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Schistosomiasis and Leishmaniasis are chronic parasitic diseases with high prevalence
in some tropical regions and, due to their wide distribution, a risk of co-infections is
present in some areas. Nevertheless, the impact of this interaction on human populations
is still poorly understood. Thus, the current study evaluated the effect of previous
American Tegumentary Leishmaniasis (ATL) on the susceptibility and immune response
to Schistosoma mansoni infection in residents from a rural community in Northern of
Minas Gerais state, Brazil, an area endemic for both parasitic infections. The participants
answered a socioeconomic questionnaire and provided stool and blood samples for
parasitological and immunological evaluations. Stool samples were examined by a
combination of parasitological techniques to identify helminth infections, especially S.
mansoni eggs. Blood samples were used for hemograms and to measure the serum
levels of cytokines and chemokines. Reports on previous ATL were obtained through
interviews, clinical evaluation forms, and medical records. S. mansoni infection was the
most prevalent parasitic infection in the study population (46%), and the majority of the
infected individuals had a very low parasite burden. In the same population, 93 individuals
(86.2%) reported previous ATL, and the prevalence of S. mansoni infection among these
individuals was significantly higher than among individuals with no ATL history. A multiple
logistic regression model revealed that S. mansoni infection was positively associated
with higher levels of CCL3 and CCL17, and a higher frequency of IL-17 responders.
Moreover, this model demonstrated that individuals with an ATL history had a 2-fold
higher probability to be infected with S. mansoni (OR = 2.0; 95% CI 1.04-3.68). Among
S. mansoni-infected individuals, the logistic regression demonstrated that a previous ATL
history was negatively associated with the frequency of IL-17 responders and CXCL10
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higher responders, but positively associated with higher IL-27 responders. Altogether, our
data suggest that previous ATL may alter the susceptibility and the immune response in
S. mansoni-infected individuals, which may likely affect the outcome of schistosomiasis
and the severity of the disease in humans.

Keywords: schistosomiasis, tegumentary leishmaniasis, human population, susceptibility, immune response

INTRODUCTION

Schistosomiasis is one of the most important neglected tropical
diseases (NTDs) in the world and causes significant morbidity
and mortality in human populations (1). Globally, it is estimated
that the disease affects more than 240 million people in 78
countries, located mainly in Africa, Latin America, the Middle
East, and Southeast Asia (2, 3). The severity of schistosomiasis
is related to the parasite species, parasite burden, the host’s
nutritional status, the frequency of reinfections, exposure
time, type and intensity of the hosts immune response, and
comorbidities (4-8).

Experimental infections with S. mansoni in mice (9) and
epidemiological studies with infected individuals (5, 10, 11)
have demonstrated that a predominantly Thl type immune
response is induced during migration and maturation of the
parasite. This initial stage is marked by increased production
of pro-inflammatory cytokines, such as interleukin-1 (IL-1),
IL-2, IL-6, IL-12, tumor necrosis factor-alpha (TNF-a), and
interferon-gamma (IFN-y) (10-15). After oviposition, soluble
parasite egg antigens stimulate the differentiation of a Th2
type immune response, which is mainly characterized by the
production of the cytokines IL-4, IL-5, and IL-13, and outweighs
the initial type 1 response (9, 15-17). The type 2 immune
response is also responsible for inducing a granulomatous cellular
response, rich in eosinophils, macrophages, and fibroblasts
around the parasite eggs retained in the host tissues (known as
granuloma), which can progressively trigger fibrosis, especially
in the intestine and the hepatic portal system (18-20). In
parallel, the infection also stimulates the production of IL-10
and other regulatory responses, which participate in granuloma
modulation during chronic schistosomiasis and promotes a less
severe pathology in the majority of infected individuals (21, 22).
Granuloma formation and its modulation are key processes for
the morbidity of schistosomiasis. Although the granulomatous
response promotes an intense inflammatory reaction and can
generate severe fibrosis in the vertebrate host, its formation
also represents an important host defense mechanism, since the
cellular reaction allows the containment of tissue damage caused
by egg antigens (9, 11, 20). However, several situations that
alter the immune balance, such as co-infections, may change the
outcome and morbidity of schistosomiasis.

Like schistosomiasis, American Tegumentary Leishmaniasis
(ATL) is a parasitic disease widely distributed in tropical and
subtropical countries, mainly in the Americas, Mediterranean,
and Asia, and presents approximately 0.7-1.2 million cases
per year (23). Experimental studies indicated that the control
of intracellular Leishmania sp. is mainly associated with the
development of a Thl immune response, in which a higher

IFN-y and TNF-a production increases the levels of nitric
oxide (NO) and reactive oxygen species (ROS), thus destroying
the amastigote stages (24-29). However, while an early type 1
response was shown to be essential to control the parasite load, an
exacerbated response can cause severe tissue damage (25, 29-32).
In leishmaniasis, the induction of a Th2 response, with increased
IL-4, IL-5 and/or IL-13 production, and regulatory responses,
via the production of IL-10 and/or transforming growth factor
B (TGF-B), modulate the protective immune response and favor
Leishmania persistence. On the other hand, such responses were
shown to be important to prevent or diminish tissue injuries and
facilitate tissue healing (25, 26, 28-31, 33).

Although there are endemic areas in tropical countries where
both Schistosoma and Leishmania are transmitted (34-37), the
possible effects of such co-infections on the host susceptibility
and/or morbidity have been poorly documented. Experimental
models for S. mansoni and L. major co-infection indicate that the
induction of type 2 immunity in response to S. mansoni infection
reduces the proinflammatory Th1 mechanisms necessary for the
effective elimination of L. major, which may cause persistent
parasitism and a change in the pathology of leishmaniasis,
thus delaying the development and resolution of the lesions
(38). Moreover, it has been shown that individuals infected
with L. braziliensis and parasitized by helminths, including S.
mansoni, present a poor response to treatment, with a consequent
delay in cure time (35, 37, 39). Nevertheless, the possible
effects of leishmaniasis on the evolution of schistosomiasis
in human populations remain mostly unknown. Aiming to
address this issue, we evaluated S. mansoni susceptibility and
the host’'s immune response in residents of a rural community
in an endemic area with transmission of ATL and intestinal
schistosomiasis located in the state of Minas Gerais, Brazil.
Our data showed that a history of ATL was associated with
increased susceptibility to schistosomiasis and modulation of
systemic inflammatory parameters in individuals with active S.
mansoni infection.

