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THE HUMAN INTESTINAL MICROBIOTA

1013-10"* habits our body and the great majority of these microorganisms
is hidden in the gastrointestinal tract

« 10'2 CFU/g
*up to 1.5 kg

A the most dense bacterial

ecosystem on our planet
organized in a

ecosystem of highly e
interconnected a3 L

icrobes
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EUKARYOME AND VIROME:

OVERLOOKED COMPONENTS OF THE
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Observed species

Observed species

E Phyla F [ g__Saccharomyces E el
100+ B g__Debaryomyces [ Ascoviridae
B g__Penicillium 1 Anelloviridae
g__Kluyveromyces 0 Ponviidse
804 0__Malasseziales:g__ E oty
. g__Candida fmucoss oonsg B Phycodnaviridae
8 6o ) O f__Filobasidiaceae;g__ B Parvoviddee
3 § [ g__Malassezia Buccal Retroauricular B Papilomaviridae
- 4 B g_ Rhodotorula mucosa crease [J Nudiviridae
X 401 X O g_Fusarium B len:avlvldae
@ g__Pringsheimia E' e
| [ g_ Meyerozyma B ridoviidae
% . g_ToruIaspora [J Herpesviridae
[ f__Cystofilobasidiaceae;g__ [ Circoviridae
0- . g__Ustilago M_& = ia:whlwiridae
o__Pleosporales; ! lloherpesviridae
Q?" Q\% @Q \Qé \00( . g:Hyphopdontia e vagina Adenoviridae

@ p__ Ascomycota
[l p__Basidiomycota
3 p__Zygomycota

[ | r

Sokol et al., Gut 2015 Rampelli et al., BMC Genomics 2016
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@ HUMAN INTESTINAL MICROBIOTA

our bacterial counterpart provides essential features we have not
evolved

« enhancement of the digestive efficiency and modulation of
energetic homeostasis

« vitamin synthesis

« competitive barrier against colonization/invasion
 development, education and function of the immune system
» strengthening of the GIT epithelium impermeability

« detoxification of xenobiotics

« central nervous system modulation

* endocrine system modulation
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M HOW DO WE KNOW THIS?

Culture-based methods allow to recover
20-30% of total microscopic counts

Culture-independent molecular
survey: NGS
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@ MICROBIOTA MOLECULAR ASSESSMENT
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NEXT GENERATION SEQUENCING

- Possibility to sequence even 100 samples per run
- Obtain a large amount of infos simultaneously, thanks to BIOINFORMATICS

a-diversity —> diversity —3 rarefaction
within subjects index

[ B-diversity 1 distance
b

etween subjects matrix > PCAPCOA — -

. correlation _
[S|mllarltles] —>  matrix —> Clustering

Pasr

compositional analysis of 'l
I i —> | —>
[ differences } — variance box plots :

=
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PHYLOGENETIC DIVERSITY

Lactobacillaceae

Mollicutes ~

Bacteroidetes

Firmicutes

XIVa

Other phyla Actinobacteria

Proteobacteria

> 1000 species

£

6 (out of 100) bacterial phyla

 Firmicutes, Bacteroidetes : 90%
* Actinobacteria, Proteobacteria, Fusobacteria
and Verrucomicrobia : 10%

PROGETTO EMATOLOGIA - ROMAGNA Cesena, 15 settembre 2018




FUNCTIONAL DIVERSITY

MICROBIOME ‘
(collective genome of the
microbiota)

58% KNOWN 42% UNKNOWN

 carbohydrate metabolism (CAZymes)

* energy metabolism

« amino acid metabolism

* biosynthesis of secondary metabolites
» metabolism of cofactors and vitamins

Schloissing et al, Nature 2013
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HOW DO WE KNOW THIS?

