the 4–99 epg infection group, there was a significant increase in CCL11 (p = 0.002) 3 months post-treatment, whereas, CCL5 and CXCL10 were significantly decreased (p = 0.009 and p = 0.002, respectively). Also, a significant reduction of CCL5 levels (p = 0.03) was measured in treated individuals with a former egg load of 100 or more (Figures 4A–D).
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FIGURE 4. Comparison of serum cytokine and chemokine concentrations (pg/ml) before (pre-treatment) and 3 months after chemotherapy (post-treatment) in group 4–99 epg (n = 51) for the chemokines CCL11 (A), CCL5 (B), and CXCL10 (C). And in group ≥100 epg (n = 8) for the chemokine CCL5 (D). The data were analyzed by the paired Wilcoxon test and significant differences and p-values were indicated in each graph. *p < 0.05; **p < 0.01.



Frequency of Cytokine and Chemokine Responders in Each Infection Group Before and 3 Months After Treatment

In order to visualize the immunological profile in each infection group before and after treatment, we put together radar diagrams with the percentages of responders in each infection group for the different cytokines and chemokines under investigation (Figure 5 and Table S4).
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FIGURE 5. Radar profile for cytokines and chemokines in individuals infected with S. mansoni, compared with egg-negative individuals at pre-treatment (A,B), and 3 months post-treatment (C). Infection groups were classified according to different parasite loads in <4 epg, 4–99 epg and ≥100 epg. Indicated radar zones correspond to 25, 50, 75, and 100 percent values. Radar indicates percentage of responders in each infection group before and 3 months post-treatment and in comparison with endemic egg-negative individuals.



At pre-treatment, the chemokines CCL5, CCL11, and CCL17 were readily detected in all infection groups and the frequencies of responders were similar to the egg-negative individuals (Figures 5A,B). Also, IL-27 was measured in serum samples from more than 95% of all individuals of the different infection groups with the exception of individuals with an egg load of 100 epg or more. In this infection group the frequency of IL-27 was reduced to 82%. Likewise, the frequency of CCL11 (eotaxin-1) was reduced from around 75% in the other infection groups to 55% in individuals with an elevated parasite load (≥100 epg). On the other hand, the frequencies of responders for CCL5 and CCL17 increased to 100% in this group and, together with IL-6, TNF-α was detectable in more than 25% of infected individuals (Figure 5B). The statistical analysis of frequencies of responders in each infection group and for each immunological marker are shown in Table S4 and frequencies of responders for TNF-α and IL-17A were significantly elevated (p = 0.016 and p = 0.048, respectively) in the infection group with highest parasite load (≥100 epg). Also, CCL5 showed a tendency for increased frequencies in this group, however, differences did not reach the significance level (Table S4).

Three months after treatment with praziquantel, the groups with lower parasite load (<4 epg and 4–99 epg) showed similar alterations in cytokine and chemokine frequencies, whereas, the highest infection group (≥100 epg) showed a different pattern (Figures 5B,C). Especially the chemokines CCL3, CCL5, and CCL11 increased in the lower infection groups 3 months after treatment. Opposite to that, a prominent increase in frequencies for CCL3, CCL5, and CCL17 was measured in individuals with ≥100 epg, whereas, eotaxin-1 (CCL11) was reduced after treatment. Also, in individuals with highest parasite loads (≥100 epg) frequencies for IL-27 and for IL-10 increased after treatment to 100 and 25%, respectively. Finally, throughout all infection groups, the frequencies of CXCL10 were reduced after treatment (Figure 5C).

DISCUSSION

The main goal of the present study was to search for infection markers in serum from individuals with asymptomatic S mansoni infection and ultra low parasite load (<4 epg). Individuals with such a low parasite burden are hardly detected by the control programs, using the commonly applied KK method. However, by combining several parasitological methods, we were able to show that a considerably higher percentage of the population was actually infected with schistosomes (13). The study area matches the present epidemiological situation in many endemic Brazilian regions, where frequent treatment cycles have led to a considerable reduction of clinical cases and morbidity and reductions in the individual and community parasite loads (5).

Nowadays, most of the BSCP controlled endemic areas for intestinal schistosomiasis have populations with median to low individual parasite loads (31), thus, this turns precise individual diagnosis much more difficult. As a consequence, more sensitive direct or indirect methods or combination of methods are urgently needed for diagnosis (32). One alternative are indirect serological methods, which are capable to detect acute and chronic infections, show a high sensitivity, but usually have problems with the specificity, due to other cross-reactive infections (10). Therefore, several groups have been searching for other indirect immunological markers, which could indicate a present schistosome infection in the absence of extensive parasitological exams (26, 33, 34).

