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SUMMARY
Microbes colonize all body surfaces at birth and participate in the development of the immune

system. In newborn mammals, the intestinal microbiota is first shaped by the dietary and
immunological components of milk, and then changes upon the introduction of solid food
during weaning. Here we explored the reactivity of the mouse intestinal immune system
during the first weeks after birth and into adulthood. The intestinal microbiota at weaning
induced a vigorous immune response - a ‘“weaning reaction” - that was programmed in time.
Inhibition of the weaning reaction led to pathological imprinting and increased susceptibility
to colitis, allergic inflammation and cancer later in life. Prevention of this pathological
imprinting was associated with the generation of RORyt" regulatory T cells, which required
bacterial and dietary metabolites - short chain fatty acids and retinoic acid. Thus, the weaning
reaction to microbiota is required for immune ontogeny, the perturbation of which leads to

increased susceptibility to immunopathologies later in life.

KEYWORDS
Microbiota; short chain fatty acids; neonatal period; weaning; mucosal immunity; regulatory

T cells; colitis; inflammatory pathology.



INTRODUCTION

The mammalian intestine is home to one of the densest community of bacteria on earth, the
number of which exceeds the number of eukaryotic cells composing its host. This bacterial
community is involved in the metabolism of food, the production of essential compounds
such as vitamins, short chain fatty acids (SCFAs) and secondary bile acids, and plays a role in
direct and host-mediated defence against pathogens (Round and Mazmanian, 2009;
Sonnenburg and Backhed, 2016). It is proposed that the intestinal microbiota behaves like an
organ, producing microbial components and metabolites that are involved in many processes
of the animal host.

Shortly after birth, the colonizing microbiota is shaped by the dietary and
immunological components of the milk (Gomez de Aguero et al., 2016; Le Doare et al.,
2018), which includes mother-derived IgA, and follows a developmental process that is
characterized by the presence of age-specific bacterial species (Subramanian et al., 2014).
During weaning, the introduction of solid food leads to a new phase in the development of the
microbiota, characterized by a large increase in bacterial numbers, and evolution towards a
composition that is associated with adult individuals (Subramanian et al., 2014). The period
between birth and weaning also witnesses important changes in the intestinal immune system.
Population of fetus-derived T cells, innate lymphoid cells (ILCs) and myeloid cells are
progressively replaced by cells generated in the bone marrow and thymus after birth (Bain et
al., 2014; Sawa et al., 2010; Vantourout and Hayday, 2013). Furthermore, the colonizing
microbiota induces the generation and expansion of effector and regulatory T cells (Tregs),
ILCs, as well as the formation of isolated lymphoid follicles (ILFs) that produce anti-
microbial IgA (Bouskra et al., 2008; Ohnmacht et al., 2015; Sanos et al., 2009; Sefik et al.,
2015). Thus, important changes occur after birth and during weaning in the intestine, changes
that link the development of the microbiota with the development of the immune system.

Perturbation of the microbiota before weaning leads to perturbation in the
development of the immune system, and as a consequence, deregulation of immune responses
later in life (Gensollen et al., 2016; Gollwitzer and Marsland, 2015; Prioult and Nagler-
Anderson, 2005). In both mouse and man, the treatment of neonates with antibiotics is
associated with increased susceptibility to allergy months or years later. The hygiene
hypothesis proposes that decreased exposure to microbes is a cause for increased
susceptibility to allergic inflammation (Bach, 2002), a hypothesis supported by observations
that children raised close to animal farms, or given non-sterilized pacifiers, develop less

allergies (Hesselmar et al., 2013; Riedler et al., 2001; von Mutius and Vercelli, 2010). In



experimental settings, germfree (GF) mice develop high levels of IgE (Cahenzli et al., 2013),
whereas GF mice exposed to microbiota before weaning, but not after weaning, are protected
from increased susceptibility to allergic inflammation (Olszak et al., 2012; Russell et al.,
2012). In an allergy model involving IL-13-producing NKT cells, the microbiota induces the
epigenetic modification of Cxcll6, a gene expressed by dendritic cells (DCs) that recruits
NKT cells to the intestine. In the absence of microbiota before weaning, higher levels of
Cxcl16 are produced in the intestine, weeks after weaning (Olszak et al., 2012). Furthermore,
regulatory T cells (Tregs) are generated before weaning that mediate tolerance to specific
bacteria (Knoop et al., 2017; Scharschmidt et al., 2015). A similar phenomenon has been
characterized in the lungs, where the exposure of DCs to microbiota before weaning induces a
transient increase in PD-L1 required for the generation of Tregs (Gollwitzer et al., 2014).

In this work, we explored the reactivity of the mouse intestinal immune system during
the first weeks after birth in reaction to microbial colonization. We observed a strong and
broad immune reactivity during weaning, which did not occur after weaning, even when adult
GF mice were exposed to microbiota. This “weaning reaction” protected mice from increased
susceptibility to multiple types of inflammatory pathologies later in life. Such protective
effect was achieved by the assembly of all necessary components to induce Tregs by
microbiota, but could not be induced after weaning. We propose that the first vigorous
reaction of the host to microbiota is programmed to occur during a pre-defined time window
during weaning, a reaction that is necessary for the normal development of the immune
system. If the weaning reaction does not occur, the immune system is imprinted with
excessive reactivity, and as a consequence, develops increased susceptibility to multiple types

of inflammatory pathology later in life.



RESULTS

The weaning reaction to microbiota

We observed that, after birth, an early bloom in intestinal y-Proteobacteria was followed by
the expansion of Lactobacillales that are best adapted to the milk environment before weaning
(Figures 1A, S1A-B) (Subramanian et al., 2014). The weaning period was associated with a
10 to 100-fold relative expansion of Clostridia and Bacteroidia, which progressively lead to
the bacterial composition of the adult microbiota. We performed a transcriptome analysis on
the terminal ileum of GF or specific pathogen-free (SPF) mice that harboured a “normal”
microbiota, at regular intervals from birth to adulthood, and observed a pronounced shift in
expression pattern during weaning (Figures 1B, S1C-D). Genes induced at weaning by
microbiota contributed to anti-microbial immunity, such as Reg3 defensins, CC and CXC
chemokines and cytokines receptors, as well as for structural components of the epithelial
barrier, such as mucins (Figure 1C), as previously reported (Mao et al., 2018; Rakoff-Nahoum
et al., 2015). In particular, the expression of the pro-inflammatory cytokines TNFa and IFNY,
found mostly in T cells, was sharply induced by microbiota during weaning at 3 weeks of age,
and receded to levels found in GF mice after weaning at 4 weeks of age (Figures 1D and 1E,
S1E-H).