PATIENTS AND METHODS

Study Population and Ethical

Considerations

The current study is part of a research project that began in
2014 and aimed to characterize schistosomiasis and evaluate
the effectiveness of diagnosis methods in individuals from
endemic areas showing a low parasite burden (40-42). The
study was approved by the Research Ethics Committee
(Institute René Rachou/Fiocruz/MG) and all project details have
been registered on the Brazilian Platform for Research with
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Human Subjects (CAAE#21824513.9.0000.5091). All enrolled
participants were required to sign an informed consent form
and individuals with stool samples positive for parasites received
oral treatment at the local health clinic, using Praziquantel (40—
60 mg/kg) for S. mansoni, albendazole (400 mg, single dose) for
intestinal helminths, and metronidazole (250 mg/2x/5 days) for
intestinal protozoans.

For the current study, we used the cross-sectional population-
based data obtained from residents of a rural community in
the district of Brejo do Amparo (15°25'54”S 44°24’42"W),
Municipality of Januaria, located in the Northern region of
the state of Minas Gerais (Figure 1), an endemic region for
schistosomiasis and ATL (40, 41, 43). At the beginning of the
study, the rural community had approximately 270 inhabitants,
of which 257, aging from two to 88 years old, agreed to
participate in the population-based study. All participants
signed the consent form and were invited to collect urine
and stool samples for parasitological analyses, as previously
detailed by Oliveira et al. (40). Two-hundred and twenty-nine
participants or their legal guardians answered a socioeconomic
and demographic questionnaire that also contained questions
regarding exposure to schistosomiasis and the history of ATL,
which is frequent in the area and very well-known to the
residents. The questionnaires were pre-coded and applied by
previously trained interviewers. Individuals aging from five
to 75 years old were invited to provide a blood sample for
the evaluation of immunological parameters, as detailed in
Figure 2. Parasitological, immunological, and socioeconomic
data obtained from this population-based study (40, 41) were
used in the current research.

Determination of S. mansoni Infection and

Parasite Burden in the Study Population

S. mansoni infection was identified in the study population by a
combination of the parasitological tests specified in Figure 2 and
detailed in Oliveira et al. (40), and the results were integrated into
the database of the present study.

In brief, each participant was asked to collect fecal samples
on three consecutive days. All the samples were taken to the
field laboratory in Janudria, homogenized, and immediately
processed. The first fecal sample was initially processed and
used to perform HPJ (Hoffman, Pons and Janer) technique
(44) and 14 Kato-Katz slides (45, 46). From the same fecal
sample, 500 mg were used to perform saline gradient method
(47) and 30g were processed by the Helmintex® technique
(48). The second and third fecal samples were used to prepare
two Kato-Katz slides per sample. The slides containing fecal
material from the different parasitological tests were examined
under the microscope by trained technicians to evaluate the
presence of helminth eggs and protozoan cysts. S. mansoni
infection was diagnosed by the presence of the parasite eggs
in either one of the several parasitological methods (Kato-Katz,
HP]J, saline gradient, Helmintex®). The HPJ, saline gradient, and
Helmintex® techniques were used as qualitative tests to identify
the presence or absence of S. mansoni eggs. The S. mansoni
burden was estimated as the mean number of eggs obtained from
six slides of Kato-Katz (the first two slides from each fecal sample)
multiplied by 24 and plotted as the number of S. mansoni eggs
per gram of feces (epg) (46). Individuals showing S. mansoni eggs
in the qualitative parasitological tests (Helmintex® and saline
gradient) and with no Schistosoma eggs in the six Kato-Katz slides

-
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FIGURE 1 | Location of the study area. (A) State of Minas Gerais in Brazil. (B) Municipality of Januéria. (C) District of Brejo do Amparo.
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FIGURE 2 | Flowchart describing the endemic population enrolled in the study, the sample collection, and the analyses performed. All the individuals that participated
in the study were residents from the rural community of Brejo do Amparo, Januaria, Minas Gerais, Brazil. #Residents who did not sign the consent form, did not have
the established minimum age allowed for our study, pregnant women and/or individuals with cognitive diseases that would interfere with the obtention of information

necessary for the study.

(<3 epg) were designated as infected and assigned a parasite
burden of 2 epg.

Hematological and Systemic Immune

Response Evaluation

Blood samples were collected in the morning after fasting
and using EDTA-containing tubes for a complete blood count
performed by a commercial local laboratory and EDTA-free tubes
to obtain the serum for immunological analysis, as previously
detailed (41, 49). In the current work, data on hemoglobin levels
and the number of circulating red blood cells, eosinophils, and
platelets were evaluated as the median value and as frequency of
altered values among individuals with different infection status.
The standard values for red blood cells were 5/mm? for males
and 4.5/mm? for females. For hemoglobin concentration, they
were 14.9 g/dl for males and 13.2 g/dl for females. Value of red
blood cells counts and hemoglobin concentration lower than the
standard value were considered altered. Moreover, values below
140.000/mm? for platelets and above 500/mm? for eosinophils
were also considered altered (50, 51).

The serum samples were used for the quantification
of TNF-a (7.8-1,000 pg/ml), IL-5 (11.7-1500 pg/ml), IL-6
(4.7-600 pg/ml), IL-10 (15.6-2,000 pg/ml), IL-13 (46-6,000
pg/ml), IL-17 (7.8-1,000 pg/ml), IL-27 (78.1-10,000 pg/ml),
IL-33 (11.7-1,500 pg/ml), CCL3 (3.9-500 pg/ml), CCL5 (7.8—
1,000 pg/ml), CCLII (7.8-1,000 pg/ml), CCL17 (3.9-500
pg/ml), and CXCL10 (15.6-2,000 pg/ml) by sandwich enzyme-
linked immunosorbent assay (ELISA), using commercially
available detection kits (R&D Systems, USA) and following the
manufacturer’s recommendations. Briefly, each serum sample
was diluted at 1:2 in phosphate-buffered saline (PBS) with 0.1% of
bovine serum albumin (BSA) (Sigma-Aldrich) (w/v) and tested in
duplicate. Serum samples used to quantify CCL5 and CCL3 were

further diluted 1:20 and 1:3, respectively. Known concentrations
of the recombinant proteins were used to generate a standard
curve to determine the concentration (pg/ml) of the samples
based on OD readings. The absorbance was determined using a
450 nm filter in the ELISA reader (VersaMax, Molecular Devices,
Sunnyvale, CA).

