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The human intestinal microbiota

50 trillions microorganisms ;
AsS many microorganisms as human cells (Sender et al, Cell 2016)
Hundreds of different species often not yet cultured (~70% of species);

a few dozen species conserved between individuals (core); a stable community.
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A key organ, interacting with food (fermentation,...); interacting with our cells (Immune &
nervous systems,...); protecting against pathogens (barrier function);...

AN

A true organ, revealed as playing a role in several diseases
v Thousands of metabolites/molecules with potential functional interest
(Blottiere & Dore, médecine/science, 2016)
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A man-microbe mutualism that starts at birth

=
i

adapted from Gonzalez et al. 2011, EMBO reports

Maintained symbiosis :
health and well-being

Intfestinal & iImmune

Maturation e ‘unique’ symbiosis :

microbiota being
¥ recognized

g% Cs an infegral part of
e The whole organism

Developement

of the microbiota Holobiont Disruption of folerance :

risk of immune-mediated
diseases

Prevention & Therapy of
the Holobiont : evaluation,
monitoring and freatment
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Sterile in utero, the intestine is colonized at birth

e colonization is affected by :
— Mode of delivery (vaginal delivery or caesarean section)
— Hygiene of neonatal environment
— Drugs administration (antibiotic, PPI, ...)
— Maternal nufrition and maternal microbiome
— Mode of feeding (breast milk versus bottled milk; probiotics)

— Weaning 'h AN

UMR 1280

« early colonization, hygiene hypothesis and DOHaD
Impact on the microbiota-host symbiosis and therefore on biology and health?

INRAZ/
Bach JF. N Engl J Med. 2002, Okada et al, Clin Exp Immunol, 2010



Factors affecting intestine colonization

Infant Toddler
(<1 year) (1~3 years)

Vaginal Cesarean Milk Solid food Full adult
delivery delivery consumption introduction diet
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Alteration of colonisation by mode of birth

C- section increases the risk of infection and the risk of future pathologies

First colonisers

Vaginal microbiota N Correct o
> Lac%obacillus Immune —>  Symbiosis
Prevotella, Maturation

Vaginal birth

C-section

INRAZ



Aquisition of Microbiota : impact of mode of delivery

LETTER

https://doi.org/10.1038/541586-019-1560-1

Stunted microbiota and opportunistic pathogen
colonization in caesarean-section birth

Yan Shao', Samuel C. Forster**, Evdokia Tsaliki®, Kevin Vervier', Angela Strang*, Nandi Simpson*, Nitin Kumar',
Mark D. Stares', Alison Rodger*, Peter Brocklehurst®, Nigel Field** & Trevor D. Lawley'*

Caesarean
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Others
Enterococcus
Streptococcus
Staphylococcus
Klebsiella
Enterobacter
Veillonella
Clostridium
Citrobacter
Lactobacillus
Parabacteroides
Bacteroides
Escherichia
Bifidobacterium

Relative mean abundance (%)
Relative mean abundance (%)

4 7 21 Infancy 4 7 21 Infancy
Sampling age groups (days) Sampling age groups (days)

Low richness More pathobionts
INRAZ
Shao et al, Nature, 2019
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Differences in gut microbiota

composition still observed at 3 years

Vaginal birth (typical pattern, E000823)

Bacteroides

Actinobacteria Bacteroidetes
Firmicutes Verrucomicrobia

Cesarean section (typical pattern, E018286)
ms=, Proteobacteria

Bacteroides

12 mois 24 mois 36 mois



Factors affecting intestine colonization

Vaginal Cesarean
delivery delivery
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Froporton

Factors affecting intestine colonization : Mother milk vs formula
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Schwartz et al, Genome Biol. 2012
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https:// doi.org/10.1038/s41586-018-0617-x

Temporal development of the gut microbiome in
early childhood from the TEDDY study

Christopher J. Stewart"2!%_ Nadim J. Ajami''#, Jacqueline L. O’Brien’, Diane S. Hutchinson!, Daniel P. Smith’,

Matthew C. Wong', Matthew C. Ross', Richard E. Lloyd!, HarshaVardhan Doddapaneni®, Ginger A. Metcalf®, Donna Muzny?,
Richard A. Gibbs?, Tommi Vatanen?, Curtis Huttenhower?, Ramnik J. Xavier?, Marian Rewers®, William Hagopian®,

Jorma Toppari’#, Anette-G. Ziegler®®!! Jin-Xiong She'?, Beena Akolkar'®, Ake Lernmark'4, Heikki Hyoty'>'®, Kendra Vehik'’,
Jeffrey P. Krischer?” & Joseph F. Petrosino'*

The conftribution of breast milk, exclusive or partial, is
the most important factor.