- Microbiome sequence analysis
- Observation of human gut microbiota in different physiological/pathological

condition
- In vitro studies using complex bacterial communities

THE ADOPTION OF GERM-FREE
MICE ALLOWED TO MEASURE
THE IMPACT OF GUT
MICROBIOTA-HOST MUTUALISM
ON SEVERAL PHYSIOLOGICAL
PARAMETERS
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WHAT IS MISSING IN GERM-FREE MICE

ENDOCRINE NUTRITION

SYSTEM

IMMUNITY

- 40% total
body fat

defect in
regulation of
sex hormones

decrease in Peyer’s patch
number

* unbalanced T cell
differentiation

defective mucosal iINKT
tolerance

PROTECTION

loss of barrier
effect

igher intestinal
permeability

* lower epithelial cell

turnover

decrease in mucus

thickness

defects in synaptogenesis
changes in behavior: high
stress reactivity and reduced
anxiety-like behavior

CENTRAL NERVOUS

SYSTEM GIT STRUCTURE
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"> WHAT DO GERM-FREE MICE GAIN?

Effects associated to the colonization of specific bacterial groups

resistance to
certain metabolic

diseases, such as:
hepatic steatosis

and type 2 diabetes

resistance to
obesity in ob/
ob model

resistance to
inflammation-associated
intestinal diseases (IBD,
CRC) in IL10-/- model

Resistance to certain
retroviruses, e.g.
poliovirus

Resistance to pathobionts
-associated secondary
infections
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MICROBIOTA PLASTICITY

THE INDIVIDUAL MICROBIOTA COMPOSITION CONTINUOUSLY CHANGES IN
RESPONSE TO EXTRINSIC AND INTRINSIC VARIABLES

MICROBIOTA
MAKE-UP

GIT ENVIRONMENT

(inflammation-disease)

HOST GENETICS

AGE

IN A MUTUALISTIC CONTEXT, THE PLASTICITY OF THE HUMAN MICROBIOTA GUARANTEES A RAPID
ADAPTATION OF THE SUPER-ORGANISM IN RESPONSE TO DIET CHANGES, AGE, ETC
there is a strong selection towards a readily changeable individual microbiome profile
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DIET AND MICROBIOTA DYNAMICS

THE MOST REMARKABLE EXAMPLE OF MICROBIOTA
PLASTICITY IS ITS CAPACITY TO RAPIDLY RESPOND TO
DIETARY CHANGES

A MAKE-U
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IMPACT ON HOST NUTRITION

indigestible plant polysaccharides (xylan, pectin, arabinose containing-dietary
carbohydrates as plant-derived pectin, cellulose, hemicellulose, resistant starches) reach
unchanged the colon where they are metabolized by the intestinal microorganisms

| e J SCFA
key microbiota

metabolites regqulating
the host nutritional status

indigestible plant
polysaccharides

equipped with a real arsenal of CAZymes — absent in human genome
— intestinal microorganisms degrade plant polysaccharides to SCFA
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SUBSTRATES OF THE GM CAZymes ARSENAL

thousands of enzymes while we possess only 17

a
1,000
D Non-specific
5001 I Sucrose and fructans
- [ Fungal glycans
[
g:.’ 600 - [ Peptidoglycan
“E_‘ [] starch and glycogen
- [[] Animal gl
g 400 nimal glycans
z 3 Plant cell wall glycans
292
(2%) 200
[ Glycoside hydrolases 0 IR I R I S R I R I T OIS
B Polysaccharide lyases TR T RN T sz X TS
[] Glycosyltransferases Family
] Carbohydrate esterases b

Nature Reviews | Microbiology

glycobiome !

Starch and
Other glycogen

R inal substrates
nima
glycans I

Nature Reviews | Microbiology

The GM possesses a broad glycobiome complexity, complementing the limited
diversity of the human glycobiome and enhancing the host capacity to metabolize

complex polysaccharides
El Kaoutari et al., Nat Rev Microbiol. 2013

38 ) Peptidoglycan [ not accessible to the human ]

