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Schistosomiasis is a nontransplacental helminth infection. Chronic infection during preg-
nancy suppresses allergic airway responses in offspring. We addressed the question
whether in utero exposure to chronic schistosome infection (Reg phase) in mice affects
B-cell and T-cell development. Therefore, we focused our analyses on T-cell differentia-
tion capacity induced by epigenetic changes in promoter regions of signature cytokines in
offspring. Here, we show that naive T cells from offspring of schistosome infected female
mice had a strong capacity to differentiate into Ty1 cells, whereas Ty2 differentiation
was impaired. In accordance, reduced levels of histone acetylation of the IL-4 promoter
regions were observed in naive T cells. To conclude, our mouse model revealed distinct
epigenetic changes within the naive T-cell compartment affecting Ty2 and Ty1 cell differ-
entiation in offspring of mothers with chronic helminth infection. These findings could
eventually help understand how helminths alter T-cell driven immune responses induced
by allergens, bacterial or viral infections, as well as vaccines.
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Introduction

Over the last century and in strong contrast to developing coun-
tries, a continuous rise in allergic diseases, such as asthma, is
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observed in industrialized countries [1]. It is currently discussed
whether helminthic parasites contribute to the low prevalence
of allergic diseases in parasite endemic areas [2] due to their
well-known ability to suppress bystander immune responses
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(reviewed in [3]). Currently, over 250 million people are infected
with schistosomes, the causative agent of the disease called bil-
harzia. Such parasitic helminths establish long-term immuno-
suppression that protects the infected host against overwhelm-
ing immune responses. For these reasons, the hygiene hypothe-
sis was recently expanded to helminths (reviewed in [4]). Since
asthma and allergic diseases affect people of all ages and rep-
resent major challenges for the health care system, it is essen-
tial to further investigate the underlying mechanisms of the sup-
pressed allergic phenotype in schistosome-infected humans and
its impact on the development of allergic diseases in children.
Protection against asthma and allergic diseases in adults is not
only related to exposure to environmental factors during child-
hood [5, 6]. Recent findings in different mouse models clearly
show that prenatal exposure to different infection-related factors
ranging from LPS [7] and Interferon(IFN)-y [8] to the gram-
negative bacterium Acinetobacter lwoffii [9] significantly alter the
risk of offspring’s susceptibility to allergic airway diseases. Mech-
anisms thereof involve epigenetic modifications within the T-cell
compartment that have been shown to play a crucial role in
developing allergic diseases [9, 10]. Adding to these findings,
we have recently shown that during murine infection with Schis-
tosoma mansoni, mice are protected from the onset of allergic
airway inflammation (AAI) partly due to expanding activated
regulatory T cells [11, 12]. Furthermore, murine schistosomia-
sis during pregnancy influences the offspring’s susceptibility to
allergic airway inflammation depending on the immunological
phase of infection. Distinct immune responses within the host are
caused by schistosomiasis starting from an initial Ty1 response,
followed by an egg-induced Ty2 phase to a regulatory state of
infection (Reg phase) [13]. As such, (noninfected) offspring from
schistosome-infected female mice were either protected against
allergic airway diseases (infected females mated during the initial
Tyl and long-term immunosuppressive Reg phase of infection)
or even displayed aggravated disease symptoms (infected females
mated during the intermediate Ty2 phase). In this context, the
undelying mechanisms leading to dampened T-cell responses in
this Ovalbumin (OVA)-induced model of AAI still remain elu-
sive and prompted us to search for T-cell intrinsic alterations
in the offspring. Since the most pronounced protection against
AAI was observed in offspring from long-term (Reg phase) S.
mansoni infected mothers and since this phase most likely rep-
resents the majority of human infections prevalent in endemic
areas [14], we used our established mouse model to analyzed
B and T-cell development and in vitro differentiation of T cells
in these offspring. Taken together, we could demonstrate that
in vitro differentiated naive T cells showed a clear bias toward
Tyl rather than Tyu2 cell differentiation that correlated with a
reduced histone acetylation pattern of Ty;2 promotor regions. Our
studies emphasize the importance of in utero and early postna-
tal exposures to schistosome infection-related immune responses
and parasitic antigens on epigenetically regulated T-cell dif-
ferentiation and function in response to unrelated antigens in
offspring.
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Results and discussion

Maternal schistosomiasis does not alter the
composition of offspring’s B-cell and T-cell
development

