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Background and aims: Mice orally infected withT. gondii develop Crohn's disease
(CD)-like enteritis associated with severe mucosal damageand a systemic in�ammatory
response, resulting in high morbidity and mortality. Previously, helminthic infections have
shown therapeutic potential in experimental colitis. However, the role ofS. mansoni in
T. gondii-induced CD-like enteritis has not been elucidated. Our study investigated the
mechanisms underlyingT. gondii-induced ileitis and the potential therapeutic effect ofS.
mansoni coinfection.

Methods: C57BL/6 mice were infected by subcutaneous injection of cercariae of the
BH strain ofS. mansoni, and 7–9 weeks later, they were orally infected with cysts ofthe
ME49 strain ofT. gondii. After euthanasia, the ileum was removed for histopathological
analysis; staining for goblet cells; immunohistochemistry characterizing mononuclear
cells, lysozyme expression, apoptotic cells, and intracellular pathway activation; and
measuring gene expression levels by real-time PCR. Cytokine concentrations were
measured in the serial serum samples and culture supernatants of the ileal explants,
in addition to myeloperoxidase (MPO) activity.

Results: T. gondii-monoinfected mice presented dense in�ammatory cell in�ltrates
and ulcerations in the terminal ileum, with abundant cell extrusion, apoptotic
bodies, and necrosis; these effects were absent inS. mansoni-infected or coinfected
animals. Coinfection preserved goblet cells and Paneth cells, remarkably depleted
in T. gondii-infected mice. Densities of CD4- and CD11b-positive cells were
increased inT. gondii- compared to S. mansoni-infected mice and controls. MPO was
signi�cantly increased among T. gondii-mice, while attenuated in coinfected animals.
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In T. gondii-infected mice, the culture supernatants of the explants showed increased
concentrations of TNF-alpha, IFN-gamma, and IL-17, and theileal tissue revealed
increased expression of the mRNA transcripts forIL-1 beta, NOS2, HMOX1, MMP3,
and MMP9 and activation of NF-kappa B and p38 MAPK signaling, all of which were
counterregulated byS. mansonicoinfection.

Conclusion: S. mansoni coinfection attenuatesT. gondii-induced ileitis by preserving
mucosal integrity and downregulating the local in�ammatory response based on the
activation of NF-kappa B and MAPK. The protective function of priorS. mansoniinfection
suggests the involvement of innate immune mechanisms and supports a conceptually
new approach to the treatment of chronic in�ammatory diseases, including CD.

Keywords: S. mansoni coinfection, T. gondii -induced ileitis, mucosal immunity, Paneth cells, intestinal epithelial
barrier, Crohn's disease

INTRODUCTION

In�ammatory bowel disease (IBD) constitutes a complex and
heterogeneous disorder of the gastrointestinal tract, comprising
both Crohn's disease (CD) and ulcerative colitis (UC). Despite
the recent progress achieved in understanding IBD pathogenesis,
encompassing genetic predisposition, and the interactions
between the immune system and environmental and microbial
elements, the cause of disease is still unclear, and therapy
remains mostly empirical with limited e�ectiveness (1). Although
the available data from developing countries are still limited,
there is currently a general consensus that the incidence and
prevalence of IBD are progressively increasing, and IBD is
emerging as a worldwide disease (2). In fact, the results from
a recent systematic review indicate an accelerating incidence
in countries that are becoming more industrialized and more
westernized, corroborating the notion of a global distribution of
IBD (3).

Nevertheless, it is interesting to notice that the
epidemiological evidence also unveils a link between the
reduction in the burden of infectious diseases and the emergence
of allergic and immune-mediated chronic in�ammatory
disorders (4). In this context, while the incidence of CD has
been associated with improvements in socioeconomic status,
fewer infections and high domestic hygiene in childhood
(5), it has been inversely correlated with the distribution of
helminthic infections (6, 7). These �ndings are compatible
with the hygiene hypothesis, in which environmental elements,
including the microbiota, are essential to the education ofthe
immune system beginning very early in life (8). In the last
few years, an evolutionary mismatch, particularly the loss of
helminths from the human biome, has been proposed to be the
underlying cause of the widespread increase in immune-related
disorders (9). One mechanistic explanation of the potential
protection conferred by helminth worm parasites from allergic
and in�ammatory conditions is that helminths can modulate
the immune response, preventing the host from eliminating
the parasites while concomitantly decreasing the reactivity
against other pathogens (10). The shift in the immune reactivity
caused by helminth infections is characterized by the silencing

of the proin�ammatory Th1 and Th17 T-cell subsets (11),
and a synchronous promotion of regulatory T cells (Tregs)
(12), including a prominent role for the regulatory cytokine
interleukin (IL)-10 (13).

Attempts to treat CD and other autoimmune diseases
using helminths to downregulate the in�ammatory response,
especially responses based on Th1 and Th17 immunity, have
been reported occasionally (14). In human CD, pilot studies
reported the bene�cial e�ects of administeringTrichuris suis
ova to patients, indicating a possible downregulation of aberrant
intestinal in�ammation and reinforcing the notion that natural
exposure to helminths may a�ord protection from immune-
mediated diseases (15). Moreover, in another pilot study
using helminths to treat CD, the investigators also found
signi�cant clinical improvement in patients infected withNecator
americanuslarvae (16). In experimental CD, using a model
of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis,
which prompts a predominant Th1-type immune response (17),
investigators showed that helminthic infection withS. mansoni
attenuates intestinal in�ammation (18).

In the last three decades, animal models of intestinal
in�ammation have contributed important information on
intestinal homeostasis and mucosal immunity, critical elements
for the understanding of IBD pathogenesis. However, all models
of IBD have limitations, and most of the models a�ect only
the colon (17, 19). Previous studies have demonstrated that oral
infection withT. gondiiinduces severe in�ammation in the small
intestine, andT. gondiiinfection has been proposed as a model
for CD ileitis (20). The in�ammatory response resulting from
T. gondii infection involves the systemic and local induction
of the Th1 response and of IL-23/IL-22 cytokines, which are
implicated in the disruption of intestinal homeostasis, with
an overexpression of matrix metalloproteinases (MMPs) and
increasing host morbidity and mortality regardless of parasite
control (21, 22). Considering that oralT. gondii infection
fosters compartmental and systemic in�ammatory responses
resulting in intestinal tissue damage in mice resembling human
CD ileitis, we hypothesized that prior infection withS.
mansoniwould render mice less susceptible to the development
of enteritis.
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MATERIALS AND METHODS

Ethics Statement for Animal Studies
The institutional animal care committee of the Health Sciences
Centre of the Federal University of Rio de Janeiro approved the
care and use of the animals and procedures reported in this study
(approval ID: 01200.001568/2013-87), in accordance with the
guidelines of the International Care and Use Committee of the
National Institutes of Health and the Guide for the Care and Use
of Laboratory Animals (23).

Animals
We utilized 6- to 8-week-old C57BL/6 mice, which were kept
at constant temperature (25� C) in a room with a 12-h light-
dark cycle. Standard laboratory pellet formula and tap waterwere
providedad libitum.

Parasites and Infections
The T. gondii strain ME49 was kindly provided by Dr. R.
Gazzinelli (UFMG, Minas Gerais, Brazil) and Dr. J. Lannes-
Vieira (Fiocruz, Rio de Janeiro, Brazil). For oral infection, mice
were infected by gavage using 100 ME49 cysts/animal. The cysts
were obtained from C57BL/6 brain homogenates, as previously
described (24). TheS. mansonistrain BH was kindly provided by
the Malacology Laboratory, Fiocruz (Rio de Janeiro, RJ, Brazil).
To induce infection, 50 cercariae were inoculated in the backof
each animal by subcutaneous injection.

Experimental Design
After an acclimation period of 1 week, the mice maintained under
speci�c pathogen-free conditions were randomly assigned to one
of four groups, each containing 15 animals. Next, the animalsof
both theS. mansonimonoinfection and the coinfection groups
were inoculated withS. mansonicercariae. After 7 weeks, enteritis
was induced through the introduction ofT. gondii cysts by
gavage in the animals of both theT. gondii monoinfection
and the coinfection groups. A group of uninfected animals
constituted the control group. Blood samples were collected from
the tail vein at days 0, 4, and 7 afterT. gondii infection. After
harvesting, the blood samples were frozen and stored at� 80� C
for further analysis. For the surgical procedure, the animals
were anesthetized subcutaneously with ketamine (35 mg/kg)and
xylazine (5 mg/kg) and underwent a laparotomy performed with
sterile technique. The ileal samples were opened longitudinally
and rinsed in saline several times before being processed for
the histological assessment and other studies. Histopathological
analysis was also conducted on livers, due to the expected
changes associated with the experimental model. The animals
were euthanized by asphyxiation using increasing concentrations
of CO2, and death was con�rmed by cervical dislocation in
experimental week 8 (seven days afterT. gondiiinfection).