As expected, the expression of genes, such as Tnfa and Ifng, in response to microbiota
at weaning was dependent on signalling induced by innate immune receptors or the
inflammasome, as no expression was induced in mice deficient in Myd88 and Trif (Figures
1F, S1I). However, not all types of bacteria contributed equally to this “weaning reaction”.
Mice treated with vancomycin or metronidazole, but not ampicillin or streptomycin, failed to
develop a weaning reaction, indicating that Gram* anaerobic bacteria were necessary (Figures
1G, S1J). Clostridia are the most prominent type of Gram* anaerobic bacteria in the intestine.
Among Clostridia, Segmented Filamentous Bacteria (SFB) are potent inducers of IgA and
type 3 immunity (Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009; Snel et al., 1997), and
were sufficient to induce a weaning reaction in mono-colonized mice (Figures 1H). Members
of Clostridia are also efficient fermenters of dietary fibers and producers of short chain fatty
acids (SFCAs) (Narushima et al., 2014). The treatment of GF mice or antibiotic-treated mice
with SCFA partially restored the weaning reaction to levels found in SPF mice (Figures 11,

S1K), independently of Myd88 and Trif (Figures S1L-M).



A critical time window for the weaning reaction

As the weaning reaction occurred in response to extensive reshaping and expansion of the
intestinal microbiota, we reasoned that GF mice may react similarly to exposure to microbiota
at any age. To test this hypothesis, GF mice were co-housed with SPF mice before weaning at
14 days of age, or after weaning at 28 days of age (Figures 2A, S2A). Strikingly, the
induction of Tnfa and Ifng was observed when GF mice were exposed to SPF microbiota
before weaning, but not after weaning, demonstrating the existence of a defined time window
for the weaning reaction to occur. Accordingly, Tnfa and Ifng were not induced when GF
mice were exposed to SPF microbiota in the adult (data not shown).

Weaning is the gradual switch from a diet composed exclusively of milk to a diet that
includes others foods. We therefore assessed whether milk was a determinant of the time
window for the weaning reaction. In accordance with this hypothesis, a delay in weaning,
forced by a prolonged diet composed exclusively of milk, delayed the loss of Lactobacilaceae
and the expansion of Clostridiaceae, as well as the weaning reaction (Figures 2B, S2B-C).
However, no weaning reaction could be elicited if the milk-only diet was imposed until 4
weeks of age, after normal weaning, indicating that milk blocked the weaning reaction, but
did not define the end of the time window. Furthermore, not all milks were equal. Pups given
milk produced by mothers 10 days after delivery blocked the weaning reaction, whereas milk
produced by mothers 23 days after delivery, i.e. during weaning, did not, irrespective of the
age of the pups (Figures 2C, S2D). Thus, a component of the early milk inhibited the weaning
reaction. Milk contains several anti-inflammatory components, such as epidermal growth
factor (EGF), heparin-binding EGF-like growth factor (HB-EGF) and transforming growth
factor 32 (TGF[2) (Chatterton et al., 2013), and the levels of EGF are highest at birth (Moran
et al., 1983). We find that the high level of EGF present in milk at birth decreased 10-fold
until weaning (Figure S2E). Exposure of mice to EGF during weaning effectively inhibited
the weaning reaction (Figure 2D), whereas blocking the receptor for EGF prevented the
inhibitory effect of milk before weaning (Figures 2E, S2F), revealing early reactivity to
microbiota (Figure S2G). In summary, milk determines the opening of the time window for
the weaning reaction, whereas closing of this time window is independent of microbiota or

milk, and is thus intrinsic to the weaning mouse.



The weaning reaction prevents pathological imprinting

The existence of a time window during which the colonizing microbiota induces a weaning
reaction indicates that this reaction is programmed in the life of the growing mammal and has
a unique function in the development of the immune system. We therefore assessed whether
the weaning reaction has a long-term impact on the immune system, and measured the
susceptibility of adult mice, having developed a weaning reaction or not, to intestinal
inflammation. In a first series of experiments, the weaning reaction was induced by the
exposure of GF mice to SPF microbiota before or after weaning (Figures 3A-C, S3A-E). All
groups of mice were co-housed as soon as they were exposed to microbiota in order to avoid
divergence in individual microbiotas (Ubeda et al., 2012). At 9 weeks of age, mice were
treated with two rounds of dextran sodium sulfate (DSS) in their drinking water to induce
colitis. Mice exposed to microbiota before weaning (at 2 weeks of age), similar to SPF mice,
developed a mild form of colitis. In contrast, mice exposed to microbiota after weaning,
similar to GF mice, developed severe colitis (Figures 3A, S3A-D), characterized by increased
intestinal permeability, myeloperoxidase activity and shortened colonic length, which
translated into higher disease indexes and increased mortality. In agreement with increased
susceptibility to colitis, mice exposed to microbiota after weaning expressed increased levels
of TNFa and IFNy protein and transcripts during DSS challenge (Figures 3B, S3E).
Unexpectedly, these mice also expressed higher levels of the type 2 effector cytokines 1L-4,
IL-5 and IL-13 (Figures 3C, S3E), indicating that the absence of a weaning reaction lead to a
broad deregulation of different types of immunity.

In a second series of experiments, the weaning reaction was prevented by the
treatment of mice with a cocktail of antibiotics. Mice were co-housed after antibiotics
treatment and challenged with DSS at 9 weeks of age (Figures 3D, S3F-J). Mice that were
treated with antibiotics until 2 weeks of age, or from 4 weeks of age until challenge,
developed a mild form of colitis similar to SPF mice. In contrast, mice exposed to antibiotics
during weaning developed severe colitis, similar to GF mice (Figures 3D, S3F-J). As
observed in GF mice recolonized with microbiota after weaning, mice treated with antibiotics
during weaning expressed higher levels of type 1 (IFN-y), type 2 (IL-4, IL-5, IL-13) and type
3 (TNF-a, IL-1P) effector cytokines during DSS challenge (Figures 3E-F). Similar
conclusions were obtained when these mice were exposed to DSS at 14 (Figure S3K-N) or 18
weeks of age (Figure S30-R). In accordance with the role of Gram* anaerobic bacteria in the

induction of the weaning reaction, mice treated during weaning with vancomycin or



metronidazole developed increased susceptibility to DSS colitis (Figures S4A-I). Finally,
blocking the weaning reaction by the administration of EGF during weaning similarly lead to
increased susceptibility to DSS colitis in the adult (Figures 3G-H, S4J-N).

The broad deregulation of effector cytokines in mice that did not experience a weaning
reaction suggested that such mice were also more susceptible to other types of challenges. To
assess their susceptibility to allergic inflammation, mice treated with antibiotics during
different periods of time were challenged at 12 weeks of age with oxazolone, which induces
an IL-13-dependent intestinal inflammation (Heller et al., 2002). In this context again, mice
that were treated with antibiotics during weaning developed more severe oxazolone-induced
colitis, and expressed higher levels of all types of effector cytokines (Figure 4A-D).

We also assessed whether the increased susceptibility to inflammatory pathology of
mice that did not experience a weaning reaction translated into increased susceptibility to
colorectal cancer. SPF mice treated with antibiotics during different periods of time, or GF
mice exposed to SPF microbiota before or after weaning, were treated at 9 weeks of age with
the carcinogen azoxymethane (AOM) and three cycles of low doses of DSS. Mice that were
not exposed to microbiota during weaning developed larger and higher numbers of colon
tumours, expressed higher levels of Tnfa, Ki67 (associated with proliferation) and the anti-
apoptotic factor Bcl-2, and showed high mortality rates (Figures 4E-H). These data show that
the weaning reaction, induced by the microbiota, is necessary and sufficient to prevent a
pathological imprinting of the immune system that lasts into adulthood. In the absence of a
weaning reaction, mice develop increased susceptibility to inflammatory pathology driven by

a broad deregulation of the immune system.