Most individuals showed no detectable serum levels of the
cytokines TNF-a, IL-5, IL-6, IL-10, IL-13, IL-17, and IL-33,
and the data was plotted and analyzed as the frequency of
individuals with detectable cytokine (designated as responders)
in each group. Serum levels of the chemokines (CCL3, CCL5,
CCL11, CCL17, and CXCL10), and the cytokines IL-6 and IL-
27 were plotted as continuous values and categorized as high
and low responders based on the median concentration of
each mediator.

Evaluation of ATL History

Previous reports of tegumentary leishmaniasis among the
study subjects were identified in the individual questionnaires
and the clinical files, based on the report of the clinical skin
and mucosal manifestations of tegumentary leishmaniasis.
Additionally, patients with previous symptomatic ATL were
identified in the medical records of the Center for Treatment
and Research in Leishmaniasis of Janudria (CTPL]J), a reference
health facility for the treatment of the disease in the region.
Information regarding leishmaniasis status registered in
the medical records was added to the database. Access to
information from the medical records on previous Leishmania
infections and their use for research purposes were allowed by
the patients through written informed consent and approved by
the Ethics Committee of the Federal University of Minas Gerais
(CAAE: 69370517.3.0000.5149).
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Statistical Analysis

The statistical analyses were performed in the STATA version 11.1
software (Stata Corp., College Station, TX, USA) and the graphs
were constructed using the software GraphPad-Prism 6 (Prism
Software, Irvine, California, USA).

The Shapiro-Wilk test was used to verify the normality of the
data. For non-parametric data the medians were compared by
the Kruskal-Wallis test followed by the Dunn’s test. Categorical
variables were compared by the chi-square statistical test. Values
of p < 0.05 were considered statistically significant.

Initially, the first logistic regression model was performed
to assess the possible associations between S. mansoni infection
(response variable) and the analyzed covariates, including
demographics parameters, report of previous ATL, hematological
and immunological response that were selected based on the
univariate analysis. The second model was performed to better
understand the effect of ATL history on schistosomiasis, and
for this purpose, only the S. mansoni-infected individuals were
included. For this second model the response variable was
previous ATL in S. mansoni infected population (SM+ATL) and
the analysis aimed to investigated possible associations between
the covariates (hematological and immunological parameters)
and the response variable (SM+ATL) in the S. mansoni-infected
population. Variables with a p-value < 0.25 in the univariate
analysis were selected to compose the multiple logistic regression
models. The step-by-step backward method was used, and the
final variables that remained in the models were those that
presented a significance level of p < 0.05 after adjusted to the
others. Age was used to adjust the models. The strength of
association was determined by OR with 95% CI.

RESULTS

Characterization of the Study Population

As previously shown (40, 41), 257 residents from a rural
area of Brejo do Amparo participated in the study, 122
(46.7%) of which were males and 135 (53.3%) females, with
a median age of 32 vyears old (interquartile range: 15-
51). According to the socioeconomic questionnaires answered
by 229 participants, almost 60% of the individuals had no
formal education and 36% lived with less than one Brazilian
minimum wage (Supplementary Table 1). S. mansoni infection
was identified in 118 participants (46%). In addition, 23
individuals (9%) presented hookworm and six (2%) showed
Enterobius vermicularis eggs in the stool samples, most of which
were co-infected by S. mansoni. There was also one case of
Trichuris trichiura (0.4%) and one case of Strongyloides stercoralis
(0.4%) infection. Among intestinal protozoan parasites, only
Giardia lamblia (n = 4; 1.5%) and Entamoeba histolytical dispar
(n=9; 3.5%) were found (Supplementary Table 1).

S. mansoni Parasite Burden

In the study population, S. mansoni-infected individuals
presented a median of 4 epg (interquartile range: 2-20
epg), confirming the low parasite burden of the population.
It was verified that 108 individuals (91.5% of the infected
population) eliminated <100 epg, while only 10 infected

individuals (8.5%) eliminated 100 or more epg, which represents
moderate to heavy intensity infection, according to the World
Health Organization (WHO) (52) (Supplementary Table 2). No
statistically significant differences were observed in the number
of S. mansoni eggs eliminated by infected male and female
individuals or among the different age groups evaluated in this
population (Supplementary Table 2).

Characterization of Tegumentary
Leishmaniasis History in the Study

Population

Using the information obtained from the individual
questionnaires, clinical files, and the medical records of
individuals who attended the CTPLJ, 93 subjects (36.2%) had
reports of previous cases of ATL and were considered for the
proposed analyzes (Table 1).

Only 41 (44%) of the 93 individuals who reported ATL
had medical records at the CTPLJ (2010-2015), and 38
of them had classical clinical manifestations of tegumentary
leishmaniasis in the past 5 years before this study. For these
individuals, leishmaniasis was confirmed by specific tests, mainly
biopsy and/or Montenegro’s intradermal test, and clinical and
therapeutic aspects related to the infection were obtained.

TABLE 1 | Social aspects and clinical characteristics of individuals with a previous
report of American Tegumentary Leishmaniasis (ATL) living in the rural community
of Brejo do Amparo, Minas Gerais, Brazil.

SOCIAL ASPECTS (n = 93)

Gender N (%)
Male 40 (43)
Female 53 (57)
Age

<10 7(7.5)
11-20 16 (17.2)
21-40 27 (29)
41-60 31(33.3)
>60 12 (13)
CLINICAL ASPECTS (n = 41)

N° of lesions (n = 41) N (%)
One 33(80.5)
>0One 08 (19.5)
Clinical form (n = 41)

Cutaneous 40 (97.6)
Mucosal 01 (2.4)
No of affected members (n = 41)

One 38 (92.7)
>0One 3(7.3)
Treatment time (n = 38)?

