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ABSTRACT: Prebiotics constitute emerging tools to alleviate immune pathologies. This study aimed to evaluate the effect of
prebiotic exposure during perinatal and postweaning periods on immune and gut regulations. Mice were fed either a
galactooligosaccharides/inulin prebiotic mix-enriched diet or a control diet during the perinatal and/or postweaning periods.
Biomarkers related to gut barrier function (SCFA, heat shock proteins, zonula occludens protein-1, and mucin-2) and immune
mechanisms (IgA, IgE, IgGl, IgG2a, IL-10, TGF-f, IL-4, IL-17A, and IFN-y) were analyzed. The milk of dams fed the prebiotic
diet was more concentrated in both IgA and TGF-§ when prebiotics were introduced during both the perinatal and postweaning
periods; IL-10, IgA, and IgG2a were increased in pups; and expression of intestinal markers was more pronounced. Postweaning
exposure to prebiotics alone induced higher INF-y and TGE-f levels, whereas IgA levels fell. Combined exposure periods
(perinatal/postweaning) to prebiotics increased tolerance-related immunoglobulins in pups and reinforced gut barrier functions.
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B INTRODUCTION

Prenatal life, early infancy, and childhood are crucial periods
during which different systems become established: the immune
system, the microbiota, gut barrier integrity, and oral tolerance.

Prenatal life constitutes the first period during which the
maternal environment can influence the immune system of a
fetus in utero. In fact, a prospective birth cohort in rural
populations evidenced that maternal exposure to animal sheds
and unpasteurized cow’s milk had an impact on some
immunological biomarkers (decrease of IgE and increase of
both IFN-y and TNF-a) in the cord blood of the neonate." The
maternal microbiota can also act on the fetus: recent findings
indicate that both the cord blood from healthy neonates” and the
murine amniotic fluid® have some bacteria. Thus, the maternal
exposure to various environmental factors is the first step for the
development of the immune system and microbiota in children.

During early infancy, the immune system and the microbiota
increase in terms of both their complexity and diversity.** From
birth, the infant immune system becomes increasingly more
mature. This increased maturity is exerted on both lymphoid
organs and cells. For example, the secondary lymphoid organs,
such as mesenteric lymph nodes and Peyer’s patches, increase in
size after birth, and the germinal centers develop.6 In the case of
T cell responses, the immune dominant profile changes from a
Th2- to a Thl-biased response.* B cell localization is also
modified during early infancy, at which point these cells,
particularly the IgA-secreting B cells, start to populate numerous
mucosal effector sites (i.e., the intestine, urogenital tract,
mammary glands, salivary glands, and respiratory tract).” The
maturation of the immune system is crucial for the mechanism of
immune tolerance, which results from the equilibrium between
the so-called “Thl/Th2 balance”® and regulatory T-cells
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(Tregs),”'® in which the tolerance is maintained via the
inhibition of the Th2-biased pathway.'' Tregs secrete mainly
TGF-f, IL-10, and low levels of IL-4 and are involved in the
production of IgA."> The IgA-secreting B cells are largely
responsible for the induction of tolerance mechanisms."* Tregs
may also contribute to the down-regulation of the novel and
discrete Th17 cells that secrete the pro-inflammatory cytokine
interleukin (IL)-17."* During prenatal life, early infancy is the
second most crucial period during which the mother, via her
breast milk, can exert a major influence on the maturation of the
immune system of her newborn. In fact, a mother’s breast milk
contains 1mmunolog1cal factors, such as IgA, TGF-f, and traces
of food antigens,"'¢ that play a key role in the tolerance
processes. For example, it has been demonstrated that breast
milk mediates the transfer of an antigen that may prevent
antigen-specific responses.'” The mother also plays a key role in
the implantation of the microbiota in her infant. Starting at birth,
the newborn’s intestinal tract will acquire microbiota during the
first hours of life through contact with the mother’s perineal and
vaginal microbiota and with the environment.'® This bacterial
ecosystem is then modified by components in the breast milk,
which includes micro-organisms.'® Microbiota plays a major role
in immune response modulation (notably in oral tolerance)'**°
and in gut barrler maturation, which is enhanced during the first 2
weeks of life. Indeed, some bacteria are known to modulate the
gut barrier functions by acting on the tight junctions (zonula
occludens proteins (ZOs) and occludins)*"** by inducing the
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production of cytoprotective epithelial substances (e.g, heat
shock proteins (HSPs) and mucins (MUCs))**** and by
secreting short-chain fatty acids (SCFAs).