Microbiota after weaning does not alter pathological imprinting

As shown above, microbiota introduced to GF mice after weaning did not reduce pathological
imprinting (Figures 3A-C, S3A-D). In addition, SPF mice treated with antibiotics after
weaning until challenge remained protected from pathological imprinting (Figures 3D-F, S3F-
R, S4F-1), indicating that microbiota does not modify imprinting after weaning. To further test
whether microbiota could modify imprinting after weaning, a strong reaction to microbiota
was induced after weaning in GF mice. As exposure of GF mice to microbiota after weaning
elicits only a weak immune response (Figure 2A), adult GF mice were exposed to microbiota
together with a low dose of DSS in the drinking water for 5 days. The combination of
microbiota and DSS induced an immune reaction that was comparable to the weaning

reaction, at least in term of Tnfa and Ifng expression levels (Figures SA). Nevertheless, when



challenged 8 weeks later with high doses of DSS, these mice still developed severe colitis
(Figures 5B-C, S5A-C). Thus, the absence of a weaning reaction could not be rescued by an
immune reaction to SPF microbiota later in life. Furthermore, exposure of adult GF mice to
microbiota isolated from 17 days old mice, thus involved in the weaning reaction, did not
modulate pathological imprinting either (Figures SD-E, S5D-F), and no significant dysbiosis
could be detected at different taxonomic levels in adult mice that carried pathological
imprinting (Figure SF-G, S5G-I). Altogether, these data indicate that microbiota in the adult

does not modulate pathological imprinting, and is not a determinant of disease susceptibility.

The weaning reaction prevents pathological imprinting through the induction of Tregs
We have shown that, in the absence of a weaning reaction, mice develop increased
susceptibility to inflammatory pathology driven by a broad deregulation of the immune
system. Importantly, even though TNFa and IFNy are reliable components and markers of the
weaning reaction, these cytokines are not involved in the prevention of pathological
imprinting, as their neutralization during weaning has no impact on colitis severity in the
adult (Figure S6A-E). On the other hand, regulatory T cells (Tregs) are key modulators of the
immune system, in the absence of which all types of immune responses are exacerbated
(Bilate and Lafaille, 2012; Josefowicz et al., 2012). In order to assess whether CD4"CD25*
Tregs were required during the weaning reaction to protect from pathological imprinting, SPF
mice were treated during weaning with cell-depleting antibodies to CD4 or CD25, and
challenged at 9 weeks of age with DSS (Figures 6A-C, S6F-G). In the absence of CD4" or
CD25" cells during weaning only (Figure 6D), mice developed severe colitis in the adult,
even though the number of Tregs was not affected in the long term and normal before DSS
challenge (Figure 6E). Similar results were obtained by transiently depleting Foxp3™ Tregs
during weaning in “depletion of regulatory T cells (DEREG)” mice (Figure 6F-J, S6H-I). As
the weaning reaction is induced by microbiota, we assessed whether microbiota-induced
Tregs, which express the transcription factor RORyt and start to expand at weaning
(Ohnmacht et al., 2015; Sefik et al., 2015) (Figure S6J), were involved. Foxp3°™ x Rorc(gt)™
mice that specifically lack RORyt* Tregs, developed severe DSS-induced colitis (Figures 6K-
M), in agreement with a fundamental role for microbiota-induced Tregs in the protection from
pathological imprinting.

RORWt" Tregs are induced by microbial antigens, SCFAs and retinoic acid (RA)

(Ohnmacht et al., 2015). These different and necessary components should therefore all be



critical during weaning to induce RORyt" Tregs and protect from pathological imprinting. In
accordance with this hypothesis, SCFAs protected antibiotic-treated SPF mice from
pathological imprinting when administered during weaning (Figures 7A-C, S7A-D). As
expected, the protective effect of SCFAs during weaning was dependent on RORyt" Tregs
(Figures 7D-I, S7E-I). Contrary to antibiotic-treated mice in which some bacteria are still
present (data not shown), SCFAs did not protect from pathological imprinting when
administered to GF mice during weaning (Figure S7J-L), as bacterial antigens are required to
induce RORyt" Tregs. Conversely, GF mice mono-colonized before or after weaning with
SFB, Gram* bacteria that do not produce SCFAs, were not protected from pathological
imprinting, unless SCFAs were administered during weaning (Figure 7J-L). Furthermore, in
accordance with the absence of effect on colitis severity of microbiota after weaning (Figures
3D-F, S3F-R, S4F-I), SCFAs had no effect if administered after weaning (Figures 7A-C and
J-L, S7TA-C). Finally, as the conversion of dietary vitamin A into RA by host cells is also
required to generate RORyt" Tregs (Ohnmacht et al., 2015), the administration of an inhibitor
of the RA receptor during weaning significantly diminished the protective effect of the
weaning reaction (Figures 7M-O). Altogether, these data demonstrate that the weaning
reaction, induced by the expanding intestinal microbiota during a defined time window,
prevents pathological imprinting through the induction of RORyt" Tregs. In the absence of
microbiota or Tregs during weaning, mice develop broad pathological imprinting leading to
increased susceptibility to inflammatory pathology in the adult, which is not reversed by

microbiota after weaning.
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DISCUSSION

Here, we show that the immune reaction to the expanding intestinal microbiota at weaning, a
reaction we term the “weaning reaction”, is an essential phase in the ontogeny of the immune
system after birth. It is defined in time partly by milk-derived factors, and does not occur
before or after weaning. If the weaning reaction is absent or prevented, mice develop a
“pathological imprinting” that translates into increased susceptibility to multiple types of
inflammatory pathologies later in life. The generation of microbiota-induced RORYt" Tregs is
essential during the weaning reaction to prevent pathological imprinting, and requires
bacterial antigens, diet-derived metabolites, as well as RA produced by the host’s tissues.

The impact of microbiota early in life on susceptibility to allergy later in life has been
reported previously both in human and mouse. Exposure to antibiotics in newborns increases
susceptibility to allergic inflammation in the adult (Prioult and Nagler-Anderson, 2005),
whereas exposure to microbes or microbial metabolites decreases such susceptibility
(Gensollen et al., 2016; Gollwitzer and Marsland, 2015; Hesselmar et al., 2013; Olszak et al.,
2012; Riedler et al., 2001; Russell et al., 2012; von Mutius and Vercelli, 2010). Furthermore,
an increased incidence in pediatric IBD is observed in children that had been treated with
antibiotics earlier in life (Kronman et al., 2012). Our data now show that early exposure to
microbiota was necessary not only to decrease susceptibility to allergy later in life, driven by
type 2 immune responses, but more generally, to modulate the reactivity of the immune
system to different types of immune responses. In the absence of microbiota early in life, we
observed exacerbated oxazolone-induced colitis, driven by type 2 responses, as well as
exacerbated DSS-induced colitis, which is driven by type 1 and type 3 responses, and larger
and more numerous tumors in a model of colorectal cancer that is driven by a chronic type 3
response. The hygiene hypothesis proposes that exposure to microbes is necessary to mitigate
the progression of inflammatory pathology, including allergy and autoimmunity (Bach, 2002).
We now propose that exposure to microbiota early in life, during weaning, is necessary for
the normal development of the immune system, the perturbation of which leads to long-term
and broad deregulation of inflammation.