Histological Assessment
The specimens were �xed in 40 g/L formaldehyde saline,
embedded in para�n, cut into 5-mm sections, stained with
hematoxylin and eosin, and examined microscopically. The
histological scores of the ileum were determined by two
independent observers, as previously described (25). To further

analyze the histopathological changes, we used the periodic
acid-Schi� (PAS) technique to stain goblet cells within the
intestinal epithelium. The density of the goblet cells was
de�ned as the percentage of PAS-positive cells within at
least 500 epithelial cells in the crypts and the surface
epithelium of longitudinally sectioned intestinal pits. To
assess eosinophils within the intestinal mucosa, sections were
stained with Sirius red and counterstained with hematoxylin.
Liver sections were stained with hematoxylin and eosin, and
examined microscopically.

Immunohistochemistry
Brie�y, para�n sections were cut onto slides pretreated with
polylysine to characterize Paneth cells and intracellular signaling
pathways using the indirect immunoperoxidase technique.
Brie�y, depara�nized sections were �rst incubated at 90� C
in 0.01 M sodium citrate bu�er (pH 6.0) for 30 min for
antigen retrieval. Then, the slides were immersed in 3%
hydrogen peroxide in methanol for 10 min to block endogenous
peroxidase activity. After being rinsed in phosphate-bu�ered
saline (PBS) containing 0.5 % Tween 20 for 10 min, the tissue
sections were incubated with non-immune horse serum for
30 min and subsequently, with the appropriate monoclonal
antibody. Immunohistochemical staining was performed using
the following primary antibodies: rabbit monoclonal anti-CD4
antibody (1:50; Santa Cruz Biotechnology Inc., Santa Cruz,
CA); rabbit monoclonal anti-CD11b antibody (1:100; ab133357,
Abcam, Cambridge, United Kingdom); rabbit polyclonal anti-
lysozyme antibody (1:500; OriGene Technologies, Inc. Rockville,
MD, USA); rabbit polyclonal anti-p38 [Thr180/Tyr182] (1:200)
and anti-NFkB1/NFkB p105 (1:200) antibodies (both from
Novus Biologicals, Littleton, CO, USA). Two sections from
each sample were incubated with either PBS alone or with an
isotype monoclonal IgG (concentration matched) and served
as the negative controls. After incubation in a humidi�ed
chamber overnight at 4� C, the tissue sections were rinsed
with PBS and incubated with a Dual Link System-HRP (Dako,
Glostrup, Denmark) for 30 min at room temperature. Additional
rinsing was followed by development with a solution containing
hydrogen peroxide and diaminobenzidine (Dako, Glostrup,
Denmark). The preparations were lightly counterstained in
Harris's hematoxylin, dehydrated, and mounted in Permount
(Fisher Scienti�c, Pittsburgh, PA, USA).

Assessment of Apoptosis in the Ileum
Apoptosis was assessed in tissue sections of the ileum by a
terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labeling (TUNEL) assay. Samples from all experimental
groups were analyzed using an ApopTag Peroxidasein situ
Apoptosis Detection Kit (Millipore Corporation, Billerica,
MA, USA). First, the para�n sections were depara�nized,
hydrated, and incubated with a proteinase K solution. After
blocking endogenous peroxidase activity, the slides were
covered with the equilibration bu�er and then incubated with
a solution containing TdT enzyme. For the negative controls,
we incubated a second section from each sample without
TdT enzyme. For the positive controls, we pretreated samples
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with DNAse I (Sigma-Aldrich, Deisenhofen, Germany). After
the reaction was terminated, the specimens were incubated
with non-immune horse serum and then incubated with an
anti-digoxigenin antibody peroxidase conjugate. As described
above, the sections were developed with diaminobenzidine,
counterstained in Harris's hematoxylin, dehydrated, and
mounted in mounting medium. Morphologically preserved
TUNEL-positive cells and apoptotic bodies were de�ned as
apoptotic cells.

Quantitative Assessment of Ileal Sections
The tissue sections were observed under a light microscope,
and the quantitative analysis was carried out using a computer-
assisted image analyzer (Leica QWin Plus V 3.5.1, Leica
Microsystems Ltd, Switzerland). In the immunoperoxidase
studies, the results of the quantitative analysis of the cell subsets
were expressed as cell numbers per crypt (Paneth cells) or
per mm2 lamina propria (eosinophils, CD4-, CD11b-, NF-
kappa B-, and phospho-p38-positive cells). The density of
apoptotic cells was de�ned by the number of immunoreactive
cells in relation to total cells (immunoreactive and non-
immunoreactive cells) in at least 500 epithelial cells in the
crypts and the surface epithelium of longitudinally sectioned
intestinal crypts. Two independent observers who were unaware
of the experimental data examined all tissue sections and
captured images.

RNA Isolation, cDNA Synthesis, and
Quantitative Real-Time PCR
The expression levels of selected genes were validated by
quantitative real-time PCR (qRT-PCR). First, total RNA isolation
from ileal specimens was performed using SV Total RNA
isolation systems (Promega, Madison, WI, USA) following
the manufacturer's protocol. A Nanodrop 2000 UV–Vis
Spectrophotometer (Thermo Fisher Scienti�c, Wilmington, DE,
USA) was used for quantifying and determining the purity of
the RNA samples. Equal amounts of total RNA were reverse
transcribed using a High-Capacity cDNA Archive kit. To
quantify the mRNA, real-time RT-PCR was performed with
an ABI Prism 7500 (Applied Biosystems, Foster City, CA,
USA) using a CustomTaqManR
 Array Gene Signature Plate
(Thermo Scienti�c, Wilmington, DE, USA), including theIL-4,
IL-17A, IFN-gamma, IL-1 beta, IL- 22, TGF beta-1, MMP3,
MMP9, HMOX1, NOS2, CCR5, CC3CR1, NF-kappa B, and
MAPK14 genes. The mRNA levels were normalized to the
expression levels of the control genes 18S and GAPDH. For
the data analysis, the11 Ct method was used to determine
the fold change of all of the target genes in each sample with
95 % con�dence. The qRT-PCR reaction for each gene was
performed in duplicate, and each experiment was repeated at
least three times. The PCR cycles were performed according to
the manufacturer's instructions.

Organ Culture, Cytokine Measurements,
and Aminotransferase Assays
Ileal explants were cultured in RPMI 1640 medium supplemented
with 10 % fetal calf serum (Gibco-Invitrogen, Carlsbad, CA,

USA), 2 mM L-glutamine, 50 mM 2-mercaptoethanol, 10 mM
HEPES, penicillin (10,000 units/mL), and streptomycin (10
mg/mL) (all from Sigma Chemical Co., St. Louis, MO, USA)
for 24 h at 37� C in a 5% CO2 humidi�ed incubator. The
samples were centrifuged, and the supernatants were aliquoted
and stored at� 80� C. The plasma samples obtained at di�erent
time points and explant culture supernatants were then subjected
to cytokine measurement with a Cytometric Bead Array Mouse
Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Jose, CA,
USA), using a FACSCalibur �ow cytometer (BD Biosciences,
San Jose, CA, USA). The results were provided and analyzed
with BD CBA Analysis software. The total protein content of
the biopsy specimens was estimated using a Pierce BCA protein
assay kit (Thermo Fisher Scienti�c, Rockford, IL, USA) and was
used to normalize the results. To measure the liver-associated
enzymes aspartate (AST) and alanine ALT) transaminase in
serum (day 7), a protocol modi�ed from commercial colorimetric
kits (Sigma Chemical Co., St. Louis, MO, USA) was employed.
Brie�y, 20 ml of serum was added to each well containing
100 ml of a master reaction mix, including enzyme mix,
developer, substrate, and assay bu�er. Plates were protected
from light, mixed and incubated at 37� C. After 5 min, the
initial measurements were obtained, measuring the absorbance
at 450 nm, for AST, and at 570 nm, for ALT. Measurements
were taken every 5 min, until the value of the most active
sample was greater than the value of the highest standard
(10 nmole/well).