In our study, the first step was to elucidate the infection profile on a populational level and in the different age groups. If the diagnostic method of choice was KK, the infection profile showed the highest infection rate in children and young adults from 11 to 20 years of age, which was similar to earlier studies (30, 31). Interestingly, when more sensitive parasitological methods were used, the infection profile was somewhat inverted. Now, the youngest and the oldest age groups showed elevated and the highest rates of infection, thus, showing their relevance and contribution for maintaining the parasitic cycle and continuous transmission. In the youngest age group, a considerable population with adult parasite worms and increased parasite loads are supposed to build up slowly with increasing exposure during the first years of their life and, therefore, eggs might not be readily detected in common stool exams (35–37). On the other end of the age scale, reduced parasite loads in elderly individuals might be explained by more effective immune responses and reduced reinfection rates, reduced exposure due to altered habits and/or by aging worms and reduced fertility of female parasites (15, 38, 39).

Alterations in peripheral blood leukocyte counts and especially elevated eosinophil counts are considered a hallmark of helminth infections (40). However, in our study we were able to detect peripheral blood eosinophilia only in 33–50% of our infected individuals, depending on the infection group, which would not classify eosinophil counts as a good and mandatory infection marker. For example, for experimental S. mansoni infections in mice it was shown that activation, recruitment and granuloma composition of eosinophils vary to a considerable degree, depending on the phase of infection and time post-infection (41) Nevertheless, in individuals with quantitative KK egg counts, peripheral blood eosinophilia correlated to a significant degree, as was already observed in former studies (42, 43).

Since the major goal was the search of detectable infection markers in the peripheral blood of individuals with very low parasite loads, we tried to identify cytokines and chemokines, which could readily be detected in serum samples. Generally, during the migration and acute phase of infection it was shown that schistosome antigens induce a host immune response in humans, which is characterized by increased secretion of type 1 cytokines, such as IL-2 and IFN-γ (14, 15, 20, 44–46). Later on, during the chronic phase of infection, this type 1 profile is gradually modulated to a type 2 profile (15, 20, 45, 47), with the major contribution of IL-10 (20, 39, 45, 48) and especially T regulatory cells as its source (16, 49). In addition, in patients with confirmed clinical alterations the immunological profile was shown to be driven by the secretion mainly of type 2 IL-13 (18, 50, 51), and TNF-α (52) and an upregulation of Th 17 cells (53). All of the before mentioned studies on the immune response in human schistosomiasis were based on results obtained by in vitro stimulation of peripheral blood mononuclear cells (PBMC) or whole blood cultures with egg or adult worm antigens from schistosomes.

Here, we searched for circulating infection markers in sera from individuals with different infection intensities, before and 3 months after treatment with praziquantel, and compared cytokine and chemokine concentrations and their frequencies with parasitologically well-confirmed and egg-negative individuals from the same endemic area.

A panel of pro-inflammatory, type 1, type 2, Th 17, and regulatory cytokines and chemokines were measured in serum samples. First, we tried to correlate any of the immunological markers with egg counts, but only serum IL-1β and TNF-α concentrations weakly correlated with KK epg values throughout the infection groups, which corroborated the results obtained by Coutinho et al. from individuals with elevated parasite loads and/or clinical manifestations (23).