The existence of a time window for exposure to microbiota in order to prevent
pathological imprinting was demonstrated in the intestine, the skin and the lung. In the
intestine, exposure must occur before weaning, i.e. 3 weeks after birth in mice (Olszak et al.,
2012; Russell et al., 2012), whereas in the lung, the first 2 weeks after birth appear critical
(Gollwitzer et al., 2014). More recently, Knoop et al. have shown that a “window of

opportunity” opens 10 days after birth and closes shortly after weaning, 3-4 weeks after birth
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(Knoop et al., 2017). Goblet cell-associated antigen passages, or GAPs, open once the EGF
level in milk recedes below a threshold, and close in response presumably to microbiota.
Antigens delivered through GAPs induce the generation of Tregs against bacteria present
during this time window. Such Tregs then maintain long-term tolerance against similar
bacteria. In accordance with Knoop and colleagues, we show that EGF blocked the weaning
reaction induced by microbiota. However, we show that microbiota was not required to close
the window of opportunity, as GF mice failed to develop a significant reaction to microbiota
when exposed after weaning at 4 weeks of age. Furthermore, mice closed the window of
opportunity even if fed formula milk beyond normal weaning age, a regimen that limits
bacterial expansion, suggesting that closure is encoded by yet unknown mechanisms in the
weaning mouse. We also show that bacteria were not necessary after weaning to prevent
pathological imprinting, indicating that the antigen-specificity of Tregs induced during
weaning is not a determinant to prevent pathological imprinting.

Therefore, a more general mechanism may operate during weaning to prevent
pathological imprinting into adulthood. Different mechanisms have been reported for the
prevention of pathological imprinting. In the case of ozaxolone-induced colitis that is driven
by IL-13, the microbiota alters the epigenetic code of Cxcll6 before weaning, and thereby
limits the number of pathogenic IL-13* NKT cells that are recruited to the intestine later in
life (Olszak et al., 2012). In the lung, an early peak in PD-L1 expression by dendritic cells
(DCs) induces the early generation of Tregs associated with long-term protection from allergy
(Gollwitzer et al., 2014). In the neonatal skin, CCL20 expression by hair follicles directs the
early recruitment of Tregs (Scharschmidt et al., 2015), whereas SCFAs given to pregnant
mothers protect pups from developing allergy as adults (Thorburn et al., 2015). We
demonstrate that RORyt* Tregs, induced during weaning, were required to prevent
pathological imprinting in the intestine. The induction of RORYt" Tregs requires the activation
of a type 3 immune pathway involving the transcription factor STAT3, bacterial antigens
presented by MHC class II on DCs, SCFAs produced by certain types of bacteria from dietary
fibers, and RA converted from dietary vitamin A by the host’s cells (Ohnmacht et al., 2015).
All these components needed to be present during weaning to induce the protective RORyt*
Tregs. The treatment of mice with various antibiotics demonstrated that Gram™ anaerobic
bacteria were necessary for protection from pathological imprinting, consistent with the role
of Clostridia in the generation of SCFAs and the induction of Tregs (Narushima et al., 2014).

This interpretation is also consistent with earlier data showing that a low diversity microbiota
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devoid of Clostridia, early in life, leads to high serum levels of pro-allergic IgE in the adult
(Cahenzli et al., 2013).

It remains to be understood how the generation of RORWt" Tregs during the weaning
reaction prevent pathological imprinting into adulthood. In the case of IL-13* NKT cell-
mediated colitis, it is the epigenetic modification of Cxcl/6 in DCs that carries the memory of
early life encounter with microbiota (Olszak et al., 2012). In addition, bacteria-specific Tregs
generated by antigen delivery through GAPs before and during weaning carry antigen-
specific memory into adulthood (Knoop et al., 2017), and the epigenetic modification by
SCFAs of FoxP3 in the lung epithelial cells of the fetus is proposed to regulate lung
inflammation and Treg activity in the adult (Thorburn et al., 2015). It is possible that several
mechanisms concur to carry memory of early exposure to microbiota in the intestine, which
include antigen-specific memory, as well as epigenetic modification, in different cell types
including epithelial and stromal cells (Schuijs et al., 2015), of multiple genes involved in the
recruitment, activation and regulation of immune cells. Furthermore, in our hands,
pathological imprinting in the intestine cannot be reversed by microbiota after weaning,
indicating that the mechanisms preventing pathological imprinting are limited to the weaning
period. However, RORyt* Tregs can be induced after weaning (Sefik et al., 2015), and
therefore, an element in addition to the generation of RORyt* Tregs during weaning must be
evoked to explain the existence of this restricted time window. Along this idea, but in the
context of thymic-derived Tregs, it has been shown that the perinatal processing and
presentation of antigens by stromal cells in the thymus induces the generation of a set of
Tregs carrying a distinct TCR repertoire (Yang et al., 2015).

Altogether, our data demonstrate the importance of early life exposure to microbiota
for the development of a normal and equilibrated immune system. The protective role of
SCFAs also shows an important contribution of diet, and its metabolism by microbiota and
host, in preventing pathological imprinting. Modern life is associated with increased hygiene
and a broad usage of antibiotics, which limit exposure to microbiota, as well as increasingly
high fat and low fiber diets. Therefore, we suggest that this lifestyle, while protecting
efficiently from infectious diseases, concomitantly leads to increased susceptibility to
inflammatory pathologies, including allergy, autoimmunity and IBD, as well as to the
consequences of chronic inflammation, such as type 2 diabetes, cancer and possibly dementia.
It is therefore important to elaborate strategies to prevent pathological imprinting early in life

by adjusting diets to the breast-feeding mother and the baby, providing corrective bacteria, as
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well as to elaborate strategies to reverse pathological imprinting later in life. Our data show
that reaction to microbiota after weaning is not sufficient to reverse pathological imprinting,
but different types of “therapeutic” immune reactions, induced by pathogens for example,

remain to be tested.
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FIGURE LEGENDS

Figure 1. The weaning reaction to microbiota

(A) Representative frequency of the main bacterial classes in the ileum of SPF mice. Data are
representative of 3 individual experiments.

(B) Transcriptomic profile in total ileum of SPF mice (n=1). Data are representative of 2
individual experiments.

(C) Heatmap of the SPF/GF transcriptional profile ratio at different age (n=2/group/week).
(D) Quantitative RT-PCR for the indicated genes in the ileum of SPF and GF mice.

