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and disease recovery.
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SUMMARY

The maternal microbiome influences child health. However, its impact on a given offspring’s stem cells, which
regulate development, remains poorly understood. To investigate the role of the maternal microbiome in con-
ditioning the offspring’s stem cells, we manipulated maternal microbiota using Akkermansia muciniphila.
Different maternal microbiomes had distinct effects on proliferation and differentiation of neuronal and intes-
tinal stem cells in the offspring, influencing their developmental trajectory, physiology, and long-term health.
Transplantation of altered maternal microbiota into germ-free mice transmitted these stem cell phenotypes
to the recipients’ offspring. The progeny of germ-free mice selectively colonized with Akkermansia did not
display these stem cell traits, emphasizing the importance of microbiome diversity. Metabolically more active
maternal microbiomes enriched the levels of circulating short-chain fatty acids (SCFAs) and amino acids,
leaving distinct transcriptomic imprints on the mTOR pathway of offsprings’ stem cells. Blocking mTOR
signaling during pregnancy eliminated the maternal-microbiome-mediated effects on stem cells. These
results suggest a fundamental role of the maternal microbiome in programming offsprings’ stem cells and
represent a promising target for interventions.

INTRODUCTION

The gut microbiota, a complex ecosystem of microbial commu-
nities residing in the gut, orchestrates an intricate interplay
driving host physiology and organ functions." We and others
have demonstrated that gut microbiome, the prokaryotic coun-
terpart of “the holobiont,” regulates diverse physiological pro-
cesses of its eukaryotic host, including organ maturation and
function and aging.”™ The gut microbiome displays distinct
compositional and functional features depending on host age,
health status, and physiological states such as pregnancy.
Notably, the maternal gestational gut microbiota features hall-
mark characteristics essential for proper conditioning of the off-
spring’s health.” It is now established that the maternal micro-
biome can influence multiple developmental aspects of the
offspring, such as immune- and neuro-development, and meta-

bolic phenotypes,®® which likely have long-term health implica-
tions. By contrast, disruption in the maternal microbiome
severely affects the developmental processes of the offspring,
leading to neuro- and intestinal-developmental disorders and
inflammation.'®'? Together, these findings implicate maternal
microbiota as a critical determinant for offspring’s development
and health as well as its predisposition to develop disease later
in life.

Pre- and postnatal development of all complex organisms is
essentially governed by processes such as cellular proliferation,
growth, and differentiation. Stem cells, which possess enormous
self-renewal capacity, typically regulate these key develop-
mental processes.'® During postnatal life, different categories
of stem cells continue to replenish the cellular requirements for
tissue and organ maturation, aiding in the development of a
healthy body. Thus, the maternal microbiome and offspring’s
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stem cells are bona fide candidates that seem to play central
roles governing early life development, underscoring a possible
“microbiome-stem cell axis” regulating development. Although
several studies have addressed the role of maternal microbiome
on offspring’s immune and metabolic health, its influence on the
stem cells and associated developmental processes of the
offspring remain obscure.

RESULTS

Early life exposure to Akkermansia muciniphila
influences neuronal and intestinal stem cells
The capacity to generate new cells—i.e., “proliferation” —and
form different types of cells—i.e., “differentiation” —are hallmark
characteristics of stem cells that essentially control growth, devel-
opment, and organ maturation during early life."* This prompted us
to closely scrutinize how alterations in the microbiome during early
life affect these crucial stem cell functions of the offspring. We
chose Akkermansia muciniphila (Am) for this purpose based on
its established capacity to modify the gut microbiota and its poten-
tial as a next-generation probiotic.'>'® To assess the effects of mi-
crobiome on offspring’s stem cells, we exposed mice during the
entire pregnancy period and subsequently the newborns to Akker-
mansia muciniphila (Figure S1A). Mice receiving vehicle served as
experimental controls. We focused on assessing proliferation and
neurogenesis in the offspring’s brain, particularly in the hippocam-
pus, given its critical role in development and its significance as a
hotspot for adult neurogenesis. Offspring exposed to Am during
early life had more Minichromosome Maintenance Complex
Component 2 (MCM2)-positive cells in the dentate gyrus of the hip-
pocampus, indicating increased proliferation in the brain
(Figures S1Band S1C). A parallelincrease in the number of double-
cortin-positive (DCX+) neurons was observed in the dentate gyrus
of the hippocampus of Am-exposed mice, suggesting increased
neurogenesis (Figures S1D and S1E). Additionally, we detected a
higher expression of hippocampal CD133, the marker for cellular
stemness in the Am-exposed mice compared with controls (Fig-
ure S1F). However, the morphology, number, and soma size of mi-
croglia, the key immune cells in the brain, were similar between the
two groups (Figures S1G-S1l). While the hippocampal expression
oftight junction markers such as claudin 1 and occludin was similar
between the groups, we observed a modest increase in zonula oc-
cludens (ZO)-1 in the Am-exposed mice (Figures S1J-S1L). This
suggests that Am exposure possibly had a subtle influence on
the blood-brain barrier, consistent with our previous reports.?
We next questioned if this phenomenon is specific for neuronal
stem cells and investigated the effect of Am exposure on
intestinal stem cells, which are perpetually regenerative under
steady-state conditions in contrast to the neuronal stem cells.
We noticed a marked increase in intestinal cellular proliferation,
quantified by 5-ethynyl-2’-deoxyuridine (EdU)-marked cells inin-
testinal Swiss rolls (entire intestine rolled in a spiral configuration
allowing unbiased analysis) (Figures S2A and S2B), and growth,
characterized by Vvilli lengths, crypt depths, and intestinal
lengths in the Am-exposed offspring compared with controls
(Figures S2C-S2G). However, the extent of apoptosis in the in-
testinal milieu was minimal and comparable between the two
groups as determined by the terminal deoxynucleotidyl trans-
ferase-mediated nick end labeling (TUNEL) assay (Figures S2H
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and S2I). Evaluating the differentiation of intestinal cells was a
major challenge, given the diverse cell types involved and varia-
tions in spatial distribution of specific cellular populations along
the length of the intestine. For unbiased assessment, we did
multiplex-immunohistochemistry (IHC) of the entire intestinal
Swiss rolls from the two groups of offspring, which allows simul-
taneous staining of multiple biomarkers within a single tissue
section. Exhaustive multiplexed-imaging analysis revealed an in-
crease in the intestinal stem cell pool along with an expansion of
secretory lineages including goblet, Paneth, and enteroendo-
crine cells in the Am-exposed offspring compared with controls
(Figures S2J-S2N). Quantification of Lgr5 expression in purified
crypts further indicated an increase in stem cells in the Am-
exposed mice (Figure S3A), while the expression of epithelial
markers such as cytokeratin-8 and cytokeratin-20 were similar
between the two groups (Figures S3B and S3C). The basal levels
of inflammatory markers and junctional proteins, such as inter-
leukin (IL)-17, tumor necrosis factor alpha (TNF-a), occludin,
claudin-1, and ZO-1, were comparable between the groups
(Figures S3D-S3H), suggesting no obvious difference in intesti-
nal inflammation or barrier integrity.

To further assess the effect of early life Am exposure on stem
cells, we isolated small intestinal crypts from the offspring of
both groups and assessed their organoids forming capacity.
Crypts derived from offspring exposed to Am showed enhanced
ability to form organoids (Figures S3I and S3J). Moreover, the
size of the organoids generated from offspring exposed to Am
was larger along with enhanced budding and proliferation
(Figures S3K-S3N).

To validate the specificity of Am in altering these stem cell
functions, we exposed a group of mice to another anaerobic
commensal, Bacteroidetes thetaiotaomicron (Bt) in an identical
manner (Figure S4A). Offspring exposed to Bt showed no differ-
ence in hippocampal neurogenesis, intestinal proliferation, or
cellular populations compared with controls (Figures S4C-
S4L), suggesting the phenomenon was Am specific. Of note,
offspring exposed to Am showed higher body weight compared
with controls (Figure S30), which was not observed in the Bt-
exposed offspring (Figure S4B). Collectively, these alterations
in neurogenesis, proliferation, and cellular populations in the
gut and brain of offspring exposed to Am indicate a distinct influ-
ence of early life gut microbiota shifts on the offspring’s stem
cells. Nevertheless, these findings raised one key question:
whether these alterations in the offspring’s stem cell functions
were due to alterations in the maternal microbiome induced by
Am or postnatal exposure to Am or a combination of both.

Alteration in gut microbiota during pregnancy is critical
for influencing the offspring’s neuronal and intestinal
stem cells

To determine the precise cause of these changes in the off-
spring’s stem cell functions, we exposed mice to Am or PBS dur-
ing the entire period of pregnancy. Subsequently, the newborn
pups from each group were exposed to either PBS or Am from
postnatal day 5 and meticulously monitored for their stem
cell functions during the initial development phases (Figure 1A).
A significant rise in hippocampal neurogenesis, coupled
with increased populations of stem cells, goblet cells, and enter-
oendocrine cells, and heightened intestinal proliferation was
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Figure 1. Maternal microbiome dictates the characteristics of neuronal and intestinal stem cells in the offspring during early development
(A) Mice were gavaged every alternate day with PBS or Am during the entire period of pregnancy, and the newborn pups from each group were further exposed to
either PBS or Am every alternate day from postnatal day 5 till weaning (21 days). The offspring were harvested at postnatal days 3, 7, 14, and 21, respectively.

(legend continued on next page)
Cell Stem Cell 32, 1-17, February 6, 2025 3



10.1016/j.stem.2024.10.003

Please cite this article in press as: Dang et al., Maternal gut microbiota influence stem cell function in offspring, Cell Stem Cell (2024), https://doi.org/

¢ CellPress

OPEN ACCESS

evident in the progeny of mothers exposed to Am as early as
postnatal day 3 when compared with controls (Figures 1B-1E,
S5A, and S5B). Furthermore, the extent of hippocampal neuro-
genesis during postnatal days 7, 14, and 21 in the offspring
from mothers exposed to Am was significantly greater than
that observed in the offspring born to PBS-treated mothers,
regardless of their postnatal interventions (Figures 1F and 1G).
The progeny of Am-exposed mothers also showed a consistent
increase in neuronal and intestinal proliferation during early post-
natal developmental days compared with those born to vehicle-
treated mothers, irrespective of their postnatal exposures
(Figures 1H, 11, S6C, and S6D). We noticed a simultaneous
expansion in the populations of stem cells, Paneth cells, goblet
cells, and enteroendocrine cells in the intestines of offspring
born to Am-exposed mothers compared with the progeny from
vehicle-treated mothers, independent of postnatal treatments
(Figures 1J, 1K, S5C, S6A, S6B, and S6E). Taken together,
these exhaustive comparisons between offspring that were
distinctly exposed both prenatally and postnatally revealed a
characteristic developmental trajectory for progeny of mothers
exposed to Am during pregnancy, clearly differentiating
them from those born to vehicle-treated mothers, irrespective
of postnatal treatments (Figures 1, S5, and S6). These differ-
ences in the developmental trajectory uniquely illustrate the
crucial role of the maternal microbiome in programming the off-
spring’s stem cells.