As already shown before (26), most of the pro-inflammatory markers, such as IL-1β and IL-6, were only detected at low concentrations in the different infection groups. However, TNF-α serum levels in individuals with a medium to high parasite load (≥100 epg) were significantly higher than in the group with a low intensity of infection (4–99 epg). In this case, this might be an indicator of pathological changes in apparently asymptomatic individuals, though they were only observed in a restricted number of individuals. However, thorough clinical and ultrasound examinations were not within the scope of the present study and were not done. In a former study (21), such elevated TNF-α levels were not found in schistosome-infected individuals even with a median to high parasite load. This might be due to the presence of co-infections with intestinal nematodes and might be explained by a deviation to a type 2 immune response, as measured by increased CCL11 and CCL17 concentrations in co-infected individuals (21). In addition, IL-17A was hardly detected in any of the infection groups, which would be more indicative of chronic inflammatory processes (54) or, in schistosomiasis, be more indicative of severe liver pathology (53, 55, 56). As already shown for multiple helminth infections and at increased parasite loads (26), serum CCL17 concentrations were highest in the infection group with ≥100 epg, but in the infection groups with low or ultra-low parasite loads, the CCL17 concentrations did not differ from non-infected individuals. Also, CCL11 (eotaxin-1) was not found significantly elevated in the infection groups, when compared with non-infected individuals. This is in contrast to what was previously found in individuals co-infected with S. mansoni and with geohelminths (26), and, again, might be explained by low parasite loads and absence of co-infections with intestinal helminths in the present study. Therefore, the results of serum CCL11 and CCL17 concentrations did not support previous findings that these chemokines could also be used as infection markers in individuals with diminished parasite loads. On the other hand, type 1 markers and pro-inflammatory markers, such as CXCL10 (57) and IL-27 (58), were readily detected in serum samples, but throughout all groups and without significant differences between infected and egg-negative individuals. This fact, also might argue against acute infections or severe schistosome-induced pathologies in the examined individuals, as found in other studies (18, 52, 59, 60). They are rather indicative of balanced type 1/type 2 immune responses during asymptomatic chronic infections (15). Interestingly, a most recently published study on chemokines in plasma samples of individuals with fibrotic lesions but with low parasite loads, also did not reveal any significant differences in concentrations of several chemokines between groups of infected individuals and egg-negative controls. However, individual chemokine concentrations, such as CCL3, CCL7, CCL24 (eotaxin-2), Macrophage Migration Inhibitory Factor (MIF), and soluble TNF-α receptor 1, were positively associated with Schistosoma-related liver fibrosis (61). As far as the comparison of frequencies of the different cytokines and chemokines between infection groups and egg-negative individuals are concerned, we found a very similar pattern in the groups with ultra-low and low parasite loads, when compared with non-infected individuals. Only the group with moderate to high parasite loads (≥100 epg) showed alterations, which would be indicative of inflammatory processes. However, other biomarkers who were found to be associated with granuloma size and severity of the disease in animal models and in humans, were only found at low frequencies. From the cytokines and chemokines found in serum samples with high frequencies, IL-27 is considered a pro-inflammatory cytokine, which is able to regulate Th1, Th2, and Th17 responses, as shown in experimental infections (62) The chemokines CCL5, CCL11, and CCL17 were also found in high frequencies, especially in the group with the highest parasite loads (≥100 epg). In other studies it was shown that these chemokines were important to attract eosinophils and to inhibit severe disease. On the other hand, especially CCL3 and CCL5 were shown to be elevated in schistosomiasis patients with severe disease (63–66). Three months after treatment, the frequencies in the cytokine and chemokine profiles again were somewhat different for the infection groups with low parasite loads (<4 epg and 4–99 epg) when compared with individuals with medium to high parasite loads. This difference might be explained by the different amount of released antigens after chemotherapy, or by more profound immuno-modulatory and regulatory mechanisms in individuals with a higher parasite load. However, this was not addressed in the present study and could be part of future research.

In conclusion, we believe in the importance to search for alternative markers of infection in human schistosomiasis, in order to overcome shortcomings of correct parasitological diagnosis in individuals with reduced parasite loads. However, the immunological alterations in peripheral blood (serum or plasma) of such individuals are subtle and might not be measurable by the common immunological assays, instead, they only become more obvious in individuals with medium to high parasite loads and/or advanced pathology.

AUTHOR CONTRIBUTIONS

SG: conception and design of the work, acquisition of data and field work, analysis and interpretation of the work, drafted the work, and critically revised the work. VC: acquisition of data and field work, analysis and interpretation of the work, drafted the work, and critically revised the work. JR: acquisition of data and field work, analysis and interpretation of the work, critically revised the work. DC: acquisition of data and field work, analysis and interpretation of the work, critically revised the work. SR: acquisition of data and field work, analysis and interpretation of the work, critically revised the work. FM: acquisition of data and field work, analysis and interpretation of the work, critically revised the work. DS: acquisition of data and field work, analysis and interpretation of the work, critically revised the work. MR: acquisition of data and field work, analysis and interpretation of the work, critically revised the work. DN-C: conception and design of the work, analysis and interpretation of the work, drafted the work, and critically revised the work.

FUNDING

The authors received financial support from the National Brazilian Research Council (CNPq) for research in neglected tropical diseases, DECIT program 2012 #404405/2012-6. DN-C received financial support from Fundação de Amparo à Pesquisa de Minas Gerais (FAPEMIG), within the program to support researchers from the State of Minas Gerais, Brazil (PPM and PP-SUS programs). SG received additional financial support from the World Health Organization, TDR Program (Small Grants Scheme, #A-869/2015). Publication fee was partly financed by Pró-Reitoria de Pesquisa da UFMG.

