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MicrobesCommensals

Innate immunity
Surveillance/Tolerance
- Rupture of homeostasis = IBD
- Dysbiosis = obesity, diabetes,
metabolic syndrome
(Turnbaugh PJ & Gordon JI. 2009.
J.Physiol.,587:4153-4158)

Recognition network:
TLRs,NLRs,

Rig1, MDA5…
Danger signals:

(uric acid, ATP, cytochrome C,etc..)

Pathogens
Possibly small 
infectious dose 

Innate immunity
Inflammation

Microbe & tissue destruction

Amplification loop:
TREM, HMGB1, Gal3, etc..

Severe sepsis
Septic shock

Regulation

Loss of 
control

Adaptive immunity
Pathogens recognition,
capture, completion of 

eradication process, protection: 
scavenging receptors,

C-type lectins, etc..

Sansonetti, 2004, Nature Rev. Immunol.
Sansonetti, 2006, Nat. Immunol.
Sansonetti & Di Santo, 2007, Immunity
Pédron & Sansonetti, 2008, Cell Host and Microbe
Sansonetti & Medzhitov, 2009, Cell

Human colon: 1011 CFU / g feces
Up to 30,000 species... 

Fighting ignorance, learning tolerance, 
responding to threats, the paradox that 
forged the immune system.



This « immunological paradox » needs to be deciphered.

Major clues reside in understanding how bacterial pathogens in 
healthy individuals, or commensal bacteria in genetically susceptible 
individuals, cause uncontroled inflammation. 

War and Peace at mucosal surfaces

In the symbiotic relationship between resident 
bacteria and the eukaryotic host, bacteria profit by 
acquisition of a stable environment (temperature, 
oxygen, pH, nutrients supply), eukaryotic hosts 
gain extended metabolic and digestive ability 
and benefit from competitive inhibition of 
pathogenic microbes (barrier effect).
Co-evolution has  created an « immunological 
paradox » or « physiological inflammation » in 
mammalian hosts that forces to conjugate 
TOLERANCE to commensal bacteria and quick 
and efficient recognition and elimination of 
bacterial pathogens resulting in 
INFLAMMATION. 



Commensalism
com mensa: 
sharing a table. 

Symbiose

Mutualism

or



Stomach: 10-103 bact./ml,
Lactobacillus, Streptococcus, Staphylococcus, Entérobactéries, 
Helicobacter, levures

Duodenum et jejunum: 102-105 bact./ml,
Lactobacillus, Streptococcus, Bifidobacterium, Entérobactéries, 
Staphylococcus, levures

Ileum et caecum: 103-109 bact./ml,
Bifidobacterium, Bacteroides, Lactobacillus, Streptococcus, Entérobactéries, 
Staphylococcus, Clostridium

Colon (500-1000 species, possibly more ?): 1010-1012 bact./g,
Bacteroides, Eubacterium, Clostridium, Peptostreptococcus, Bifidobacterium, 
Fusobacterium, Lactobacillus, Entérobactéries, Staphylococcus, levures

Resident bacteria outnumber human somatic and 
germinal cells tenfold and represent a combined 
microbial genome well in excess (x150) of the human 
genome (Shanahan, 2002).

The intestinal flora has a collective metabolic activity 
equal to a virtual extra « organ» (Bocci, 1992). 

Man is a primate-microbes hybrid
Concept of HOLOGENOME / SUPERORGANISM

FISH



FirmicutesFirmicutes

BacteroidetesBacteroidetes

Proteobacteria

Autres phyla

XIVa

IV

Lactobacillaceae

Mollicutes

The majority of intestinal bacteria belong to Firmicutes, 
particularly clusters XIVa and IV that comprise gram positive 
anaerobes with low GC % (extremely oxygen sensitive, EOS), 
essentially uncultivable, and to Bacteroidetes (gram negative 
anaeobes)

The human intestinal microbiotaThe human intestinal microbiota

From Peterson et coll., 2008
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A human gut microbial gene catalogue established by metagenomic sequencing.