Offspring of mothers with altered microbiota maintained
their unique stem cell characteristics even when raised
by foster mothers

To affirm that the changes in stem cell characteristics in the
offspring of Am mothers were largely due to differences in the mi-
crobiota during pregnancy, we isolated 19-day-old embryos from
PBS- or Am-exposed pregnant mothers via C-section, revived
them, and fostered them with Institute for Cancer Research
(ICR) mice housed under similar environmental conditions
(Figure 2A). Interestingly, even when fostered, the offspring of
Am-exposed mothers (Am-Fs) still displayed elevated numbers
of MCM2+ and DCX+ cells in the dentate gyrus of the hippocam-
pus compared with those born to PBS-exposed mothers (PBS-
Fs) (Figures 2B-2E). In line, we observed increased intestinal
lengths, proliferation, and elevated populations of stem cells,
differentiated goblet cells, Paneth cells, and enteroendocrine
cellsin the Am-Fs compared with PBS-Fs (Figures 2F-2M). Addi-
tionally, intestinal organoids derived from purified crypts ex-
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hibited higher proliferation rates in Am-Fs compared with
PBS-Fs (Figures 2N and 20). These findings suggest that the
stem cell characteristics of offspring are primarily shaped by
the maternal microbiome during pregnancy, while changes in
breastmilk composition resulting from alterations in the maternal
microbiome have minimal influence on this process.

The maternal microbiome has a long-term impact on the
offspring’s stem cell functions and physiology

We next sought to validate whether alterations in the maternal mi-
crobiome had a sustained impact on the stem cells of the offspring,
considering that stem cells are inherently long lived and their func-
tions are influenced by previous experiences.'” "9 We first
confirmed the directimpact of maternal microbiome on offspring’s
stem cells using a non-variegated reporter-based in vivo lineage-
tracing mouse line, Lgr5-2A-CreERT2-R26-tdTomato.”® Lgr5-
2A-CreERT2-R26-tdTomato mice were exposed to Am or PBS,
and we traced the cellular lineage of the gut of their progeny during
postnatal development (Figure S7A). Offspring of mothers
exposed to Am consistently displayed greater number of To-
mato-expressing cells in their intestines, both at 48 and 72 h
post tamoxifen treatments compared with control mothers
(Figures 3A, 3B, and S7B). In parallel, 6-day-old, matured intestinal
organoids from the offspring of each group were exposed to
4-hydroxytamoxifen for 10 h to assess the regenerative capacity
of the stem cells. The percentage of Tomato-expressing cells
was much higher in the intestinal organoids of offspring born to
Am-exposed mothers than those from control mothers
(Figures 3C and 3D).

Having confirmed the connection between the maternal mi-
crobiome and the offspring’s stem cells, we carried out longitu-
dinal studies spanning up to 10 months to assess the long-term
impact of the maternal microbiome on the offspring (Figure 3E).
Of note, the offspring from each group gained weight during the
course of experiment; however, those born to Am-exposed
mothers gained less weight than the controls, specifically from
about 30 weeks of age (Figure S7C). Surprisingly, the number
of DCX+ neurons was greater in the dentate gyri of the offspring
born to Am-exposed mothers at 2 months age, and this re-
mained consistent at 5 months and even at 10 months of age,
when overall neurogenesis reached its bare minimum, compared
with offspring from PBS-treated mothers (Figures 3F and 3G).
Likewise, the level of hippocampal proliferation was higher in
the offspring of Am-exposed mothers at 2 months of age
compared with the control group (Figures S7D and S7E). This

(B) Representative images of hippocampal neurogenesis (upped), intestinal proliferation (middle), and multiplex imaging of intestinal Swiss rolls (lower) from
offspring born to PBS- or Am-exposed mothers at postnatal day 3 (n = 5 per group). Scale bar, 100 pm.
(C-E) Quantification of hippocampal neurogenesis (C), intestinal proliferation (D), and cellular populations in the intestines (E) of the offspring at postnatal day 3

(n = 5 per group).

(F) Representative images of DCX-stained cells in the dentate gyri of offspring from the different groups of mice at postnatal days 7, 14, and 21 (blue, DAPI

staining; green, DCX staining). Scale bar, 100 um.

(G) Quantification of DCX-positive cells in the dentate gyri of the different groups of mice (n = 5 per group).
(H) Representative images of EdU staining (DAPI staining, blue; EAU staining, green) of intestinal rolls from the different groups of mice at postnatal days 7, 14, and

21. Scale bar, 100 um. White arrows indicate EdU-positive cells.

(I) Quantification of EdU-incorporating cells in the small intestinal crypts of the different groups of mice (n = 5 per group).

(J) Representative images of multispectral imaging of intestinal rolls from the different groups of mice at postnatal days 7, 14, and 21. (Yellow: Olfactomedin 4
[OLFM4]; green: lysozyme; red: muc?2; purple: chromogranin A; orange: E-cadherin; and blue: DAPI.) Scale bar, 100 um (n = 5 per group).

(K) Quantification of OLFM4-+ve stem cells, goblet cells, Paneth cells, and enteroendocrine cells in the small intestines of the different groups of mice (n = 5 per
group). Data are reported as means + SEMs. *p calculated using the ANOVA with Tukey’s multiple comparisons test and mentioned wherever it is <0.05.
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Figure 2. Offspring born to PBS- or Am-exposed mothers retained their distinct stem cell characteristics when raised by foster mothers
(A) Embryos (19-day-old) from pregnant C57BL/6 mice, treated with either PBS or Am, were isolated by C-section, revived, and transferred to foster mothers (ICR
mice). The pups from each group were then raised by the foster mothers (referred to as PBS-F and Am-F) until they reached 3 weeks of age.

(B) Quantification of MCM2-positive cells in the dentate gyri of PBS-Fs and Am-Fs (n = 5 per group).

(C) Representative images of MCM2-stained cells in the dentate gyri of the two groups of mice (blue, DAPI staining; red, MCM2 staining). Scale bar, 100 pm. White
arrows indicate MCM2-positive cells.

(legend continued on next page)
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increase in hippocampal proliferation was sustained even at
10 months of age (Figures S7D and S7E). We questioned the
physiological relevance of these changes in the brain and sub-
jected these mice to a battery of behavioral tests. Remarkably,
the progeny of mothers exposed to Am exhibited lower anxiety
levels, as they made more entries and spent longer durations
in the open arms of the elevated plus maze, compared with the
controls (Figures 3H and 3l). Moreover, the progeny of Am-
exposed mothers displayed increased locomotory and explor-
atory behavior by spending longer time in the center of the
open field as detected by their movement tracks (Figures 3J
and 3K). However, no notable differences in behavioral pheno-
types were observed in the light/dark box and Y-maze tests be-
tween the two groups (Figures S8A-S8D).

Our prospective studies further revealed a significant surge in
intestinal proliferation and an expansion in the populations of
stem cells, Paneth cells, goblet cells, and enteroendocrine cells
in the offspring born to Am-exposed mothers at 2 months age,
which remained consistent later in life (Figures 4A-4G and S9).
In addition, we examined the intestinal permeability, a critical
physiological parameter, which depends on cellular regeneration
and determines overall health, in these mice. Under our experi-
mental setting, we observed a noticeable reduction in intestinal
permeability in the progeny of Am-exposed mothers, as indi-
cated by lower serum concentrations of fluorescein isothiocya-
nate (FITC) dextran compared with controls (Figure 4H). To
further assess the regenerative and reparative capacity of stem
cells in the offspring, we challenged 2-month-old male offspring
of PBS- or Am-exposed mothers with 2.5% dextran sodium sul-
fate (DSS) for 7 days, which typically induces colitis, and then al-
lowed them to recover for a week (Figure 4l). Shortening and
thickening of the colon are typical characteristics of colitis
severity. Unexpectedly, we observed that the colons of offspring
born to Am-exposed mothers were longer than offspring of PBS-
exposed mothers after 7 days of DSS exposure (Figures S8E and
S8F), suggesting that changes in maternal microbiomes during
pregnancy may influence offspring’s disease susceptibility. We
next examined crypt morphology of these mice during the recov-
ery phase. Previous studies indicate the presence of hypertro-
phic crypts, hallmarked by an elevated number of proliferative
cells that facilitate crypt regeneration, during recovery in the
distal colon.?'* After a 7-day recovery from DSS injury, we
noticed a significant increase in colonic length as well as a
higher percentage of hypertrophic crypts in the distal colon of
offspring born to Am-exposed mothers compared with those
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of PBS-exposed mothers (Figures 4J-4M). This was accompa-
nied by a marked increase in proliferating cells within the colonic
crypts in areas undergoing recovery (Figures 4N and 40), indi-
cating enhanced crypt regeneration in offspring of Am-exposed
mothers than those born to PBS mothers. However, body weight
gain during DSS recovery was comparable between the two
groups (Figure S8G). These results collectively indicate that
alterations in the maternal microbiome during pregnancy have
a long-term impact on the offspring’s stem cells, overall physi-
ology, and disease recovery.

Mice exposed to Akkermansia muciniphila display
distinct microbiomes and metabolic signatures during
pregnancy

In an attempt to understand the mechanisms underlying the dif-
ferences between the progeny of Am or PBS exposed mothers,
we compared the maternal microbiomes. Metagenomic analysis
of stool samples collected from PBS- or Am-exposed mothers
during late gestation revealed distinct clustering of gut micro-
biota at the genus level between the groups, as evidenced in
the principal coordinate analysis (PCoA) (Figure 5A). A Circos
plot emphasized a distinct overrepresentation of Firmicutes,
particularly in mothers exposed to Am, when compared with
those treated with PBS (Figure 5B). This was further confirmed
by an enrichment in bacteria belonging to the Lactobacillaceae
and Lachnospiraceae families in the Am-exposed mothers
compared with controls (Figures 5C, S10A, and S10B). By
contrast, the microbiomes of 3-week-old offspring did not
show major differences in taxonomy, except that the offspring
born to Am-exposed mothers displayed an overrepresentation
of Akkermansia muciniphila in their metagenome compared
with controls (Figures S10C-S10F).