Breastfeeding = increased abundance of
Bifidobacterium (B. breve and B. bifidum)

Importance of HMO and milk microbiota

Discontinuation of breast milk leads to rapid
maturation of the intestinal microbiome, increase in
Firmicutes

Stewart et al, Nature, 2018



Factors affecting intestine colonization

Infant Toddler
(<1 year) (1~3 years)

Vaginal Cesarean Milk Solid food Full adult
delivery delivery consumption introduction diet
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Factors affecting intestine colonization : Impact of Antibiotics

Clinical consequences

Distance between children and adults

Persistent
microbial
alterations

Transient
\ \ microbial
\, alterations

%

Immunological effects

Transient or persistent
alterations in immunity

Impaired tolerance to
commensal microbiota

Immunological defects and
altered microbial control

Impaired colonization
resistance and emerging
pathobionts and pathogens

Condition

Asthma

Allergic rhinitis
Food allergy
Atopic dermatitis
Celiac disease
Overweight
Obesity

ADHD

Autism

Learning disability

A

No. of
subjects
14,299
14,545
14,402
14,166
14,569
12,873
13,649
14,572
14,571
14,392

No. of
events
1176
971
261
297

45
4856
2567
1085
142
751

HR (95% Cl)

1.90 (1.63-2.20)
1.36 (1.17-159)
.33 (099-1.77)
1.47 (1.12-1.94)
2.89 (1.14-7.35)
122 (1.14-1.30)
120 (1.10-1.32)
1.32 (1.15-153)
1.19 (0.81-1.75)
121 (1.03-1.43)

P value

<.001
<.001
054
006
025
<.001
<001
001
385
022

HR

Cryptopatches, iLF development, barrier
function (mucus, AMPs, sigA), Peyer’s patch
maturation, mucosal and systemic T cell
differentiation, signaling via the

innate immune system

Immunological and
metabolic homeostasis

Health

Age (years) 3

Later life (years)

\

INRAZ

Zeissig, Nature Immunol, 2014

Averso et al, Mayo Clinic Proc, 2021

Antibiotics alter the colonization
process for at least 2 years



After weaning, importance of dietary habits

Children from Burkina Faso European children
Little calories, lots of fibres Lots of de calories, few fibres

gy Mstees | Bactercidetes
u Prevotella W Bacteroides
BF i ] Bacteroidetes W Acetitomaculum
= Xylonibacter ® Faecalibacterium g, e
= Acetitomaculum o Rsabita Firmicutes
» fFaecalibacterium | Firmicutes Subdoligranulum
subdoligranulum Others

Others

Different dietary habits results in different gut microbiota

INRAZ
De Filippo C et al. PNAS, 2010



Evolution of intestinal microbiota through aging

a 2000-
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us
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Age (yr)
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Yatsunenko et al, Nafure 2012



What is symbiosis ? Can we define IT ?

Population-level analysis of gut microbiome variation

Global human Gut Microbiome
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Madagascar(93) Component 1
19 Countries Te—
@ European
US/China/Japan

Schoaie et al, preprint, 2021
INRAZ

Blood Parameters

Bowel |

Dietary Information |

Anthropometrics | |

Lifestyle | |

0.00 0.02 0.04 0.08
Combined effect size

1106 Belgium Flemish individuals
16 S sequencing (V4)

Medication explain 10 % of gut microbiota
variation followed by blood parameters, bowel

habits, health status, anthropometric features,
and lifestyle.

Falony et al, Science, 2016



What is symbiosis ? Can we define IT ?