Early childhood and weaning (4—6 months in humans; 3
weeks in mice) is the third period during which the immune
tolerance to food proteins is induced®>*® and the exposure to
microbiota is modulated. These immune and microbial
modifications are dependent on the lifestyle and notably the
introduction of solid foods, which alter the relative proportions
of bacterial phyla in the gut and allow the establishment of food
tolerance. These modifications are followed by the establishment
of an adult-like microbiota profile with greater stability”” and a
well-established immune system that is able to fight pathogens
and tolerate food. Nevertheless, defects in the establishment of
these microbiota and the mucosal immune tolerance that are
linked to disruptions in the Thl, Th2, and Thl7 responses
during early life are commonly associated with the later
development of allergies, autoimmune diseases, and chronic
inflammation of the gut mucosa.>*

Various compounds that are commonly known as “prebiotics”
may modify the autochthonous microbiota. Prebiotics have been
defined as “nondigestible food ingredients that beneficially affect
the host organization by selectively stimulating the growth and/
or activity of one or a limited number of bacterial species that are
already present in the gut and can thus improve the “host’s
health””® To date, the most widely studied prebiotics are
fructans, that is, inulin and fructooligosaccharides (FOS),
galactooligosaccharides (GOS), and p-glucans.”® These food
supplements are fermented by the microbiota and generate
SCFAs, such as acetate, butyrate, and propionatefo’31 that can
modulate the expression of certain genes.”> Therefore, a
potential strategy for the modification of the autochthonous
microbiota is the use of prebiotics, which may in turn have a
major impact on sculpting the immune system, first through the
mother (via delivery and breast milk) and then through the
newborn. This indirect effect has been assessed by studies in
which FOS were administered to adult and young mice during
lactation and thereafter because an up-regulation of the
expression of the IgA and IgA receptors in the intestinal Peyer’s
patches was found to be linked with an increase in the cecal
production of SCFA.>*** Recent data indicate that prebiotics
might also exert a direct action on the immune system, notably by
interacting with some glycan-binding proteins, called “galectins”,
that can exert various immunomodulatory properties (e.g.,
induction of Treg cells and inhibition of effector T cells) via their
fixation to some T cell receptors.®® In a recent study, De Kivit et
al > observed that galectin-9 is secreted in the serum of both
infants and mice following exposure to a GOS/inulin prebiotic
mix, which suggests that these proteins may be fixed to
galactooligosaccharides. Numerous data are also available on
the effect of oligosaccharides (e.g,, GOS®” and fructans®*~*°) and
dietary fibers (e.g, cellulose,>® pectin,38 arabinoxylans,41 /-
glucans,“’43 resistant starch,>**** and others45) on the modu-
lation of the gut barrier, particularly when these are administered
after weaning or to adult animals.>**** 7% 1 the large
majority of studies, prebiotics display a protective effect in
increasing the gut barrier integrity by stimulating the secretion of
antimicrobial peptides,41 mucus (acidic mucins, MUC-2, -3, and
-4)38394244%5 and/or the expression of occludins® and HSP-
25.* However, another study showed that postnatal exposure to
a diet enriched in f-glucans decreased the intestinal integrity of
mice by down-regulating ZO-1 and antimicrobial peptides.*’

11943

Although a large body of evidence indicates that the perinatal
period constitutes a crucial “window of opportunity” for the
induction of immunological tolerance and the strengthening of
the gut barrier, this exposure period to prebiotics has not been
widely studied. Therefore, the aim of this study was to evaluate
the effect of prebiotic exposure during the perinatal and
postweaning periods on the modulation of the immune
responses, especially on the Thl-, Th2-, Th17-. and Treg-
mediated responses and on the gut barrier functions. We thus
chose to feed mice a prebiotic diet during both the perinatal
(gestation and lactation) and postweaning periods and to
compare the results obtained with those found in another study
that was conducted in parallel, in which weaned mice were fed
the same prebiotic diet only during the postweaning period. We
chose a mixture of two oligosaccharides (GOS and inulin) that
were previously used in mouse diets*® and in some infant milk
formulas.*” These two studies, which were performed in an
allergy context, demonstrated an immunomodulatory effect of
this prebiotic mix that is associated with a decrease in Th2-related
biomarkers. During our study, the effect of prebiotics on the
immune responses was investigated in dams and their (6- and 12-
week-old) pups. The effect of prebiotic exposure during both the
perinatal and postweaning periods on the microbiota metabolism
and on several gut markers that are potentially targeted by these
metabolites (HSP-25, ZO-1, and MUC-2) was also studied.

B MATERIALS AND METHODS

Prebiotics and Diets. The oligosaccharides used in this study were
short-chain GOS extracted from Vivinal GOS syrup (Domo,
Amersfoort, The Netherlands). The extract from Domo has been
extensively characterized by Coulier et al.** The Vivinal GOS syrup was
spray-dried by La Laiterie de Montaigu (France). The final extract
contained 40.5% pure GOS, which had an average degree of
polymerization of >3. The GOS were mixed with inulin (long-chain
FOS), which has an average degree of polymerization of <23 (Beneo-
Orafti, Tienen, Belgium), at a ratio of 9:1. Both oligosaccharides have
been biochemically characterized by their respective manufacturers. The
prebiotic mix was added to a final concentration of 4% (w/w) to purified
diet 210 (SAFE, Augy, France).*® The preservation of the prebiotic
amount in the diet after processing was controlled by HPAEC. The
analysis of the oligosaccharides was performed on an ICS3000 HPLC
system (Thermo Scientific Dionex) with pulsed amperometric
detection. The GOS levels observed in the prebiotic-supplemented
diet were very close to those expected: 3.49% compared to the expected
3.6% for the GOS supplementation in the diet. The same finding was
observed with the inulin levels: 0.36% compared to the expected 0.4%.