Unbiased functional analysis of the entire cohort of up- and
downregulated genes in the maternal microbiomes revealed a
distinct enrichment of genes involved in metabolism, including
DNA, RNA, and protein metabolism, amino acids and deriva-
tives, carbohydrates, and fatty acids and lipids in mothers
exposed to Am, as indicated in the functional network and heat-
map (Figures 5D, 5E, and S10G). Furthermore, there was a
noticeable enhancement in the butyrate pathway (Figure S10H).
We speculated that alterations in the functional profile of the
maternal microbiome could influence the composition of metab-
olites circulating in the mothers, considering the substantial
contribution of microbial metabolism to the host’s metabolite
profile. As expected, targeted metabolomics revealed distinct

(D) Representative images of DCX-stained cells in the dentate gyri of PBS-Fs and Am-Fs (blue, DAPI staining; green, DCX staining). Scale bar, 100 um. White

arrows indicate DCX-positive cells.

(E) Quantification of DCX-positive cells in the dentate gyri of the two groups of mice (n > 5 per group).
(F) Representative images of EAU staining (DAPI staining, blue; EdU staining, green) of intestinal rolls of PBS-Fs and Am-Fs. Scale bar, 100 um. White arrows

indicate EdU-positive cells.

(G) Quantification of EdU-incorporating cells in the small intestinal crypts (n = 5 per group).

(H) Intestinal lengths of PBS-Fs and Am-Fs (n > 5 per group).

() Representative images of multispectral imaging of intestinal rolls from PBS-Fs and Am-Fs (yellow: OLFM4; green: lysozyme; red: muc2; purple: chromogranin
A; orange: E-cadherin; and blue: DAPI). Scale bar, 100 um. White arrows indicate cells stained for respective markers.
(J-M) Quantification of OLFM4+ve stem cells (J), enteroendocrine cells (K), goblet cells (L), and Paneth cells (M) in the small intestines of the two groups of mice

(n = 5 per group).

(N) Representative images of EdU staining (DAPI staining, blue; EdU staining, green) of organoids from PBS-Fs and Am-Fs. Scale bar, 50 pm.
(O) Quantification of EdU-incorporating cells in the organoids from the two groups. Data are reported as means + SEMs. *p calculated using the Student’s t test

and mentioned wherever it is <0.05.
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Figure 3. Maternal microbiome has a long-term impact on the offspring’s neuronal stem cells and behavior

(A) Representative images showing expression of Tomato in the intestines of 21-day-old offspring groups, 3 days post tamoxifen administration (blue, DAPI
staining; red, Red Fluorescent Protein [RFP] staining) (n = 5 per group). White arrows indicate Tomato-positive cells. Scale bar, 20 pm.

(B) The distance of traced Tomato-positive cells was scored along the crypt-villi axis in the two groups at 48 or 72 h post tamoxifen treatment (n = 5 per group).
(C) The percentage of Tomato-positive cells in organoids cultured from the small intestines of the two groups of mice.

(legend continued on next page)
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differences in the metabolic signatures between mothers
exposed to Am versus those treated with the vehicle
(Figures 5F and 5G). Mothers exposed to Am appeared to be
metabolically more active, exhibiting higher levels of short-chain
fatty acids (SCFAs), such as propionic acid, acetic acid, and
butyric acid derivatives, in their serum (Figure 5G). Additionally,
elevated levels of amino acids, such as glycine, glutamine, and
arginine, and amino acid precursors, like citrulline and oxaloace-
tic acid, were detected in their serum compared with controls
(Figure 5G). Interestingly, we also noticed diminished levels of
adenosine monophosphate in their serum, indicating a higher
energy status than the controls (Figure 5G). The distinct metab-
olomic signatures in the serum of the Am and PBS-exposed
mothers prompted us to test their biological activity. We
exposed the 6-day-old culture of human organoids to serum
from either Am- or PBS-treated mothers. Surprisingly, human or-
ganoids treated with serum from Am-exposed mothers exhibited
increased cellular proliferation in contrast to PBS controls
(Figures 5H and 5I). To further confirm whether the stem cells
were affected by this metabolite enrichment, we exposed
mature organoids from Lgr5-2A-CreERT2-R26-tdTomato mice
to serum from the two groups of mothers. A 10-h exposure mark-
edly increased the percentage of Tomato-expressing cells in the
intestinal organoids exposed to serum from Am-exposed
mothers than those from control mothers (Figures 5J and 5K).

Considering the specific enrichment of SCFAs and amino
acids in the serum of Am-exposed mothers, we next subjected
wild-type and Lgr5-2A-CreERT2-R26-tdTomato mice to a high-
fiber, high-protein (HFHP) diet (Table S1), during the entire
period of pregnancy. Interestingly, serum from wild-type preg-
nant mothers fed with HFHP diet increased the percentage
of Tomato-expressing cells in the Lgr5-2A-CreERT2-R26-
tdTomato mouse organoids to a similar extent to those
exposed to serum from Am-exposed mothers (Figures S11A
and S11B). Additionally, the offspring of HFHP diet-fed Lgr5-
2A-CreERT2-R26-tdTomato mice displayed increased lengths
of Tomato-traced units in their intestines compared with the
offspring of PBS-exposed mothers; however, this increase
was less pronounced than in those born to Am-exposed
mothers at 72 h post-tamoxifen treatment (Figures S11C and
S11D). These findings not only suggest a potential communica-
tion between the gut microbiota and stem cells via circulating
metabolites—particularly SCFAs and amino acids—but also
underscore the possible role of circulating metabolites in Am-
exposed mothers in enhancing their offspring’s stem cell
functions.

Cell Stem Cell

The offspring of GF mice transplanted with microbiota
from mothers exposed to Am or PBS phenocopy the
progeny of respective donors

We hypothesized that the differences in the stem cell characteris-
tics between the offspring from Am or PBS exposed mothers are
possibly due to their unique metagenomic signatures. Thus, we
transplanted gut microbiota from 16- to 18-day pregnant Am or
PBS exposed donors to germ-free (GF) recipient mice and exam-
ined the F1 generation offspring (termed-PBS-MTs/Am-MTs) of
the recipients at weaning (Figure 6A). Metagenomic analysis
revealed distinct clustering of microbiomes of donors and their
corresponding recipients for each group, with clear divergence
between the two recipient groups (Figure S12A). Thorough com-
parisons revealed elevated levels of DCX+ and MCM2+ cells in
the dentate gyri of the hippocampus of Am-MTs compared with
PBS-MTs (Figures 6B-6E). Similarly, we noticed increased intes-
tinal proliferation and lengths, as well as expanded populations of
stem cells and differentiated cells of secretory lineage such as
goblet cells, Paneth cells, and enteroendocrine cells in the Am-
MTs compared with PBS-MTs (Figures 6F-6M). Moreover, orga-
noids grown from intestinal crypts displayed higher proliferation
levels in the Am-MTs compared with PBS-MTs (Figures 6N and
60). Thus, apparently the Am-MTs phenocopied the stem cell
characteristics observed in the offspring of mothers exposed to
Am, indicating the potential role of maternal microbiota in shaping
these stem cell functions.

We next investigated whether these changes in stem cell traits
are solely influenced by the overrepresentation of Am or if they
result from Am-induced alterations in the composition of the
maternal microbiome, particularly the enrichment of Firmicutes.
To address this, we created a Firmicutes-deficient intestinal milieu
by mono-colonizing GF mice with Bacteroidetes thetaiotaomicron
(Bt) and exposing these Bt-mono-colonized mice with Am during
the entire period of pregnancy (Bt + Am) (Figure S12B). We subse-
quently compared the offspring of these mice with offspring of
PBS-treated GF mothers and ex-GF mothers transplanted with
microbiota from Am-exposed mothers (Am-MTs). Surprisingly,
we failed to detect many differences in hippocampal neurogene-
sis or proliferation between the offspring of GF and Bt + Am
mothers (Figures S12C-S12F). Interestingly, the levels of hippo-
campal neurogenesis and proliferation in the offspring of GF and
Bt + Am mothers were considerably less compared with the
Am-MTs (Figures S12C-S12F). Similarly, intestinal proliferation
and lengths were comparable between the offspring of GF and
Bt + Am mothers, but relatively less than the Am-MTs
(Figures S12G-S12l). A similar trend was observed for the

(D) Representative images of organoids from LGR5-2A-creERT2-R26-tdTomato mice groups, 10 h after 4-hydroxytamoxifen treatment (blue, DAPI staining; red,

Tomato). White arrows indicate Tomato-positive cells. Scale bar, 50 pm.

(E) Mice were gavaged every alternate day with PBS or Am during the entire period of pregnancy, and the offspring were harvested at 2, 5, and 10 months of age,

respectively.

(F) Representative images of DCX-stained cells in the dentate gyri of offspring at 2, 5, and 10 months of age (blue, DAPI staining; green, DCX staining). Scale bar,

100 um. White arrows indicate DCX-positive cells.

(G) Quantification of DCX-positive cells in the dentate gyri of the different groups of mice (n = 5 per group).

(H) Anxiety-like behavior of the offspring at 2 months of age in the elevated plus maze. Plots show the percent time spent in, distance traveled, and the number of
entries in the open arms of the elevated plus maze during a 5-min test session (n = 10 per group).

(I) Representative tracks showing movement trajectory of mice in the elevated plus maze.

(J) Activity and exploratory behavior in the open field test. Plots show percent duration and distance traveled in the center and percent duration and distance
traveled in the edge of the open field during a 20-min test session by the two groups of mice (n = 10 per group).

(K) Representative tracks showing movement trajectory of mice in the open field. Data are reported as means + SEMs. *p calculated using the Student’s t test.
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Figure 4. The maternal microbiome has a lasting impact on the intestinal stem cells and physiology of the offspring
(A) Offspring from PBS- or Am-exposed mothers were assessed at 2, 5, and 10 months of age, respectively. Representative images of EdU staining (DAPI
staining, blue; EdU staining, green) of intestinal rolls from the different groups of mice. Scale bar, 100 um. White arrows indicate EdU-positive cells.
(B) Quantification of EdU-incorporating cells in the intestinal crypts of the different groups of mice (n = 5 per group).
(C) Representative images of multispectral imaging of intestinal rolls from the different groups of mice. (Yellow: OLFM4; green: lysozyme; red: muc2; purple:
chromogranin A; orange: E-cadherin; and blue: DAPI.) Scale bar, 100 um (n = 5 per group).
(legend continued on next page)
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population of stem cells and Paneth cells in the offspring of GF
and Bt + Am mothers, albeit to a much lesser extent than in
Am-MTs (Figures S12J-S12L). Conversely, the population of
goblet cells and enteroendocrine cells was higher in the offspring
of Bt + Am mothers than the GF offspring, though still lower than
in the Am-MTs (Figures S12J, S12M, and S12N). These findings
highlight two crucial aspects: firstly, the essential role of the
maternal microbiome in shaping the stem cell functions of the
offspring, and secondly, the inadequacy of Akkermansia in influ-
encing these functions in the absence of a diverse microbiome.