Myeloperoxidase Activity Assessment
After being used in organ cultures, ileal samples were collected
and frozen at� 80� C until the extraction of myeloperoxidase
(MPO) when they were homogenized in potassium phosphate
bu�er (pH 6.0), frozen and defrosted twice, homogenized again
in the potassium phosphate bu�er (pH 6.0) containing 0.5%
hexadecyltrimethyl-ammonium bromide (Sigma Chemical Co.,
St. Louis, MO, USA), and centrifuged at 40,000 g for 30 min at
4� C. The supernatants were discarded and the insoluble pellets
were rehomogenized in the potassium phosphate bu�er (pH 6.0)
containing 0.5% hexadecyltrimethyl-ammonium bromide. Ten
microliters of the supernatants was added to a 96-well plate
containing 290ml of 50 mM potassic PBS (pH 6.0), 3ml of
substrate solution, containing 20 mg/ml o-dianisidine (Sigma
Chemical Co., St. Louis, MO, USA), and 3ml of H2O2 (20 mM).
The plate components were rapidly mixed and the absorbance
was determined at 460 nm for 1 min with a spectrophotometer.
MPO activity was measured by a standard curve of the samples
in units of MPO/mg of colonic samples.

Statistical Analysis
Statistical analyses were performed using SPSS 20.0 software
(SPSS Inc., Chicago, IL, USA). Statistical di�erences betweenthe
experimental groups were evaluated with the Mann–Whitney
test or the Kruskal–Wallis ANOVA on ranks test, in which
multiple comparisons were carried out using Dunnett's test,
as appropriate. The values are expressed as the medians with
interquartile ranges. The survival data are presented as a Kaplan-
Meier survival curve and were analyzed with the log-rank test.
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For the serum cytokines, an analysis was performed by linear
regression. All tests were two-tailed, and statistical signi�cance
was established asP-values< 0.05.

Availability of Materials and Data
Materials, such as protocols, analytic methods, and study
material, are available upon request to interested researchers. The
raw data supporting the conclusions of this manuscript will be
made available by the authors, without undue reservation, to any
quali�ed researcher.

RESULTS

T. gondii Monoinfection and Coinfection
With S. mansoni Lead to Increased
Morbidity and Mortality
Following the same protocol of oralT. gondii infection, we
have previously shown that C57BL/6 wild-type infected mice
have increased mortality in association with the in�ammatory
response within the intestinal mucosa (26). In this study, we
detected body weight loss as early as day two afterT. gondii
infection and increased mortality throughout the follow-up
period. While monoinfection withS. mansonidid not a�ect
the general health status of the animals, coinfected mice had
weight loss similar to that ofT. gondii-infected animals and
a higher mortality rate thanS. mansoni-monoinfected mice
(Figure 1). The histopathological examination of liver sections
from T. gondii-infected mice revealed the presence of foci of
in�ammation, with a relative preservation of the general tissue
structure.S. mansonimonoinfection resulted in large multifocal
eosinophilic granulomas, with the preservation of the essentially
normal liver architecture. However, in coinfected mice, larger
and less eosinophilic granulomas, surrounded by extensive
areas of coagulative necrosis, and hepatocyte vacuolization were
consistently observed. In parallel, signi�cantly increased levels
of AST and ALT, liver-associated enzymes, were detected in the

serum of coinfected mice, compared to the other experimental
groups. Levels in coinfected animals were almost twice as much
of those observed amongT. gondii-infected mice, measured at
day 7 (Supplementary Figure S1). Together, histopathological
�ndings and biochemical evidence for liver dysfunction support
the notion of a synergistic e�ect of concurrentS. mansoniand
T. gondiiinfections promoting severe liver damage. These results
regarding hepatic damage may explain the higher morbidity and
mortality observed among the coinfected animals.

Prior Infection With S. mansoni Attenuates
the Intestinal Injury From T. gondii Infection
Next, we investigated the e�ects ofT. gondii and S. mansoni
monoinfections and coinfection on intestinal injury. No
histological damage was detected in the ileum of control
and S. mansoni-monoinfected mice.T. gondii-induced ileitis
manifested predominantly as continuous in�ammatory lesions
in the terminal ileum, including edema, ulceration, and
evidence of transmural in�ammation. Ileal samples from
animals with concurrent infections withS. mansoniand T.
gondii showed less in�ammation compared to samples from
T. gondii-monoinfected animals. Typically, intestinal damage
in T. gondii-infected samples displayed several histological
changes, including in�ammatory in�ltration of the entire lamina
propria, blunting of the villi, abnormal crypt architecture,
and areas of epithelial disruption, necrosis, and cell extrusion
into the lumen. The tissue damage was determined by
histopathological scores of the terminal ileum, and most samples
from T. gondii-monoinfected mice presented signi�cantly
higher scores compared to samples from controls andS.
mansoni-mono- and -coinfected animals (Figure 2A). To further
characterize the nature of the in�ammatory cell in�ltrate
within the intestinal lamina propria, we assessed eosinophils
by immunohistochemistry. Ileal samples fromS. mansoni-
monoinfected or -coinfected animals showed signi�cantly higher

A B

Days after infection

FIGURE 1 | Increased morbidity and mortality inT. gondii-infected mice and in mice coinfected withT. gondii and S. mansoni.The survival curves for C57BL/6 mice
(A) showed a signi�cant reduction in the survival of mice infected with T. gondii alone compared with that of the controls andS. mansoni-infected animals (a,p <
0.001) and in the survival of mice coinfected withT. gondii and S. mansonicompared to that of the controls (b,p < 0.001) and S. mansoni-infected animals (c,p <
0.001). Morbidity was evaluated by determining the relative weight loss(B). Mice infected withT. gondii alone and mice coinfected withT. gondii and S. mansoni
presented progressive weight loss (a,p D 0.001; b, p < 0.001) compared with the controls andS. mansoni-infected mice. The data are representative of three
independent experiments, with 5–7 animals per group. The survival curves were analyzed, and thep-values were determined by the log-rank test.
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densities of eosinophils compared with those fromT. gondii-
infected mice or non-infected controls (Figure 2B).

In the epithelial compartment of the ileum, the density
of mucous-secreting goblet cells was signi�cantly lower in
T. gondii-infected samples compared to samples from the
normal control group orS. mansoni-monoinfected or -coinfected
animals (Figure 3A). In addition, ileal samples fromT. gondii-
infected mice displayed signi�cantly lower numbers of Paneth
cells, labeled by immunohistochemistry with an anti-lysozyme
antibody, compared to those from non-infected normal controls
andS. mansoni-infected animals (Figure 3B).

To characterize the di�erent cell populations present in
the lamina propria, we performed immunohistochemistry
experiments to label CD4- and CD11b-positive cells. The dense
in�ammatory cell in�ltration observed in the lamina propria of
T. gondii-infected mice, comprised an increased concentration of
both CD4- and CD11b-positive cells. PriorS. mansoniinfection
attenuatesT. gondii-induced accumulation of CD4- (Figure 4A)
and CD11b-positive cells (Figure 4B).

To analyze the role of cell death in tissue damage in this
model, we used a TUNEL assay to label apoptotic cells. Mucosal
samples fromT. gondii-infected animals showed signi�cantly
higher rates of apoptosis compared to samples from controls and
S. mansoni-infected animals (Figure 5).

To analyze the participation of neutrophils in the
in�ammatory response in this model, we measured MPO activity
in ileal explants. While MPO activity was signi�cantly higher
in T. gondii-infected, prior S. mansoniinfection remarkably
attenuated MPO activity in the terminal ileum explants of
coinfected mice (Figure 6).

Concurrent Infection With S. mansoni
Controls the T. gondii -Mediated
In�ammatory Response
Next, we investigated whether concurrent infection withS.
mansonicould a�ect the production of in�ammatory mediators
mechanistically involved in the intestinal in�ammation

FIGURE 2 | Prior S. mansoni infection attenuatesT. gondii-induced in�ammation and intestinal damage. Histopathological analysis by hematoxylin and eosin (HE)
staining of the terminal ileum shows thatS. mansoni infection prevents the severe in�ammatory changes and tissue damage caused byT. gondii infection (A). Sirius
red staining revealed higher densities of eosinophils inS. mansoni-monoinfected or -coinfected animals compared with those from T. gondii-infected mice or
non-infected controls (B). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the
boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons
were carried out using the Dunnett's test. The scale bars represent 20mm. The data are representative of three independent experiments, with 5–7 animals per group.

Frontiers in Immunology | www.frontiersin.org 6 March 2019 | Volume 10 | Article 442

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pêgo et al. S. mansoniAttenuates MurineT. gondii-Induced Ileitis

FIGURE 3 | Prior S. mansoni infection preserves specialized epithelial cells in the ileum upon T. gondii challenge. Coinfection reduces the loss of goblet cells induced
by T. gondii infection (A). Coinfection also reduces the loss of Paneth cells induced by T. gondii infection (B). The horizontal bars represent the medians, the boxes
represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was
performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20mm. The data
are representative of three independent experiments, with5–7 animals per group.

associated withT. gondiioral infection. For this purpose, we used
a commercial mouse Th1/Th2/Th17 cytokine kit, which is based
on a bead array technology to simultaneously detect several
cytokine proteins in samples (IL-2, IL-4, IL-6, IFN-gamma,
TNF, IL-17A, and IL-10). Here, we present only the quanti�able
results obtained. The analysis of the supernatants obtained
from ileal explant cultures revealed that the concentrations
of IFN-gamma, TNF-alpha, and IL-17 were signi�cantly
increased in samples fromT. gondii-infected mice compared
to samples from the controls andS. mansoni-infected animals.
The concentrations of IL-6 were not signi�cantly di�erent
between the experimental groups, although we detected a
tendency toward increased expression in theT. gondii-infected
samples (Figure 7).