ACKNOWLEDGMENTS

We would like to thank the people from the communities Pé da Serra, Tocantins, and Santana for their collaboration. We are also thankful to the municipal government of Januária for the logistic support during the field studies and to Mr. Adailton Viana Bitencourt and the technicians from the Schistosomiasis Control Program for their valuable help.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.02975/full#supplementary-material

REFERENCES

 1. Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J. Schistosomiasis and water resources development: systematic review, meta-analysis, and estimates of people at risk. Lancet Infect Dis. (2006) 6:411–25. doi: 10.1016/S1473-3099(06)70521-7

 2. Lo NC, Addiss DG, Hotez PJ, King CH, Stothard JR, Evans DS, et al. A call to strengthen the global strategy against schistosomiasis and soil-transmitted helminthiasis: the time is now. Lancet Infect Dis. (2017) 17:e64–9. doi: 10.1016/S1473-3099(16)30535-7

 3. Hotez PJ, Alvarado M, Basáñez MG, Bolliger I, Bourne R, Boussinesq M, et al. The global burden of disease study 2010: interpretation and implications for the neglected tropical diseases. PLoS Negl Trop Dis. (2014) 8:e2865. doi: 10.1371/journal.pntd.0002865

 4. Noya O, Katz N, Pointier JP, Theron A, de Noya BA. “Schistosomiasis in America,” in Franco-Paredes C, Santos-Preciado JI (eds.), Neglected Tropical Diseases - Latin America and the Caribbean, Neglected Tropical Diseases, Springer-Verlag Wien (2015). doi: 10.1007/978-3-7091-1422-3_2

 5. Brasil. Ministério da Saúde. Secretaria de Vigilância em Saúde. Departamento de Vigilância Epidemiológica. Vigilância da esquistossomose mansoni: diretrizes técnicas. Ministério da Saúde, Secretaria de Vigilância em Saúde, Departamento de Vigilância das Doenças Transmissíveis. - 4. ed. - Brasilia: Ministério da Saúde, (2014). 144p. il.

 6. Katz N. Inquérito Nacional de Prevalência da Esquistossomose Mansoni e Geo-Helmintoses (2018). Available online at: http://pide.cpqrr.fiocruz.br

 7. Katz N, Chaves A, Pellegrino J. A simple device for quantitative stool thick-smear technique in Schistosomiasis mansoni. Rev Inst Med Trop Sao Paulo (1972) 14:397–400.

 8. BRASIL. Secretaria de Vigilância em Saúde. Plano integrado de ações estratégicas de eliminação da Hanseníase, Filariose, Esquistossomose E Oncocercose Como Problema de Saúde Pública, Tracoma Como Causa de Cegueira E Controle Das Geohelmintíases. Brasília: Ministério da Saúde (2012).

 9. WHO Expert Committee. Prevention and Control of Schistosomiasis and Soil-Transmitted Helminthiasis. World Health Organization Technical Report Series (2002).

 10. Grenfell RFQ, Martins W, Enk M, Almeida A, Siqueira L, Silva-Moraes V, et al. Schistosoma mansoni in a low-prevalence area in Brazil: the importance of additional methods for the diagnosis of hard-to-detect individual carriers by low-cost immunological assays. Mem Inst Oswaldo Cruz. (2013) 108:328–34. doi: 10.1590/S0074-02762013000300011

 11. Siqueira LMV, Gomes LI, Oliveira E, de Oliveira ER, de Oliveira ÁA, Enk MJ, et al. Evaluation of parasitological and molecular techniques for the diagnosis and assessment of cure of schistosomiasis mansoni in a low transmission area. Mem Inst Oswaldo Cruz. (2015) 110:209–14. doi: 10.1590/0074-02760140375

 12. Lindholz CG, Favero V, Verissimo C, Candido RRF, de Souza RP, dos Santos RR, et al. Study of diagnostic accuracy of Helmintex, Kato-Katz, and POC-CCA methods for diagnosing intestinal schistosomiasis in Candeal, a low intensity transmission area in northeastern Brazil. PLoS Negl Trop Dis. (2018) 12: e0006274. doi: 10.1371/journal.pntd.0006274

 13. Oliveira WJ, Magalhães F do C, Elias AMS, de Castro VN, Favero V, Lindholz CG, et al. Evaluation of diagnostic methods for the detection of intestinal schistosomiasis in endemic areas with low parasite loads: Saline gradient, Helmintex, Kato-Katz and rapid urine test. PLoS Negl Trop Dis. (2018) 12:e0006232. doi: 10.1371/journal.pntd.0006232

 14. Pearce EJ, Sher A. Functional dichotomy in the CD4+ T cell response to Schistosoma mansoni. Exp Parasitol. (1991) 73:110–6. doi: 10.1016/0014-4894(91)90014-N

 15. Pearce EJ, MacDonald AS. The immunobiology of schistosomiasis. Nat Rev Immunol. (2002) 2:499–511. doi: 10.1038/nri843