Mice and Housing Conditions. BALB/c mice and their
progenitors were obtained from the Centre d’Elevage René Janvier
(St. Berthevin, France). Mice were housed in a ventilated cage system
(IVC Racks Allentown, PA, USA) under controlled temperature and
humidity conditions with a 12 h light/dark cycle. Mice were acclimatized
to these conditions for 2 weeks prior to mating. The pups were weaned
at 3 weeks of age. The experimental protocol was approved by the Ethics
Committee on Animal Experimentation of the Pays de la Loire region
(accreditation no. C44502). In the study covering the perinatal and
postweaning periods, the progenitors were fed either a semisynthetic
control diet (—Prb dams, n = 12; purified diet 210, SAFE, Augy, France)
or the same diet supplemented with 4% of the GOS/inulin mixture*
(+Prb dams, n = 13). The dams received the same diets during the
gestation and lactation periods. After weaning, the pups were fed ad
libitum the prebiotic-supplemented diet for an additional 9 weeks (—Prb
mice, n = 10; +Prb mice, n = 15). In the postweaning study, the
progenitors were fed the semisynthetic control diet only. Upon weaning,
the pups were fed either the control diet or the prebiotic-supplemented
diet for 9 weeks (—Prb mice, n = 18; +Prb mice, n = 18).

Detection of Immune Biomarkers Related to the Activation
States of T Cell Populations. During the study, a characterization of
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the prebiotic effect on the immune responses was investigated in the
dams and their (6- and 12-week-old) pups. A number of different
immune biomarkers related to the activation states of the T-cell
populations (Thl, Th2, and Treg responses) were assayed (Ig and
cytokine production). The involvement of the Thl response was
evaluated through the production of IgG2a and IFN-y, the Treg
response involvement was assessed through the production of IgA, IL-
10, and TGF-f, and the Th2 response involvement was investigated
through the production of IgG1, IgE, and IL-4.

Blood Sample Collection. Blood samples were collected from the
retro-orbital venous plexus. In the study combining the perinatal and
postweaning periods, two sets of blood were collected: from T6 mice (6
weeks old) and T12 mice (12 weeks old). The blood samples were
incubated for 20 min at 37 °C and then centrifuged for 20 min at 2000g.
The supernatant was removed to assay the immunoglobulins in the
serum.

Extraction of Protein from Feces. Fresh fecal pellets were collected
from lactating dams exposed to the different diets for 8 weeks and from
the T6 and T12 mice. The extraction was performed as previously
described.*® The pooled fecal pellets (0.1 g) were added to 1 mL of
phosphate buffer saline (PBS) containing 1% bovine serum albumin, SO
pg/mL bacitracin, 300 yg/mL benzamidine, 80 yg/mL leupeptin, 20
pug/mL chymostatin, 25 pg/mL pepstatin, and 200 yM phenyl-
methanesulfonyl fluoride (Sigma-Aldrich Chimie S.A.R.L., Lyon,
France) and incubated on a rotary shaker overnight at 4 °C. The
tubes were vortexed to disrupt all solid materials and then centrifuged at
16000g and 4 °C for S min. The supernatant was used to analyze the
presence of total IgA in the feces.

Measurement of Fecal and Milk IgA and Milk TGF-$ Levels. The
dams were anesthetized (0.6 mg of Rompum and 3 mg of Imalgene per
mouse) before being milked. The dams were injected intraperitoneally
with 0.15 TU oxytocin and then milked by hand following stimulation of
the mammary glands. The milk droplets were collected using a Pasteur
pipet. The tubes were centrifuged at 20000g and 4 °C for 2 min. The
supernatants were removed and used for further analyses. The levels of
IgA were assayed with a sandwich F-ELISA using a capture goat
antibody directed against mouse IgA (Southern Biotechnology
Associates, Birmingham, AL, USA) and a detection goat antibody
directed against mouse IgA and conjugated to alkaline phosphatase
(Southern Biotechnology Associates, ref 1040-04). The capture
antibody was diluted 1:30 in carbonate buffer (30 mM Na,CO; and
70 mM NaHCOj;, pH 9.6). The detection antibody was diluted 1:3000
in PBS with 0.1% Tween-20 and 0.5% gelatin. The fluorescence intensity
(emission at 440 nm and excitation at 360 nm) was measured after
incubation with an alkaline phosphatase substrate (4-methylumbelifer-
in). The levels of TFG-f} were assayed using the mouse TGF-f§ ELISA
Ready-Set-Go! Kit (eBioscience, Paris, France) in accordance with the
manufacturer’s instructions.