To investigate potential impacts on the systemic response,
we also measured cytokine concentrations in the plasma
samples obtained from the peripheral blood in a dynamic
fashion. Although the results were not statistically signi�cant,
we identi�ed a tendency toward an early elevation in

IFN-gamma expression (day 4), a late elevation in TNF-
alpha expression, and a possible late elevation in IL-6
expression (day 7) in theT. gondii-monoinfected animals
compared to the controls andS. mansoni-infected animals
(Supplementary Figure S2).

Concurrent Infection With S. mansoni
Modulates the Expression of Genes
Involved in T. gondii -Induced Ileitis
To investigate the mechanism by which the infections might
regulate the in�ammatory response in the intestinal mucosa,
we examined the mRNA expression of several genes potentially
involved in the in�ammatory process and tissue remodeling.
Overall, the mRNA levels were increased for all target genes
studied in T. gondii-infected ileal samples compared with
samples from the other groups. For example,IFN-gamma
mRNA expression followed the results obtained from the protein
measurements in the supernatants of the explant cultures.
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FIGURE 4 | T. gondii-induced ileitis is characterized by an intense in�ammatorycell in�ltration in the lamina propria, including CD4- and CD11b-positive cells. PriorS.
mansoni infection attenuatesT. gondii-induced accumulation of CD4-(A) and CD11b-positive cells(B). The horizontal bars represent the medians, the boxes
represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was
performed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20mm. The data
are representative of three independent experiments, with5–7 animals per group.

The IL-1 beta and HMOX1 mRNA levels were signi�cantly
higher in the T. gondii-infected samples than in the control
samples. On the other hand, theTGF-betaand NOS2mRNAs
displayed signi�cantly higher levels in samples from theT.
gondii-infected mice compared to those fromS. mansoni-infected
mice. Moreover, in samples fromT. gondii-infected mice, the
mRNA levels ofMMP3, NF-kappa B, andMAPK14were higher
than those in samples fromS. mansoni-monoinfected mice, while
the mRNA levels ofMMP9 were higher in samples from the
T. gondii-monoinfected mice than samples from the coinfected
mice (Figure 8).

Concurrent Infection With S. mansoni
Blunts T. gondii -Mediated NF-Kappa B and
MAP Kinase Activation
To con�rm the �ndings obtained with qPCR, the NF-kappa B
and p38 MAP kinase intracellular signaling pathways were also
investigated at the protein level by immunohistochemistry.
NF-kappa B and phosphorylated p38 MAPK displayed

similar expression patterns and tissue distributions and
were present in both the epithelium and the lamina propria
mononuclear cells at signi�cantly higher densities in ileal
samples from T. gondii-infected mice compared to those
from non-infected normal controls andS. mansoni-infected
animals (Figure 9).

DISCUSSION

In the present study, we investigated for the �rst time the
possible e�ect of concurrent infection withS. mansonion
experimentalT. gondii-induced ileitis, which is proposed as
an experimental model for human CD ileitis. Oral infection
with T. gondii induced a severe in�ammatory process in the
terminal ileum, with an intense in�ammatory cell in�ltrate,
cell death, disruption of epithelial integrity with Paneth, and
goblet cell depletion, and the activation of signaling pathways
resulting in the production of several proin�ammatory mediators
and a predominant Th1/Th17-type immune response. Notably,
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FIGURE 5 | Prior S. mansoni infection protects the ileal mucosa against the apoptotic cell loss induced byT. gondii. Apoptotic cells in the terminal ileum were
detected using a TUNEL assay, as shown by the representativephotomicrographs. The horizontal bars represent the medians, the boxes represent the 25th and 75th
percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis
ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20mm. The data are representative of three
independent experiments, with 5–7 animals per group.

concurrent infection withS. mansoniremarkably attenuated the
in�ammatory process and tissue destruction resulting from oral
infection withT. gondii.

Experimental IBD is usually generated by chemical induction
or immunologic or gene targeting, rendering important
limitations regarding the resemblance to the human disease
(17). Moreover, in the majority of these models, in�ammation
develops only in the colon (27, 28). On the other hand, human
CD predominantly a�ects the terminal ileum (29, 30), and the
evidence, including genome-wide association studies, supports
the suggestion that CD ileitis may actually represent a distinct
form of IBD (31). In this study, we worked with a model in

which oralT. gondiiinfection drives an intestinal in�ammatory
response similar to that observed in human CD (32). Based
on the previous knowledge that infections with helminths,
such asS. mansoni, can induce a polarization of the immune
response toward a Th2 phenotype with enhanced IL-4, IL-5,
and IL-13 production (33) and that a soluble antigen from
the S. mansoniegg may inhibit the production of IL-12 by
dendritic cells (34), we hypothesized that concurrent infection
with S. mansonicould be able to control or even neutralize
the Th1 immune response induced byT. gondii infection. In
fact, this study shows thatS. mansonicoinfection appears to
preserve the morphological structure of the intestine, including
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FIGURE 6 | T. gondii-induced ileitis is characterized by an increased activityof
myeloperoxidase (MPO), compared toS. mansonimonoinfected and control
mice. PriorS. mansoni infection attenuates MPO activity in the terminal ileum
explants of coinfected mice. The horizontal bars representthe medians, the
boxes represent the 25th and 75th percentiles, and the vertical lines below and
above the boxes represent the minimum and maximum values, respectively.
The analysis was performed by Kruskal-Wallis ANOVA on rankstest, in which
multiple comparisons were carried out using the Dunnett's test. The data are
representative of two independent experiments, with 5–7 animals per group.

the epithelial layer with all the specialized cells and to control
the accumulation of in�ammatory cells in the lamina propria
compared toT. gondiimonoinfection.

The intestinal alterations induced byS. mansonialone a�ected
both the small bowel and the colon, resulting in granuloma
formation, but with practically no e�ect on the lamina propria
or the epithelial layer.S. mansonigranulomas were sparsely
distributed throughout the gut, with a typical cellular in�ltrate
composed of a large number of eosinophils, as expected.
Although the exact mechanism by whichS. mansonimodulates
T. gondii aggression is not fully elucidated, the enhanced
presence of eosinophils,per se, may provide protection not only
by contributing to parasite destruction but also by regulating
important biological functions, such as immunoregulation (35).
Interestingly, a recent study by Arnold et al. (36) further
con�rmed the importance of eosinophils in the regulation of
Th1 responses via the IFN-gamma–dependent upregulation of
PD-L1, in addition to the bactericidal properties associatedwith
degranulation. Together, these data appear to support the role
of eosinophils in the regulation of homeostatic processes within
the gut and in antibacterial defense. The novel antibacterial
e�ect of eosinophils may prove particularly relevant here, as
in most experimental models of IBD, animals usually do not
develop in�ammation when raised under germ-free conditions,
clearly implicating the intestinal microbiota in IBD pathogenesis
(17, 37).

The attenuation ofT. gondii-induced intestinal in�ammation
presented in this study is consistent with the protective e�ectof
S. mansoniobserved in a previous investigation on experimental
IBD using the haptenating agent 2,4,6-trinitrobenzene sulfonic

acid (TNBS), which induces a predominantly Th1-mediated
response (18). Moreover, similar to human CD, the TNBS-
induced colitis model results in transmural in�ammation,
characterized by lamina propria in�ltration with CD4-positive
T cells, macrophages, and neutrophils (38, 39). Regarding
neutrophils accumulation and activity, similar to TNBS-induced
colitis, in this study we showed thatT. gondii-induced ileitis
also triggers innate immune mechanisms, including increased
myeloperoxidase activity, in addition to potential e�ects on the
adaptive immune response. The accumulation of macrophages
and CD4-positive T cells in the lamina propria of samples from
T. gondii-induced ileitis is also compatible with the activation of
innate and adaptive immune mechanisms, which are attenuated
by concurrent infection withS. mansoni. However, although
systemic abnormalities based on circulating cytokines were not
signi�cant in this study, we noted a tendency toward an increase
in Th1 cytokine expression. Nonetheless, it is important to
highlight that the higher rates of death in the present study
occurred among the coinfected mice. The increased mortality
can be explained by our results concerning liver damage,
corroborating the �ndings of a previous study, which showed
a remarkable exacerbation in liver injury, probably due to
a synergistic e�ect ofT. gondii and S. mansoniconcurrent
infection (40).