<30 days 06 (15.8)
>30 days 32 (84.2)
Relapse/Reinfection (n = 41)

No 32 (78)
Yes 9(22)

aThree patients had no data for this item.
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The cutaneous form of ATL (n = 40; 97.6%) with a single
lesion (80.5%) found in one limb (92.7%) was predominant
among these subjects. Moreover, the Glucantime treatment for
leishmaniasis in the individuals evaluated at the CTPL] (44% of
the previous ATL cases), took more than 30 days to show an effect
in about 80% of the cases, and relapses/reinfections were reported
in approximately 22% of the individuals (Table 1).

The Effect of Previous ATL on S. mansoni

Infection

The prevalence of S. mansoni infection was higher among
individuals with an ATL history when compared with individuals
with no reported ATL (43.2 vs. 30.2%, respectively; p = 0.032)
(Table 2). Interestingly, although no difference was observed
between the number of S. mansoni eggs eliminated in the feces
of individuals with or without an ATL history, all patients with

moderate to heavy S. mansoni infection (n = 10) had no report
of previous ATL. Therefore, the frequency of individuals with
intense parasite burden was higher among infected individuals
without previous ATL (p = 0.004) (Table 2).

Hematological Parameters

Blood samples were collected from 207 individuals of the study
population for the measurement of hematological parameters.
No significant differences were observed in the median levels of
hemoglobin and the number of red blood cells, platelets, and
eosinophils among infected or non-infected individuals, with
or without an ATL history (data not shown). Moreover, about
9% of the study population showed low levels of hemoglobin,
3% had red blood cell counts below the normal, and 5%
had altered counts of platelets, albeit with no differences in
the frequencies among the groups (Table 3). However, the

TABLE 2 | Parasite burden and prevalence of S. mansoni infection and report of ATL history in individuals living in the rural community of Brejo do Amparo, Januéria,

Minas Gerais, Brazil.

Prevalence of S. mansoni

Positive (%) Negative (%) P
ATL history Positive (%) 51 (43.2) 42 (30.2) 0.032*
Negative (%) 67 (56.8) 97 (69.8)
Total 118 139
S. mansoni burden?
< 99 epg (low %) > 99 epg (moderate/heavy %) P
S. mansoni 57 (52.8) 10 (100) 0.004*
S. mansoni 4+ ATL history 51 (47.2 00

*Significant statistical difference (p < 0.05) based on the chi-square test.
aAccording to the WHO (52).

TABLE 3 | Frequency of normal and altered values for hemoglobin, red blood cells, platelets, and eosinophils in individuals with different parasitic status living in the rural

community of Brejo do Amparo, Januéria, Minas Gerais, Brazil.

Control SM ATL SM+ATL p? p®
N =67 N =57 N =36 N =47
(32.0%) (28.0%) (17.0%) (23.0%)
Hemoglobin (n = 207)
Normal 59 (88.0) 53 (93.0) 32 (89.0) 44 (94.0) 0.674 0.898
Altered 8(22.0) 4 (7.0) 4 (11.0) 3(6.0)
Red blood cell (n = 207)
Normal 65 (97.0) 56 (98.0) 33 (92.0) 47 (100) 0.142 0.362
Altered 2 (3.0 1(2.0) 3(8.0) 0(0.0)
Platelet (n = 207)
Normal 66 (98.5) 52 (91.0) 34 (94.5) 45 (96.0) 0.305 0.373
Altered 1(1.5) 5(9.0) 2 (5.5) 2 (4.0
Eosinophilia (n = 207)
Absent 41 (61.0) 28 (49.0) 29 (81.0) 31(66.0 0.022* 0.085
Present 26 (39.0) 29 (51.0) 7 (19.0) 16 (34.0

Control, no S. mansoni infection or ATL history; SM, S. mansoni-infected only; ATL, ATL history only; SM+ATL, S. mansoni infection and ATL history; p-value obtained by chi-squared
test; 2Among all the groups; ?Between SM and SM+ATL groups; *Statistically significant (o < 0.05).
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frequency of eosinophilia (>500/mm?) was significantly higher
in individuals infected with S. mansoni only (51%; n = 29; p =
0.022), defined as SM group, when compared with the rest of the
population (Table 3).

Immunological Parameters

Serum samples were collected from 204 individuals of the study
population and allowed the measurement of the majority of the
circulating immune mediators evaluated in this study. Among
these subjects, 54 had S. mansoni infection with no ATL history
(SM group); 37 reported previous ATL, but no S. mansoni eggs
found in feces (ATL group); 44 were infected with S. mansoni
and had an ATL history (SM+ATL group); and the remaining
69 individuals presented with neither active S. mansoni infection
nor reported ATL (control group). The median age (and 25-75%
interquartile range) of the control, SM, ATL and, SM + ATL
groups were, respectively, 31 (17-50.25), 30 (15.5-52.5), 34 (21,
5-46) and 40.5 (19.75-50.75). Regarding gender, the percentage
of women varied between 46.4-59.5% between groups. However,
none of these parameters differed significantly between groups.

All individuals had detectable levels of the cytokines IL-6
and IL-27, and the chemokines CCL3, CCL5, CXCL10, CCL11,
and CCL17. No significant difference was detected in the serum
levels of IL-6, CCL5, and CXCL10 among the analyzed groups
(Table 4). Although the serum concentrations of IL-27 and
CCL11 were also statistically similar among the groups, their
p-values were lower than 0.25; therefore, these mediators were
included in the multiple analysis. The serum concentrations of
CCL3 and CCL17 were significantly lower in individuals from the
ATL group when compared with the SM+ATL and SM groups,
respectively (Table 4).