(E) Number of IFNy" lymphoid cells in small intestine of SPF and GF mice. CD45" were
gated on live cells, CD3* T cells were gated on CD45* cells, CD4* and CDS8a* T cells were
gated on CD3"CD45" cells, and innate lymphoid cells shown as CD3 CD127* cells were
gated on CD45"CD3" cells. Each dot represents 1 mouse. Data are representative of 2
individual experiments.

(F-I) Quantitative RT-PCR for the indicated genes in the ileum of (F) Myd88- and Trif-
deficient mice and littermate wild-type mice, (G) mice treated in their drinking water with the
indicated antibiotics or a cocktail of these antibiotics (ABX), (H) GF mice mono-colonized
with SFB, and (I) GF or SPF mice treated between 2 weeks and 4 weeks after birth with
SCFAs by i.p., vehicle is saline. Data are representative of 2 individual experiments (n=3-
6/group).

Statistical analysis: (D; E; F, H) Mann-Whitney U test, or (G; I) one-way ANOVA. *p<0.03,
**p<0.002 and ***p<0.0002 vs control group. ns, not significant. Mean + SEM.

See Figure S1.

Figure 2. A critical time window for the weaning reaction

(A-B) Experimental scheme and quantitative RT-PCR for the indicated genes in the ileum of
(A) GF mice exposed to microbiota before or after weaning, or (B) SPF mice exposed to
formula milk for different periods of time, the end of which is indicated by an arrow.

(C-E) Quantitative RT-PCR for the indicated genes in the ileum of (C) mice obtained by
synchronised or non-synchronised cross-fostering, (D) SPF mice exposed to EGF or to
vehicle (PBS) control during weaning (2-4 weeks), (E) SPF 10 days old mice exposed to EGF
inhibitors or vehicle.

Data are representative of 2 individual experiments. n=3-6/group, each dot represents 1

mouse.
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Statistical analysis: (A; B and D) one-way ANOVA or (C and E) Mann-Whitney U test.
*p<0.03and **p<0.002 vs GF or indicate group ¥*p<0.002 vs SPF + vehicle group. ns, not
significant. Mean + SEM.

See Figure S2.

Figure 3. The weaning reaction prevents pathological imprinting for colitis

(A-C) DSS-induced colitis in adult GF mice exposed to microbiota at the indicated age, as
measured by weight loss (A) and expression of cytokine genes in the colon (B-C).

(D-F) DSS-induced colitis in adult SPF mice exposed to an antibiotic cocktail (ampicillin,
metronidazole, streptomycin and vancomycin) in the drinking water before conception until
the indicated age, as measured by weight loss (D) and expression of cytokine genes in the
colon (E-F).

(G-H) DSS-induced colitis in adult SPF mice treated with EGF or saline between 2 and 4
weeks after birth, as measured by weight loss (G) and expression of cytokine genes in the
colon (H).

Colitis was induced at 9-10 weeks of age in all groups. Data are pooled from 2-3 individual
experiments (n=3-33/group). Each dot represents 1 mouse.

Statistical analysis: (A-F and H) one-way ANOVA or (G) Mann-Whitney U test. *p<0.03,
**p<0.002, ***p<0.0002 and ****p<0.0001 vs SPF control group. ns, not significant. Mean
+ SEM.

See also Figure S3-4.

Figure 4. The weaning reaction prevents pathological imprinting for allergy and cancer

(A-D) Oxazolone-induced allergic inflammation in adult SPF mice exposed to an antibiotic
cocktail (ampicillin, metronidazole, streptomycin and vancomycin) in the drinking water
before conception until the indicated age, as measured by weight loss (A), colon length (B)
and expression of cytokine genes in the colon (C-D). Colitis was induced at 9 weeks of age.
Data are pooled from 2 individual experiments (n=5-10/group). Each dot represents 1 mouse.

(E-H) AOM/DSS-induced colon carcinomas in SPF mice treated with an antibiotic cocktail
(as above) before conception to the indicated age (E and G) (data are pooled from 2 individual
experiments (n=5-20/group); Each dot represents 1 mouse), or in GF exposed to microbiota at
the indicted age (F, H) (data are pooled from 2 individual experiments (n=3-9/group); Each
dot represents 1 mouse). Measured are weight loss and mouse survival (E and F), as well as

number of polyps, size of tumours and expression of the indicated genes (G and H).
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Statistical analysis: One-way ANOVA. *p<0.03, **p<0.002, ***p<0.0002 and
#*4%p<0.0001. ns, not significant. Mean + SEM.

Figure 5: Microbiota after weaning does not alter pathological imprinting

(A-C) Exposure of 8-10 weeks old GF mice to microbiota and low level DSS (0.5%), and
expression of the indicated genes measured by quantitative RT-PCR 7 days after initiation of
exposure (A). Data are representative of 2 individual experiments (n=3-6/group). Mice were
challenged 6-8 weeks later with DSS (2.5%) to induce colitis, and measure weight loss (B)
and expression of the indicated genes (C). Data are representative of 3 individual experiments
(n=3-8/group). Each dot represents 1 mouse.

(D-E) Weight loss (D) and quantitative RT-PCR for the indicated genes in the colon (E) of
adult GF mice exposed at 8 weeks of age to microbiota isolated from the caeccum of 17 days
or 8 weeks old mice, exposed to DSS at 14 weeks of age and measured 21 days later. Data are
representative of 2 individual experiments (n=4-5/group). Each dot represents 1 mouse.

(F-G) Principal component analysis (F) and composition (G) of the fecal bacterial microbiota,
at the phylum level, of 9 weeks old GF mice colonized at the indicated age by exposure to
SPF microbiota. Data are representative of 2 individual experiments. Each dot represents 1
mouse.

Statistical analysis: (A-E) One-way ANOVA, or (F) Monte Carlo rank test. *p<0.03,
**p<0.002, ***p<0.0002 and ****p<0.0001. ns, not significant. Mean + SEM.

See Figures S5.

Figure 6. The weaning reaction prevents pathological imprinting through the induction
of Tregs

(A-C) SPF mice treated with anti-CD4 or anti-CD25 cell-depleting antibodies between 2 to 4
weeks of age were challenged at 9 weeks of age with DSS, and measured for weight loss (A),
colon length (B) and expression of Tnfa (C). Data are representative of 3 individual
experiments (n=5-10/group). Each dot represents 1 mouse.

(D-E) Frequency of FoxP3*CD4* T cells at 4 weeks (D) or 9 weeks of age (E) in SPF mice
treated with anti-CD4 or anti-CD25 antibodies between 2 to 4 weeks of age. Each dot
represents 1 mouse.

(F-G) Frequency of FoxP3*CD4* T cells at 4 weeks (F) or 9 weeks of age (G) in SPF DEREG
mice treated with diphtheria toxin (DT) between 2 to 4 weeks of age. Each dot represents 1

mouse.
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(H-J) SPF DEREG mice treated with diphtheria toxin (DT) between 2 to 4 weeks of age were
challenged at 9 weeks of age with DSS, and measured for weight loss (H), colon length (I)
and expression of Tnfa (J). Data are representative of 2 individual experiments. Each dot
represents 1 mouse.