Although it is well established that mucosal immune tolerance
depends on the equilibrium between e�ector and regulatory
T cells (41), results from various investigations, particularly
genome-wide association studies performed in the last decade,
have reinforced the importance of innate immune and epithelial
cells in the pathogenesis of CD (42). In addition to composing
a physical barrier, the intestinal epithelium also possesses
specialized cells, such as goblet cells and Paneth cells, which are
able to secrete protective mucous and antimicrobial peptides,
respectively (43). Goblet cells secrete mucins that form the gel
constituting the intestinal mucous, which comprises a dense and
sterile inner layer and a more permeable external layer populated
by commensal microorganisms (44). The relationship between
the microbiota and the intestinal mucus is still incompletely
understood, but there is evidence of a reciprocal interaction, as
mucus permeability was shown to depend on the composition of
the microbiota, and vice versa (45).

A distinctive feature of the small bowel is the remarkable
presence of Paneth cells within the epithelium, lying in the
bottom of the Lieberkühn crypts, which have a characteristic
antimicrobial function involving the secretion of peptides,
such as alpha-defensins (46). The role of Paneth cells in
the control of the microbiota has been reinforced by several
experimental studies in which cell depletion resulted in microbial
accumulation in the lamina propria and mesenteric lymph nodes
(47) and susceptibility to infections by the oral route (48). The
evidence linking Paneth cells to CD is rather complex and
comprises several genetic, microbial and functional aspects. The
�rst hint suggesting a role for Paneth cells in CD came from the
observation thatNOD2, the �rst gene polymorphism associated
with CD, is highly expressed in Paneth cells (49). Another study
described a reduction in the synthesis of defensins by Panethcells
in patients with ileal CD (50). In a British study, the reduction
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FIGURE 7 | Prior S. mansoni infection modulates the proin�ammatory cytokine production induced by T. gondii in the terminal ileum explants. Ileum explants were
cultured for 24 h at 37� C with 5% CO2. The supernatants were used to measure the concentrations of cytokines by CBA. The box plots show the levels of IL-6(A),
TNF-alpha(B), IFN-gamma(C), and IL-17 (D). The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines
below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis ANOVA on ranks test, in which
multiple comparisons were carried out using the Dunnett's test. The data are representative of three independent experiments, with 5–7 animals per group.

in the production of defensins in patients with CD was shown
to be more relevant in a cohort bearing aNOD2mutation (51).
Possible defects in Paneth cell maturation and di�erentiation may
also be important in the pathogenesis of CD. For example, in
patients with ileal CD, low expression of Wnt and TCF-4 has
been detected, regardless of the presence of in�ammation (52).
Moreover, the abnormal granule exocytosis observed inATG16L-
de�cient animals (53), further supports a role for defects in
Paneth cells in CD, as anATGL16gene mutation has also been
associated with CD (54).

Regarding the mechanisms underlying the in�ammatory
process and the immune response, the results of this study appear
to support the notion thatT. gondii-induced ileitis drives a
predominant Th1 and Th17 response, with high concentrations
of IFN-gamma, TNF-alpha, IL-17, and even IL-1 beta in the
explants from the ileal samples. In fact, previous studies have
shown that some experimental models of IBD are based on both
Th1 and Th17 responses (17, 55), similar to what is observed in
human CD (56). Here, IL-6 did not di�er signi�cantly among
groups and, transforming growth factor (TGF)-beta, the only
with direct and consistent anti-in�ammatory potential among
the molecules analyzed, displayed a similar behavior as TNF-
alpha, IL-17, IFN-gamma, and IL1-beta. Although data on IL-2,

IL-4, and IL-10 could have helped in further characterizing the
immune response, the study protocol and/or the kit performance
imposed limitations for the analysis of relevant concentrations
of speci�c cytokine proteins in tissue culture supernatants and
serum samples used in this study. On the other hand, the increase
in IL-1 beta expression detected in this study may represent
additional evidence for innate immune activation in the model
in association with defects in the epithelial barrier. IL-1 beta
is implicated in immediate and early innate immune responses
against microbial constituents (57) and is also directly involved
in the activation of the in�ammasome (58). In addition, IL-1
beta has been associated with the pathogenesis of IBD, especially
CD (39), and in experimental IBD, IL-1 beta has been shown to
induce an increase in intestinal permeability in association with
NF-kappa B activation (59).

In this model, T. gondii-induced ileitis also induced the
activation of intracellular signaling pathways, including the NF-
kappa B and p38 mitogen-activated protein kinase (MAPK)
pathways, suggesting that these pathways might be involved
in the underlying in�ammatory process. Nonetheless, it is
interesting to note that in this study,S. mansoniinfection
apparently directs an opposing response, tending to decrease
the expression of both NF-kappa B and MAPK induced byT.
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FIGURE 8 | Prior S. mansoni infection modulates the expression of genes involved in theimmune response, oxidative stress, tissue remodeling, andintracellular
signaling pathways affected byT. gondii. Quantitative real-time PCR was used to measure the levels of (A) IFN-gammaand IL-1 beta; (B) NOS2 and HMOX1; (C)
TGF-beta, MMP3, and MMP9; and (D) NF-kappa B and MAPK14 in the terminal ileum biopsies of the control,T. gondii-infected, S. mansoni-infected and coinfected
mice. The horizontal bars represent the medians, the boxes represent the 25th and 75th percentiles, and the vertical lines below and above the boxes represent the
minimum and maximum values, respectively. The analysis wasperformed by Kruskal-Wallis ANOVA on ranks test, in which multiple comparisons were carried out
using the Dunnett's test. The data are representative of three independent experiments, with 5–7 animals per group.

gondiiinfection. Notably, abnormalities in intracellular signaling
pathways can lead to dysregulation in the immune response
favoring the perpetuation of in�ammation observed in IBD
in a bidirectional fashion, as proin�ammatory cytokines can
activate NF-kappa B (60), and NF-kappa B can orchestrate
in�ammation both in experimental models (61) and in human
IBD (62). In addition to NF-kappa B, p38 MAPK has also
been implicated in the chronic in�ammatory process underlying
IBD, as the pathway is capable of regulating the expression
of proin�ammatory cytokines, including TNF-alpha, within the
intestinal mucosa of patients with CD (63) and is also involved
in the local in�ammatory response in experimental IBD (64).
In the present study, the downregulation of NF-kappa B and
phospho-p38 MAPK expression corroborates the attenuation of
the in�ammatory process ofT. gondii-induced ileitis but does
not clarify whether the e�ect of the concurrent infection with S.
mansonion intracellular signaling pathways is direct or indirect.

Several characteristics of the in�ammatory process underlying
IBD are consistent with the physiological properties of nitric
oxide (NO), which has been implicated in the regulation
of motility, mucosal blood �ow, and epithelial protection,
among other e�ects (65). In IBD, NO has been shown to
mediate macrophage-induced senescence and the DNA damage
response, particularly in CD, which presents with higher levels
of NO synthase 2 (NOS2) compared to UC (66). Similar
to what has been shown in human CD,T. gondii-infected
samples also presented higher expression ofNOS2 in this
study. Another potentially protective molecule analyzed in this
investigation was heme oxygenase-1 (HMOX1), an enzyme with
anti-in�ammatory and immune regulatory functions capable
of modulating immune-mediated diseases, experimental colitis
(67), and human IBD (68). Together, these �ndings appear
to reinforce the roles of NO and HMOX1 as important
regulators in chronic and acute in�ammatory processes and
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FIGURE 9 | Prior S. mansoni infection attenuates the expression of intracellular signaling pathways involved in cytokine production and cell survival triggered byT.
gondii. The NF-Kappa B(A) and phospho-p38 (B) expression levels are shown. The horizontal bars representthe medians, the boxes represent the 25th and 75th
percentiles, and the vertical lines below and above the boxes represent the minimum and maximum values, respectively. The analysis was performed by Kruskal-Wallis
ANOVA on ranks test, in which multiple comparisons were carried out using the Dunnett's test. The scale bars represent 20mm. The data are representative of three
independent experiments, with 5–7 animals per group.

suggest their participation in the homeostatic pathways involved
in IBD.