Maternal microbiome influences mTOR signaling in the
stem cells of the offspring

The maternal microbiota-driven changes in offspring’s stem cells
prompted us to further investigate the specific stem cell signaling
pathways that are influenced by the microbiome. We isolated in-
testinal stem cells from 3-week-old Lgr5-EGFP-IRES-creERT2
offspring born to Am or PBS-exposed mothers (Figures 7A and
S13A). Of note, the population on Lgr5™ cells was higher in the
offspring of Am-exposed mothers compared with those of PBS
mothers (Figure S13B). RNA sequencing analysis of Lgr5™ cells re-
vealed distinct transcriptional signatures for signal transduction
genes between the two groups of offspring (Figure 7B). Substantial
transcriptional variations were observed in molecular pathways
related to cellular signaling, proliferation, and growth (Figures 7C
and S13C). We specifically noticed an enrichment in genes related
to PIBK-Akt-mTOR pathway (Figure 7D), which regulates neuro-
genesis, cellular growth, and proliferation,>2° in the Lgr5™ cells
of offspring born to Am-exposed mothers. The activation levels
of mTOR and its downstream target S6 were indeed elevated in
the intestinal crypts and hippocampus of 21-day-old offspring
born to Am-exposed mothers (Figures 7E-7G and S13D-S13F).
Interestingly, increased mTOR activation in the hippocampus
and intestines of offspring born to Am-exposed mothers,
compared with those of PBS-exposed mothers, was observed
as early as postnatal day 3 (Figures S13G-S13l). Multi-color su-
per-resolution imaging further revealed increased co-occurrence
of phospho-mTOR specifically in the OLFM4-marked stem cells
but not in the neighboring Paneth cells, indicating mTOR activation
in the intestinal stem cells of the offspring of Am-exposed mothers
(Figures 7H-7J). We observed a similar increase in mTOR activa-
tionin the Nestin+ve neuronal stem/progenitor cells of the progeny
of Am-exposed mothers (Figures 7K and 7L).

Cell Stem Cell

Inhibition of mTOR signaling during pregnancy
abolished the maternal-microbiota-induced stem cell
traits

To validate the importance of mMTOR pathway in the maternal mi-
crobiome driven changes in offspring’s stem cell functions, we
treated mice with rapamycin, a specific inhibitor of mTOR
signaling, in addition to the Am or PBS exposures, throughout
the entire pregnancy period (Figure S14A). The body weights
of the offspring of the two groups at weaning were similar (Fig-
ure S14B). The levels of hippocampal neurogenesis and prolifer-
ation were comparable between the two groups of offspring
(Figures S14C-S14F). Likewise, intestinal lengths, proliferation,
and cellular populations were also comparable between the
progeny of the two groups (Figures S14G-S14N). Reasonably,
the proliferation levels of intestinal organoids grown from
these offspring were also similar (Figures S140 and S14P).
Furthermore, rapamycin dose-dependently inhibited the in-
crease in the percentage of Tomato-expressing cells in Lgr5-
2A-CreERT2-R26-tdTomato mouse organoids following expo-
sure to serum from Am-exposed mothers (Figures S13J and
S13K). Overall, these findings emphasize the crucial role of
mTOR signaling in the maternal microbiome-mediated functional
changes observed in the offspring’s stem cells.

DISCUSSION

Here, we attempted to uncover the functional importance of
maternal gut microbiota in regulating the stem cell functions
of the offspring by manipulating the maternal microbiome using
a health-associated microbe, Akkermansia muciniphila. We
showed that stem cells in the brain and intestine of the devel-
oping offspring responded differently to distinct maternal micro-
biome signatures. For instance, Akkermansia-mediated shifts in
maternal microbiota during pregnancy led to changes in stem
cell characteristics such as increased hippocampal neurogene-
sis, neuronal and intestinal proliferation, and altered cellular pop-
ulation dynamics in the intestines of the offspring. These
changes in stem cell functions induced by the maternal micro-
biome resulted in a distinct postnatal developmental trajectory
in the progeny. These altered stem cell characteristics were sus-
tained even when the offspring were raised by foster mothers,
highlighting the importance of maternal microbiome composi-
tion during pregnancy on child health. The changes in these

(D-G) Quantification of OLFM4+ve stem cells (D), enteroendocrine cells (E), goblet cells (F), and Paneth cells (G) in the small intestines of the different groups of

mice (n = 5 per group).

(H) Intestinal permeability of the two groups of mice was measured by FITC-dextran translocation to the circulation following oral gavage (n > 8 per group).
(I) To assess recovery from experimental colitis, 2-month-old male mice born to PBS- or Am-exposed mothers were given 2.5% dextran sodium sulfate (DSS) in
their drinking water for 7 consecutive days. After this period, the DSS was replaced with normal drinking water, “washout period,” and the mice were allowed to

recover for an additional 7 days.

(J) Quantification of cecum and colon lengths in the two groups of mice (n = 5 per group).
(K) Macroscopic images of colons of the two groups of mice after 7 days of recovery. Images of cecums and colons from age- and sex-matched untreated mice

serve as controls for reference.

(L) H&E-stained sections of colonic mucosa of offspring born to PBS- or Am-exposed mothers undergoing recovery. Green arrows indicate hypertrophic crypts.

Scale bar, 100 pm.

(M) Percentage of hypertrophic crypts within the distal-most colon (1 cm) of mice from the two groups during recovery.

(N) Representative images of EdU staining (DAPI staining, blue; EdU staining, green) of colonic rolls of offspring undergoing recovery from DSS-induced colitis in
different groups. Scale bar, 100 um. White arrows indicate EdU-positive cells.

(O) Quantification of EdU-incorporating cells in the recovery areas after washout period (n = 5 per group). Data are reported as means + SEMs. *p calculated using
the Student’s t test and mentioned wherever it is <0.05.
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Figure 5. Mice exposed to Akkermansia muciniphila display distinct metagenomic and metabolomic signatures during pregnancy

(A) A principal coordinate analysis (PCoA) plot showing the clustering of gut microbiota at the genus level in pregnant mice (late gestation) exposed to PBS or Am,
based on metagenomic analysis.

(B) Circos representation of most abundant bacterial phyla in individual pregnant mothers exposed to PBS or Am.

(C) Pie charts showing composition of the gut microbiota of pregnant mothers exposed to PBS or Am (n = 5 per group).

(legend continued on next page)
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stem cell functions, detected as early as 3 days after birth, were
sustained and exerted a significant impact on the offspring’s
physiology later in life, including behavior, intestinal permeability,
and disease recovery. Considering that somatic stem cells are
long lived,'® these findings underscore the possibility of off-
spring’s stem cells to sense maternal microbial cues and repro-
gram their behavior and functions. Our results align with recent
reports indicating dialogs between gut microbiota and neuronal
or intestinal stem cells, which fine-tune their long-term
functions.'”'8:26

We demonstrated that, much like a typical probiotic, Akker-
mansia altered the microbiome landscape during pregnancy,
enhancing its metabolic capacity and biological activity. We
subsequently established the direct link between maternal mi-
crobiota and offspring’s stem cells when the progeny of GF
mothers, conventionalized with microbiota from mothers
exposed to Am or PBS, phenocopied the stem cell traits of those
born to their respective donors. Unlike the offspring of GF
mothers conventionalized with a complete microbiota from
Am-exposed donors, the progeny of Am-exposed, ex-GF
mothers with a selective flora did not exhibit drastic changes in
stem cell traits. This highlights the critical role of a complex mi-
crobiome in influencing stem cell functions. However, Akker-
mansia exposure to mothers with a restricted microbiome
elevated the populations of goblet and enteroendocrine cells in
the intestines of their offspring, possibly through distinct mech-
anisms that may not involve a complex microbiome. Recent re-
ports showed similar effects of Akkermansia or its components
on goblet cell density in adult mice.?”*®

The radical shifts in the microbial communities and metabolic
signatures in the gut microbiomes of Am-exposed mothers
altered the repertoire of their serum metabolites. Enrichment
of several metabolites, including SCFAs such as propanoic
acid, acetic acid, derivatives of butyric acid, and amino acids
like arginine, glycine, and glutamine, was evident in the serum
of mothers exposed to Am. Given that gut microbiota signifi-
cantly contributes to the metabolite pool of its host, the
elevated levels of circulating SCFAs in Am-exposed mothers
are likely a result of an increased population of SCFA-produc-
ing Firmicutes, including Lactobacillaceae and Lachnospira-
ceae, in their microbiota."?® These enrichments in the Am-
exposed mothers clearly contributed to the biological activity
of their serum, as it promoted proliferation in the human

Cell Stem Cell

colonic organoids and increased cellular turnover in organoids
from lineage-tracing Lgr5-2A-CreERT2-R26-tdTomato mice,
compared with serum from PBS-treated mothers. The critical
role of metabolite enrichment in maternal serum, particularly
SCFAs and amino acids, on offspring’s stem cell functions
was established when serum from mothers fed with an HFHP
diet promoted cellular turnover in Lgr5-2A-CreERT2-R26-
tdTomato mouse organoids to a similar extent as that of Am-
exposed mothers.

Apparently, mTOR pathway, a typical metabolic sensor and
potential regulator of growth, proliferation, and neurogene-
sis,”®>™?% in the stem cells of the progeny specifically responded
to the altered battery of maternal metabolites. This was estab-
lished when (1) oral administration of the mTOR-inhibitor rapa-
mycin to Am-exposed mothers abolished the altered stem cell
phenotypes in the progeny; and (2) rapamycin blocked the
increased cellular turnover induced by Am-exposed mothers’
serum in Lgr5-2A-CreERT2-R26-tdTomato mouse organoids.
The activation of mTOR pathway in the stem cells of the progeny
may have been driven by any one or a combination of these
possible factors. (1) Elevated levels of maternal SCFAs, including
the HDAC inhibitors—acetate, propionate, and butyrate —may
have influenced mTOR pathway, as documented previously.***
(2) Enrichment of amino acids in the serum of Am-exposed
mothers, particularly arginine, which is a classical activator of
mTOR.?® (3) Depletion of adenosine monophosphates in the
serum of Am-exposed mothers representing higher bioener-
getics could repress AMP-activated protein kinase (AMPK), the
negative regulator of mTOR pathway.®? Considering somatic
stem cells are long lived, the question of how the changes in
mTOR signaling are sustained as imprints in these cells remains
a compelling subject for future research.