Rising evidence suggests that interindividual variations in immune
function development can principally be driven by nonherita-
ble factors acting during the in-utero period such as declining
maternal biodiversity [18], maternal stress, and nutrition [19-21]
and maternal exposures to environmental pollutants and bacteria
[22-24]. In this context, mother-to-child transfer of parasite anti-
gens, either as immune-complexes via the FcyR at the placental-
blood barrier or directly via the mother milk by enteric resorption
is suggested to affect the developing immune system. This hypoth-
esis is further supported by recent findings showing differences in
proportions of immune cells and innate immune responses within
peripheral blood mononuclear cells (PBMC) observed between
infants born in developed and infants born in developing coun-
tries [25], where maternal infection might affect the development
of different immune cell subsets. To expand these findings, we
analyzed basic T and B-cell development in adult offspring from
naive and Reg-phase infected female mice. However, no effect
of the chronic maternal S. mansoni infection could be detected
on the offspring’s B-cell development within the bone marrow
(Fig. 1A) and T-cell development (Fig. 1B) within the thymus
with regards to CD4 and CD8 expression. Cell populations were
detected according to the gating strategy shown in Fig. 1C, D.

Chronic maternal S. mansoni infection shapes in vitro
T-cell differentiation

Investigations of immune responses to worm antigens in chil-
dren born by helminth-infected mothers revealed that mater-
nal helminth infection leads to sensitization against these para-
site antigens in cord-blood mononuclear cells [26]. In another
trial, hookworm infection during pregnancy led to an increased
response to an unrelated vaccine antigen, namely BCG, in children
within the first year of life [27]. Both studies exemplify the clear
notion that maternal helminth infection exerts an influence on the
child’s immune system. The activity and differentiation of naive T
lymphocytes is largely dependent on the introduction of antigens
by highly specialized antigen-presesenting cells and cytokines in
the microenvironment. In addition, it is becoming clear that the
preexisting epigenetic landscape eventually influences T-cell lin-
eage differentiation capacity [28]. Thus, we investigated the latter
aspect in more detail by culturing sorted naive T cells from off-
spring of Reg phase-infected and uninfected mothers under Ty1
or Ty2 conditions followed by analyses of the expression and pro-
duction of signature cytokines and transcription factors. We found
that the Ty2 differentiation capacity of naive T cells—designated
by the induced production of IL-4 (Fig. 2B, C and Supporting
Information Fig. 1B) and the expression of the Ty2-related tran-
scription factor GATA-3 (Fig. 2A) as quantified by RT-PCR—was
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Figure 1. Chronic maternal S. mansoni infection does not alter the composition of offspring’s B-cell and T-cell compartment. Bone marrow and
thymic cells from offsprings of BALB/c mice infected with S. mansoni or naive mothers were analyzed by flow cytometry. B cell subsets in the
bone marrow were defined as follows: immature B (B220°VIgM+); mature B cells (B220"&"IgM+); pro- and pre-B cells (B220"IgM~); pro-B cells
(B220*CD43*IgM~) and pre-B cells (B220*CD43"IgM ") (Fig. 1A, C). T-cell progenitors are defined as DN (CD4~CD8") cells; cells in the intermediate
developmental stage are defined as DP (CD4"CD8"); mature cells are defined as SP CD4" and SP CD8a" (Fig. 1B, D). Representative results of one
of three independent experiments and shown as mean + SEM with n > 4 offsprings per experiment (offspring: n = 15 from naive versus 19 from

infected mothers, mothers: n = 5 naive versus four infected mothers).

significantly reduced in offspring from Reg phase mothers when
compared to that of naive T cells from naive mice. Intranuclear
staining of GATA-3 revealed no significant changes (Fig. 2C). In
contrast, Ty1 differentiated naive T cells revealed a significantly
higher expression of the transcription factor t-bet measured by
RT-PCR (Fig. 2D) and intranuclear staining (Fig. 2F, Supporting
Information Fig. 1A). Moreover, elevated levels of IFN-y-release
(Fig. 2E), measured by ELISA, could be observed. Intracellular
IFN-y levels after PMA/Iono stimulation did not show significant
differences (Fig. 2F and Supporting Information Fig. 1A). This
might be explained by methodological and technical procedures