Population-level analysis of gut microbiome variation

Global human Gut Microbiome

e

Component 2
o B

ﬂ - oy
L g

Component 1

Madagascar(93)
19 Countries @ ke
@ European
US/China/Japan

Schoaie et al, preprint, 2021
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Country
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Age

Study Condition

Gender

BMI

i
*

Age is also an important factor to consider

Ghosh et al, elLife, 2020



Infroducing Enterotypes

All individuals studied today (n>1000) are clustered
in 3 « Entérotypes », each characterized by an
ecological context dominated by Bacteroides,
Prevotella, Ruminococcus/Methanobrevibacter

ARTICLE

doi:10.1038/nature09944

Gabriel R. I‘unmdu , Julien Tap™”
Francesc Casellas® L‘.\dul Fernandez'

Michiel Kle erx/un

Edgardo U;,Jrlv. Erwin G. Zoetendal'®,

Trine Nielsen', \hu)hs Pons’, Julie loul'un Jlll’ljll. 9'" Thnma\ Sthuu/ Pnnun8 8 Sebastian Tims'®, David Tongnl\

Enterotypes of the human gut microbiome
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— | INK With food habits
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e
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Catenibactenium 3 ( phingo) Gordonibacter
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&) D) F-Staphylococcus Rumino ( N
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| LactoBacillus C J Y “coccaceae =
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O Rhodospirillum ymbiobacterium

o Main contributors
O Genera co-occurring with main contributors

Escherichia/Shigelia

\ Positive correlation (>0.4)
\\ Negative correlation (<-0.4)

INRAD

Ecology underlying
enterotypes should be
better understood

Arumugam et al, Nature 2011




Enterotypes

1.0
namre., .
medlcme hﬂps#/doi.wg/lo.103i-/51-sl;1IISE-OEO§
Depicting the composition of gut microbiota e
in a population with varied ethnic origins
but shared geography 5 i
a it & B g
Mélanie Deschasaux®™, Kristien E. Bouter?, Andrei Prodan?, Evgeni Levin? Albert K. Groen?, e R A ) USS
Hilde Herrema?, Valentina Tremaroli3, Guido J. Bakker?, llias Attaye*, Sara-Joan Pinto-Sietsma'?,
Daniel H. van Raalte?, Marieke B. Snijder®, Mary Nicolaou®, Ron Petersé, Aeilko H. Zwinderman’, s LA
Fredrik Biackhed®” and Max Nieuwdorp?34* OTU? ';'. .'v. K .: "
—0.5
Ethnicity explain the interindividual dissimilarities = Quih
. . . oy . . = Moroccan _
in gut microbiota composition, with three main - Soumasian Suramess 5
poles primarily characterized by Prevotella 1.0 05 00 05

MDS1

(Moroccans, Turks, Ghanaians), Bacteroides
(African Surinamese, South-Asian Surinamese), o )
and Clostridiales (Dutch). 2084 individuals Helius STUdy

16 S sequencing (V2)

Despite sharing the same environment for a long period, our participants showed
ethnic-specific gut microbiota profiles, probably reflecting the composition they
acquired before migration (94% arrived in adulthooq)

INRAZ
Deschasaux et al, Nat Med, 2018



What is symbiosis ? Can we define IT ?

US Immigration Westernizes
the Human Gut Microbiome

Pre-Immigration Post-Immigration US-born

HmongThai
n=95

Karenist
n=144

KarenThai
n=84

550 Thai individuals
16 S sequencing (V4)
+ shotgun

INRA Vangay et al, Cell, 2018

Pre- New Long-term U.S.-born European
immigration arrivals residents (2nd gen.) American

| \ S | | \

W ik Ak R A

BMI

& BE&22

Gut microbiome diversity

evotella strains, Fiber-degrading enzymes

Bacteroides st




Human gut microbiomes differ on gene (and species) richness

80 n=277 LGC
N\ |Highgene =15 % of lean
3 [ X e indi\;yioduols
g 60 Bacteroides
S 50 Low gene count / \
T P UEELEEEE Prevotella ~ 40
= 10 \ / p; \\ 70 .
© \ / / M\ — — Ruminococcus OV@I’WGIQhT-
g 30 2 WF\\ moderate obese
£ 20 o =.\
= 10 ‘\ ~ 75%
& Mg Morbid obese
0 200000 400000 600000 800000 1000000 before bypass
Gene number surgery
N 58 « species » significantly linked to gene count