Overall, our research offers new perspectives on the functional
importance of the maternal gut microbiota. We provide evidence
on the contribution of the maternal gut microbiome in program-
ming the stem cells of two vital and functionally diverse organs of
the offspring, thereby shaping their development and physi-
ology. These findings raise fundamental questions on whether
the maternal microbiome affects or imprints other stem cell
niches in the offspring such as those in the liver or muscles.
Given that several developmental disorders are linked to early
pathogen exposure, it is tempting to speculate that dialogs be-
tween microbes and stem cells during early life play a crucial

(D) Network analysis based on Sequence Annotation and Exploration Database (SEED)-based functional pathways derived from metagenomic data showing
differential abundance of functional genes regulating pathways driving cellular growth and metabolism. The color of nodes represents specific pathways, while
the size of nodes is proportional to the normalized (by variance-stabilizing transformation) abundance of genes. The edge width represents the correlation value
supporting the connection (n = 5 per group).

(E) Heatmap showing the cluster analysis and abundance of sequence reads annotating SEED-based functional pathways that differed significantly between the
two groups of pregnant mice, derived from metagenomic data (n = 5 per group).

(F) Partial least squares discriminant analysis (PLS-DA) plot showing the clustering of metabolites in the serum of PBS- or Am-exposed pregnant mothers based
on targeted metabolomics. Each point represents a sample, and ellipses represent 95% confidence intervals (n = 5 per group).

(G) Heatmap showing cluster analysis based on abundance of the differential metabolites in the serum between the two groups of pregnant mice (n =5 per group).
(H) Representative images of EdU staining (green) of human organoids treated with serum from PBS- or Am-exposed mothers. Scale bar, 50 pm.

(I) Quantification of EdU-incorporating cells in human organoids, 24 h after serum exposure.

(J) Representative images of organoids from LGR5-2A-creERT2-R26-tdTomato mice after 10 h of exposure to serum from 18-day pregnant mothers exposed to
either PBS or Am. The organoids were treated with 4-hydroxytamoxifen immediately before serum exposure (blue, DAPI staining; red, Tomato). White arrows
indicate Tomato-positive cells. Scale bar, 50 um.

(K) The percentage of Tomato-positive cells in the organoids. Data are reported as means + SEMs. *p calculated using the Student’s t test and mentioned
wherever it is <0.05.
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housed in a controlled environment till their offsprings reached weaning (21 days). Offsprings from PBS or Am microbiota-transplanted recipient mice are denoted

as PBS-MTs or Am-MTs, respectively.
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role in maintaining the delicate balance between health and dis-
ease.'®%*%° These findings open avenues to support the 21st
century medicine in its attempt to develop microbiota-based
intervention strategies to promote child health.

Limitations of the study

Our research has limitations owing to its reliance on
mouse models, particularly their microbiota composition, as
experimental outcomes could be affected by the quality, envi-
ronment, and hygiene of the facility, which essentially deter-
mine the inherent microbiota of the experimental animals it har-
bors. Considering that stem cells are the cells of origin for
several pathological conditions, how maternal microbiome-
modulating modalities influence such disease outcomes re-
mains unexplored in this study. Future investigations using
genetically engineered mice lacking specific components of
stem cells could help pinpoint the interactions between
maternal metabolites and nutrient sensors responsible for the
observed effects on offspring’s stem cells. Finally, extrapo-
lating these findings to humans is crucial and warrants further
investigation.
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Materials availability

The materials, reagents, mouse lines, and original data could also be provided
on reasonable request. Some materials would be provided upon completion of
Materials Transfer Agreement.

Data and code availability

The raw metagenomic sequencing data for maternal and offspring
microbiota have been deposited at NCBI Sequence Read Archive (SRA)
database: SRP492208, with accession IDs SRR28131251-SRR28131270.
Metagenomics data using fecal samples from PBS/Am mothers are denoted
as PBS-M/Am-M, while PBS/Am pups (offspring) are denoted as PBS-P/Am-
P, respectively, in the raw files. The raw metagenomic sequencing data for
microbiota transplantations from pregnant mothers (donors) to germ-free re-
cipients has been deposited at NCBlI SRA database: SRP495394, with
accession IDs SRR28352051-SRR28352062. Microbiota donors from each
group are denoted as PBS/Am-donor, whereas the recipients are denoted
as PBS/Am-recipient, respectively, in the raw files. The raw RNA sequencing
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data for purified small intestinal stem cells have been deposited at NCBI
SRA database: SRP494239 with accession IDs SRR28277820-
SRR28277831. The raw targeted-metabolomics data from maternal serum
has been deposited at National Omics Data Encyclopedia (NODE) database,
https://www.biosino.org/node/project/detail/OEP005141: OEP005141, with
accession IDs OER460898-OER460907.
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(B) Quantification of DCX-positive cells in the dentate gyri of PBS-MTs and Am-MTs (n > 5 per group).
(C) Representative images of DCX-stained cells in the dentate gyri of the two groups of mice (blue, DAPI staining; green, DCX staining). Scale bar, 100 um. White

arrows indicate DCX-positive cells.

(D) Representative images of MCM2-stained cells in the dentate gyri of PBS-MTs or Am-MTs (blue, DAPI staining; red, MCM2 staining). Scale bar, 100 um. White

arrows indicate MCM2-positive cells.

(E) Quantification of MCM2-positive cells in the dentate gyri of the two groups of mice (n = 5 per group).
(F) Representative images of EdU staining (DAPI staining, blue; EAU staining, green) of intestinal rolls of PBS-MTs and Am-MTs. Scale bar, 100 pm. White arrows

indicate EdU-positive cells.

(G) Quantification of EdU-incorporating cells in the small intestinal crypts (n = 5 per group).

(H) Intestinal lengths of PBS-MTs and Am-MTs (n > 7 per group).

() Representative images of multispectral imaging of intestinal rolls from PBS-MTs and Am-MTs (yellow: OLFM4; green: lysozyme; red: muc2; purple: chro-
mogranin A; orange: E-cadherin; and blue: DAPI). Scale bar, 100 um. White arrows indicate cells stained for respective markers.
(J-M) Quantification of OLFM4+ve stem cells (J), enteroendocrine cells (K), goblet cells (L), and Paneth cells (M) in the small intestines of the two groups of mice

(n = 5 per group).

(N) Representative images of EdU staining (DAPI staining, blue; EdU staining, green) of organoids from PBS-MTs and Am-MTs. Scale bar, 50 um.
(O) Quantification of EdU-incorporating cells in the organoids from the two groups. Data are reported as means + SEMs. *p calculated using the Student’s t test

and mentioned wherever it is <0.05.
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Figure 7. Stem cells from offspring born to mothers with distinct microbiomes exhibit unique characteristics
(A) LGR5-EGFP-IRES-cref"" mice were gavaged every alternate day with PBS or Am during the entire period of pregnancy, and the Lgr5+ intestinal stem cells

from the offspring (day 21) were assessed.

(B) PCA showing distinct clustering of signal transduction genes in the two groups of mice (n = 6 per group).
(C) RNA sequencing analysis showing enrichment of signaling pathways in LGR5+ve intestinal stem cells of the offspring from PBS- or Am-exposed mothers

(n = 6 per group).
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Cell Signaling Technology
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Cat# sc-516250; RRID: AB_3661867
Cati# sc-47778; RRID: AB_626632
Cat# L3012; RRID: AB_895483

Cat# 516248; RRID: AB_3661868
Cat# ab178846; RRID: AB_2636859
Cat# 4604; RRID: AB_561007

Anti-MCM2 Abcam Cat# ab108935; RRID: AB_10859977
Anti-Nestin Monoclonal Antibody Invitrogen Cat# 14-5843-82; RRID: AB_1907435
Rhodamine(TRITC) AffiniPure Goat Anti-Mouse IgG(H+L) Yeasen Cat# 33209ES60; RRID: AB_3661870
Bacterial and virus strains

Akkermansia muciniphila ATCC Cat# BAA835

Bacteroides thetaiotaomicron ATCC Cat# 29148

Chemicals, peptides, and recombinant proteins

BHI broth BD Biosciences Cat# 237500

Agar Yeasen Cat# 70101ES76

Soy peptone Duoxi Cat# J33408

Glucose Anhydrose Macklin Cat# G6172
N-Acetyl-D-glucosamine Maya-R Cat# 881023

L-threonine Aladdin Cat# T108221

L-cysteine TCI Cat# C0515

Hemin Bidepharm Cat# BD132990

PBS, 0.01M/pH7.2-7.4 Solarbio Cat# P1010

KCI SCR Cat# 10016308

NaCl Sangon Cat# A501218

Na-Citrate SCR Cat# 10019418

KH,PO, Mecklin Cat# P815662

Na,HPO, JiuDing Cat# SR443

0.5M EDTA Invitrogen Cat# AM9260G

Sucrose Sigma Cat# V900116

D-sorbitol Sigma Cat# S1876

Dithiothreitol Sigma Cat# D0632

IntestiCult™ Organoid Growth Medium (Human) STEMCELL Cat# 06010
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PenStrep, penicillin/streptomycin Gibco Cat# 15140122
Bovine Serum Albumin (BSA), Fraction V Roche Cat# 10738328103
Advance DMEM/F12 (1x) Reduced Serum Medium Gibco Cat# 12634-010
Matrigel Matrix Growth Factor Reduced Corning Cat# 354230
GlutaMax (100x) Gibco Cat# 35050-061
Hepes (100x) Gibco Cat# 15630-080
B-27 Supplement (50x) Gibco Cat# 12587-010
N2 Supplement (100x) Gibco Cat# 17502-048
Mouse R-spondin1 R&D Cat# 3474-RS-050
Murine Noggin Pepro tech Cat# 250-38
Murine EGF Pepro tech Cat# 315-09
DMSO Sigma Cat# D2650
PEG400 Sigma Cat# 202398
Tween-80 Sigma Cat# P1754
Corn oil Sigma Cat# C8267
Rapamycin MedChemExpress Cat# HY-10219
Tamoxifen Sigma Cat# T5648
4-Hydroxytamoxifen Sigma Cat# H7904