Measurement of Total Igk, IgG1, and IgG2a in Serum. The mouse
total IgE was measured by F-ELISA as previously described.®' The total
IgG1 and IgG2a levels were quantified using an F-ELISA protocol based
on an assay developed by Gourbeyre et al.*> In our study, the plates were
coated with a rat monoclonal IgG antibody directed against mouse IgG1
(Santa Cruz Biotechnology, 14G11, Santa, Cruz, CA, USA), which was
diluted 1:50 in carbonate buffer, or a rat monoclonal IgG antibody
directed against mouse IgG2a (Santa Cruz Biotechnology), which was
diluted 1:20 in carbonate buffer. To determine the total IgG1 and IgG2a,
the samples were diluted 1:500 in PBS with 0.1% Tween-20 and 0.5%
gelatin. A detection goat antibody directed against mouse IgG1 (diluted
1:1000 in PBS with 0.1% Tween-20 and 0.5% gelatin) or IgG2a (diluted
1:2000 in PBS with 0.1% Tween-20 and 0.5% gelatin) and conjugated to
alkaline phosphatase (Southern Biotechnology Associates) was used.
The fluorescence intensity (emission at 440 nm and excitation at 360
nm) was measured after incubation with an alkaline phosphatase
substrate (4-methylumbeliferin).

Nonspecific Activation of Spleen Cells and Quantification of
Cytokines (IL-4, IL-10, IFN-y ,and TGF-f}). Mice were euthanized by
vertebral dislocation, and the spleens were collected. Single spleen cell
cultures were activated in the presence of either PBS (negative control)
or concanavalin A (1 pug/mL), as previously described.* The
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supernatants were then collected and stored at —80 °C until further
assay. The levels of IL-4, IL-10, IFN-y, and TGF-j were assayed using
two sets of kits, the mouse IL-4, IL-10, and IFN-y CytoSet kits (Life
Technologies SAS, Saint Aubin, France) and the mouse TGF-f§ ELISA
Ready-Set-Go! Kit (eBioscience), in accordance with the manufacturers’
instructions.

Microbial Metabolism: Detection of Short-ChainFatty Acids by
Capillary Gas—Liquid Chromatography. The contents of the ceca
collected from 12-week-old mice belonging to the combined study
(perinatal and postweaning) were collected for SCFA analysis.
Approximately 1 g of the cecal content was homogenized in 4 volumes
of sterile water. After centrifugation of the thawed samples (10000g for
10 min), 0.1 mL of the supernatant was supplemented with 0.9 mL of
oxalic acid (0.5 M). The SCFA contents were analyzed by capillary gas—
liquid chromatography (SGE BP21 capillary column, 25 m X 0.53 mm;
nitrogen as carrier gas, 17 mL/min). The injector and detector
temperatures were maintained at 250 and 200 °C, respectively. The
oven temperature was maintained at 90 °C. The samples were
introduced by splitless injection with a split flow of 50 mL/min starting
1 min after injection. The concentration of each SCFA was determined
in comparison to a known concentration of acetate, propionate, and
butyrate solutions (from 0.2 to 2 mM), which were analyzed under the
same chromatographic conditions.

Measurement of Biomarkers of the Gut Barrier Function.
Western Blot Analysis of HSP-25, HSP-72, and ZO-1. Jejunum samples
from 12-week-old mice belonging to the combined study were
homogenized in a solution containing TRIzol (50—100 mg of tissue
in 1 mL) for S min at room temperature. The homogenate was
suspended in chloroform, vigorously vortexed for 15 s, and incubated for
2—3 min at room temperature. The solution was then centrifuged at
12000g and 4 °C for 15 min. The organic phase was washed twice with
acetone at 4 °C, dried, and resuspended in lysis buffer (10 mM Tris-HCI,
pH 8.0, 1 mM EDTA, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, and a protease inhibitor cocktail). The proteins
were determined in duplicate with a colorimetric assay (Bio-Rad
Laboratories, Munich, Germany) using albumin as the protein standard.
The electrophoresis was performed using a 12% SDS—polyacrylamide
gel. The separated proteins were electrophoretically transferred onto
nitrocellulose membranes. Before immunostaining, the nonspecific
binding sites were blocked with 5% cow’s milk in Tris-buffered saline
(TBS) containing 0.1% Tween-20. The membranes were incubated for
1 h with the respective detection antibody: HSP-25 (SPA-801,
Stressgen, Victoria, Canada) diluted 1:500; HSP-72 (SPA-810,
Stressgen) diluted 1:500; ZO-1 (2-R1, Invitrogen, Paisley, UK) diluted
1:500; and B-actin (C4, sc-47778, Santa Cruz Biotechnology) diluted
1:2000. After several washes in TBS containing 0.1% Tween-20, the
membranes were incubated with the appropriate secondary antibodies
(goat anti-rabbit IgG or goat anti-mouse IgG; Jackson, West Grove, PA,
USA), which were diluted 1:5000. A chemiluminescent substrate
(SuperSignal West Dura Extended Duration Substrate, Pierce, Rock-
ford, IL, USA) was added, and the luminescence was measured with a
CCD camera (Luminescent Image Analyzer LAS 3000, Fujifilm, Tokyo,
Japan).