Matrix metalloproteinases (MMPs) have been linked to
extracellular matrix turnover in physiological and pathological
conditions. The activity of MMPs relative to that of tissue
inhibitors of MMPs has been shown to be increased in in�amed
samples of patients with IBD (69) and in experimental colitis
(70). Interestingly, the increased spatial expression of MMPs in
segments of resected terminal ileum from patients with CD has
been associated with the higher recurrence of intestinal strictures
(71). Here, we also identi�ed increased expression ofMMP3and
MMP9in the samples fromT. gondii-infected animals compared
with those from S. mansoni-monoinfected or -coinfected
animals. Another important molecule in tissue remodeling, TGF-
beta, a pleiotropic cytokine possessing important tolerogenic
action in the gut (72), also showed higher expression inT. gondii-
induced ileitis in the current study. In fact, the intestinal mucosa
from patients with CD has been shown to overexpress TGF-beta
(73), particularly in areas of intestinal stricture (74), whereas

in vitro studies demonstrated that TGF-beta promotes the
production of collagen by human intestinal smooth muscle cells
and myo�broblasts (75). In addition, the increased expression
of TGF-beta in the mucosa overlying CD strictures was also
been shown to stimulate the local production of MMPs (76).
The results obtained from the ileal samples ofT. gondii-infected
animals in the present study appear to be consistent with the
expected changes in the expression of MMPs and TGF-beta
in acute and chronic in�ammation and the abnormal tissue
remodeling observed in IBD.

Collectively, our data suggest that concurrent infection with
S. mansoniattenuates the course ofT. gondii-induced enteritis by
downregulating both the adaptive and innate immune responses
and by inhibiting the NF-kappa B and p38 MAPK intracellular
signaling pathways and oxidative stress-mediated mechanisms.
Moreover, the preservation of Paneth cells and goblet cells in
coinfected mice further supports the idea that the protection
againstT. gondii-induced ileitis could be related to mechanisms
of innate immunity, with potential e�ects on the epithelial barrier
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function and the intestinal microbiota. However, the mechanistic
insights to explain the observed results are premature at thisstage
and constitute part of our ongoing investigations. Nonetheless,
the �ndings presented here appear to be in accordance with
the evolutionary concept in which mammalian coevolution with
helminths and other species have shaped immune function so
that e�ective responses are dependent on a normal biome (77).
Such a normal biome, in turn, most likely encompasses helminth
colonization, with a range of direct and indirect in�uences
resulting in the downregulation of the immune system (78).
Therefore, we speculate that helminth colonization enhances the
production of regulatory elements and diminishes the propensity
for immune-mediated disorders. In the context of chronic
in�ammatory diseases with predominant Th1/Th17 responses,
S. mansonior its constituents emerge as a conceptually novel
approach to treatment, potentially including the treatment ofCD.
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Supplementary Figure S1 | S. mansonimonoinfection resulted in large
multifocal eosinophilic granulomas in the liver, althoughthe essentially normal
structure was preserved. Liver sections fromT. gondii-infected mice displayed foci
of in�ammation, with a relative preservation of the general structure. In coinfected
mice, larger and less eosinophilic granulomas, surroundedby extensive areas of
coagulative necrosis and hepatocyte vacuolization were observed. The scale bars
represent 10mm. (A) Signi�cantly increased AST and ALT, liver-associated
enzymes, were detected in the serum of coinfected mice, compared to the other
experimental groups. Levels in coinfected animals were almost twice as much of
those observed amongT. gondii-infected mice (at day 7)(B). The horizontal bars
represent the medians, the boxes represent the 25th and 75thpercentiles, and
the vertical lines below and above the boxes represent the minimum and
maximum values, respectively. The analysis was performed by Kruskal-Wallis
ANOVA on ranks test, in which multiple comparisons were carried out using the
Dunnett's test. The data are representative of two independent experiments, with
3–5 animals per group.

Supplementary Figure S2 | Expression levels of early systemic pro- and
anti-in�ammatory cytokines are upregulated during coinfection. Plasma samples
were used to measure the concentrations of cytokines by CBA:IL-10 (A), IL-17A
(B), TNF-a (C), IFN-g (D), IL-6 (E), IL-4 (F), and IL-2 (G). The analysis was
performed by linear regression. Red arrows indicate the highest systemic cytokine
levels at day 4. Black arrows point to the highest level of cytokine secretion on day
7. DPI, days postinfection; CTL, control; Sm,S. mansoni infection; Tg,T. gondii
infection; COI, coinfection withS. mansoniand T. gondii. The data are
representative of two independent experiments, with 3–5 animals per group.

REFERENCES

1. Knights D, Lassen KG, Xavier RJ. Advances in in�ammatory bowel disease
pathogenesis: linking host genetics and the microbiome.Gut. (2013) 62:1505–
10. doi: 10.1136/gutjnl-2012-303954

2. Molodecky NA, Soon IS, Rabi DM, Ghali WA, Ferris M, Cherno� G, et al.
Increasing incidence and prevalence of the in�ammatory bowel diseases with
time, based on systematic review.Gastroenterology. (2012) 142:46–54.e42;
quiz e30. doi: 10.1053/j.gastro.2011.10.001

3. Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al.
Worldwide incidence and prevalence of in�ammatory bowel disease in the
21st century: a systematic review of population-based studies.Lancet. (2018)
390:2769–78. doi: 10.1016/S0140-6736(17)32448-0

4. Rook GA. Hygiene hypothesis and autoimmune diseases.Clin
Rev Allergy Immunol. (2012) 42:5–15. doi: 10.1007/s12016-011-
8285-8

5. Alic M. Socioeconomics of Crohn's disease: a review of epidemiology
and an etiological hypothesis.Am J Gastroenterol.(2000) 95:324–6.
doi: 10.1111/j.1572-0241.2000.01666.x

6. 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

7. Walz Y, Wegmann M, Dech S, Vounatsou P, Poda JN, N'Goran EK, et
al. Modeling and validation of environmental suitability for schistosomiasis
transmission using remote sensing.PLoS Negl Trop Dis.(2015) 9:e0004217.
doi: 10.1371/journal.pntd.0004217

8. Versini M, Jeandel PY, Bashi T, Bizzaro G, Blank M,
Shoenfeld Y. Unraveling the hygiene hypothesis of helminthes
and autoimmunity: origins, pathophysiology, and clinical
applications. BMC Med. (2015) 13:81. doi: 10.1186/s12916-015-
0306-7

9. Parker W, Ollerton J. Evolutionary biology and anthropology suggest
biome reconstitution as a necessary approach toward dealing with
immune disorders. Evol Med Public Health. (2013) 2013:89–103.
doi: 10.1093/emph/eot008

10. Maizels RM. Parasitic helminth infections and the control of human
allergic and autoimmune disorders.Clin Microbiol Infect.(2016) 22:481–6.
doi: 10.1016/j.cmi.2016.04.024

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

Frontiers in Immunology | www.frontiersin.org 14 March 2019 | Volume 10 | Article 442



Pêgo et al. S. mansoniAttenuates MurineT. gondii-Induced Ileitis

12. Wammes LJ, Hamid F, Wiria AE, Wibowo H, Sartono E, Maizels
RM, et al. Regulatory T cells in human lymphatic �lariasis: stronger
functional activity in micro�laremics.PLoS Negl Trop Dis.(2012) 6:e1655.
doi: 10.1371/journal.pntd.0001655

13. Sanin DE, Prendergast CT, Bourke CD, Mountford AP. Helminth infection
and commensal microbiota drive early IL-10 production in the skin by CD4C
T cells that are functionally suppressive.PLoS Pathog.(2015) 11:e1004841.
doi: 10.1371/journal.ppat.1004841

14. Reddy A, Fried B. An update on the use of helminths to treat Crohn's
and other autoimmunune diseases.Parasitol Res.(2009) 104:217–21.
doi: 10.1007/s00436-008-1297-5

15. Summers RW, Elliott DE, Urban JFJr, Thompson R, Weinstock
JV. Trichuris suis therapy in Crohn's disease.Gut. (2005) 54:87–90.
doi: 10.1136/gut.2004.041749

16. Croese J, O'Neil J, Masson J, Cooke S, Melrose W, Pritchard D, etal. A proof
of concept study establishing Necator americanus in Crohn's patients and
reservoir donors.Gut. (2006) 55:136–7. doi: 10.1136/gut.2005.079129

17. Kiesler P, Fuss IJ, Strober W. Experimental models of in�ammatory
bowel diseases.Cell Mol Gastroenterol Hepatol.(2015) 1:154–70.
doi: 10.1016/j.jcmgh.2015.01.006

18. Moreels TG, Nieuwendijk RJ, De Man JG, De Winter BY, Herman AG, Van
Marck EA, et al. Concurrent infection with Schistosoma mansoni attenuates
in�ammation induced changes in colonic morphology, cytokine levels,and
smooth muscle contractility of trinitrobenzene sulphonic acid induced colitis
in rats.Gut. (2004) 53:99–107. doi: 10.1136/gut.53.1.99