Plant cell wall glycans

PROGETTO EMATOLOGIA - ROMAGNA Cesena, 15 settembre 2018




DIETARY COMPONENTS: SYNTROPHIC

MICROBIAL NETWORKS

HOST PLANT CELL WALL

RumilIococci

SOLUBLE CELL WALL /

POLYSACCHARIDES

low CO hemicellulose, xylan, pectin, mannans p—
v / *

Bacterc:(i‘getgs . —Clostridium clustersv
IV and XIVa

- Faecalibacterium prausnitzii, 4

Butyrrivibriq, Roseburia,

'SUCCINATE = “““‘%‘"““‘“
mo— umvate.
methanogens «~ N\ acetogens

Methanobievibacter smithii ‘ Blautia hydrogenotrophica
sulfate-reducing

bacteria ACETATE ——

Bilophila Wadsworthia
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*SCFA, MICROBIAL METABOLITES WITH A KEY
TIFACTORIAL ROLE IN ENERGETIC HOMEOSTASIS

Tilg et al., Gut 2014, Koh et al., Cell, 2016

dietary fibre
(complex carbohydrates)

v peptide Pyy expression (2): inhibition of gut maotility; increase of
intestinal transit rate; reduction of energy harvest from diet

v" glucagon-like peptide 1 expression (3): increase of insulin
sensitivity

v intestinal gluconeogenesis activation (5): favors glucose control

v' expression of fasting-induced adipose factor (6): favors fat storage

v' suppression of insulin signaling in adipose tiss

2 (4)

energy storage
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BCFA POSSESS A KEY MULTIFACTORIAL ROLE IN

REGULATION OF THE HOST IMMUNE FUNCTION

BN

v' development of colonic and extrathymic Treg

die! tary fibre
(complex carbohyd

v regulation of bone marrow hematopoiesis

v" regulation of dendritic cell function

$

mmune homeostasi

Tilg et al., Gut 2014, Koh et al., Cell, 2016
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SCFA AND METABOLIC ENDOTOXEMIA

Dietary Plant Fiber Gut Microbiota

\\ ] \ \ o
= % —) ’ N .o -

SH & °° &ﬂ °

. J S o
p &6 4 o “Jc\)j\o- )
= Propi
/\i H;C/“\O' roplo:ate
HsC 0@ + < Acetate Hjn— (I; —cfo >
H | OH

H, AminoHacids
¥ Pathogen bacteria CH, CO, H.S
¥ LPS-containing = -
bacteria

Intestinal Lumen

: 1 ¥ Pro-
; Inflammatory
@ a» cytokines
, TLR4
Portal vessels » Ti Barrier function
GLP1 ¥ ) \ Immune cells
3 PR @ E?YY Butyrate
/ 4lnsulin sensitivity S
Q {fGIucose homeostasis } AN ""‘/\i@

g e \ /

‘ Insulin \ J

Pancreas e
Gluconeogenesis - Satiety 4 UCP-2
Fatty acid synthesis =}

g-oxidation e zy / ad \ :g\o‘:l?(aﬂon
“ T~ Leptin \ fﬁ:xu::e

Plasma glucose
' Adipose tissue

a Liver
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2018 SCFA, MICROBIAL METABOLITES WITH A KEY
MULTIFACTORIAL ROLE IN HOST PHYSIOLOGY

WAT

R Satiety 4

Insulin sensitivity 4
Microglia )

Gluconeogenesis I

SCFAs as Signaling Molecules

GPR109A GPR41 Lipolysis ¢
Insulin-mediated ) ==
GPR43 | fat accumulation ¥ L ﬁBB permeabi #“34 t’:ZKst?‘ag;y;* . P
[@7 - HDAC inhibitors Serotonin
. biosynthesis
Lung Iﬂl Emg - ‘ - GPCR (41,43,109A) ligands
Treg 4
Asthma ¥ IGN
A |
§ GABA
: Hona production
© GPR43 @ GPR109A : G e in CNS
®GPR41 @ SLC5AS - PR Bone marrow | 200 v
Acetate 0]
4 4 u/{_( L; B
: = Intestinal
ener source . i
' ay gluconeogenesis Modulat|0|_1 of ENS and
CNS function

Metabolic regulations

anti lipolytic
activity (WAT)

release of major leptin production
appetite and glucose (WAT)
regulatory peptides

(PYY, GPL1) (L-cells)

GPR109A B
GPR43_ GPR41

Neutrophil Mast ~—Je Q—m/ ®)—iLio Encrovay]} 318
v T

' GLP-1
Naive T HDAC o
L Ly - ENS 1 5 Enhancement
Immune cells @ Q Inflammation : E