MUC-2 Secretion in Jejunum by Immunohistochemistry. The
samples used to determine the MUC-2 secretion levels were fragments
of jejunum collected from 12-week-old mice belonging to the combined
study. Sections of the paraffin-embedded tissue arrays were deparaffi-
nized, successively rehydrated in decreased concentrations of alcohol
baths, and microwave-treated three times for 3 min in a citrate buffer
(pH 6.0). The endogenous peroxidase activity was blocked with PBS
containing 2% hydrogen peroxide. The nonspecific binding sites were
blocked with 3% bovine serum albumin in PBS. The arrays were
incubated overnight at 4 °C with a MUC-2 detection antibody (SC-
15334, Santa Cruz Biotechnology) that was diluted 1:100. The arrays
were then incubated with a secondary antibody (goat anti-rabbit IgG-
FITC, Invitrogen, Paisley, UK) that was diluted 1:500. The fluorescence
intensity (emission at 520 nm and excitation at 490 nm) was measured.

Statistical Analyses. The values are expressed as the mean + SD.
GraphPad Prism version S5.02 for Windows software (GraphPad
Software, San Diego, CA, USA) was used to perform the statistical
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Figure 2. Effects of the combined (perinatal + postweaning) exposure period to prebiotics on the immunoglobulin expression in the offspring. The total
fecal IgA (A) (Treg-related biomarker), blood IgG2a (B) (Th1-related biomarker), and total IgG1 (C) and IgE (D) (Th2-related biomarkers) were
measured in the 6- (T6, circles) and 12-week-old (T12, squares) offspring. The +Prb mice are represented by black shapes and the —Prb mice by white
shapes. The mothers had been or had not been in contact with prebiotics during reproduction, gestation, and lactation, and their offspring did or did not
receive prebiotics for 3 (T6) or 9 (T12) weeks after weaning (+Prb, n = 15; —Prb, n = 10); (%) p < 0.05, (*%) p < 0.01, and (s=%) p < 0.00S.

analyses. A nonparametric Mann—Whitney test was used to compare B RESULTS

the production of total IgE, IgG1, and IgG2a and gut markers between Study of the Perinatal and Postweaning Periods

the groups of mice. When the samples were pooled (for the Analysis of Fecal and Milk IgA and Milk TGF-j3 Concentrations

determination of fecal IgA and plasma cytokines), Student’s ¢ test was in Lactating Dams (Figure 1). The feces from lactating females
used. Any differences with p values that were strictly <0.05 were (from the second week of lactation) that were fed the prebiotic
considered to be statistically significant. (+Prb) and control diets (—Prb) were analyzed for the
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Figure 4. Effects of the combined (perinatal + postweaning) exposure period to prebiotics on the microbiota metabolism and on several gut markers that
are potentially targeted by these metabolites in the offspring. The acetate, propionate, and butyrate levels in the cecum were measured (A) (+Prb, n = 10;
—Prb, n = 8). The HSP-25, HSP-72, and ZO-1 protein expressions in the jejunum were measured (B) (HSP-25, +Prb, n = 6; —Prb, n = 5) (HSP-72,
+Prb, n = 4; —Prb, n = 4) (ZO-1, +Prb, n = 6; —Prb, n = 4). The MUC-2 protein (C) was measured in the jejunum samples (+Prb, n = 8; —Prb, n = 6).
The dams had or had not been in contact with prebiotics during reproduction, gestation, and lactation, and their offspring did or did not receive
prebiotics for 9 weeks after weaning. The +Prb mice are represented by black bars and the —Prb mice by white bars. The data represent the mean =+ SD;

() p < 0.05 and (s) p < 0.01.

production of fecal IgA. The +Prb lactating dams displayed fecal
IgA levels that were significantly lower than those observed in the
—Prb dams (p < 0.00S) (Figure 1A). In contrast, the milk
collected from the +Prb dams contained higher IgA levels than
those from the —Prb dams (p < 0.01) (Figure 1B). Similarly, the
TGF-f levels were more pronounced in the +Prb dam milk than
in the —Prb dam milk (p < 0.05) (Figure 1C).

Thus, the prebiotic-enriched diet appeared to increase the
secretion of IgA and TGF-f in the milk of dams. These two
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important markers are involved in the acquisition of tolerance in
newborns.

Immune Responses of Mice. Fecal IgA Excretion. The
+Prb mice displayed IgA concentrations that were significantly
higher than those observed in the —Prb mice (p < 0.0S) at both
T6 and T12 (Figure 2A). The IgA levels increased in both groups
from T6 to T12 (p < 0.01). Therefore, the prebiotic exposure
during both the perinatal and postweaning periods appeared to
stimulate IgA excretion.
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Figure S. Effects of postweaning exposure to prebiotics on the immunoglobulin of the offspring. The total fecal IgA (A) (Treg-related biomarker), blood
IgG2a (B) (Thl-related biomarker), and total IgG1 (C) and IgE (D) (Th2-related biomarkers) were measured in the 6- (T6, circles) and 12-week-old
(T12, squares) offspring (+Prb, n = 18; —Prb, n = 18). The +Prb mice are represented by black shapes and the —Prb mice by white shapes; () p < 0.0S,

(%) p < 0.01, and () p < 0.00S.