19. Saleh M, Elson CO. Experimental in�ammatory bowel disease:
insights into the host-microbiota dialog.Immunity. (2011) 34:293–302.
doi: 10.1016/j.immuni.2011.03.008

20. Liesenfeld O. Oral infection of C57BL/6 mice withToxoplasma gondii: a
new model of in�ammatory bowel disease?J Infect Dis.(2002) 185(Suppl.
1):S96–101. doi: 10.1086/338006

21. Mordue DG, Monroy F, La Regina M, Dinarello CA, Sibley LD. Acute
toxoplasmosis leads to lethal overproduction of Th1 cytokines.J Immunol.
(2001) 167:4574–84. doi: 10.4049/jimmunol.167.8.4574

22. Mennechet FJ, Kasper LH, Rachinel N, Li W, Vandewalle A, Buzoni-Gatel
D. Lamina propria CD4C T lymphocytes synergize with murine intestinal
epithelial cells to enhance proin�ammatory response against an intracellular
pathogen.J Immunol.(2002) 168:2988–96. doi: 10.4049/jimmunol.168.6.2988

23. National Research Council (U.S.). Committee for the Update ofthe Guide
for the Care and Use of Laboratory Animals, Institute for LaboratoryAnimal
Research (U.S.), National Academies Press (U.S.).Guide for the Care and Use
of Laboratory Animals. Washington, DC: National Academies Press (2011).
p. 220.

24. Gazzinelli RT, Amichay D, Sharton-Kersten T, Grunwald E, Farber JM, Sher
A. Role of macrophage-derived cytokines in the induction and regulation of
cell-mediated immunity toToxoplasma gondii. Curr Top Microbiol Immunol.
(1996) 219:127–39. doi: 10.1007/978-3-642-51014-4_12

25. Heimesaat MM, Bereswill S, Fischer A, Fuchs D, Struck D, Niebergall
J, et al. Gram-negative bacteria aggravate murine small intestinal Th1-
type immunopathology following oral infection withToxoplasma gondii. J
Immunol.(2006) 177:8785–95. doi: 10.4049/jimmunol.177.12.8785

26. Cavalcanti MG, Mesquita JS, Madi K, Feijo DF, Assuncao-Miranda I, Souza
HS, et al. MIF participates inToxoplasma gondii-induced pathology following
oral infection.PLoS ONE. (2011) 6:e25259. doi: 10.1371/journal.pone.0025259

27. Pizarro TT, Arseneau KO, Bamias G, Cominelli F. Mouse models
for the study of Crohn's disease.Trends Mol Med.(2003) 9:218–22.
doi: 10.1016/S1471-4914(03)00052-2

28. Neurath MF. Animal models of in�ammatory bowel diseases: illuminating the
pathogenesis of colitis, ileitis and cancer.Dig Dis.(2012) 30(Suppl. 1):91–4.
doi: 10.1159/000341131

29. Tyler AD, Kirsch R, Milgrom R, Stempak JM, Kabakchiev B, Silverberg
M, et al. Microbiome heterogeneity characterizing intestinal tissue and
in�ammatory bowel disease phenotype.In�amm Bowel Dis.(2016) 22:807–16.
doi: 10.1097/MIB.0000000000000674

30. Dragasevic S, Stankovic B, Milosavljevic T, Sokic-Milutinovic A,
Lukic S, Alempijevic T, et al. Genetic and environmental factors
signi�cant for the presentation and development of in�ammatory

bowel disease. Eur J Gastroenterol Hepatol.(2017) 29:909–15.
doi: 10.1097/MEG.0000000000000877

31. Cleynen I, Boucher G, Jostins L, Schumm LP, Zeissig S, Ahmad T,
et al. Inherited determinants of Crohn's disease and ulcerative colitis
phenotypes: a genetic association study.Lancet. (2016) 387:156–67.
doi: 10.1016/S0140-6736(15)00465-1

32. Egan CE, Cohen SB, Denkers EY. Insights into in�ammatory bowel disease
usingToxoplasma gondiias an infectious trigger.Immunol Cell Biol.(2012)
90:668–75. doi: 10.1038/icb.2011.93

33. Wynn TA, Thompson RW, Cheever AW, Mentink-Kane MM.
Immunopathogenesis of schistosomiasis.Immunol Rev.(2004) 201:156–67.
doi: 10.1111/j.0105-2896.2004.00176.x

34. Pearce EJMKC, Sun JJTJ, McKee AS, Cervi L. Th2 response polarization
during infection with the helminth parasiteSchistosoma mansoni. Immunol
Rev.(2004) 201:117–26. doi: 10.1111/j.0105-2896.2004.00187.x

35. Marichal T, Mesnil C, Bureau F. Homeostatic eosinophils: characteristics and
functions.Front Med.(2017) 4:101. doi: 10.3389/fmed.2017.00101

36. Arnold IC, Artola-Boran MP, Tallon de Lara, Kyburz A, Taube C, Ottemann
K, et al. Eosinophils suppress Th1 responses and restrict bacterially
induced gastrointestinal in�ammation.J Exp Med.(2018) 215:2055–72.
doi: 10.1084/jem.20172049

37. Cominelli F, Arseneau KO, Rodriguez-Palacios A, Pizarro TT. Uncovering
pathogenic mechanisms of in�ammatory bowel disease using mouse models
of Crohn's disease-like ileitis: what is the right model?Cell Mol Gastroenterol
Hepatol.(2017) 4:19–32. doi: 10.1016/j.jcmgh.2017.02.010

38. Neurath MF, Fuss I, Kelsall BL, Stuber E, Strober W. Antibodies to interleukin
12 abrogate established experimental colitis in mice.J Exp Med.(1995)
182:1281–90. doi: 10.1084/jem.182.5.1281

39. Strober W, Fuss IJ. Proin�ammatory cytokines in the pathogenesis
of in�ammatory bowel diseases.Gastroenterology. (2011) 140:1756–67.
doi: 10.1053/j.gastro.2011.02.016

40. Araujo MI, Bliss SK, Suzuki Y, Alcaraz A, Denkers EY, Pearce E,et
al. Interleukin-12 promotes pathologic liver changes and death in mice
coinfected withSchistosoma mansoniandToxoplasma gondii. Infect Immun.
(2001) 69:1454–62. doi: 10.1128/IAI.69.3.1454-1462.2001

41. Bouma G, Strober W. The immunological and genetic basis of in�ammatory
bowel disease.Nat Rev Immunol.(2003) 3:521–33. doi: 10.1038/nri1132

42. de Souza HS, Fiocchi C. Immunopathogenesis of IBD: current
state of the art. Nat Rev Gastroenterol Hepatol.(2016) 13:13–27.
doi: 10.1038/nrgastro.2015.186

43. McAuley JL, Linden SK, Png CW, King RM, Pennington HL, Gendler
SJ, et al. MUC1 cell surface mucin is a critical element of the mucosal
barrier to infection. J Clin Invest. (2007) 117:2313–24. doi: 10.1172/
JCI26705

44. Birchenough GM, Johansson ME, Gustafsson JK, Bergstrom JH, Hansson
GC. New developments in goblet cell mucus secretion and function.Mucosal
Immunol.(2015) 8:712–9. doi: 10.1038/mi.2015.32

45. Jakobsson HE, Rodriguez-Pineiro AM, Schutte A, Ermund A, Boysen P,
Bemark M, et al. The composition of the gut microbiota shapes the colon
mucus barrier.EMBO Rep.(2015) 16:164–77. doi: 10.15252/embr.201439263

46. Ganz T. Defensins: antimicrobial peptides of innate immunity.Nat Rev
Immunol.(2003) 3:710–20. doi: 10.1038/nri1180

47. Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, Hooper LV. Paneth cells
directly sense gut commensals and maintain homeostasis at the intestinal
host-microbial interface.Proc Natl Acad Sci USA.(2008) 105:20858–63.
doi: 10.1073/pnas.0808723105

48. Wilson CL, Ouellette AJ, Satchell DP, Ayabe T, Lopez-Boado YS,Stratman
JL, et al. Regulation of intestinal alpha-defensin activation by the
metalloproteinase matrilysin in innate host defense.Science. (1999) 286:113–
7. doi: 10.1126/science.286.5437.113

49. Lala S, Ogura Y, Osborne C, Hor SY, Brom�eld A, Davies S, et al. Crohn's
disease and the NOD2 gene: a role for paneth cells.Gastroenterology. (2003)
125:47–57. doi: 10.1016/S0016-5085(03)00661-9

50. Wehkamp J, Harder J, Weichenthal M, Schwab M, Scha�eler E, Schlee
M, et al. NOD2 (CARD15) mutations in Crohn's disease are associated
with diminished mucosal alpha-defensin expression.Gut. (2004) 53:1658–64.
doi: 10.1136/gut.2003.032805