Additionally, the frequency of individuals classified as high
responders for these mediators (showing serum concentrations
higher than the median of the study population) was evaluated
in each group (Table 5). The frequencies of high responders for
IL-6 and CCL5 were similar among the groups. The frequencies
of CXCL10 and CCL11 high responders were also statistically
similar in the different groups, but their p-values were lower
than 0.25 and, therefore, these mediators were also included

in the multiple analysis. Interestingly, an increased frequency
of CCL17 high responders (>245 pg/ml) in patients from the
SM group (almost 70% of the individuals) was detected when
compared to the rest of the population (p = 0.012). In addition,
a statistically higher frequency of CCL17 high responders was
observed in the SM group when compared with the SM+ATL
group (p = 0.034). On the other hand, around 60% of the
individuals infected with S. mansoni, with or without previous
ATL, were high responders for CCL3 (>5,740 pg/ml). Moreover,
the control group showed a significantly higher frequency of
IL-27 high responders (>388 pg/ml) when compared with the
other groups.

In contrast, most of the evaluated individuals showed no
detectable levels of TNF-a, IL-17, IL-5, IL-13, IL-33, and IL-10
in the serum. Thus, we compared the frequency of individuals
responding to these cytokines in each group (Table5) and
verified that the frequencies of responding individuals for
serum TNF-a, IL-5, IL-13, and IL-33 were similar in the
different groups. Nevertheless, when only the S. mansoni-infected
population was analyzed, the group of individuals with previous
ATL showed lower frequencies of TNF-a, IL-17, CXCL10,
IL-33, and CCL-17 responders compared with the SM group.
Interestingly, the frequency of individuals with detectable IL-17
serum levels was statistically higher in the SM group when
compared with the rest of the population (p = 0.001) and with
the SM+ATL group (p = 0.011). On the other hand, individuals
from the control group showed the highest detection frequency
of IL-10 (p = 0.013) in the serum.

The frequencies of responders and high responders for
each cytokine and chemokine were comparatively illustrated
to show the profile of the immune response in each group
of individuals of the study population. The radar graph
(Figure 3) clearly illustrates that S. mansoni infection increased
the frequency of CCL17, IL-6, CCL3, IL-13, CXCL10 and IL-17
responders. However, S. mansoni-infected individuals with an
ATL history showed a reduction in responders for CCL17, IL-17,
CXCL10 and IL-33, and increased frequency of high IL-27 and
CCL-11 responders when compared with patients infected with
S. mansoni only.

TABLE 4 | Serum levels of IL-6, IL-27, CCL3, CCL5, CXCL10, CCL11, and CCL17 in patients with different parasitic infection profiles living in the rural community of Brejo

do Amparo, Januaria, Minas Gerais, Brazil.

Control (n = 69) SM (n = 54) ATL (n =37) SM+ATL (n = 44)

My (IR 25-75%) My (IR 25-75%) My (IR 25-75%) My (IR 25-75%) p?
IL-6 2.0 (0-6.0) 4.0 (1.0-8.0) 3.0 (0-7.0) 4.0 (1.5-6.5) 0.595
IL-27 492.0 (258.5-759.8) 319.0 (154.0-625.0) 276.0 (161.5-498.0) 418.0 (174.0-655.5) 0.075
CCL3 4,870 (2,330-13,180) 7,105 (3,360-12,490) 3,360 (1,720-10,270)* 6,660 (3,360-22,485)* 0.029*
CCL5 11,783 (6,844-28,854) 11,746 (6,952-22,579) 11,246 (7,672-18,082) 11,465 (6,404-24,130) 0.954
CXCL10 121.0 (68.8-175.5) 127.5 (77.5-194.5) 110.0 (83.5-167.0) 105.5 (69.3-152.5) 0.546
CCL11 92.0 (27.5-260) 59.0 (26.0-192.0) 45.0 (9.0-127.0) 102.0 (33.0-188.0) 0.135
CCL17 207.0 (128.3-477.5) 341.0 (190.5-2,206)* 150.0 (57.5-473.5)* 233.5 (110.5-1,148) 0.038*

Control, no S. mansoni infection or ATL history; SM, S. mansoni-infected only; ATL, ATL history only; SM+ATL, S. mansoni infection and ATL history; My, median; IR, interquartile range;
Unit used: pg/ml. @p-value obtained by Kruskal-Wallis, followed by Dunn’s multiple comparisons post-test between the groups; *Statistically significant (p < 0.05). #Groups of patients

that presented statistically significant differences between them.
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TABLE 5 | Frequency of serum samples with detectable levels of TNF-a, IL-17, IL-5, IL-13, IL-33, and IL-10, or with high levels of IL-6, IL-27, CCL3, CCL5, CXCL10,
CCL11, and CCL17 from individuals with different parasitic infection profiles living in the rural community of Brejo do Amparo, Januaria, Minas Gerais, Brazil.

Control SM ATL SM+ATL p? p®
N =69 N =54 N =37 N =44
(34.0%) (26.5%) (18.0%) (21.5%)
TNF-« (n = 199)
Undetectable 61(92.0) 45 (86.5) 36 (97.3) 41(93.2) 0.308 0.288
Detectable 05 (8.0) 07 (13.5) 01 (2.7) 03 (6.8)
IL-6 (n = 198)
<3pg/ml 39 (59.0) 24 (45.0) 20 (54.0) 20 (47.6) 0.445 0.821
~3pg/ml 27 (41.0 29 (55.0 17 (46.0) 22 (52.4
IL-27 (n = 201)
<388pg/ml 27 (40.0) 31 (58.5) 25 (68.0) 19 (43.0) 0.024* 0.133
~388pg/ml 40 (60.0) 22 (41.5) 12(32.0) 25 (57.0)
IL-17 (n = 201)
Undetectable 65 (97.0) 44 (81.5) 36 (100) 43 (98.0) 0.001* 0.011*
Detectable 02 (3.0) 10(18.5 0(0.0) 01 2.0)
IL-5 (n = 179)
Undetectable 56 (93.0) 43 (88.0) 27 (82.0) 32 (86.5) 0.401 0.862
Detectable 04 (7.0) 06 (12.0 06 (18 05 (13.5
IL-13 (n = 175)
Undetectable 34 (54.0) 23 (49.0) 19 (63.0) 19 (54.0) 0.674 0.632
Detectable 29 (46.0) 24 (51.0 11 (37.0) 16 (46.0)
IL-33 (n = 182)
Undetectable 36 (56.0) 27 (60.0) 21 (60.0) 28 (74.0) 0.361 0.189
Detectable 28 (44.0) 18 (40.0) 14 (40.0) 10 (26.0)
IL-10 (n = 201)
Undetectable 49 (73.0) 48 (91.0) 32 (86.5) 41 (93.0) 0.013* 0.641
Detectable 18 (27.0) 05 (9.0) 05 (13.5 03 (7.0)
CCL3 (n = 199)
<5,740pg/ml 39 (57.0) 22 (41.0) 22 (63.0) 17 (40.5) 0.067 0.979
~5,740pg/ml 29 (43.0) 32 (59.0 13(37.0 25 (59.5)
CCL5 (n = 199)
<11,696pg/ml 34 (49.0) 26 (48.0) 7 (50.0) 22 (52.0) 0.981 0.681
~11,696pg/ml 35 (51.0) 28 (52.0 17 (50.0 20 (48.0
CXCL10 (n = 202)
<115pg/ml 32 (48.0) 24 (44.5) 19 (51.0) 27 (61.0) 0.379 0.095
~115pg/ml 35 (52.0) 30 (55.5 18 (49.0 17 (39.0)
CCL11 (n = 179)
<73.5pg/ml 24 (41.0) 29 (62.0) 19 (54.0) 17 (44.0) 0.158 0.094
~73.5pg/ml 34 (59.0) 18 (38.0) 16 (46.0 22 (56.0
CCL17 (n = 191)
<245pg/ml 35 (57.0) 16 (31.0 22 (61.0) 22 (52.0) 0.012* 0.034*
~245pg/ml 26 (43.0) 36 (69.0) 14 (39.0) 20 (48.0)