(K-M) Foxp3©™ x Rorc(gt)™ mice were exposed to DSS at 9 weeks of age and measured for
weight loss (K), colon length (L) and expression of the indicated proteins in colon (M). Data
are representative of 2 individual experiments (n=4-10/group). Each dot represents 1 mouse.
Statistical analysis: (A-E; H-J; L-M) One-way ANOVA, or (F, G, K) Mann-Whitney U test.
*p<0.03, **p<0.002, ***p<0.0002 and ****p<0.0001. ns, not significant. Mean + SEM.

See Figure S6.

Figure 7. Dietary metabolites prevent pathological imprinting through the induction of
Tregs

(A-C) SPF mice exposed to a cocktail of antibiotics (ampicillin, metronidazole, streptomycin
and vancomycin) were treated with short chain fatty acid (SCFAs) during the indicated
periods of time, and exposed to DSS-induced colitis at 9-10 weeks of age. Measured were
weight loss (A), colon length (B) and expression of 7Tnfa in the colon (C).

(D-F) SPF mice were exposed to antibiotics, SCFAs, as well as anti-CD4 or anti-CD25 cell-
depleting antibodies during 2 to 4 weeks of age, challenged and monitored as in A-C.

(G-I) Foxp3©™ x Rorc(gt)" mice were treated with SCFAs between 2 and 4 weeks of age and
challenged as in A-C. Measured were weight loss (G), colon length (H) and levels of TNFa in
the colon (I).

(J-L) GF mice were re-colonized with Segmented Filamentous Bacteria (SFB) at 2 weeks
(SFBn) or 5 weeks (SFBa) of age, and concomitantly treated with SCFAs, before being
challenged as in A-C. Measured were survival (J), weight loss (K) and expression of
Lipocalin-2 in the serum (L).

(M-P) SPF mice were treated with an inhibitor of RAR (RARi) during the indicated periods
of time, then challenged and monitored for weight (M), disease activity (N), colon length (O)
and gene expression (P). Vehicle is saline.

Data are pooled from 2 individual experiments (n=3-5/group). Each dot represents 1 mouse.
Statistical analysis: One-way ANOVA. *p<0.03, **p<0.002, ***p<0.0002 and
#*4%p<0.0001. ns, not significant. Mean + SEM.

See figures S7.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies

Alexa Fluor® 700-conjugted anti-CD8a Sony 1103650
(clone 53-6.7) Biotechnology
APC-conjugated IFNy (clone REA638) Miltenyi 130-109-723
Brilliant Violet 650-conjugated anti-CD19 BioLegend 115541
(clone 6D5)

eFluor450-conjugated anti-CD25 (clone eBioscience 48-0251
PC61.5)

FITC-conjugated anti-CD4 (clone RM4-5) BD Biosciences 553047
FITC-conjugated anti-CD45.2 (clone 104) BD Biosciences 553772
Horizon V500-conjugated anti-CD4 (clone BD Biosciences 560782
RM4-5)

Horizon V500-conjugated anti-CD45.2 (clone | BD Biosciences 562129
104)

InvivoPlus anti-mouse CD4 (clone GK1.5) Bio X Cell BP0003
InvivoPlus anti-mouse CD25 (clone PC-61.5) | Bio X Cell BP0012
InVivoPlus rat IgG2b isotype control, anti- Bio X Cell BP0090
keyhole limpet hemocyanin

InVivoPlus rat IgG2a isotype control (clone Bio X Cell BP0089
2A3)

PE-CF594-conjugated anti-CD3e (clone 145- | BD Biosciences 562286
2C11)

PE-conjugated TNFa (clone MP6-XT22) Miltenyi 130-102-386
PE-Cy7-conjugated CD127 eBioscience 25-1271
PerCP-Cy5.5-conjugated Foxp3 (clone FIK- | eBioscience 45-5773
16s)

Commerecial Kits

Fixable Blue Dead Cell Stain Kit Invitrogen™ 1.23105
Fixation-permeabilization buffer eBioscience 00-5521-00
Mouse EGF ELISA Kit R&D System MEGO00
Mouse IFN-gamma ELISA R&D System DY485-CP
Mouse II-1b ELISA BD Biosciences 559603
Mouse I1-4 ELISA BD Biosciences 555232
Mouse I1-5 ELISA BD Biosciences 555236
Mouse IL13 ELISA R&D System DY413-CP
Mouse Lipocalin-2 ELISA Kit R&D System MLCN20
Mouse Myeloperoxidase ELISA R&D System DY3667
Mouse TNF-alpha ELISA R&D System DY410-CP
Chemicals, Peptides, and Proteins

Acetate Sigma-Aldrich S5636
Ampicillin Sigma-Aldrich A9518
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Azoxymethane Sigma-Aldrich A5486
Butyrate Sigma-Aldrich 303410
Dextran sulfate 40 sodium salt BioChemic PanReacAppliCh | A3261

em
EDTA 0.5M, pH 8.0 Invitrogen™ AM9262
EGF Sigma-Aldrich E5160
Fluorescein isothiocyanate—Carboxymethyl— | Sigma-Aldrich 68059
Dextran
Formula milk www.tvm.fr G.T.LN.

03700454503702

Metronidazole Sigma-Aldrich M3761
pan-retinoic acid receptor (RAR) inverse Tocris abiotechne | 3509
agonist BMS493 brand
Pepinh-MYD Invitrogen tlrl-pimyd
Percoll Sigma-Aldrich 17-0891
Propionate Sigma-Aldrich P1880
Streptomycin Sigma-Aldrich S6501
Tyrphostin AG 1478 Sigma-Aldrich T4182
Vancomycin Sigma-Aldrich V1150
4-ethoxymethylene-2-phenyl-2-oxazoline-5- | Sigma-Aldrich E0753
one
RNA analysis
MultiMACS cDNA synthesis Kit Miltenyi Biotec 130-094-408
SsoAdvanced Universal SYBR Green BioRad 1725275
Supermix
Primers
Ifng Qiagen PPMO3121A
111D Qiagen PPMO3109F
14 Qiagen PPMO03013F
115 Qiagen PPMO03014F
1113 Qiagen PPMO03021B
Tnfa Qiagen PPMO03113G
Experimental Models: Organisms/Strains
Mouse C57BL/6J Charles River
Mouse C57BL/6J Germ-free Institut Pasteur N/A
Mouse Foxp3°® x Rorc(gt)™ Institut Pasteur N/A
Mouse Myd88- and Trif-deficient Institut Pasteur N/A

Software and Algorithms

Flow Jo-v10 FlowJo www.flowjo.com

QIIME (Caporaso et al., | http://qiime.org
2010)

Prism 7 Prism-Graphpad | www.graphpad.com

R-3.1.0 R WWW.r-project.org

Qlucore Qlucore www.qlucore.com
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CONTACT FOR REAGENT AND RESOURCE SHARING
All unique reagents and resources will be made readily available upon request to the Lead

Contact, Gérard Eberl (gerard.eberl @pasteur.fr).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were approved by the committee on animal experimentation of the
Institut Pasteur and by the French Ministry of Research. SPF females and males C57BL/6
mice were purchased from Charles River and exposed to the environment of the local animal
facility at Institut Pasteur at least for 2 weeks before mating. Germ-free C57BL/6 mice were
generated at the Gnotobiology Platform of the Institut Pasteur. Myd88/Trif-double deficient
mice were obtained from Ivo Gomperts Boneca (Institut Pasteur). Foxp3™ x Rorc(gt)"!
DEREG mice were maintained on a C57BL/6 background. All mice were weaned 28 days
after birth. Co-housed littermates were used in all experiments in order to avoid cage-specific
divergence in the composition of the gut microbiota (Ubeda et al., 2012); experimental group

were both age- and sex-matched. The age of mice at the beginning of each experiment is

indicated in the legend to the figures.