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

since cells were short-term (4, 5 h) stimulated with PMA/Iono for
FACS analyses and long term (48 h) stimulated with CD3/CD28
for ELISA, measuring IFN-y that is sequentially produced over 48
hours. Taken together, these results indicate a cell-intrinsic block
in Ty2 differentiation within the naive compartment, rather than
an active suppression of T2 cell function in vivo. These results are
very intriguing since they relate to findings in an Ugandan mother-
child cohort in which antihelminthic treatment during pregnancy
led to increased incidence of childhood excema—a surrogate for
the propensity to develop allergies and asthma later in life—during
the first year of life [29].
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Figure 2. Maternal S. mansoni infection leads to stronger Tyl and impaired Ty2 cell differentiation of CD4"CD62L" T cells. MACS-sorted naive
CD47CD62L" cells from spleen of offsprings from naive and chronic schistosome infected mothers were differentiated into Ty1 and Ty2 cells.
Expression and protein levels of cytokines and transcription factors were measured by RT-PCR, ELISA, intranuclear, and intracellular staining
(ICS). Shown is the gene expression of transcription factor t-bet (Ty1) and GATA-3 (Ty2) relative to the naive offspring. Statistical differences were
obtained after using REST software (Fig. 2A, D). Cytokine levels of IFN-y and IL-4 under Th1 and Th2 differentiating conditions are detected by
ELISA and shown after substracting the corresponding cytokine levels of undifferentiated T cells (Fig. 2B, E). Frequencies of CD4* effector cells
were analyzed by ICS for IFN-y, t-bet (Ty1), IL-4, and GATA-3 (Ty2) expression levels (Fig. 2C, F). Asterisks show statistical differences indicated
by brackets. (p < 0.05, “p < 0.01, p < 0.001). Statistical differences were obtained after using the parametric Student’s t test in case of normal
distribution and the Mann-Whitney test when data are not normally distributed. Data shown as mean + SEM depicting one of two representative
experiments (Fig. 2A, E, F) or pooled data from two experiments with similar outcomes (Fig. 2B, C, D). Each experiment was conducted with
offspring: n > 5, mothers: n > 3 per goup.

Impact of maternal S. mansoni infection on histone
acetylation within naive T-cell compartment

As a potential underlying mechanism for the observed differences
in T-cell differentiation, the epigenetic signature of naive T cells
was assessed by the analysis of histone acetylation of specific
promoter regions. ChIP-based histone acetylation of sorted
splenic CD41TCD62L" T cells before differentiation revealed that
offspring from chronically infected mothers showed decreased
H4 acetylation at IL-4 (Fig. 3A) and IL-5 (Fig. 3B) promotor
regions compared to those from naive offspring. This could imply
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that decreased histone acetylation leads to repressed chromatin
and less active transcription at IL-4 and IL-5 promoter regions
resulting in reduced protein levels as observed (Fig. 2). No
differences in H3 and H4 acetylaction at IFN-y (Fig. 3C) promoter
regions were observed between the groups. However, other
epigenetic modifications such as DNA methylation are currently
considered the main epigenetic mechanisms that control Tyl
responses and could therefore contribute to the enhanced Tyl
differentiation levels observed in the Reg-phase offspring [30].
Overall, our findings of epigenetically modified T-cell differentia-
tion toward reduced Ty2 cells is highly coincident with and could
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Figure 3. Maternal S. mansoni infection influences the offspring’s histone acetylation within the naive T-cell compartment. CD4*CD62L" MACS
or MoFlow sorted splenocytes from offspring with maternal infection and naive mothers were analyzed by ChIP assay. H3 and H4 acetylation and
RT-PCR was performed to assess the percent enrichment at IL-4, IL-5, and IFN-y, promoter regions (Fig. 3A-C). Results were pooled from three
independent experiments and depicted as mean + SEM. Statistical significances between the indicated groups (offspring: n = 16 from naive versus
16 from infected mothers, mothers: n = 9 naive versus six infected mothers) are obtained after using the parametric Student’s t test in case of

normal distribution and the Mann-Whitney test when data are not normally distributed (IL-5) (p < 0.05).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2017. 47: 841-847

therefore explain our previous findings of asthma protection in
offspring from chronically schistosome infected mothers [13]. In
the light of different helminth species, one has to mention that we
have learned in the last years that the immunomodulatory effects
of helminths clearly show differences [31, 32]. In the future, it
will be extremely interesting to investigate the impact of maternal
infection due to other helminths such as filariasis and ultimately,
the influence of schistosome infection in pregnant women on
their children’s T-cell development.

Concluding remarks

Taken together, maternal helminth infection leads to distinct epi-
genetic modifications within the naive T-cell compartment pos-
sibly explaining the differences in Tyl and Ty2 differentiation
capacity. Besides the reduced reactivity to allergens, these changes
could have further implications for other T-cell driven immune
responses such as autoimmue diseases, bacterial and viral infec-
tions or vaccination.

Materials and methods

Animals

BALB/c mice were purchased from Harlan Winkelmann GmbH
(Germany). In vivo experiments were conducted in accordance
with local government authorities Bezirksregierung Oberbayern
(license number AZ. 55.2.1.54-2532-147-08). Animals were main-
tained under specific pathogen-free conditions at MIH in accor-
dance with national and EU guidelines 86/809.

Schistosome infection and mating

Female BALB/c mice (6-8 weeks) were infected with S. man-
soni for 16 weeks as previously described [15, 16]. Infected and
age matched naive female mice stemming from the same batch
were mated with uninfected BALB/c males. After weaning, par-
asite burden of infected mothers was determined as described
previously [16].