Control, no S. mansoni infection or ATL history; SM, S. mansoni-infected only; ATL, ATL history only; SM+ATL, S. mansoni infection and ATL history; p-value obtained by chi-square
test; #Among all the groups; ?Between SM and SM+ATL groups; *Statistically significant (p < 0.05).

Multiple Regression Models

Table 6 presents the first multiple logistic regression model
that describes the effect of ATL history and hematological
and immunological parameters on active schistosomiasis in the
study population. The analysis showed that previous ATL and
high serum level of CCL3 (>5,740 pg/ml) and CCL17 (>245
pg/ml) were positively associated with S. mansoni infection.

Furthermore, individuals with detectable serum levels of IL-17
had a six-fold higher chance to have active S. mansoni infection.
To better understand the effect of previous ATL on the
immune response against S. mansoni, a second multiple logistic
regression model was built using only patients infected with S.
mansoni (SM and SM+ATL groups). The analysis demonstrated
that CXCL10 and IL-17 serum response were negatively
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FIGURE 3 | Radar graph showing the frequency of serum samples with detectable levels of TNF-a, IL-17, IL-5, IL-13, IL-33, and IL-10, or with high levels of IL-6,
IL-27, CCLS3, CCL5, CXCL10, CCL11, CCL17 from individuals with different parasitic infection profiles living in the rural community of Brejo do Amparo, Januaria,
Minas Gerais, Brazil. (A) Control: no S. mansoni infection or ATL history; (B) SM, S. mansoni-infected only; (C) ATL, ATL history only; (D) SM+ATL, S. mansoni
infection and ATL history.

TABLE 6 | Multiple regression model showing the association between S.
mansoni infection with serum levels of immune mediators and previous report of
ATL in individuals living in the rural community of Brejo do Amparo, Januéria,
Minas Gerais, Brazil.

S. mansoni infection?

Variables Odds ratio Z-score p-value Cl 95%

ATL history 1.96 2.10 0.036* 1.04-3.68
IL-17 detectable 6.22 2.23 0.026* 1.24-31.1
CCL3 (>5,740pg/mL) 1.94 2.15 0.031* 1.06-3.57
CCL17 (>245pg/mL) 2.26 2.49 0.013* 1.19-4.30

aAdjusted by age. *Statistically significant (p < 0.05).

associated with detected Schistosoma-infected individuals that
reported previous ATL (Table7). Specifically, S. mansoni-
infected individuals with detectable serum IL-17 or with high
CXCL10 levels (>115 pg/mL) have their chances of presenting

a history of ATL reduced by 92% and 67%, respectively. In
contrast, this multiple regression model also showed that S.
mansoni-infected individuals with high serum concentrations
(>388pg/ml) of IL-27 are, on average, three times more likely
to have reported previous ATL. Although the multiple logistic
regression model showed no significant association for IL-33
and CCL17 response and previous ATL, these variables were
maintained in the final model for a better fit and the model was
adjusted by age (Table 7).

DISCUSSION

Leishmaniasis and schistosomiasis are chronic infectious
diseases that have a great impact on human health status
in tropical developing countries. Epidemiological studies
indicate overlapping risk areas and elevated endemicities for
both parasites (35, 39, 41, 43, 53). However, few studies have
investigated the effect of co-infection on the immunological
response and morbidity of human hosts. Experimental studies
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TABLE 7 | Multiple regression model showing an association between previous
report of ATL with serum levels of immune mediators among S. mansoni-infected
individuals living in the rural community of Brejo do Amparo, Januaria, Minas
Gerais, Brazil.

S. mansoni infection + ATL history?

Variable Odds ratio Z-score p-value Cl 95%

IL-27 (>388pg/ml) 3.10 2.06 0.040* 1.05-9.11
CXCL10 (>115pg/ml) 0.33 —2.04 0.042* 0.11-0.95
IL-17 detectable 0.08 —2.00 0.045* 0.01-0.94
IL-33 detectable 0.37 —1.66 0.098 0.11-1.19
CCL17 (>245pg/ml) 0.37 —1.74 0.082 0.12-1.13

aAdjusted by age. *Statistically significant (p < 0.05).

in mice infected with L. major and S. mansoni suggested that
a Th2 predominant response induced by S. mansoni rendered
macrophages incapable of controlling intracellular amastigotes
(38). Moreover, Leishmania-induced lesions had a shorter
incubation period and took longer to heal as a result of the
co-infection (38, 54). In human populations, individuals infected
with L. braziliensis and parasitized with different helminths
(including S. mansoni) presented a compromised response to
the treatment of cutaneous lesions (35, 39), which is in line with
what was observed in mice (55). Nevertheless, to the best of
our knowledge, no study has evaluated the impact of previous
exposure to dermotropic Leishmania species on the outcome of
the S. mansoni infection in humans. In the current study, we
verified that individuals with an ATL history showed modulation
of the systemic inflammatory response induced by the S. mansoni
infection, with possible impacts on the host’s susceptibility.