METHOD DETAILS

Mice treatment with antibiotics, chemicals and antibodies

Mice were treated during the indicated periods of time with a cocktail of antibiotics in their
drinking water, containing 2.5 mg/ml streptomycin, 1 mg/ml ampicillin, 0.5 mg/ml
vancomycin and 0.5 mg/ml metronidazole. The antibiotic-containing drinking water was
changed 2x/week. Once the treatment was terminated, treated and untreated mice were co-
housed. To inhibit EGFR activation, mice were injected i.p. with 500pg/kg of tyrphostin
AG1478; to activate EGFR, mice were injected with 1 pg of recombinant murine EGF in 20
ul PBS into the colon. For inhibition of the retinoic acid receptor, 250ug of the pan-retinoic
acid receptor inverse agonist BMS493 was administered to adult mice and 125ug to young
mice i.p. 2x/week during the weeks indicate on figure. For SCFAs, 50 pL of cocktail contains
acetate (2 mg/mL), butyrate (1.65 mg/mL) and priopionate (1.45 mg/mL) was administered
i.p. 3x/week. To ablate lymphocyte subsets, mice were treated 3x/week with 100pg/mouse
with a monoclonal antibody to CD4 (clone GK1.5) or to CD25 (clone PC-61.5), or their
IgG2a and IgG2b isotypes, respectively. To bloc Myd88 signalling, 10 pg of 1mM of MyD88
inhibitory peptide Pepinh-MYD was administered i.p. 3x/week. Male DEREG mice, provided
by Professor Tim Spawasser (TWINCORE, Hannover, Germany), were backcrossed to wild
type C5S7BL6 at the animal facility of Institut Pasteur. All the offsprings were genotyped by
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PCR with specific primers for GFP and DTR. Foxp3+ Treg cell depletion was achieved by
intraperitoneal (i.p.) administration of 50 ng diphtheria toxin (DT) 3 times per week at

weaning period (2 to 4 weeks of age).

GF mice colonization with SPF microbiota or SFB

GF mice were exposed to microbiota by co-housing with SPF mice, or gavaged with 0.5 ml of
fecal homogenate from microbiota ceacal contents of 17 days or 8 weeks old mice. To
generate SFB-monocolonized mice, GF mice were gavaged twice at a 24 hr-interval at D12-
14, or at 6 -7 weeks of age, with 0.5 ml of fecal homogenate from previously SFB mono-
associated mice (Gaboriau-Routhiau et al., 2009). The presence of SFB was verified by qRT-
PCR conducted on ileal biopsies or fecal DNA by amplifying 16S rRNA genes using the
following bacteria-specific primers (Barman et al., 2008): 5-
GACGCTGAGGCATGAGAGCAT-3’ and 5’-GACGGCACGGATTGTTATTCA-3’. gPCR
is performed on a Bio Rad CFX96 Real Time System with SYBR Green reagent. The PCR

conditions include a pre-incubation step at 95°for 5 minutes, 40 amplification cycles of 95°C

for 10 s and annealing at 62°C for 45 s, and a melting curve.

Mice cross-fostering and formula milk
Asynchronously cross-fostering (CF) of mice was done by placing newborn day 1 (D1) pups
with mothers having delivered 13 days earlier, and D13 pups with mothers having delivered 1
day earlier. Synchronously CF of mice was done by placing D1 or D13 pups with mothers
having delivered the day of pups’ birth. In brief, mothers were removed from their cages and
placed in separate clean cages. The litter to be fostered was picked up gently and mixed with
dirty bedding, nesting material, and other pups from the recipient dam's cage. This
manipulation was done to transfer the recipient dam's scent. Pups were placed back in the
recipient dam's nest, and the recipient mouse mother was returned to the cage. The cage was
monitored visually every 15 min for the next 60 min. If there was evidence of rejection by the
dam (for example, agitation, carrying the pups around), the pups were removed from the cage
and euthanized. The cages were assessed at least once daily and not disturbed for the first 72 h
after fostering to decrease potential cannibalism. The cages were then monitored daily.
Formula milk was purchased from TVM laboratory. Between 16 to 18 days after birth,
mice received 15ul of formula milk by gavage (8x/day) using a sterilized syringe, while

mothers were exposed to the milk in the sterile bottle. 18 days after birth, the pups were
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separated from their mothers and exposed to formula milk delivered by sterile bottle. To
avoid bacteria growth in milk, the bottle was changed every Sh. The pups were then weaned

to normal show at the indicated times.

Models of colitis

To test susceptibility to DSS-induced colitis, adult mice with similar body weight received
two cycles of 2.5% DSS (with a mol. wt. of approx. 40.000 g/mol) in their drinking water, for
7 days interrupted by 7 days of normal water. Control mice received drinking water without
DSS. Progression of disease was monitored daily by weight and survival. Colitis severity was
scored by daily observation of the following parameters: weight loss (0 point = No weight loss
or weight gain, 1 point=5-10% weight loss, 2 points = 11-15% weight loss, 3 points = 16—
20% weight loss, 4 points =>21% weight loss); stool consistency (0 point =normal and well
formed, 2 points = very soft and unformed, 4 points = watery stool); and blood in stool (0
point = normal color stool, 2 points = reddish color stool, 4 points = bloody stool). The disease
activity index (DAI) was calculated as the combined scores of weight loss, bleeding, stool
consistency, with a maximum score of 12. After 21 days, mice were euthanized, the length of
colons was measured, and organs and blood were collected for biochemical, gene expression
and cytometric analysis. To test susceptibility to oxazolone-induced colitis, adult mice were
pre-sensitized with 200 pul of 2% (w/v) oxazolone (4-ethoxymethylene-2-phenyl-2-oxazoline-
5-one) in 100% ethanol by subcutaneous injection. Five days later, mice were challenged
intra-rectally, under anesthesia, with 150ul of 1.5% oxazolone in 50% ethanol, or only 50%
ethanol as a control. Intrarectal injections were administered with a 3.5F polyurethane
catheter. Mice were monitored every day for body weight. After 6 days, mice were
euthanized, the length of colons was measured, and a small piece (0.2cm) of distal colon was

taken for the analysis of gene expression.