 16. Hesse M, Piccirillo CA, Belkaid Y, Prufer J, Mentink-Kane M, Leusink M, et al. The pathogenesis of schistosomiasis is controlled by cooperating IL-10-producing innate effector and regulatory T cells. J Immunol. (2004) 172:3157–66. doi: 10.4049/jimmunol.172.5.3157

 17. Stadecker MJ, Asahi H, Finger E, Hernandez HJ, Rutitzky LI, Sun J. The immunobiology of Th1 polarization in high-pathology schistosomiasis. Immunol Rev. (2004) 201:168–79. doi: 10.1111/j.0105-2896.2004.00197.x

 18. Caldas IR, Campi-Azevedo AC, Oliveira LFA, Silveira AMS, Oliveira RC, Gazzinelli G. Human Schistosomiasis mansoni: immune responses during acute and chronic phases of the infection. Acta Trop. (2008) 108:109–17. doi: 10.1016/j.actatropica.2008.05.027

 19. Taylor JJ, Mohrs M, Pearce EJ. Regulatory T cell responses develop in parallel to Th responses and control the magnitude and phenotype of the Th effector population. J Immunol. (2006) 176:5839–47. doi: 10.4049/jimmunol.176.10.5839

 20. Silveira AMS, Gazzinelli G, Alves-Oliveira LF, Bethony J, Gazzinelli A, Carvalho-Queiroz C, et al. Human Schistosomiasis mansoni: Intensity of infection differentially affects the production of interleukin-10, interferon-γ and interleukin-13 by soluble egg antigen or adult worm antigen stimulated cultures. Trans R Soc Trop Med Hyg. (2004) 98:514–9. doi: 10.1016/j.trstmh.2003.11.009

 21. Bourke CD, Nausch N, Rujeni N, Appleby LJ, Mitchell KM, Midzi N, et al. Integrated analysis of innate, Th1, Th2, Th17, and regulatory cytokines identifies changes in immune polarisation following treatment of human schistosomiasis. J Infect Dis. (2013) 208:159–69. doi: 10.1093/infdis/jis524

 22. Geiger SM, Alexander NDE, Fujiwara RT, Brooker S, Cundill B, Diemert DJ, et al. Necator americanus and helminth co-infections: Further down-modulation of hookworm-specific type 1 immune responses. PLoS Negl Trop Dis. (2011) 5:e1280. doi: 10.1371/journal.pntd.0001280

 23. Coutinho HM, Leenstra T, Acosta LP, Su L, Jarilla B, Jiz MA, et al. Pro-inflammatory cytokines and C-reactive protein are associated with undernutrition in the context of Schistosoma japonicum infection. Am J Trop Med Hyg. (2006) 75:720–6. doi: 10.4269/ajtmh.2006.75.720

 24. Souza PRS, Souza ALS, Negrão-Correa D, Teixeira AL, Teixeira MM. The role of chemokines in controlling granulomatous inflammation in Schistosoma mansoni infection. Acta Trop. (2008) 108:135–8. doi: 10.1016/j.actatropica.2008.04.016

 25. Almeida MCF, Lima GS, Cardoso LS, de Souza RP, Campos RA, Cruz AA, et al. The effect of antihelminthic treatment on subjects with asthma from an endemic area of schistosomiasis: a randomized, double-blinded, and placebo-controlled trial. J Parasitol Res. (2012) 2012:296856. doi: 10.1155/2012/296856

 26. Geiger SM, Jardim-Botelho A, Williams W, Alexander N, Diemert DJ, Bethony JM. Serum CCL11 (eotaxin-1) and CCL17 (TARC) are serological indicators of multiple helminth infections and are driven by Schistosoma mansoni infection in humans. Trop Med Int Health (2013) 18:750–60. doi: 10.1111/tmi.12095

 27. Ritchie LS. An ether sedimentation technique for routine stool examinations. Bull US Army Med Dep. (1948) 8:326.

 28. Fagundes Teixeira C, Neuhauss E, Ben R, Romanzini J, Graeff-Teixeira C. Detection of Schistosoma mansoni Eggs in feces through their interaction with paramagnetic beads in a magnetic field. PLoS Negl Trop Dis. (2007) 1:e73. doi: 10.1371/journal.pntd.0000073

 29. Favero V, Frasca Candido RR, De Marco Verissimo C, Jones MK, St Pierre TG, Lindholz CG, et al. Optimization of the helmintex method for schistosomiasis diagnosis. Exp Parasitol. (2017) 177:28–34. doi: 10.1016/j.exppara.2017.04.001

 30. Coelho PMZ, Jurberg AD, Oliveira ÁA, Katz N. Use of a saline gradient for the diagnosis of schistosomiasis. Mem Inst Oswaldo Cruz. (2009) 104:720–3. doi: 10.1590/S0074-02762009000500010