The study evaluated residents from a poor rural community
in the Northern region of the state of Minas Gerais, where
people live in constant contact with the etiological agents of
intestinal schistosomiasis and ATL (40, 43). Previous research
in this population using several parasitological techniques
for the diagnosis of S. mansoni indicated a high prevalence
of schistosomiasis, but the large majority of the infected
individuals had a low parasite burden (<100 epg) and no
severe pathology associated with the infection (40). Similar
clinical profiles have been reported in many endemic areas of
schistosomiasis worldwide, due to successive chemotherapeutic
interventions (40, 56-58). In the same municipality and study
area, the presence of tegumentary leishmaniasis has been well-
documented (43), and our study confirmed and expanded
on this information. The cutaneous form of leishmaniasis
was predominant, and most individuals that reported ATL
had a single lesion site. The predominance of cutaneous and
localized ATL has also been reported in other studies carried
out in Brazil (59-61). However, it is important to mention
that most individuals with previous ATL that were treated at
the CTPLJ (44% of the individuals who reported ATL in the
study population) required more than 30 days of treatment for
reepithelialization of Leishmania-induced cutaneous lesions and
over 20% of these individuals had relapses/reinfections. Although

it was not the focus of the current study, it is possible that the
frequent exposure of individuals with tegumentary leishmaniasis
to co-infection with S. mansoni has contributed to the longer
period of anti-leishmaniasis treatment necessary for regression
of the lesions, as previously observed by O’Neal et al. (35) and
Unger et al. (39).

In the study population, S. mansoni-infected individuals
showed a higher rate of eosinophilia, higher serum
concentrations of CCL3 and CCL17, and a higher frequency
of IL-17 responders in comparison with all the other groups of
non-Schistosoma-infected individuals. The association of CCL17
and eosinophilia with S. mansoni infection was not unexpected,
since these mediators are markers of a type-2 immune response,
which is frequently reported in helminth-infected individuals
(15, 16). Activated eosinophils are an important source of IL-4,
IL-5, and IL-13 (62, 63), and this environment induces the
production of CCL17 (64), which is described as a signature
chemokine of helminth infection, especially S. mansoni, in
humans (49, 65). Moreover, Jakubzick et al. (66) demonstrated
that CCL17 production participates in CCR4 " -cell recruitment
to S. mansoni-induced lung granulomas, stimulating Th2
inflammatory markers, and increasing the hydroxyproline
content in the tissue. Other studies have shown that CCL3 also
participates in the polarization of Type-2 cytokine production
and leukocyte recruitment to the liver of Schistosoma-infected
mice (67). Moreover, CCL3 has been associated with fibrosis
and hepatosplenic forms of human schistosomiasis (67-69).
Even in patients infected with low parasite burden and without
severe clinical symptoms, the serum concentration of CCL3 was
positively associated with the intensity of the liver fibrosis (70).
The correlation of CCL3 with hepatic fibrosis may be related to
the fact that this chemokine stimulates the production of IL-13,
which is considered a pro-fibrotic cytokine (71). The association
of Schistosoma infection and production of IL-17 was initially
established in experimental models, in which the cytokine
production was an indicator of severe immunopathology and
liver fibrosis (72, 73). In addition, the frequency of Th17 cells
was positively associated with bladder pathology severity in the
human populations infected with S. haematobium (74).

Our first multiple regression model confirmed the results from
the univariable immunological analysis and showed a positive
association of CCL17 and CCL3 higher responders and a high
frequency of IL-17 responders with S. mansoni active infection
in the study population. Interestingly, our data also showed that
previous ATL was more frequent among individuals who were
diagnosed with active schistosomiasis, and this association was
confirmed in the multiple model, thus showing that individuals
with an ATL history had a two-fold higher possibility of
presenting active schistosomiasis. The data indicate that previous
ATL may alter the host’s susceptibility to S. mansoni infection in
humans. However, among Schistosoma-infected individuals that
reported previous ATL, the S. mansoni burden was always low

(<100 epg).
Little is known about the duration of the host’s immune
response following specific treatment to tegumentary

leishmaniasis and how it could interfere with the immune
response to other infectious agents, such as S. mansoni. However,
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it was reported that patients infected with L. braziliensis
presented positive PCR results years after the treatment, thus
demonstrating that the parasite may remain in the skin, the
bloodstream, or the lymphatic system for a long period after
reepithelization of the lesion (75-77). Additionally, studies
have shown that about 10% of patients in ATL-endemic areas
had subclinical infections, for example, without cutaneous or
mucosal lesions, despite being positive in the Montenegro’s
intradermal test (78). Therefore, we comparatively investigated
the profile of the systemic immune response in individuals
infected with S. mansoni, with or without a symptomatic ATL
history. The data from the univariable analysis showed that S.
mansoni-infected individuals who reported previous ATL had
a lower rate of eosinophilia and a significant decrease in the
frequency of CCL17 and IL-17 high-responders when compared
with individuals infected with S. mansoni only, thus indicating
a modulated immune response in these individuals. The second
multiple regression model confirmed that previous ATL led to a
modulatory immune profile in S. mansoni-infected individuals
and showed a negative association with serum response of
inflammatory mediators, including markers for Thl, Th2, and
Th17 responses.