Frontiers in Immunology | www.frontiersin.org 15 March 2019 | Volume 10 | Article 442



Pêgo et al. S. mansoniAttenuates MurineT. gondii-Induced Ileitis

51. Elphick D, Liddell S, Mahida YR. Impaired luminal processing of
human defensin-5 in Crohn's disease: persistence in a complex with
chymotrypsinogen and trypsin.Am J Pathol. (2008) 172:702–13.
doi: 10.2353/ajpath.2008.070755

52. Wehkamp J, Wang G, Kubler I, Nuding S, Gregorie� A, Schnabel
A, et al. The Paneth cell alpha-defensin de�ciency of ileal Crohn's
disease is linked to Wnt/Tcf-4.J Immunol. (2007) 179:3109–18.
doi: 10.4049/jimmunol.179.5.3109

53. Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh J, Lennerz JK, et al. Akey role
for autophagy and the autophagy gene Atg16l1 in mouse and human intestinal
Paneth cells.Nature.(2008) 456:259–63. doi: 10.1038/nature07416

54. Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K, et al. A genome-
wide association scan of nonsynonymous SNPs identi�es a susceptibility
variant for Crohn disease in ATG16L1.Nat Genet. (2007) 39:207–11.
doi: 10.1038/ng1954

55. Becker C, Dornho� H, Neufert C, Fantini MC, Wirtz S, Huebner
S, et al. Cutting edge: IL-23 cross-regulates IL-12 production in T
cell-dependent experimental colitis.J Immunol. (2006) 177:2760–4.
doi: 10.4049/jimmunol.177.5.2760

56. Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, et al.
Phenotypic and functional features of human Th17 cells.J Exp Med.(2007)
204:1849–61. doi: 10.1084/jem.20070663

57. Ferrari D, Pizzirani C, Adinol� E, Lemoli RM, Curti A, Idzko M, et al.The
P2X7 receptor: a key player in IL-1 processing and release.J Immunol.(2006)
176:3877–83. doi: 10.4049/jimmunol.176.7.3877

58. Zhao Y, Shao F. Diverse mechanisms for in�ammasome sensing of cytosolic
bacteria and bacterial virulence.Curr Opin Microbiol. (2016) 29:37–42.
doi: 10.1016/j.mib.2015.10.003

59. Al-Sadi R, Guo S, Dokladny K, Smith MA, Ye D, Kaza A, et al. Mechanism of
interleukin-1beta induced-increase in mouse intestinal permeability in vivo. J
Interferon Cytokine Res.(2012) 32:474–84. doi: 10.1089/jir.2012.0031

60. Jobin C, Sartor RB. The I kappa B/NF-kappa B system: a key determinant
of mucosalin�ammation and protection.Am J Physiol Cell Physiol.(2000)
278:C451–62. doi: 10.1152/ajpcell.2000.278.3.C451

61. Quaglio AE, Castilho AC, Di Stasi LC. Experimental evidence ofheparanase,
Hsp70 and NF-kappaB gene expression on the response of anti-in�ammatory
drugs in TNBS-induced colonic in�ammation.Life Sci.(2015) 141:179–87.
doi: 10.1016/j.lfs.2015.09.023

62. Neurath MF, Becker C, Barbulescu K. Role of NF-kappaB in immune
and in�ammatory responses in the gut.Gut. (1998) 43:856–60.
doi: 10.1136/gut.43.6.856

63. Waetzig GH, Seegert D, Rosenstiel P, Nikolaus S, Schreiber S.p38
mitogen-activated protein kinase is activated and linked to TNF-alpha
signaling in in�ammatory bowel disease.J Immunol.(2002) 168:5342–51.
doi: 10.4049/jimmunol.168.10.5342

64. Hollenbach E, Vieth M, Roessner A, Neumann M, Malfertheiner P, Naumann
M. Inhibition of RICK/nuclear factor-kappaB and p38 signaling attenuates
the in�ammatory response in a murine model of Crohn disease.J Biol Chem.
(2005) 280:14981–8. doi: 10.1074/jbc.M500966200

65. Kimura H, Miura S, Shigematsu T, Ohkubo N, Tsuzuki Y, Kurose I, et
al. Increased nitric oxide production and inducible nitric oxide synthase
activity in colonic mucosa of patients with active ulcerative colitis and
Crohn's disease.Dig Dis Sci.(1997) 42:1047–54. doi: 10.1023/A:10188494
05922

66. Sohn JJ, Schetter AJ, Yfantis HG, Ridnour LA, Horikawa I, Khan MA, et al.
Macrophages, nitric oxide and microRNAs are associated with DNA damage
response pathway and senescence in in�ammatory bowel disease.PLoS ONE.
(2012) 7:e44156. doi: 10.1371/journal.pone.0044156

67. Zhang L, Zhang Y, Zhong W, Di C, Lin X, Xia Z. Heme oxygenase-
1 ameliorates dextran sulfate sodium-induced acute murine colitis by
regulating Th17/Treg cell balance.J Biol Chem.(2014) 289:26847–58.
doi: 10.1074/jbc.M114.590554

68. Paul G, Bataille F, Obermeier F, Bock J, Klebl F, Strauch U, et al. Analysis of
intestinal haem-oxygenase-1 (HO-1) in clinical and experimentalcolitis.Clin
Exp Immunol.(2005) 140:547–55. doi: 10.1111/j.1365-2249.2005.02775.x

69. Lakatos G, Hritz I, Varga MZ, Juhasz M, Miheller P, Cierny G, et al. The impact
of matrix metalloproteinases and their tissue inhibitors in in�ammatory bowel
diseases.Dig Dis.(2012) 30:289–95. doi: 10.1159/000336995

70. de Bruyn M, Vandooren J, Ugarte-Berzal E, Arijs I, Vermeire S,
Opdenakker G. The molecular biology of matrix metalloproteinases and
tissue inhibitors of metalloproteinases in in�ammatory bowel diseases.Crit
Rev Biochem Mol Biol.(2016) 51:295–358. doi: 10.1080/10409238.2016.
1199535

71. Warnaar N, Hofker HS, Maathuis MH, Niesing J, Bruggink AH,
Dijkstra G, et al. Matrix metalloproteinases as pro�brotic factors in
terminal ileum in Crohn's disease.In�amm Bowel Dis. (2006) 12:863–9.
doi: 10.1097/01.mib.0000231568.43065.ed

72. Biancheri P, Giu�rida P, Docena GH, MacDonald TT, Corazza GR, Di
Sabatino A. The role of transforming growth factor (TGF)-beta in modulating
the immune response and �brogenesis in the gut.Cytokine Growth Factor Rev.
(2014) 25:45–55. doi: 10.1016/j.cytogfr.2013.11.001

73. di Mola FF, Friess H, Scheuren A, Di Sebastiano P, Graber
H, Egger B, et al. Transforming growth factor-betas and their
signaling receptors are coexpressed in Crohn's disease.Ann
Surg. (1999) 229:67–75. doi: 10.1097/00000658-199901000-
00009

74. Li C, Flynn RS, Grider JR, Murthy KS, Kellum JM, Akbari H, et al. Increased
activation of latent TGF-beta1 by alphaVbeta3 in human Crohn's disease and
�brosis in TNBS colitis can be prevented by cilengitide.In�amm Bowel Dis.
(2013) 19:2829–39. doi: 10.1097/MIB.0b013e3182a8452e

75. Curciarello R, Docena GH, MacDonald TT. The role of cytokines in
the �brotic responses in Crohn's disease.Front Med. (2017) 4:126.
doi: 10.3389/fmed.2017.00126

76. Di Sabatino A, Jackson CL, Pickard KM, Buckley M, RovedattiL,
Leakey NA, et al. Transforming growth factor beta signalling and matrix
metalloproteinases in the mucosa overlying Crohn's disease strictures. Gut.
(2009) 58:777–89. doi: 10.1136/gut.2008.149096

77. Fumagalli M, Pozzoli U, Cagliani R, Comi GP, Riva S, Clerici M, et al.Parasites
represent a major selective force for interleukin genes and shape thegenetic
predisposition to autoimmune conditions.J Exp Med.(2009) 206:1395–408.
doi: 10.1084/jem.20082779

78. Wilson MS, Maizels RM. Regulatory T cells induced by parasites andthe
modulation of allergic responses.Chem Immunol Allergy.(2006) 90:176–95.

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2019 Pêgo, Martinusso, Bernardazzi, Ribeiro, de Araujo Cunha, de
Souza Mesquita, Nanini, Machado, Castelo-Branco, Cavalcanti and de Souza. This
is an open-access article distributed under the terms of theCreative 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 ispermitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org 16 March 2019 | Volume 10 | Article 442