 31. Wilson MS, Mentink-kane MM, Pesce JT, Ramalingam TR, Wynn TA. Immunopathology of schistosomiasis. Immunol Cell Biol. (2012) 85:148–54. doi: 10.1038/sj.icb.7100014

 32. Cavalcanti MG, Silva LF, Peralta RHS, Barreto MGM, Peralta JM. Schistosomiasis in areas of low endemicity: a new era in diagnosis. Trends Parasitol. (2013) 29:75–82. doi: 10.1016/j.pt.2012.11.003

 33. Coutinho HM, McGarvey ST, Acosta LP, Manalo DL, Langdon GC, Leenstra T, et al. Nutritional status and serum cytokine profiles in children, adolescents, and young adults with Schistosoma japonicum-associated hepatic fibrosis, in Leyte, Philippines. J Infect Dis. (2005) 192:528–36. doi: 10.1086/430929

 34. Milner T, Reilly L, Nausch N, Midzi N, Mduluza T, Maizels R, et al. Circulating cytokine levels and antibody responses to human Schistosoma haematobium: IL-5 and IL-10 levels depend upon age and infection status. Parasite Immunol. (2010) 32:710–21. doi: 10.1111/j.1365-3024.2010.01235.x

 35. Stothard JR, Sousa-Figuereido JC, Betson M, Adriko M, Arinaitwe M, Rowell C, et al. Schistosoma mansoni infections in young children: when are schistosome antigens in urine, eggs in stool and antibodies to eggs first detectable? PLoS Negl Trop Dis. (2011) 5: e938. doi: 10.1371/journal.pntd.0000938

 36. Stothard JR, Sousa-Figueiredo JC, Betson M, Green HK, Seto EYW, Garba A, et al. Closing the praziquantel treatment gap: new steps in epidemiological monitoring and control of schistosomiasis in African infants and preschool-aged children. Parasitology (2011) 138:1593–606. doi: 10.1017/S0031182011001235

 37. Bustinduy AL, Parraga IM, Thomas CL, Mungai PL, Mutuku F, Muchiri EM, et al. Impact of polyparasitic infections on anemia and undernutrition among Kenyan children living in a Schistosoma haematobium-endemic area. Am J Trop Med Hyg. (2013) 88:433–40. doi: 10.4269/ajtmh.12-0552

 38. Webster M, Roberts M, Fulford AJC, Marguerite M, Gallisot MC, Diagne M, et al. Human IgE responses to rSm22.6 are associated with infection intensity rather than age per se, in a recently established focus of Schistomiasis mansoni. Trop Med Int Heal. (1998) 3:318–26. doi: 10.1046/j.1365-3156.1998.00234.x

 39. King CL, Xianli J, June CH, Abe R, Lee KP. CD28-deficient mice generate an impaired Th2 response to Schistosoma mansoni infection. Eur J Immunol. (1996) 26:2448–55. doi: 10.1002/eji.1830261027

 40. Maizels RM, Balic A, Gomez-Escobar N, Nair M, Taylor MD, Allen JE. Helminth parasites; masters of regulation. Immunol Rev. (2004) 201:89–116. doi: 10.1111/j.0105-2896.2004.00191.x

 41. Lenzi HL, Pacheco RG, Pelajo-machado M, Panasco MS, Romanha WS, Lenzi JA. EVO 1997 - immunological system and S mansoni. co-evolutionary immunobiology. What is the eosinophil role in parasite-host relationship. Mem Inst Oswaldo Cruz (1997) 92:19–32. doi: 10.1590/S0074-02761997000800005

 42. Sturrock RF, Kimani R, Cottrell BJ, Butterworth AE, Seitz HM, Siongok TK, et al. Observations on possible immunity to reinfection among Kenyan schoolchildren after treatment for Schistosoma mansoni. Trans R Soc Trop Med Hyg. (1983) 77:363–71. doi: 10.1016/0035-9203(83)90166-9

 43. Pereira WR, Kloos H, Crawford SB, Velásquez-Melendez JG, Matoso LF, Fujiwara RT, et al. Schistosoma mansoni infection in a rural area of the Jequitinhonha Valley, Minas Gerais, Brazil: analysis of exposure risk. Acta Trop. (2010) 113:34–41. doi: 10.1016/j.actatropica.2009.09.001

 44. Williams ME, Montenegro S, Domingues AL, Wynn TA, Teixeira K, Mahanty S, et al. Leukocytes of patients with Schistosoma mansoni respond with a th2 pattern of cytokine production to mitogen or egg antigens but with a th0 pattern to worm antigens. J Infect Dis. (1994) 170:946–54. doi: 10.1093/infdis/170.4.946