Le Chatelier, et al, Nature 2013; Coftillard et al, Nature, 2013



Age-related changes in gut microbiota composition from newborn
to centenarian

367 healthy Japanese

2 A subjects 0 and 104 y.o.
3
4
” S
, S -+ 3¢
20 G 3
30 fv‘ ¢ y
: Ed @ &
40 4
e * (e} e
50 P00 4 - * »
60 K3 ® @ o)
70 ':
® 90
® 100

INRAZ
Odamaki et al, BMC Microbiol, 2016



Evolution of intestinal microbiota through aging

E | d e rm eT 187 fecal samples from elderly subjects

9 fecal samples from adults
A

uBacteroidetesmFirmicutesm Proteobacteriar ActinobacteriamVerrucomicrobia= Lentisphaerae» Fusobacteria

A PHYLUM

= Bacteroidetes  ®Firmicutes  ®Proteobacteria Actinobacteria  ®Verrucomicrobia = Lentisphaerae *“F bacteria

100%

80%

60%

40%

20%

0%

INRAZ
Claesson et al, PNAS USA, 2011



Increasing age

Individual age-related changes
and the gut microbiome

A

Comparative analysis of microbiome profiles

|

Microbiome changes with respect to
ageing in general

1 1

Decreased with age Increased with age
Group 1 Group 2

* Faecalibacterium * Eggerthella

* Roseburia * Bilophila

» Coprococcus ¢ Desulfovibrio

* Eubacterium rectale * Fusobacterium

* Biftdobacterium * Anaerotruncus

* Prevotella = Streptococcus

* Escherichia

INRAZ
Ghosh, Shanahan & O'Toole. Nat Rev Gastro, 2022




Sardinian Centenarians Depletion of Faecalibacterium prausnitzii and Eubacterium
rectale and enriched for Methanobrevibacter smithii and
Bifidobacterium adolescentis in Sardanian Centenarians.

B
g- g_ Bacteroides
<
¥
5 o
® S
T o. Bifidobacterium
= .
§ ° ) o Methanobrevibacter
Faecalibacterium v
S n "g_Olsenela
<
e mC
o E
S . AY
. o Eubacterium , , : , : :
" a5 5 Microbiota in centenarians had high capacity for
Pcot (18.82%) e glycolysis and fermentation to SCFAs, although low
in genes encoding enzymes involved in degradation
INRAZ of carbohydrates, including fibers and galactose.

Wu et al, mSystems, 2019



Microbiota analysis separates elderly subjects based upon where they
live in the community

Eldermet

Subject colour coding:
Green: community;

. day hospital;
Orange: rehabilitation;
Red: long-stay;

Purple: young healthy
controls

191 fecal samples

from elderly subjects Loss of diversity in the core microbiota is

INRAS associated with increased frailty
Claesson et al, Nature, 2012



Transition in microbiota composition across residence location is
mirrored by changes in health indices.

IL-8

A
<X CRP

Diastolic BP
<\ /= Systolic BP

reptococcus Diastolic BP

'granulum

2B

INRAZ

Claesson et al, Nature, 2012



Difference in Microbiome between healthy and unhealthy ageing

>90vy.0. C— HL S UL
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o
i

Str cpl(.u occus sp

0.054

Shannon diversity index

2.5

0.044 \

CAZy gene relative abundance

2.04

0.034 }

Loss of diversity in unhealthy people

Increased Firmicutes & Actinobacteria and less
INRAZ

Zhang et al, Gene, 2021 Bacteroidetes in UnHealthy long-living



Individual age-related changes
and the gut microbiome

Group 1

* Faecalibacterium

* Roseburia

» Coprococcus

* Fubacterium rectale
* Bifidobacterium

* Prevotella

INRAZ
Ghosh, Shanahan & O'Toole. Nat Rev Gastro, 2022

Healthy ageing

* Longevity

* High physical
activity

* Good diet

* Low cognitive
decline

{

Unhealthy ageing

* Frailty

* Inflammageing

» Cognitive disorders
e CVD

* CKD

* MetS

\

* Obesity

* Low physical
activity

* Medications

* Osteoporosis

e |LI susceptibility

Comparative analysis of microbiome profiles

|

Microbiome changes in unhealthy ageing
(compared with healthy ageing)