Reduction of TNF-a,
Lamina Inflammation & Jatitiuia) (s;:;::rrtl:t‘::riI“yf L Of IL-1 0 (DC) "—'6! IFN'Y (DC)
propria Tumorigenesis § activity Intestinal
i IL-18 IEC barrier
Immune homeostasis ificati
biosynthesis fortification
(IEC)

IgA
promotion

Nastasi et al., Sci Rep. 2015; Koh et al., Cell. 2016
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E PRODUCTS FROM GM PROTEIN FERMENTATION

DETRIMENTAL FOR THE HOST HEALTH

AROMATIC ALIPHATIC
' AMINO ACIDS AMINO ACIDS
proteolytic
clostridia and l l
Bacteroidetes PHENOLIC AND INDOLIC
/ (Alistipes) METABOLITES METHYLAMINES
SCFA / (indoles; p-cresol; phenols;
- phenylacetic acid)
- l
v
METHYLAMINES LIVER IMMUNE
STEATOSIS, ACTIVATION
[ IMPACT ON HOST ] OBESITY AND AND
PHYSIOLOGY DIABETES DIABETES

PROGETTO EMATOLOGIA - ROMAGNA Cesena, 15 settembre 2018




‘2018 IMPACT ON HOST PHYSIOLOGY OF THE GM

ADAPTATION TO FAT

DIETARY FATS BILE ACIDS PRO-INFLAMMATORY

DYSBIOSES OF GM
| -
E nter Obacter iac eae T | Redox balance, energy source, carbon source I

Firmicutes T

Clostridia, Erysipejg#&ichi Exogenous
MICROBIOTA electron acceptors
AAC Hydrogen
MAKE-UP Formate
Tetrathionate

Bacteroidetes 1 ™A | Acetate

sufate-reducing o B
/ bacteria s R?‘ To, Butyrate
ilophila wadsworthia sulfide PO
BIOACTIVE \ / (T G5 }"i\j [INFLAMMATION]
IN THE GUT
[COMPOUNDS] S;nggfb@( H,S o o] of o] of4[¥] o[ e]o
l infearie
reabsorption and
A'\IA\IODDT%LI;{A\; lF?EI\(l:(E)FETB(RRs INCREASE OF
TRANSEPITHELIAL
REGULATION OF DIETARY PERMEABILITY
FAT ABSORPTION
< —

OBESITY, TYPE Il DIABETES
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25 GM-HOST CO-METABOLIC LAYOUTS

diet regulates microbiota composition and metabolic output with a final
impact on host physiology

complex _ _ )
i amino acids animal fat
polysaccharides [N [SACCHAROLYTIC] ' ids [PROTEOLYTIC] - \[ EAT ]
A N

METABOLISM METABOLISM DAPTATIO
highly diverse community of low diverse community selection of a low diverse
polysaccharide-degrading enriched in specialized community made of bile resistant
Bacteroidetes and Clostridia proteolytic Erysipelotrichi,Bilophila

establishing syntropy in the Alistipes and Clostridia wadsworthia, Enterobacteriaceae

Health
promoting
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THE HOST AXIS

DIETARY SOURCES

fermentation
end-products

l

|

Gut microbiome-derived

-
@@«w

GABA dopamine

- ,,,,, Q’Q

folic acid (ji) * serotonin
. A Indole
/lk/ CH . riboflavin noradrenaline
HyC o) 0 0 CH, "
” A
urolithin

equol

- 1

ENERGY ENERGY v
STORAGE SOURCE IMMUNE
REGULATION

v
IMMUNE | NUTRITION I ANTI-
REGULATION CARCINOGENIC
ACTIVITY

(decrease of anxiety and
depression)

MODULATION OF HOST [
BEHAVIOR

Turroni et al., JIMC 2018
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from the gut
mlcroblome

v

to THE
HOST




GM-HOST SYSTEM CONNECTION

Produced locally, molecular signals from the GM can reach extra-intestinal organs,
establishing a system-level connection between the GM and the immune, endocrine,
metabolic and nervous apparatus

ENTEROHEPATIC CIRCULATION VAGUS NERVE

Secreted bile salts
consist of 95% old, recycled
bile salts and 5% newly
synthesized bile salts.