Serum Immunoglobulins. The +Prb mice displayed sig-
nificantly higher serum concentrations of total IgG2a than the
—Prb mice (p < 0.01) at both T6 and T12 (Figure 2B). The
IgG2a levels also increased during this 6 week period in both
groups (p < 0.01 for +Prb mice and p < 0.05 for —Prb mice). At
T6 and T12, all of the mice, regardless of their exposure to
prebiotics (+Prb or —Prb), had similar serum concentrations of
total IgG1 (Figure 2C); in addition, the IgG1 levels decreased
within this period (p < 0.00S). The serum concentrations of total
IgE were also equivalent in all of these mice (Figure 2D). Only
the IgE levels of the —Prb mice increased significantly during this
6 week period (p < 0.05). As a result, the prebiotic exposure
during both perinatal and postweaning periods appears to
increase the IgG2a production but has no effect on the secretion
of either IgG1 or IgE.

Analysis of Cytokine Production in Activated Spleen Cells
from T12 Mice: IL-4, IL-17A, IL-10, IFN-y, and TGF-§ (Figure
3A). Activated spleen cells from mice fed the prebiotic diet were
able to produce higher levels of IL-10 than cells obtained from
mice that were fed the control diet (p < 0.01); in addition, these
cells were the only ones that were able to secrete detectable
amounts of TGF-f. All of these cytokines constitute tolerance
biomarkers. We also observed a slightly higher secretion of IL-4
with the prebiotic diet (p < 0.05), but the level of this secretion
remained very low compared to the IFN-y secretion. We also
detected lower secretion of IL-17A (p < 0.01) in the spleen cells
of these mice.
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The perinatal and postweaning exposure to prebiotics did not
appear to modify the Th2-related biomarkers. Indeed, we
observed similar levels of IgG1 and IgE production and a low
level of IL-4 in the +Prb mice compared with the levels of IFN-y
and IL-10. The same prebiotic exposure appeared to decrease a
key inflammatory biomarker related to the Thl7-response, as
illustrated by the lower secretion of IL-17A in +Prb mice
compared with control mice. In contrast, this nutritional
approach appeared to result in short- and long-term stimulation
of the tolerance biomarkers (increases in IgA excretion and TGF-
fand IL-10 secretion) and Th1-related immunoglobulins (more
IgG2a) in mice.

Analysis of Bacterial Metabolites and Markers of Gut
Batrrier Integrity (Figure 4). These analyses were performed at
the end of the study (at T12). The cecum contents from the +Prb
mice displayed higher levels of propionate than those of the —Prb
mice (p < 0.0S, Figure 4A). The other SCFA levels (acetate and
butyrate) were the same, regardless of the diet. The jejunum from
+Prb mice contained higher levels of HSP-25 (p < 0.05) and ZO-
1 (p < 0.01) proteins than the jejunum from —Prb mice, whereas
the HSP-72 protein was expressed at the same amount regardless
of the diet (Figure 4B). The jejunum from +Prb mice also
displayed a higher level of mucin MUC-2 secretion in the
intestinal lumen (p < 0.05) than in the jejunum in —Prb mice
(Figure 4C).

These results showed that the mice exposed to prebiotics
during both perinatal and postweaning periods displayed a
modification of the cecal microbiota metabolism, which is
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characterized by a higher production of propionate. The higher
expressions of HSP-25, ZO-1, and MUC-2 in the jejunum of
these mice suggest a stronger integrity of the gut barrier.

Postweaning Study: Immune Responses of Mice. Fecal
IgA Excretion. After 3 weeks of the diet, the T6 mice receiving
the prebiotic supplement (+ Prb) displayed levels of fecal IgA
that were similar to those observed in mice fed the control diet
(—Prb, Figure SA). After 9 weeks of the diet, the T12 mice
receiving the prebiotic supplement displayed lower fecal IgA
concentrations than mice on the —Prb diet (p < 0.00S, Figure
SA). These mice also had lower fecal IgA levels than the T6 mice
fed the prebiotic diet. In contrast, the T12 mice that were not
exposed to the prebiotic mix had higher fecal IgA levels than the
T6 mice. Therefore, alonger period of exposure (9 weeks) to the
prebiotic diet caused a decrease in the IgA concentration. It
appears that in the absence of prebiotic exposure, fecal IgA levels
increase over time.

Serum Immunoglobulins. The total IgG2a concentrations in
the serum were similar in the T6 and T12 mice, regardless of diet
(+Prb or —Prb, Figure SB). A rise in the [gG2a concentration was
observed in both groups of mice during the experimental period.
The T6 mice receiving the +Prb diet exhibited serum
concentrations of total IgGl that were slightly lower (p <
0.05) than those exhibited by the —Prb mice (Figure SC). In the
absence of prebiotics, the IgG1 levels were sustained during the
diet period (3—9 weeks), whereas the supplementation of the
diet with prebiotics increased the IgG1 levels to levels similar to
those observed in mice that were not exposed to prebiotics. The
same total IgE concentrations were observed in the T6 and T12
mice, regardless of diet (Figure SD). Both groups of T12 mice
(exposed and not exposed to prebiotics) exhibited higher IgE
levels than the T6 mice (p < 0.0S for +Prb mice and p < 0. 005 for
—Prb mice). As a result, the exposure to prebiotics during the
postweaning period did not appear to have any effect on the
secretion of IgG2a, IgG1, and IgE.