As observed herein, the modulation of both inflammatory
and type-2 immune responses in the serum could be associated
with the increased susceptibility to S. mansoni infection in
individuals with an ATL history. The tendency for fewer IL-33
detection and CCL17 high responders in serum among the
individuals from the SM+ATL group might be an indicative
of a reduced type 2 immune response. A recent work (79)
showed a negative association between plasma levels of IL-33, a
type 2 immunity-related alarmin, and schistosomiasis and egg
burden in school children from rural communities of Cameroon.
Moreover, studies on population genetics with individuals living
in endemic areas for schistosomiasis mansoni demonstrated
that some polymorphisms in the SM1 genetic region, where
several genes that code for type 2-immune cytokines, such as
IL-3, IL-4, IL-5, IL-9, and IL-13, are located, are associated
with susceptibility/resistance to schistosomiasis (80). Indeed,
individuals with polymorphisms in IL-4 (—590T high IgE),
IL-13 (—1055T high producer) and IFN-gamma (+874A high
producer) demonstrated several correlations with resistance
to reinfection (81, 82). Although the mechanisms behind this
association are not yet fully understood, there is evidence that
the SM1 genetic region (5q31-q33) is linked to a locus that
regulates IgE levels (83), an antibody classically involved in
protection against Schistosoma infection (84-87). Moreover,
the multiple analysis demonstrated that an ATL history also
promoted a significant modulation of serum CXCL10 and IL-17
responses in Schistosoma-infected individuals. The secretion
of CXCL10 is directly associated with IFN-y production, a
hallmark of Th1 activation (88, 89). Experimental data obtained
from mice immunized with radiation-attenuated schistosome
larvae (90) and from mice infected with male S. mansoni
parasites, but not female or mixed infection (91), indicated
that the control of the parasite burden in the skin is associated
with increased production of inflammatory chemokines
and cytokines, especially CXCL10, CCL3, and IL-12. These

mediators lead to neutrophil, eosinophil, and macrophage
recruitment. Therefore, the modulation of CXCL10 serum
response in S. mansoni-infected individuals with reports of
ATL could also contribute to the increased susceptibility to this
trematode infection.

The association between previous ATL and the modulation
of the hosts Th1/Th2 immune responses could also affect
the S. mansoni egg production and/or elimination. As verified
in our univariate analyses, none of the infected individuals
with previous report of ATL eliminated more than 100 epg.
Some studies in experimental models demonstrate that pro-
inflammatory cytokines, such as TNF-a, stimulate the survival
and fertility of S. mansoni adult worms (92, 93). Additionally,
a type 2 immune response, with possible participation of tissue
eosinophils, is also necessary to assist parasite egg elimination
through the intestinal endothelium (94, 95). The modulation of
inflammatory mediators detected in individuals with previous
ATL and active schistosomiasis could affect these responses.
However, only 10 individuals from the study population had
a high S. mansoni burden, which did not allow a more
detailed analysis.

In addition, it is important to notice that intense
Th2/Th1/Th17 responses were also associated with the severity
of the liver pathology in schistosomiasis (19, 72, 74, 96).
Therefore, the modulation of Th1/Th17 inflammatory mediators
in individuals with previous ATL history and active S. mansoni
infection, as demonstrated by multiple regression analysis,
could also interfere in the S. mansoni-induced pathology.
Unfortunately, we were not able to better explore the
possible effects of previous ATL on the morbidity caused
by schistosomiasis in the study population because most of
the infected individuals had a very low parasite burden, with
no reported cases of severe schistosomiasis, known as the
hepatosplenic form of the disease. Moreover, hemoglobin
concentration and platelet count, which are classical parameters
associated with schistosomiasis mansoni’s morbidity (50, 97),
did not differ significantly between groups. Further studies will
be necessary to demonstrate whether the modulation of the
inflammatory response by previous ATL can alter the morbidity
of schistosomiasis.

The multiple analysis also showed that an ATL history was
positively associated with high IL-27 response in Schistosoma-
infected individuals. IL-27 is a cytokine produced by activated
antigen-presenting cells (APCs), such as macrophages and
dendritic cells (DCs) (98), and has an immunomodulatory
role. Published data (99, 100) have suggested the modulatory
effect of IL-27 on Thl response and tissue lesion in subclinical
infections with L. braziliensis. Also, mice deficient in the
production of IL-27 (WSX-17/7) and infected with S. mansoni
produced lower levels of IFN-y and less severe fibrosis,
although these immune alterations did not significantly affect
the severity of the disease (101). Therefore, the increased
IL-27 response could downmodulate the CXCL10 and IL-17
responses observed in S. mansoni-infected individuals with
a previous history of ATL. Another cytokine that has been
associated with the modulation of the Schistosoma-induced
immune response is IL-10. In the current study, few individuals
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had detectable levels of IL-10 in the serum and most of them
were uninfected. The high limit of detection of IL-10 by the
ELISA applied in the current study would be a limitation for
the analysis. However, the significantly higher frequency of IL-10
responders in non-infected individuals could be a consequence
of the constant exposure of the study population to chronic
infectious diseases, such as schistosomiasis and leishmaniasis.
IL-10 response among individuals with previous exposure to
S. mansoni infection has been detected in other endemic areas
(102, 103). Despite the lack of association between the IL-10
response and the modulatory profile of the immune response
observed in S. mansoni-infected individuals with previous ATL,
we could not rule out the possible participation of IL-10-
mediated mechanisms in this process, since only serum samples
were evaluated. It is possible that IL-10-producing cells may
be recruited to egg-retention sites, such as the liver and
the intestines.

Finally, although we were able to show some of the
impacts that ATL may have on schistosomiasis, it is important
to mention that the current data were derived from a
cross-sectional study and, therefore, present some inherent
limitations, such as the impediment of causal inferences.
Besides, an important methodology limitation is the inability
to determine when individuals were infected. Additionally,
some previous cases of ATL could not be confirmed in
the medical records, and subclinical individuals were not
identified in this study. Regarding other parasitic infections,
their prevalence was low in the study population and cases
were evenly distributed among the groups. Another caveat
worth mentioning is the absence of a more detailed evaluation
of the symptoms of schistosomiasis in the study population,
which limited the inferences regarding the S. mansoni-
induced pathology. Therefore, complementary studies are
necessary to further understand the modulatory effect of ATL
on schistosomiasis.

In conclusion, we demonstrated that previous ATL is
associated with reduced serum levels of inflammatory mediators
induced by S. mansoni infection, and that such reduction was
detected even in individuals infected with low parasite burden.
This immune modulation may predispose these individuals to a
higher susceptibility for the schistosome infection. On the other
hand, the association of these diseases might also control intense
inflammatory responses, which are normally associated with the
more severe clinical cases of schistosomiasis.
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