4% Paraformaldehyde Biosharp Cat# BL539A
Dextran Sodium Sulphate (DSS) MP Biomedicals Cat# 160110
Fluorescein isothiocyanate-dextran Sigma Cat# 46944
Methanol SCR Cat# 10014118
Xylene Macklin Cat# X820585
Citric acid, trisodium salt Acros Cat# C39197.36
Triton X-100 Bio-Rad Cat# 1610407
Trizma base Sigma Cat# V900483
Tween-20 Bio-Rad Cat#1706531
Hydrogen peroxide SCR Cat# 10011218
DAPI staining buffer Beyotime Cat# C1006
Antifade Mounting Medium Vector labs Cat# H-1000
Phosphatase inhibitors cocktail tablets Roche Cat# 4906845001
Protease inhibitors cocktail tablets Roche Cat# 4693159001
Quick Start Bovine Serum Albumin (BSA) Standard Bio-Rad Cat# 5000206
Quick Start Bradford 1x Dye Reagent Bio-Rad Cat# 5000205
APS, Ammonium persulfate Sangon Cat# A100486
Acrylamide/bis-acrylamide, solution Sigma Cat# A7802
Sodium Dodecyl Sulfate (SDS) Promega Cat# H5114
Precision Plus Protein™ Kaleidoscope™ Prestained Bio-Rad Cat# 1610375
Protein Standards

Restore Plus Western Blot Stripping Buffer Thermo Cat# 46430
TEMED Macklin Cat# N818999
Western Blotting Luminol Reagent Santa Cruz Cat# sc-2048
B-mercapthoethanol SCR Cat# 80076928
Rnase and Dnase Away Beyotime Cat# R0123
Fast SYBRTM Green Master Mix Applied Biosystems Cat# 4385612

TrypLE Express Enzyme
DNase 1

7-AAD Viability Stain Solution
Y-27632 dihydrochloride

Thermo Fisher Scientific
Roche

eBioscience

Sigma

Cat# 12604-013
Cat# 10104159001
Cat# 00-6993-50
Cat# Y0503-1M
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5-Ethynyl-2’-deoxyuridine (Edu) Sigma Cat# 900584
HCL SCR Cat# 10011008
Critical commercial assays

click-iT Edu Alexa fluor 488 imaging kit Invitrogen Cat# C10337
ImmPRESS Horse Anti-Rabbit IgG Plus Polymer Kit Vector Cat# MP-7801
ImmPRESS Goat Anti-Rat IgG (Mouse Adsorbed) Polymer Kit Vector Cat# MP-7444
one step TUNEL Apoptosis Assay Kit Beyotime Cat# C1088

OpalTM 7-Color Manual IHC Kit

Akoya Biosciences Inc

Cat# NEL811001KT

iScript cDNA Synthesis Kit Biorad Cat# 1708891

High capacity cDNA Reverse Transcription Kit ThermoFisher Cat# 4368814

RNeasy Mini Kit Qiagen Cat# 74104

Rabbit specific IHC polymer detection kit HRP/DAB Abcam Cat# ab209101

Deposited data

Metagenomics This paper NCBI SRA Database:
SRP492208; SRP495394

Metabolomics This paper National Omics Data Encyclopedia
(NODE) database: OEP005141

RNA sequencing This paper NCBI SRA Database: SRP494239

Experimental models: Organisms/strains

Mouse: C57BL6J Jackson lab Cat# 000664

Mouse: ICR Jackson lab Cat# 009122

Mouse: Lgr5-EGFP-IRES-creERT2 Jackson lab Cat# 008875

Mouse: Lgr5-2A-CreERT2-R26-tdTomato Seishima et al.”° N/A

Mouse: C57BL/6J (Germ-Free) GemPharmatech Cat# N000295

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com/scientific-
software/prism/www.graphpad.com/
scientific-software/prism/

QuPath™ (v0.4.3) QuPath https://qupath.github.io/

Vectra3.0™ Multispectral Imaging System

InForm Advanced Image Analysis Software (v2.4)

PerkinElmer, USA

PerkinElmer, USA

https://www.akoyabio.com/phenoimager/
instruments/vectra-3-0/

https://www.akoyabio.com/phenoimager/
inform-tissue-finder/

Lablmage software Kapelan https://www.kapelanbio.com/products/
labimage/

Dr. TOM BGl https://biosys.bgi.com/

Imaris-9.5.1 Oxford Instruments https://imaris.oxinst.cn/versions/9-5

TopScan Lite software CleverSys https://cleversysinc.com/CleverSysinc/
csi_products/topscan-lite/

R (version 4.3.1) N/A https://cran.rproject.org

R studio Posit https://posit.co/products/open-source/
rstudio/

Adobe Photoshop CS6 Adobe https://www.adobe.com/products/
photoshop.html

ZEN 8.4 software Zeiss https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html

Image J Wayne Rasband https://imagej.net/ij/

Other

QTRAP 6500 Plus SCIEX, USA N/A

Waters UPLC I-Class Plus Waters, USA N/A

QuantStudio 1 real-time PCR system Applied Biosystems N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Specific pathogen free C57BL/6 mice aged 6-8 weeks were used as breeders in our experiments. Mice were gavaged with Akker-
mansia muciniphila (Am) (strain: ATCC BAA835) at a dose of 108 CFU/mice or vehicle (PBS) every alternative day during the entire
period of pregnancy (beginning from the day the breeding was initiated). In some experiments, as outlined in the text, mice were gav-
aged with Am (108 CFU/mice) or PBS every alternative day during the entire pregnancy period while, the newborn pups from each
group were subsequently exposed to either PBS or Am (108 CFU/mice) on alternate days starting from day-5 (this timepoint was cho-
sen to reduce gavage associated mortality) till weaning (21 days). Mice gavaged similarly with Bacteroides thetaiotaomicron (Bt)
(strain: ATCC 29148) served as experimental controls. Rapamycin treatment in pregnant mice was given at a dose of 0.25 mg/kg
b.w. every alternate day during the entire period of pregnancy following previous protocols.*® Rapamycin (MedChemExpress
HY-10219) was dissolved in 1% DMSO, 5% (PEG400) and 5% Tween-80 for orogastric gavage. Experimental endpoints in individual
experiments range from 3 days up to 10 months and are clearly specified in the text respectively. Similar experiments were conduct-
ed using Lgr5-EGFP-IRES-creERT2 and Lgr5-2A-CreERT2-R26-tdTomato?® mice for intestinal stem cell isolation and lineage tracing
studies respectively. For Cre activation, Lgr5-2A-CreERT2-R26-tdTomato mice were intraperitoneally injected with 2mg tamoxifen/
mouse dissolved in 10% DMSO and 90% corn oil, 48 or 72 hours before sacrifice.

For fostering experiments, 19-day-old embryos from pregnant C57BL/6 mice, treated with either PBS or Am were isolated by
C-section. These pups were revived and transferred to foster mothers (ICR mice). The pups from each group were then raised by
the foster mothers until they reached 3 weeks of age (endpoint).

For the induction of colitis, 2-month-old mice born to PBS- or Am-exposed mothers were given 2.5% Dextran Sodium Sulphate
(DSS) in their drinking water for 7 consecutive days. The DSS-containing water was replaced with fresh 2.5% DSS every 3 days to
prevent contamination. After 7 days, the DSS-containing water was replaced with normal drinking water, and the mice were allowed
to recover for an additional 7 days. Recovery rates were then assessed (endpoint).

For fecal microbiota transplantation (FMT), groups of germ-free (GF) mice (6-8 weeks old) were transplanted with fecal microbiota
collected from pregnant donor mice undergoing PBS or Am treatments, at late-stage gestation (between day 16-18). Briefly, fecal
pellets from 3 donor mice from each group were dissolved in sterile PBS by homogenization (using sterile plastic pastel and vigorous
shaking), and each recipient mouse was immediately fed with 150ul of the supernatant using a sterile orogastric gavage to transplant
microbiota. The conventionalization procedure was repeated on the 3" day post initial inoculation as a booster. Breeding was set up
immediately after the first dose of FMT. GF recipients conventionalized with microbiota from donors of either PBS or Am groups were
housed in separate confined plastic isolators until their F1 generation reached 3 weeks of age (endpoint).

Mono-colonization of GF mice with Bt was achieved by a dose of 108 CFU/mice and a repeat dose of similar concentration on the
3" day post initial inoculation as a booster. For di-colonization with Am, Bt mono-colonized mice were set for breeding and gavaged
with a dose of 108 CFU/mice of Am every alternative day during the entire period of pregnancy. Di-colonized mice were housed in
separate confined plastic isolators until their F1 generation reached 3 weeks of age (endpoint). Colonization of Bt was tested using
the primers: Bt-Fw: TCGAAAGTGTGGGTATCAAACA and Bt-Rv: CTGTATATCGCAAACAGCGAGT; while Am colonization was
tested using Am-Fw: CAGCACGTGAAGGTGGGGAC and Am-Rv: CCTTGCGGTTGGCTTCAGAT primers.

All mice (SPF, GF, FMT-donors and FMT-recipients and mono/di-colonized) were fed with autoclavable laboratory rodent diet
P1103F-35 (energy 3.67kcal/g, SLACOM, Shanghai, China). The dietary composition for mice exposed to a high-fiber and high-pro-
tein diet (Shuyu Biotechnology, Shanghai) throughout the entire pregnancy period is outlined in Table S1. However, the offspring of
these pregnant mice, which were subjected to the dietary interventions (high-fiber + high-protein diet), received normal chow. Of
note, all experimental mice received the same chow throughout the entire course of experiment (except the high-fiber + high-protein
diet exposed mice), thus excluding any dietary influence on the microbiome composition and function. Fecal pellets were collected
intermittently from the respective recipients to validate conventionalization. All protocols involving animals were carried out in accor-
dance with institutional guidelines at Institute Pasteur Shanghai and approved by the Animal Welfare and Ethics Committee of Insti-
tute Pasteur Shanghai (protocol numbers: A2020023, A2020024, A2022004-1 and A2023025).

Human participant

Surgically resected human colonic tissue was obtained from a colorectal cancer patient (age: 64 years, sex: Male). Patient consent
was formally obtained from the patient. Human sample was collected following the guidelines of the Human Ethics Committee of
Hospital of Nantong University, Nantong 226001, China (Ethical approval no: 2023-K109-01).

METHOD DETAILS

Bacterial culture

Akkermansia muciniphila were grown under strict anaerobic conditions on BHI agar (BD, Sparks, MD, USA, 237500) plates containing
1.6% soy peptone (J33408-250g, Duoxi), 1.13% glucose Anhydrose (50-99-7, Macklin), 0.55% N-acetylglucosamine (7512-17-6,
Maya), 0.4% L-Threonine (72-19-5, Aladdin) supplemented with 0.05% L-cysteine. Bacteroides thetaiotaomicron were grown
under strict anaerobic conditions on BHI agar plates supplemented with 0.001% Hemin and 0.05% L-cysteine. Inoculum for mice
was prepared by growing a single colony from pure culture plates of respective bacteria into the fresh media broth and subsequently
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re-culturing in fresh media until they reach 0.5-0.8 OD at 600 nm wavelength. Mice were gavaged with 100ul of inoculum from respec-
tive bacterial suspension of 1x10° CFU/mL in sterile PBS.