\

Associated with
healthy ageing

Group 1

v

Associated with
unhealthy ageing

Group 2

 Eggerthella
* B. fragilis

* C. hathewayi

* C. bolteae

¢ C. clostridioforme

¢ C. cindens

* Ruminococcus
torques

* R.gnavus

» Coprobacillus

= Streptococcus

« C. difficile

* Bilophila

* Actinomyces

* Desulfovibrio

* Campylobacter

* Atopobiaceae

¢ Veillonella

¢ Enterococcus

* Enterobacteriaceae



Microorganism-host signalling as a contributor to healthy or
unhealthy ageing

Healthy ageing

Unhealthy ageing

Pathobionts

Microbiome

' Protective
* Microbial taxa
metabolites
* Microbiome—host
signalling

l Inflammation

Host

Frailty and
degeneration

Chronological age P

INRAZ
Ghosh, Shanahan & O’'Toole. Nat Rev Gastro, 2022



Physiological, social and disease-related influences
on the microbiome of older people

Altered nutrient

intake
“~ | Smell and taste

Social and societal | Dentition
influences on the
microbiome of
older people
» Human contact
*» Extended famil z
» Visitors : > B S[\)/\I/Tl‘l:c:lvlvtl);\ :
» Aloneness '
* Household pets * Disturbed
» Accommodation: peristalsis

home or

residential care
» Life indoors

<~ Achlorhydria
Age-related
disease affecting
the microbiome
- » T Infections

| Digestive enzymes —— >

! Mucosal immunity —> el ol » T Antibiotic usage
ey » T Polypharmacy
| Colonic motility ~——== == » T Comorbidities

INRAZ
Ghosh, Shanahan & O'Toole. Nat Rev Gastro, 2022



Metabolites associated with major microbiome gain/loss groups

and ageing- associated conditions

INRAZ
Ghosh, et al, Nat Rev Gastro, 2022

Taxon groups

Group 2
(unhealthy
ageing-
associated
pathobionts)

Group 1 and
Group 3
(commensals
associated
with younger
age groups
and healthy
ageing)

Metabolites

Trimethylamine

Para-cresol

Deoxycholic acid
and lithocholic
acid

Lipopolysaccharide

DNA-damaging
toxins

Butyrate

Acetate

Linked disorder

Cardiovascular
disorders

Cognitive disorders

Inflammation, oxidative
stress

Osteoporosis
Colorectal cancer
Chronic kidney disease

Inflammation, oxidative
stress

Cognitive disorders
Chronic kidney disease
Cognitive disorders

Colorectal cahcer

Metabolic syndrome

Inflammation, oxidative
stress

Colorectal cancer

Cognitive disorders
Insulin resistance
Obesity

Inflammation, impaired
barrier function

Insulin resistance

Association

Putatively
causative

Preventive

Refs

175-177

178,179

180

180
181
182

183

184
182
185

186,187

188

71-73

77,78
7579
189,190

191

192



Fecal microbiota transfer reverses hallmarks of aging

Serum, LPS-binding protein

6 P =<.001
p=.o11 ** * p=<.001
E 4— %
Q
w
o
£
o
= § 2—
. 0
0 I T T T
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Parker et al, Microbiome, 2022
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Le microbiote francais

Le French Gut
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Part of the Million Microbiome of Humans Project (MMHP)

« Le » French Gut project

National citizen contribution to microbiome science with MGP participates to
MMHP by bringing

’rhe om@hon of d'eﬂ.nmg the heterogeneity of h'eol’rhy gut 100,000 French gut
microbiomes within  the French population, fthe metagenomes
environmental and lifestyle factors impacting them, as well
as their deviations seen in chronic diseases
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INRAE is the project lead
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