B) Reabsorbed bile
salts are recycled by
enterohepatic
circulation.

Sphincter
of Oddi

Duodenum A

@ 5% of bile salts
are lost in feces.

KEY

<«——— = Enterohepatic
circulation of
bile salts

are reabsorbed by
the small intestine.
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THE GUT MICROBIOTA DESCRIBES AN ADAPTIVE

TRAJECTORY ALONG HUMAN AGING

Infancy Adulthood Old age

>

Microbiota Biodiversity

<€

AGE RELATED CHANGES OF THE GUT MICROBIOTA PROVIDE THE HOST
WITH ECOLOGICAL SERVICES CALIBRATED FOR EACH STAGE OF LIFE

Candela et al., Critical Rev Microbiol, 2013
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2018 INFANT-TYPE MICROBIOTA: SIMPLE, READILY

CHANGEABLE AND BIFIDOBACTERIUM-

P Table 3. TNF-a impact on the HT29 cell-associated
H microbiota fraction in breast-fed infants and adults.
- 400
2
2
S
3
e Breast-fed infants Adults
2 Microbial group -TNF-a + TNF-a FRD - TNF-a + TNF-a FRD
g
=™ Bacteroides - Prevotella 108 93 ns 235 154  0.008
'% Clostridium cluster IV 17 25 0520 215 182 ns.
8
B Clostridium cluster IX 54 51 ns. 52 34 ns.
= Clostridium cluster XIVa 50 48 ns. 287 375 0.154
500 1000 1500 2000 2500 3000 3500 4000 Clostridium cluster XI 05 0.6 ns. 03 1.3 <0.001
Sequences per Sample Clostridium cluster |, II 14 13 ns 12 18 024
Unweighted Unifrac Lactobacillaceae 69 74 ns. 19 21 ns.
a Bifidobacteriaceae 144 131 ns. 40 58 ns.
a Verrucomicrobiae 08 1.0 ns. 33 15 ns.
&, Bacillaceae 55 63 ns. 18 40 0.004
§” Fusobacteriaceae 06 08 0570 1.1 17 0.132
@ . .
g° @ Enterococcales 109 104 ns. 16 25 0.430
38 L Enterobacteriaceae 353 36.8 ns. 55 38 0.360
c i 07 08 ns. 03 11 <0.001
For each microbial group, mean relative (%) and isti igni
: o 3
PC1(20.11%)
b . ’
Weighted UniFrac
. ;
&
g  Bifidobacteriaceae
g-
: INFANT-TYPE MICROBIOTRA IS STRUCTURED TO
COPE WITH INFLAMMATION, BEING CO-EVOLVED
i\
\

TO PRIME THE EARLY IMMUNE SYSTEM IN THE
CONTEXT OF TRANSIENT INFLAMMATORY
RESPONSES; MILK DIGESTION; FOLATE

BIOSYNTHESIS

o
PC1 (45.46%)

PROGETTO EMATOLOGIA - ROMAGNA Cesena, 15 settembre 2018




DULT-TYPE GM: COMPLEX AND ADAPTABLE ECOSYSTEM

DOMINATED BY FIRMICUTES AND BACTEROIDETES

FUNCTIONALLY STRUCTURED TO PROVIDE THE HOST WITH SCFA
FROM INDIGESTIBLE PLANT POLYSACCHARIDES

DIFFERENT DIETARY SUBSTRATES

TIMIZATION OF G
METABOLIC
PERFORMANCE

et st e ctdon s <089 ooy EXTRASOMATIC ADAPTATION TO DIFFERENT DIETARY HABITS AND
* ] [° Nk ' LIFESTYLE FACTORS
LI g § o .. ) IMPROVEMENT CONTROL OF OPTIMIZATION OF
. PP PR OF ENERGY ENERGETIC IMMUNOLOGICAL
e e e L. T : ' EXTRACTION HOMEOSTASIS PERFORMANCE
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ELDERLY TYPE MICROBIOTA