 45. Montenegro SM, Miranda P, Mahanty S, Abath FG, Teixeira KM, Coutinho EM, et al. Cytokine production in acute versus chronic human Schistosomiasis mansoni: the cross-regulatory role of interferon-gamma and interleukin-10 in the responses of peripheral blood mononuclear cells and splenocytes to parasite antigens. J Infect Dis. (1999) 179:1502–14. doi: 10.1086/314748

 46. de Jesus AR, Silva A, Santana LB, Magalhães A, de Jesus AA, Almeida RP, et al. Clinical and immunologic evaluation of 31 patients with acute Schistosomiasis mansoni. J Infect Dis. (2002) 185:98–105. doi: 10.1086/324668

 47. Araújo M, de Jesus A, Bacellar O, Sabin E, Pearce E, Carvalho E. Evidence of a T helper type 2 activation in human schistosomiasis. Eur J Immunol. (1996) 26:1399–403. doi: 10.1002/eji.1830260633

 48. Araújo MI, Hoppe BS, Medeiros M, Carvalho E. M. Schistosoma mansoni infection modulates the immune response against allergic and auto-immune diseases. Mem Inst Oswaldo Cruz. (2004) 99:27–32. doi: 10.1590/S0074-02762004000900005

 49. McKee AS, Pearce EJ. CD25+CD4+ cells contribute to Th2 polarization during helminth infection by suppressing Th1 response development. J Immunol. (2004) 173:1224–31. doi: 10.4049/jimmunol.173.2.1224

 50. De Jesus R, Miranda DG, Miranda RG, Arau MI, De Jesus AA, Silva A, et al. Association of type 2 cytokines with hepatic fibrosis in human Schistosoma mansoni infection. Infect Immun. (2004) 72:3391–7. doi: 10.1128/IAI.72.6.3391-3397.2004

 51. Mutengo MM, Mduluza T, Kelly P, Mwansa JCL, Kwenda G, Musonda P, et al. Low IL-6, IL-10, and TNF-α and High IL-13 cytokine levels are associated with severe hepatic fibrosis in Schistosoma mansoni chronically exposed individuals. J Parasitol Res. (2018) 2018:1–8. doi: 10.1155/2018/9754060

 52. Henri S, Chevillard C, Mergani A, Paris P, Gaudart J, Camilla C, et al. Cytokine regulation of periportal fibrosis in humans infected with Schistosoma mansoni: IFN-γ is associated with protection against fibrosis and TNF-α with aggravation of disease. J Immunol. (2002) 169:929–36. doi: 10.4049/jimmunol.169.2.929

 53. Mbow M, Larkin BM, Meurs L, Wammes LJ, De Jong SE, Labuda LA, et al. T-helper 17 cells are associated with pathology in human schistosomiasis. J Infect Dis. (2013) 207:186–95. doi: 10.1093/infdis/jis654

 54. Gu C, Wu L, Li X. IL-17 family: cytokines, receptors and signaling. Cytokine (2013) 64:477–85. doi: 10.1016/j.cyto.2013.07.022

 55. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annu Rev Immunol. (2009) 27:485–517. doi: 10.1146/annurev.immunol.021908.132710

 56. Zhang Y, Chen L, Gao W, Hou X, Gu Y, Gui L, et al. IL-17 neutralization significantly ameliorates hepatic granulomatous inflammation and liver damage in Schistosoma japonicum infected mice. Eur J Immunol. (2012) 42:1523–35. doi: 10.1002/eji.201141933

 57. Saha B, Prasanna YS, Chandrasekar B, Nandi D. Gene modulation and immunoregulatory roles of Interferonγ. Elsevier (2010) 6:1–14. doi: 10.1016/j.cyto.2009.11.021

 58. Batten M, Kljavin NM, Li J, Walter MJ, de Sauvage FJ, Ghilardi N. Cutting Edge: IL-27 is a potent inducer of IL-10 but not foxP3 in murine T cells. J Immunol. (2008) 180:2752–6. doi: 10.4049/jimmunol.180.5.2752

 59. Kovacs EJ. Fibrogenic cytokines: the role of immune mediators in the development of scar tissue. Immunol Today (1991) 12:17–23. doi: 10.1016/0167-5699(91)90107-5

 60. Shainheit MG, Saraceno R, Bazzone LE, Rutitzky LI, Stadecker MJ. Disruption of interleukin-27 signaling results in impaired gamma interferon production but does not significantly affect immunopathology in murine schistosome infection. Infect Immun. (2007) 75:3169–77. doi: 10.1128/IAI.01053-06