Analysis of Cytokine Production by Activated Spleen Cells
from T12 Mice (Figure 3B). Activated spleen cells from mice fed
both diets (+Prb or —Prb) produced similar levels of IL-10. We
did not detect any production of IL-4, and the IL-17A levels were
the same, regardless of diet. The spleen cells from mice that were
fed the prebiotic diet secreted more IFN-y than the cells from
mice fed the control diet (p < 0.01). A higher production of TGF-
3 was also observed in the spleen cells from +Prb-fed mice (p <
0.05), although the difference remained very slight.

To conclude, the postweaning exposure to prebiotics did not
stimulate the production of biomarkers related to the Th2 or the
Th17 responses (similar levels of IgE, IgG1, IL-4, and IL-17A).
This exposure appears to have a moderate effect on the
biomarkers related to the Thl response (similar levels of
IgG2a and higher secretion of IFN-y in +Prb mice). Surprisingly,
long-term exposure to prebiotics appeared to have contradictory
effects on two tolerance biomarkers: fecal IgA production was
decreased, and increased levels of TGF-f were secreted by the
+Prb mice.

B DISCUSSION

The aim of this study was to evaluate the effect of perinatal and
postweaning exposure to prebiotics on immune responses and
gut barrier functions. We first investigated the impact of a GOS/
inulin mix on the immune profile of mice exposed to prebiotics
during both the perinatal (gestation, delivery, and lactation) and
postweaning periods. We also compared their responses to those
of mice that were exposed to prebiotics only after weaning. Our

results showed that the combination of perinatal and
postweaning exposures to the GOS/inulin mix induced higher
expression levels of regulatory and Th1-related biomarkers (IgA
excretion, IgG2a secretion, and IL-10 and TGF-f production).
The observed increase in IgA levels is in agreement with the
results reported by Nakamura et al,>* who observed that the
administration of some prebiotics, such as FOS, during lactation
and for 3 weeks after weaning increased the production of fecal
IgA. Moreover, prebiotics also act long term (12 weeks) and
maintain the induced levels of some of these biomarkers, such as
IgA and IgG2a. We also observed that prebiotics might be able to
down-regulate the inflammatory Thl7 response involved in
many pathologies, as suggested by the decrease in IL-17A
secretion. Altogether, our results suggest that an exposure to
prebiotics during both the perinatal and postweaning periods
may modulate the immune response toward key mechanisms
that may be used in the prevention of some immune pathologies
(allergies, autoimmune diseases and inflammatory bowel
diseases) through the inhibition of IL-17A secretion and
induction of Treg- and Thl-related biomarkers, which may in
turn affect the Th1/Th2 balance.

The postweaning exposure to prebiotics was conducted to
evaluate the influence of the intake of prebiotics shortly after
weaning on the immune responses. This experimental procedure
did not affect the Th2- and the Thl7-related biomarkers.
However, it did exert a moderate and variable effect on certain
Thl-related biomarkers, as illustrated by the higher production
of IFN-y and the unchanged IgG2a concentration. The existence
of an IFN-y-independent IgG2a secretion was demonstrated by
Markine-Goriaynoff et al, who found that this secretion was
dependent on IL-12 or TNF-a.>® The postweaning exposure to
prebiotics also had a moderate and contradictory effect on certain
Treg-related biomarkers. Indeed, this exposure caused a long-
term unexpected decrease in the fecal IgA excretion, which is a
crucial biomarker of intestinal tolerance. However, prebiotics
were also able to slightly increase the production of TGF-§, a
cytokine that is typically secreted by Treg cells. Other
researchers®* observed a similar decrease in the total IgA content
of feces from 4-week-old rats that were fed lactulose for 3 weeks.

In both studies (postweaning and combined exposure), the
duration of the exposure to prebiotics through solid foods was
the same (3 weeks for the short period and 9 weeks for the longer
period). However, in the combined approach, the pups were
exposed to the milk and fecal microbiota of dams that received
the prebiotic diet. In our study, the concentrations of TGF-ff and
IgA were higher in the milk of dams fed a prebiotic-
supplemented diet. These two molecules are known to promote
regulatory T cells in the infant gut.'®*>>® Therefore, during our
experiments, the increased expression of tolerance biomarkers in
mice exposed to prebiotics during both perinatal and
postweaning periods may be linked to an exposure to immune
factors, such as IgA and TGF-f, from the milk of the dam. Roux
et al.>” observed that IgA-secreting plasmocytes in the mammary
gland originated from the gut and were able to migrate from one
place to the other. We can thus suggest that IgA-secreting B cells
are more present in the mammary gland than in the gut of
lactating dams. On the basis of our study, we can conclude that
the prebiotic effect on the immune system that was observed in
the combined approach is largely mediated by the mother during
gestation and lactation.