T-cell differentiation assays

For TyO0, Tyl, and Ty2 in vitro differentiation, CD4+*CD62L"
MACS-sorted splenocytes (T cell isolation kit II, mouse, Miltenyi
Biotec) from 8 weeks old offspring were incubated with 10 ng/mL
IL-2 in a 48-well plate. For Ty1 conditions, 2 x 10° splenocytes
(FACS and RT-PCR/ELISA) were incubated with 10 pg/mL a-IL-4,
20 ng/mL IL-12, and 20 ng/mL IFN-y for 3 days. For the differenti-
ation control a T0/undiff condition was performed with the iden-
tical amount of cells and 10 pwg/mL o-IFN-y and 10 pg/mL a-IL-4

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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for 3 days, respectively. For T2 conditions, 10 pg/mL a-IFN-y, 10
wg/mL a-IL-12, and 25 ng/mL IL-4 were added to 3 x 10° spleno-
cytes (FACS—analysis) or 1.5 x 10° (RT-PCR/ELISA) for 6 days
and again for the differentiation control a Ty0/undiff condition
was performed with 10 pg/mL o-IFN-y and 10 pg/mL a-IL-4 for 6
days, respectively. To determine cytokines in the supernatant and
transcription factor mRNA expression levels, differentiated T cells
were stimulated with aCD3/aCD28 T-cell beads (ratio 1:2) on day
3 (Ty1/TyO0) or day 6 (Ty2/TyO) for 6 h. To determine intracel-
lular cytokines and transcription factor expression, differentiated
cells were stimulated with 750 ng/mL ionomycin, 50 ng/mL phor-
bol 12-myristate 13-acetate in the presence of 10 pg/mL Brefeldin
A for 4.5 h. For surface, intracellular and intranuclear stain-
ing the following antibodies were used: FITC-anti-CD4, PE-anti-
IFN-y, APC-anti-t-bet, APC-anti-IL-4, PE-anti-GATA-3 (eBio-
science). In the analysis, dead cells (positive for ethidium
monoazide bromide) were excluded. Cell acquisition was per-
formed with CyAn ADP Lx P8 or Calibur II Cytometers (BD Bio-
sciences). Primers and probes for RT-PCR of t-bet and GATA-3
were designed using Roche Universal Probe Library software. PCR
(hot start: 95°C, 1 cycle; amplifikation: 95°-60°-72°C, 45 cycles;
cooling: 45°, 1 cycle) was performed using LightCycler®480
(Roche). Levels of IFN-y and IL-4 were measured using the Ready-
Set-Go!® ELISA Kit (eBioscience).

Flow cytometry analysis of bone-marrow cells and
thymocytes

Bone marrow cells from 8 weeks old offspring were flushed from
femurs and tibias with HF2+ buffer (Hank’s balanced salt solu-
tion, supplemented with 2% FCS, 10 mM HEPES buffer, and
antibiotics) and single cell supensions of thymuses prepared via
70 wm nylon strainers. Cells were stained with antibodies in HF2+
buffer for 15 min on ice in the dark. Hematopoietic populations
were separated with the following antibodies: PB-anti-B220, FITC-
anti-CD43, PE-anti-IgM, PECy5-anti-CD4, PECy7-anti-CD8a (eBio-
science, Affymetrix). FACS analyses were performed on a CyAn
ADP Lx P8 (Coulter-Cytomation Cytometer) and data were ana-
lyzed with FlowJo software (TreeStar Inc).

Histone acetylation studies

CD4*tCD62L+T cells were isolated from splenocytes of 8 weeks
old offspring by using beads and columns of the T-cell isolation
kit II, as recommended by the manufacturer (Miltenyi Biotec).
DNA-protein interactions in isolated cells were cross-linked in
the presence of 1% formaldehyde for 10 min at room tempera-
ture. Subsequently, chromatin immunoprecipitation (ChIP) was
performed, as described previously [17], with antibodies against
acetylated histone H4 (H4ac; Milipore, Germany) and acety-
lated histone H3 (H3ac; Millipore, Germany). Immunoprecipi-
tated and eluted DNA was purified with QIAquick columns (Qia-
gen) and amplified by means of quantitative PCR. For analysis, the
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percent enrichment of the negative control (IgG) was subtracted
from this value and then normalized to the RPL32 housekeep-
ing gene (HKG). The normalization was done according to the
following formula: Normalized enrichment to desired gene =
% Enrichment to desired gene/% Enrichment to HKG. Primer
sequences are shown in Table 1 Supporting Information. All ampli-
fications were performed in duplicate by using 2 uL of DNA per
reaction.

Statistical analysis

Using GraphPad Prism software 5 (San Diego, CA, USA) statis-
tical differences were assessed by one-way ANOVA or Student’s
t-test when data were normally distributed or otherwise using
Mann-Whitney. Normal distribution was assessed by d’Agostino
and Pearson omnibus normality test.
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