Isolation of crypts and organoids culture

Intestinal crypts were harvested as previously described.®” Briefly, small intestines were opened longitudinally, washed with cold
PBS and incubated in extraction buffer (1.5mM KCI; 96mM NaCl; 27mM Na-Citrate; 8mM KH2PO4; 5.6mM Na2HPO4; 15mM
EDTA) on ice for about 20 mins. The intestines were then transferred into ice cold PBS (containing 0.1% BSA and PenStep) and vor-
texed 5 times for 3-4 mins, each time using fresh ice-cold PBS until the crypts are visibly isolated. The crypts were then filtered
through a 70uM cell strainer and centrifuged at 2509 for 5 minutes at 4°C. Purified crypts, mixed with growth factor reduced matrigel
(Corning) were then plated in 48-well plates or 8 well chambered cover-glass slides (Thermo Scientific) and cultured as previously
described.®” 4-Hydroxytamoxifen (1 pM; Sigma-Aldrich) was added in Lgr5-2A-CreERT2-R26-tdTomato organoid media to induce
activation of CreERT2 and consequent activation of the tdTomato cassette. Staining of EdU+ve cells in the organoids was done using
click-iT Edu alexa fluor 488 imaging kit (Invitrogen™ C10337). Imaging of organoids was performed using multi-color long-time ultra-
high resolution (120nm) imaging through Olympus SpinSR10 spinning disc microscope.

Human organoids and serum exposure

Peritumoral colonic tissue obtained from a colorectal cancer patient was cleaned using cold PBS and the muscle and fat tissues were
removed before isolation of colonic crypts. The colonic tissues were minced using sterile scissors and the tissue fragments were
incubated in extraction buffer (5.6mM Na2HPO4; 8mM KH2PO4; 96mM NaCL; 1.6mM KCI; 44mM Sucrose; 54.8mM D-sorbitol;
0.5mM Dithiothreitol; 10mM EDTA) on ice for about 30 mins. The colonic tissue fragments were then transferred into cold extraction
buffer without EDTA and vortexed 5 times for 2 mins, each time using fresh extraction buffer without EDTA. The fractions containing
maximum crypts are identified using a microscope, pooled and filtered through a 100um cell strainer. Purified crypts, were
embedded in matrigel (Corning) and cultured using IntestiCult™ Organoid Growth Medium (Human) (Catalog #06010) containing
10uM rho-kinase inhibitor Y-27632 (Sigma, Y0503-1M) and PenStrep. Human organoids were exposed to serum from pregnant
mice (late gestation) for 24 hours. Staining of EdU+ve cells in the organoids was done using click-iT Edu alexa fluor 488 imaging
kit (InvitrogenTM C10337). Organoids imaging was performed using multi-color long-time ultra-high resolution (120nm) imaging
through Olympus SpinSR10 spinning disc microscope.

Intestinal Permeability Test

Mice were fasted for about 6 hours before oral gavage with FITC-dextran in PBS at a concentration of 50mg/100g body weight. After
4 hours the mice were sacrificed and blood was collected. The serum isolated from the blood was diluted with equal volumes of PBS.
The concentration of FITC in serum was detected by fluorometry with an excitation of 485 nm (20 nm band width) and an emission
wavelength of 528 nm (20 nm band width) using as standard serially diluted FITC-dextran (0, 125, 250, 500, 1,000, 2,000, 4,000,
6,000, 8,000 ng/ml). Serum from control mice with no FITC-dextran treatment was used to normalize the background.

Behavioral tests

Testing took place between 09:00 and 16:00 hours under low illumination by an experimenter blind to the treatment group. On the day
of testing, animals were brought in sterile filtered cages to the testing room and allowed to rest for 30 minutes before testing. Test
chambers were cleaned first with disinfectant and then with ethanol (70% in water) after each animal.

Open Field Test: Animals were placed individually in the center of a plexiglass open field box (60 cm x 60 cm), and their sponta-
neous motor activity was video recorded for 20 minutes. The following parameters were recorded automatically using TopScan Lite
software (CleverSys, Inc.) software: time spent and number of entries into the center and periphery zones.

Light Dark Box Test: the light-dark test was used to assess anxiety-related behaviour during a 10 min session in a polypropylene
cage divided into two chambers by a wall with a small vestibule dividing into an illuminated chamber (30 cm x 28 cm x28 cm) and a
dark chamber (15 cm x 28 cm x28 cm). The light zone was open, and indirectly illuminated by external lamps to a brightness of
(300 Lux at the cage floor) while the dark zone was closed by a black, close-fitting lid. The mouse was placed into the light compart-
ment and was video recorded freely exploring the apparatus for 10 minutes. The following parameters were recorded automatically
using TopScan Lite software (CleverSys, Inc.) software: time spent in the dark and light zones, number of entries into each zone,
latency to enter dark zone.

Elevated Plus Maze Test: The elevated plus maze test was used to test anxiety-related behavior during a 5-min session in a dark-
gray glacial polyvinyl chloride apparatus comprising four arms (5 cm wide) and a central platform (7.5 cm x 7.5 cm) elevated 60 cm
above the floor. Two arms were open (78 cm) and two were closed (79 cm) with 20 cm-high walls. Mice were individually placed in the
center facing an open arm and allowed to explore for 5 min. The behavior of the animal was video recorded and the following behav-
iors scored automatically by TopScan Lite software (CleverSys, Inc.) software: time spent in the center platform and in the open and
closed arms, and number of entries into each zone.

Y Maze Test: The Y maze is used to test spontaneous alternation behavior, characterized by the tendency for mice to alternate their
nonreinforced choices of Y-maze arms on successive opportunities. Each arm of the Y-maze was 31 cm long, 10 cm high, 5 cm wide.
The arms converge in an equilateral triangular central area that is 5 cm at its longest axis. Each mouse was placed individually at the
center of the apparatus and allowed to move freely through the maze during a 5-min session. The total number of arm entries and the
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sequence of entries were video recorded to calculate the percentage of alternation and the following behaviors scored automatically
by TopScan Lite software (CleverSys, Inc.) software.

Metagenomics

Metagenomic analysis was done on fecal samples collected from mothers at late-stage gestation (between day 16-18) and their pups
(21 days) from PBS and Am groups as well as from the donors (mothers at late-stage gestation) and recipients (14-days post trans-
plantation/conventionalization) of the FMT experiment.

DNA Samples: Prior to library preparation, the quality of the DNA samples was assessed on a Bioanalyzer 2100, using a DNA 12000
Chip (Agilent). Sample quantitation was carried out using Thermo Qubit 4.0 assay. Library preparation was performed according to
lllumina’s TruSeq Nano DNA sample preparation protocol. The samples were sheared on a Covaris S220 to ~450bp, following the
manufacturer’s recommendations, and uniquely tagged with one of lllumina’s TruSeq LT DNA barcodes to enable library pooling for
sequencing. The finished libraries were quantitated using Thermo Qubit 4.0 assay and the average library size was determined on a
Bioanalyzer 2100, using a DNA 7500 chip (Agilent). Library concentrations were then normalized to 4nM, using lllumina’s PhiX control
library as standard. The libraries were then pooled at equimolar concentrations and sequenced in one lane on a MGI DNBSEQ-T7
sequencer in rapid mode at a read-length of 150bp paired-end.

The raw metagenomics reads were quality and adapter-trimmed using Fastp 0.36 with parameters of "Q < 20 -minimum-length
35nt". The trimmed metagenomics reads were then mapped against the mm10 mouse genome with bowtie2 2.2.5,%° using "-D
20-R3-N1-L 20 -i S,1,0.50" as its sensitivity parameters. Any reads that cannot be confidently mapped against the genome
(with —un-conc switch) were separated and processed as the microbiome reads. Megahit 1.2.9 was used to perform multi-sample
mixed splicing to obtain preliminary spliced contig sequences Afterwards, Megahit 1.2.9,°° was used to perform multi-sample mixed
splicing to obtain preliminary spliced contig sequences, with -min-count 2 —k-min 27 —-k-max 147 —k-step 12 -min-contig-length 500.
Prodigal 2.60 was used to predict the ORF of the splicing results and genes with a length greater than or equal to 100 bp were
selected, and translated into amino acid sequences.’’ These gene sets were then aligned against NR, KEGG, SEED and other da-
tabases with DIAMOND 0.8.20,*" with E-value<1e-5, Score>60. Data was visualized using R vegan package 2.5-6.

SEED-based gene functional network analysis: The gene abundance (reads) table and the SEED-based gene annotation table
were imported into R (version 4.3.1, https://cran.r-project.org) using the R package ‘data.table’ (version 1.14.8, https://cran.r-
project.org/web/packages/data.table), and merged by shared gene IDs. Only genes enriched in SEED level 1 terms showed signif-
icant difference in abundance between the PBS and Am samples, and the ones with abundance level of over 10 reads among more
than 50% of the samples, were kept for downstream analysis. Differentially abundant genes (DDGs, with abs (log. Fold Change) > 1,
adjusted P value < 0.001) between the PBS and Am groups were identified using ‘DESeq2’ R package (version 1.40.2).** For the
functional network analysis, the gene correlations in the PBS and Am samples were computed based on the abundance of each
DDG using the ‘HiClimR’ R package (version 2.2.1)*® with two-tailed tests to estimate the P value. The correlation values with abso-
lute value >=0.7, P value <0.001 were retained. The functional network was visualized with the Fruchterman-Reingold layout using the
‘igprah’ R package (version 1.5.1).%*

Histology

Intestinal tissues from mice were Swiss rolled, fixed in 4% formaldehyde, embedded in paraffin and sectioned for histological studies.
Portions of intestinal ileum were used for histological analysis in all cases. Sections (5 um) were cut with a microtome, stained with
Periodic Acid Schiff (PAS). In DSS-induced experimental colitis experiments, colonic rolls were stained for hematoxylin and eosin.*®
Slides were scanned and images were captured using Leica Image Hub at respective magnifications and processed in Adobe Photo-
shop CS6 (Adobe Systems incorporated).

In vivo proliferation assay

Intestinal tissues from mice were Swiss rolled, fixed in 4% formaldehyde and sectioned. To visualize proliferative cells, mice (20gms
b.w.) were intraperitoneally injected with 500ug of EdU in 100ul sterile PBS and sacrificed 2 hours later.“® Intestinal rolls were
sectioned and stained for EAU using Click-iT Alexa Flour 488 Imaging Kit (Invitrogen), following the manufacturer’s protocol.*” Im-
ages were captured using Olympus VS120 microscope system. EdU marked cells were quantified using multi-image TIFF images
through QuPath™ (v0.4.3) digital bio-image workstation. Statistical analysis was performed in GraphPad Prism 8 (GraphPad Soft-
ware). P<0.05 was considered significant.