 61. Rodrigues Oliveira JL, Teixeira MM, Lambertucci JR, Antunes CMF, Carneiro M, Negrão-Corrêa D. Plasma levels of innate immune mediators are associated with liver fibrosis in low parasite burden Schistosoma mansoni-infected individuals. Scand J Immunol. (2018) 87:12642. doi: 10.1111/sji.12642

 62. Anuradha R, Munisankar S, Bhootra Y, Dolla C, Kumaran P, Nutman TB, et al. Modulation of CD4+ and CD8+ T cell function and cytokine responses in Strongyloides stercoralis infection by interleukin-27 (IL-27) and IL-37. Infect Immun. (2017) 85: e00500–17. doi: 10.1128/IAI.00500-17

 63. Falcao PL, Correa-Oliveira R, Fraga LA, Talvani A, Proudfoot AE, Wells TN, et al. Plasma concentrations and role of macrophage inflammatory protein-1alpha during chronic Schistosoma mansoni infection in humans. J Infect Dis. (2002) 186:1696–700. doi: 10.1086/345370

 64. Bonnard P, Remoue F, Schacht AM, Deuffic-Burban S, Dompnier JP, Elguero E, et al. Specific isotype immune response in the diagnosis of human schistosomiasis pathology? Am J Trop Med Hyg. (2004) 71:202–5. doi: 10.4269/ajtmh.2004.71.202

 65. Walter K, Fulford AJC, McBeath R, Joseph S, Jones FM, Kariuki HC, et al. Increased human IgE induced by killing Schistosoma mansoni in vivo is associated with pretreatment Th2 cytokine responsiveness to worm antigens. J Immunol. (2006) 177:5490–8. doi: 10.4049/jimmunol.177.8.5490

 66. Da Frota SM, Carneiro TR, Queiroz JAN, Alencar LM, Heukelbach J, Bezerra FSM. Combination of Kato-Katz faecal examinations and ELISA to improve accuracy of diagnosis of intestinal schistosomiasis in a low-endemic setting in Brazil. Acta Trop. (2011) 120 (Suppl.):S138–41. doi: 10.1016/j.actatropica.2010.05.007

Conflict of Interest Statement: 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 © 2018 Castro, Rodrigues, Cardoso, Resende, Magalhães, Souza, Requeijo, Negrão-Corrêa and Geiger. 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-09-02975-g005.gif





OPS/images/fimmu-09-02975-t001.jpg
Infection group

Sex male and
female ()

%

Age median (IQR)*

Median epg** (IQR)
Mono-infections
with S. mansoni (%)
Coinfections with S.
mansoni and other
helminths (%)
Coinfections with S.
mansoni and other
protozoa (%)
Coinfections with S.
mansoni and other
helminths and
protozoa (%)

<4 epg
n=42

19/23

45.2/54.7
41.50
(16.6/54.2)

§
20/42
(47.6%)
7(16.7%)

15 (35.71%)

4-99 epg
n=60

27/33
45/55

34.50
(19/49.7)

45 (@4/11)
30/60 (50%)

1(1.7%)

27 (45%)

2(3.3%)

2100 epg
n=11

6/5

54.5/45.4
17 (12/33)

248 (160/056)
5/11 (45.5%)

2(18.2%)

2(18.2%)

2(18.2%)

Negative #
n=26

16/10

61.5/38.4
40.5 (25/54.7)

*(IQR) interquartiles range; **epg, eggs per gram of feces; #, Group negative, negative
results in all parasitological examinations; without co-infection with protozoa (intestinal), §
The load was not quantified °without co-infection with protozoa and geohelminths.





OPS/images/fimmu-09-02975-g003.gif





OPS/images/fimmu-09-02975-g004.gif





OPS/images/fimmu-09-02975-t002.jpg
>4 epg*

Cytokines and chemokines Correlation coefficient
I p?-value
IL-18 032 0.006*
L6 0.002 -098
TNF-a 036 0002+
127 02 007
cxeL10 ~0.004 097
IL17A 013 026
IL-10 -0.13 026
IL-5 -0.04 0.7
IL-13 008 052
L33 015 025
ceLt ~0.12 033
ceLi7 011 035
ccLs ~0028 083
coLs 007 059

*epg, eggs per gram of feces; *Spearman’s rank test with significance of 'p < 0.05. Bold
values indicate significant correlations between cytokine/chemokine concentrations and
egg counts (**p < 0.01).





OPS/images/fimmu-09-02975-g001.gif





OPS/images/fimmu-09-02975-g002.gif





OPS/images/cover.jpg
’ frontiers
in Immunology

Systemic Cytokine and Chemokine
Profiles in Individuals With
Schistosoma mansoni Infection and
Low Parasite Burden









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