To explain the effects of prebiotics on the pups that were
observed in the combined study, we formulated the hypothesis
that the microbiota of the dams was modified before delivery
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through the consumption of the +Prb diet. We then suggest that
this modification is most likely transmitted to the pups during
some key periods: pregnancy (metabolites and/or bacteria® are
transmitted through the cord blood), delivery (vaginal and
perineal micro-organisms>®), and lactation (milk bacteria,"® milk
oligosaccharides,”” and/or microbiota metabolites). The in-
herited microbiota then modulate the immune profile of the
pups. To assess the potential modification of the microbiota in
mice fed the +Prb diet, we analyzed the release of SCFAs in the
cecum of 12-week-old pups. The results showed that propionate
was elevated in mice fed the +Prb diet (during both exposure
periods). These data demonstrate for the first time that the
combined exposure period has an impact on the microbiota
metabolism of mouse pups. A similar impact on SCFA
production (higher production of propionate and butyrate) has
been obtained in rats fed fructans shortly after weaning,®” during
growth,”® and during adulthood.*® Because this analysis was
performed at the end of the study, it can be assumed that the
respective amount of each SCFA in the cecum would have been
modified over time. In fact, Le Blay et al. showed that a prolonged
exposure (2, 8, and 27 weeks) of growing rats to fructans induced
a higher production of butyrate (but not propionate) over time
and differentially modulated the amount of other SCFAs (acetate
and lactate) throughout the duration of the exposure.”’ Due to
recent data on the increased secretion of galectin-9 in the serum
of both infants and mice fed a GOS/inulin diet, we can also
suggest that the exposure to the GOS/inulin prebiotic mix during
both the perinatal and postweaning periods might exert a direct
effect on the immune responses via the formation of prebiotics/
galectin-9 complexes and their fixation on T cell receptors.>>*®

In the combined study, the effect of prebiotic consumption on
the gut barrier integrity was tested. We observed that the
expression of both ZO-1 and MUC-2 was higher in the jejunum
of T12 mice fed the +Prb diet compared to the jejunum of T12
mice fed a —Prb diet. These two proteins constitute key
modulators of the gut mucosal barrier: ZO-1 exerts an important
role in the structure of tight junctions,”> and MUC-2 is the major
protein of the mucus, which constitutes the first line of defense
against micro—organisms.é3 Most heat-shock proteins (HSP) are
constitutively expressed and protect cells against oxidative stress.
In particular, two HSPs, that is, HSP-25 and HSP-72, are notably
induced by stress.®* HSP-25 is particularly important for cell
integrity because its phosphorylation results in the reorganiza-
tion of actin microfilaments. HSP-25 can also be regulated by
SCFAs.®® In our study, HSP-25 was expressed at higher levels in
the jejunum of mice fed the prebiotic-supplemented diet; this
result was not observed with HSP-72. We can thus hypothesize
that the higher expression of HSP-2S is not linked to stress but
may be a consequence of the higher amount of propionate in
+Prb mice. We propose the same explanation for the differential
expressions of ZO-1 and MUC-2. Indeed, Peng et al.*® showed
that SCFAs can modulate the assembly of tight junctions and that
the MUC-2 promoter possesses regulatory elements that are
specific for SCFAs.” Numerous in vivo studies conducted with
adult humans*® or animals (adult or early weaned rats and
piglets)*” 343745 have tested the effect of prebiotic
oligosaccharides (GOS>” and fructans®*~*°) and dietary fibers
(cellulose,*® pectin,38 arabinoxylans,41 ﬂ-glucans,“’43 resistant
starch,>®** and other ﬁbers45) on gut barrier function. However,
this type of analysis has not been performed with an exposure to
the GOS/inulin mix during both the perinatal and postweaning
periods. Consequently, this study is the first to provide data that
prove the effectiveness of this approach on both the modification
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of the microbiota metabolism and the strengthening of the gut
barrier functions.

In this study, we demonstrate that perinatal and postweaning
exposures to prebiotics is effective in modulating immune
responses toward a tolerance state in mice and in strengthening
the integrity of the intestinal barrier. This strategy is highly
promising in the context of allergy prevention. To date, the
impact of prebiotics on allergy has not been assessed under these
conditions. In fact, the two human clinical studies that have been
performed were conducted in infants receiving prebiotics in a
cow’s milk-based formula.*”%® These studies demonstrated a
reduction in the symptoms of atopic dermatitis in these children.
To date, the four mouse studies that have been performed>
administered prebiotics to 5—8-week-old adults and recorded a
reduction in the allergy severity. All of these findings are
extremely exciting because if such an effect is demonstrated
during the postweaning period in both infants and adult mice, the
effect might be even stronger following perinatal administration,
as suggested by our results.

In conclusion, the perinatal combined to postweaning
administrations of the GOS/inulin mix was shown to stimulate
the tolerance-related pathways (Treg and Th1 responses and the
inhibition of IL-17A production) and to strengthen the gut
barrier (HSP-25, MUC-2, and ZO-1 expression). These
responses may prove helpful in the prevention of allergy.
Pregnancy, delivery, and lactation seemed to be the key periods
during which the immune responses can be significantly

modulated.
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