Terminal Deoxynucleotidyl Transferase-mediated Nick End Labeling (TUNEL)

TUNEL staining was performed in the intestinal sections using the One Step TUNEL Apoptosis Assay Kit (Beyotime; C1086), accord-
ing to the manufacturer’s protocol. Nuclei were labeled with DAPI. Images were captured using the super-resolution microscope
(ZEISS Elyra7). TUNEL-labeled cells (red fluorescence) were counted using QuPath™ (v0.4.3) digital bio-image workstation. Statis-
tical analysis was performed in GraphPad Prism 8 (GraphPad Software). P<0.05 was considered significant.

Immunofluorescence staining
For DCX, Mcm2 and Iba-1 staining, the brains were fixed in 4% PFA, equilibrated in 20% sucrose and sectioned in the coronal plane
at 16 um with Cryostat (LEICA). DCX was labeled with a rabbit polyclonal antibody (Cell Signaling Technology), and visualized using
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Alexa Fluor 488-conjugated secondary mouse anti-rabbit antibody (SantaCruz Biotechnology). MCM2 was labeled with a rabbit
monoclonal antibody (Abcam; diluted 1:500) and visualized using Alexa Fluor 594-conjugated secondary mouse anti-rabbit antibody
(SantaCruz Biotechnology). Iba-1 was labeled with a rabbit monoclonal antibody (Abcam) and visualized using Alexa Fluor
594-conjugated secondary mouse anti-rabbit antibody (SantaCruz Biotechnology). Nuclei were labeled with DAPI. Hippocampal
dentate gyrus imaging was performed using multi-color long-time ultra-high resolution (120nm) imaging through Olympus
SpinSR10 spinning disc microscope. DCX+ cells were counted in whole dentate gyrus images of hippocampus. The obtained cell
numbers were normalized by the size of dentate gyrus (DCX+ cell number/mm?). For Nestin staining mice were perfused using
4% formaldehyde, equilibrated in 20% sucrose and sectioned in the coronal plane at 16 um with Cryostat (LEICA). Nestin was probed
with a monoclonal anti-nestin antibody (Invitrogen) and visualized using Alexa Fluor 550-conjugated secondary antibody (Yeasen
Biotechnology). Phospho-mTOR was probed with a polyclonal anti-p-mTOR antibody (Cell Signaling Technology) and visualized us-
ing Alexa Fluor 488-conjugated secondary antibody. Nuclei were labeled with DAPI. Images were captured using the ZEISS Elyra7
Super-Resolution microscope and analyzed by ZEN 3.4 software package. Multi-color-staining of OLFM4, Lysozyme and p-mTOR
was performed on formalin-fixed and paraffin-embedded intestinal tissues using the OpalTM 7-Color Manual IHC Kit (NEL811001KT,
Akoya Biosciences Inc) following the manufacturer’s protocol. OLFM4 was probed with a monoclonal anti-OLFM4 antibody (Cell
Signaling Technology), and visualized using Opal 570. Paneth cells were labeled with a polyclonal anti-lysozyme antibody (Dako)
and visualized using Opal 540. Phospho-mTOR was probed with a polyclonal anti-p-mTOR antibody (Cell Signaling Technology)
and visualized using Opal 650. Nuclei were labeled with DAPI. Images were captured using the ZEISS Elyra7 Super-Resolution mi-
croscope and ZEN 3.4 software package. Overlap coefficient was calculated according to Manders’ overlap coefficient (MOC),
based on an actual overlap of the signals, which represent the true degree of colocalization.*® Statistical analysis was performed
in GraphPad Prism 8 (GraphPad Software). P<0.05 was considered significant. For detection of Tomato+ve cells, sections were
probed with anti-RFP polyclonal antibody (RockLand) and visualized using Alexa Fluor 594-conjugated secondary antibody
(SantaCruz Biotechnology). Nuclei were labeled with DAPI. Images were captured using Olympus VS120 microscope system and
the super-resolution microscope (ZEISS Elyra7). RFP+ve tracing length were measured using QuPath™ (v0.4.3) digital bio-image
workstation. Statistical analysis was performed in GraphPad Prism 8 (GraphPad Software). P<0.05 was considered significant.

Multiplexed immunohistochemistry staining (mIHC)

To visualize and simultaneously quantify multiple cellular populations in the gut, we used quantitative immunofluorescence (QIF)
assay based on several murine intestinal markers. Antibody validation was performed in recommended positive controls and on
mouse intestinal tissues prior to multiplexed staining. Multiplexed immunohistochemistry on formalin-fixed and paraffin-embedded
tissues was carried out using Opal Tyramide Signal Ampilification (TSA) technology-based Opal™ 7-Color Manual IHC Kit (Cat
#NEL811001KT Akoya Biosciences Inc) following the manufacturer’s protocol. Briefly, the slides containing intestinal Swiss rolls
underwent multiple cycles of antibody incubation, OpalTM fluorophore conjugation and retrieval. The process was conducted for
multiple antibodies/fluorescent dyes, in the following order: Lysozyme/opal 540, MUC2/opal 650, Olfm4/opal 570, Chromogranin
A/opal 520, E Cadherin /opal 620 and DAPI. The signal specificities of individual markers were validated using proper negative con-
trols. After staining, coverslips were mounted using Vectashield hardset® fluorescence mounting medium (#H-1400-10, Vector Labs,
Burlingame, CA) and slides were imaged in Vectra3.0™ Multispectral Imaging System (PerkinElmer, USA). Spectral unmixing for dig-
ital images was carried-out in inForm Advanced Image Analysis Software (v2.4 PerkinElmer) with earlier registered spectral libraries
from single marker-stained slides along with unstained slides to normalize auto-fluorescence. Images were exported in multi-image
TIFF format and analyzed for subset quantification and crypt depth measurements using QuPath™ (v0.4.3) digital bio-image
workstation.

Western blotting

Tissue extracts (50-80 pg/lane) from purified crypts and hippocampal tissues were prepared in lysis buffer [10 mM Tris-HCI (pH 8),
150 mM NaCl, 1% Triton X-100, containing protease and phosphatase inhibitors (Roche)] and subjected to Western blotting. The
Western blots were probed using anti-p-mTOR (Cell Signaling), anti-mTOR (Cell Signaling), anti-p-S6 (Cell Signaling) and anti-S6
(Cell Signaling). Immuno-detection with an appropriate secondary peroxidase-conjugated antibody (DAKO) was followed by chem-
iluminescence-based (ECL; Santa Cruz) detection using ChemiDoc XRS+ (Biorad). Protein band quantification was performed using
Lablmage software.

Real-time PCR

Total RNA was extracted using RNeasy mini-kit (Qiagen), and cDNA synthesis was performed using SuperScript Il (Invitrogen), both
following the manufacturer’s protocol. The expressions of respective genes were analyzed using semiquantitative real-time PCR with
SYBR Green (Applied Biosystems).“® Following the recommendations of Applied Biosystems, the primers in Table S2 were designed
and tested. The sample setups always included at least four biological replicates and experimental triplicates. Data are presented as
fold-change in relative gene expression normalized to B-actin.

Targeted Metabolomics
Serum samples collected from pregnant mice undergoing PBS or AM treatments, at late-stage gestation were sent to BGI (Shanghai,
China) for unbiased targeted metabolomics analyses. High-performance liquid chromatography-tandem mass spectrometry
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(LC-MS/MS) was used to perform high-sensitivity, wide-coverage, and high-throughput HM700-targeted quantification of 700
metabolites in these samples. Briefly, 20ul of serum or quality control (QC) sample solution was mixed with 120ul of 50% aqueous
methanol, centrifuged, and the supernatant was transferred to a new tube. A standard curve was prepared by serial dilution of an
HM700 mixed standard. The experimental samples, QC samples, and standards were subjected to a derivatization reaction, and
the resulting compounds were diluted in HM700 diluent and centrifuged at 4000 g at 4 °C for 30 minutes. The supernatant was applied
to LC-MS/MS analysis. The sample extracts were analyzed using Waters UPLC I-Class Plus (Waters, USA) equipped with QTRAP
6500 Plus (SCIEX, USA) to separate and detect the plasma metabolites. Chromatography was performed on a BEH C18 column
(2.1mm x 10cm, 1.7um, waters). The mass spectrometry was performed with an ESI+/ESI- source. Bioinformatics and statistical
analysis were performed using BGI Dr. TOM software-based standard procedures.

Sorting of LGR5+ cells and RNA-Seq

Crypts were isolated and purified from the small intestines of Lgr5-EGFP-IRES-creERT2 mice by incubating for about 15 min at 4°Cin
crypt isolation buffer (1.5mM KCL, 96mM NaCl, 27mM sodium citrate, 8mM KH,PO4, 5.6mM Na,HPO4, 15mM EDTA). Purified crypts
were dissociated first with TrypLE Express Enzyme (Thermo Fisher Scientific) for 15 min and then with 0.2mg/ml DNase (Roche) for
10 min at 37°C under shaking conditions. Dissociated cell suspension was passed through a 40um cell strainer (Biosharp) and
washed with PBS. Viable epithelial single cells or doublets were gated by forward scatter, side scatter and pulse-width parameter,
negative staining for 7-ADD viability staining solution (eBioscience) and FITC. The cells were sorted by flow cytometry (Aria I, BD)
and GFP"-cells were collected and RNA isolation from these cells was done using RNeasy® Mini Kit (QIAGEN). RNA quality testing,
library construction, and RNA sequencing (RNA-seq) were carried out by the Beijing Genomics Institute (BGI) following standard
protocols. The library products were sequenced using a DNBSEQ. Standard bioinformatics analysis was performed by the
Dr.Tom, bioinformatics service of BGI. Differential expression analysis of genes was performed using the DESeqg2 with
FDR<0.001, parameters defined by the bioinformatics service of BGI. All original sequence datasets to be submitted to the database
of NCBI Sequence Read Archive (SRA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was carried out in GraphPad (www.graphpad.com) Prism version 8.0.1 for Windows. Data are represented as
mean + standard error of the mean (s.e.m.). *P calculated using the Student’s t test or ANOVA with Tukey’s multiple comparisons
test depending on group size and mentioned wherever it is <0.05. Bioinformatics and statistical analysis for RNAseq and metabo-
lomics were performed using BGI Dr. TOM software-based standard procedures. Number of samples (n) and the method used to
test statistical significance are stated in each figure legend.
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