Model of colorectal cancer

Colitis-associated colorectal cancer was induced as previously described (Tanaka et al.,
2003). Briefly, nine weeks old mice were injected intraperitoneally with Azoxymethane
(AOM; 10 mg/kg body weight) diluted in PBS. Five days later, mice were subjected to three
cycles of DSS treatment, each cycle consisting of 1.5% DSS in the drinking water for 5 days
interrupted by a 10-day recovery period with normal water. Mice were euthanized 10 days

after the last DSS cycle. Mice were monitored every day for body weight and survival. After
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50 days, mice were euthanized, and the colon was collected to determine polyp size and
numbers, and further characterized by gene expression.

Gut permeability

In vivo permeability assays were performed using fluorescein isothiocyanate (FITC)—dextran
4kDa as a paracellular permeability tracer. FITC—dextran was given by gavage to adult mice 6
days after initiation of the second cycle of DSS in the DSS-induced colitis model. Mice were
gavaged with FITC—dextran (5 mg/200 pL/mouse) 4 h prior to sacrifice. Whole blood FITC—
dextran concentration was determined by a spectrometry. FITC—dextran concentrations in
serum were calculated from standard curves generated by serial dilution of FITC—dextran. In
vivo permeability was expressed as the mean whole blood FITC—dextran concentration in

ng/mL.

ELISA

Cytokines (IL-1p; IL-4; IL-5; IL-13; TNF-a and IFN-y), Myeloperoxidase (MPO), Lipocalin-
2 and Epidermal growth factor (EGF) were measured using ELISAs and following the
manufacturers’ recommendations. Luminal EGF was measured in stomach, small intestine
and colonic contents; to isolate contents, the stomach was opened and contents were added to
1 mL PBS. For the small intestine and colon, 1 ml of PBS was injected to one open end of
the small intestine or colon using a 24-gauge gavage needle. Contents were then collected in a

tube from the other open end of the small intestine or colon.

Flow cytometry

Small intestinal and colonic lamina propria cells were isolated as described previously (Sawa
et al., 2011). Briefly, Peyer’s patches were removed, and whole small intestine and colon
were opened longitudinally, cut into pieces and incubated for 30 minutes in 30mM EDTA,
washed extensively, and incubated for several rounds in 0.7mg/ml collagenase D. These
preparations were then grinded through a 100um filter to generate single cell suspensions.
Cells were separated by a 40/80% (w/v) Percoll density gradient and washed prior to staining.
Cells were stained 5 minutes at 4°C with LIVE/DEAD fixable blue dead stain kit
(Invitrogen), in order to differentiate live cells from dead cells. Cells were further pre-
incubated with Fc-Block for 10 minutes and stained for 20 minutes with antibodies to surface
markers. For intracellular stainings, cells were fixed and permeabilized with a commercially
available fixation/permeabilization buffer. Intracellular staining was performed with PerCP-

Cy5.5-conjugated Foxp3 (clone FJK-16s) or with APC-conjugated IFNy (clone REA638) and
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PE-conjugated TNFa (clone MP6-XT22). For intracellular cytokine staining, cells were
restimulated with 50 ng/ml PMA and 500 ng/ml ionomycin for 4 hours in RPMI 1640
(Invitrogen) containing and 10% FCS, 25 mM HEPES, 0.05 mM 2-mercaptoethanol, and 100

U/ml of penicillin and streptomycin.

Microbial DNA extraction and sequencing

Total DNA was extracted from feces or ileal contents as previously described (Al Nabhani et
al., 2016), using both physical and chemical lysis. DNA concentrations were determined by
spectrophotometry using a Nanodrop (Thermo Scientific). Microbial composition was
assessed by 454 pyrosequencing (GS FLX Ti technology) targeting the V3-V4 region of the
bacterial 16S rDNA region (V3fwd: 5TACGGRAGGCAGCAG3’, Vdrev:
5’GGACTACCAGGGTATCTAAT3’). Sequences were further clustered into OTUs
(Operational Taxonomic Units) at 97% of identity using QIIME (Caporaso et al., 2010) and
Cd-hit (Li and Godzik, 2006). OTU representative sequences were assigned to the different
taxonomic levels using RDP Seqmatch (RDP database, release 11, update 1) (Cole et al.,
2009). Relative abundance of each OTU and other taxonomic levels (from phylum to genus)
was calculated for each sample in order to take into account different sampling levels across
multiple individuals. After trimming, numbers of sequences clustered within each OTU (or
other taxonomic levels) were converted to relative abundances. All statistical analyses were
performed using R (ade4 package). Principal components analysis (PCA) was computed
based on bacterial taxonomic composition and statistically assessed by Monte Carlo rank test.
Robustness of each clustering result was assessed using Monte Carlo rank test using R (ade4

package).

Quantitative analysis of commensal bacteria

The terminal ileum was cut longitudinally. After removal of intestinal contents, the tissues
were vigorously washed several times in PBS. The supernatants from these washes were used
to quantify the bacterial content of the intestinal biofilm. DNA was extracted and quantitative
PCR for 16S rDNA was performed on a Bio Rad CFX96 Real Time System with SYBR
Green reagent and normalized to total bacterial DNA. The presence of commensal bacteria
was conducted using the primers that have been adapted from Bouskra et al. (Bouskra et al.,

2008).

Quantitative PCR
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Frozen tissue samples were dissociated in lysing/binding buffer of Multi-MACS cDNA kit
(Miltenyi) with 0.5% antifoam using the gentleMACS™ Octo Dissociator (Miltenyi). RNA
isolation, cDNA synthesis and cDNA purification were performed using the MultiMACS
MO96thermo Separation Unit following the manufacturer's instructions of the MultiMACS ™
cDNA Synthesis Kit (Miltenyi). Real-time quantitative PCR ¢cDNA was performed using
SybrGreen (BioRad) and Qiagen primers. Ct values were normalised to the mean Ct obtained

with the three housekeeping genes Gapdh, Hsp90 and Hprt in each sample.

RNA sequencing and analysis

C57BL/6J mice were euthanized at 1, 2, 3, 4, 5 and 6 weeks of age, and the terminal ileum
was frozen for subsequent RNA extraction. Total RNA was prepared using RNeasy micro kit
(Qiagen) according to the manufacturer’s instructions. RNA library construction and
sequencing reactions were conducted at GENEWIZ Inc (South Plainfield, NJ). Libraries were
constructed with TruSeq Stranded mRNA sample Prep Kit (Illumina). In brief, poly(A)*
mRNA was enriched with oligo d(T) beads and fragmented. cDNA fragments were
synthesized, end repaired and adenylated at 30ends, followed by universal adaptor ligation,
index addition, and library enrichment with limited cycle PCR. Sequencing delivered 40
Millions reads per sample in average. Sequence reads were trimmed to remove possible
adapter sequences and reads of poor quality (error rate > 0.05), and sequences reads shorter
than 40 nucleotides were discarded. Remaining reads were aligned to the Mus musculus
GRCm38 reference genome with CLC Genomics Server program v. 9.0.1. Total gene hit
counts were measured and RPKM values were calculated. All samples contained high quality
data. Gene expression comparison was performed using Qlucore. For the generation of

heatmaps, the ratio of genes expression SPF/GF was calculated across all time points.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in GraphPad Prism statistical software (version 7). p values

were calculated using the test indicated in the legends to the figures.
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Figure 2:
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