Table 2. Genus-like bacterial groups that were found to differ significantly between centenarians (C), elderly (E) and young adults

- * LOW DIVERSITY

Relative contribution (%"  Ratio® P value®
Phylum/order Genus-like phylogenetic group c E Y CE CY  CwsE Cusy
| Qostridium cluster XV Eubacterium limosum et rel. 035 0.02 0.02 16 us 00009 001
Proteobacteria Mebsiella pneumoniae et rel 017 003 002 53 67 o002 00009
Vibrio 015 0.03 003 54 54 <0.0001 <0.0001 . DECREASE I N BI FI DO BACTERIA
Enterobacter aerogenes et rel. 005 0.03 0.02 19 21 003 004
|Actinobacteria Eggerthella lenta et rel. omn 0.06 004 18 27 002 0.0001

i e e — e |INCREASE IN PATHOBIONTS SUBDOMINANT

| Qostridium cluster v
Sporobacter termiditis et rel. 114 075 070 15 15 005 004

Ancerotruncus colihominis et rel. 099 0.68 066 14 15 008 001 . .
comtom ottt o L R (Fusobacteria, Bacillus, Staphylococcus, FRACTION
Faecalibacterium prausnitzii et rel 201 405 424 s os 001 0.006 .
o T e ) e 2 m W o s 004 Enterobacteriaceae)
| Qostridium cluster XVa Clostridium colinim et rel 090 1.98 157 04 06 006 005
Clostridium sphenaides et rel. 097 192 150 os 06 00002 0003
Eubacterium hallii et rel. 3.6 475 576 07 05 003 0.004 D O M I N A N T
o . W am @ m we o e REARRANGEMENT OF BUTYRATE
Eubacterium ventriosum et rel 21 277 262 04 04 0.0005 0.0002
Lachnobadillus bovis et rel. 115 1.98 146 06 08 0007 003 F RACT I O N
Outgrouping Clostridium duster XIVa 063 0.94 104 o7 06 002 001 P R O D U C E RS
Roseburia intestinalis et rel. 157 304 32 0s 05 0,006 003
Ruminococeus lactaris et rel. 065 107 087 06 07 0002 001
‘Ruminococcus obeum et rel. 173 279 265 06 06 0003 001

“Relative contributions of genus-like phylogenetic group to the fecal microbiota was calculated as percentage of signal intensities the total signal intensity.
o of the average relative abundance of each genus-like phylogenetic group @ lkculated for subjects belonging to C and E groups, and to C and Y groups. Bacterial
groups showing C/E and (/Y ratio <1 decreased in the subjects of group C.
in italic, relevant groups with P values ranging from 0.05 to 0.08 (italics) are reported.
d0i:10.1371/joumal pone.0010667 002

Faom

Biagi et al., Cur Biol, 2016
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MUTUALISM BREAKDOWN

MUTUALISM
n different compositional layouts

VAN A P ~ NN P ‘*::“\ . i:' ) t\‘ ;“_,: §=‘\“~\._‘ A ;"‘\\ W PRO-
o : ) o ol INFLAMMATORY
. . . . . LOOP
Switch-like behavior, making sudden jumps from

-§ different steady states Disease
% oRo. IMMUNE W’
= " Loor 4 ABNORMAL DEREGULATION
. DIETARY INTAKE
. Disease INFECTION

ANTIBIOTIC -
INTAKE _ INFLAMMATION

-7 ‘\\ <
-~ , ——r W W W W NN : ---------------------------------- \ -~
~ Environmental/endogenous stressors -3
~ ~ \\ ----------------------------------------------- 7’ -

RUPTURE OF THE GM-HOST MUTUALISTIC AGREEMENT AND
COMPROMISED HOST ENERGY BALANCE AND IMMUNE
HOMEOSTASIS
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INFLAMMATION AND MICROBIOTA

A non-controlled pro-inflammatory pathway can dramatically impact on the
composition of GM

»

PRO-INFLAMMATORY
LOOP

DECREASE OF
IMMUNO
MODULATORY

GROUPS

PROGETTO EMATO! NGIA - ROMAGNA  (Cecena 15 settembre 2018

MICROBIOTA
DYSBIOSIS