Nature 464,59-66 (2010)

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, Levenez F, Yamada T, Mende DR, 
Li J, Xu J, Li S, Li D, Cao J, Wang B, Liang H, Zheng H, Xie Y, Tap J, Lepage P, Bertalan M, Batto JM, Hansen T, Le 
Paslier D, Linneberg A, Nielsen HB, Pelletier E, Renault P, Sicheritz-Ponten T, Turner K, Zhu H, Yu C, Li S, Jian M, 
Zhou Y, Li Y, Zhang X, Li S, Qin N, Yang H, Wang J, Brunak S, Doré J, Guarner F, Kristiansen K, Pedersen O, 
Parkhill J, Weissenbach J; MetaHIT Consortium, Bork P, Ehrlich SD, Wang J.

To understand the impact of gut microbes on human health and well-being it is crucial to assess their genetic 
potential. Here we describe the Illumina-based metagenomic sequencing, assembly and characterization of 3.3 million 
non-redundant microbial genes, derived from 576.7 gigabases of sequence, from faecal samples of 124 European 
individuals. 

The gene set, approximately 150 times larger than the human gene complement, contains an overwhelming majority 
of the prevalent (more frequent) microbial genes of the cohort and probably includes a large proportion of the 
prevalent human intestinal microbial genes. 

The genes are largely shared among individuals of the cohort. Over 99% of the genes are bacterial, indicating that the 
entire cohort harbours between 1,000 and 1,150 prevalent bacterial species and each individual at least 160 such 
species, which are also largely shared. 

We define and describe the minimal gut metagenome and the minimal gut bacterial genome in terms of functions 
present in all individuals and most bacteria, respectively.



Functions of the gut resident microbiota



Through production of Short Chain Fatty Acids (SCFA), 
commensal bacteria positively influence differenciation and 
proliferation of Intestinal epithelial cells (IEC) and mediate other 
metabolic effects.

> 50% of carbon source for colonic IEC is from SCFA produced by commensals.

Butyric acid



Analytical methods in the mouseAnalytical methods in the mouse



Barrier effect against niche occupancy by pathogens
(Stecher & Hardt, Trends Microbiol., 2008; Sansonetti, Curr.Opin.Gastroenterol., 2008)

Pathogens alter/eliminate the resident microflora to occupy the 
intestinal niche (mostly via inflammation: ROS,NOS, etc..):
- Mouse gut infection by Citrobacter rodentium and Campylobacter jejuni
- Mouse experimental enterocolitis caused by DDS/TNBZ
Both conditions cause « retraction » of microbial diversity, particularly 
massive deletion of Firmicutes, but also large increase in aerobic bacteria, 
particularly Enterobacteriaceae (Lupp et al., Cell Host Microb., 2007)

Pathogens benefit from inflammation, if properly « mastered »:
Mouse model of Salmonella typhimurium enteritis shows similar retraction 
of the resident flora plus evidence for pathogens acquiring nutrients thanks 
to inflammation (Stecher et al., PLoS Biol., 2007)

Shigella flexneri suppress expression of intestinal antimicrobial peptides 
(β-defensin hBD3 and cathelicidin LL-37 (Sperandio et al., J.Exp.Med., 
2008) 



Barthel et al., 2003, Infect.Immun.

Streptomycin
pretreatment

No
Streptomycin
pretreatment

Ileo-colitis in Streptomycin-pretreated mice infected with Salmonella typhimurium

Barrier effect of the commensal microbiota



Diseases (possibly) associated with gut microbiota distorsions
« dysbiosis-related diseases »
Mai V & Draganov PV. World J. Gastroenterol., 2009

Obesity Turnbaugh PJ et al. Nature, 2006

(Increase in energy-harvesting bacterial populations)

Diabetes (type 1, 2) Brugman S et al. Diabetologia, 2006, Amar et al. Am.J.Clin.Nutr., 2008

(Carbohydrate intake and glycemic control, insulin resistance)

Chronic inflammatory diseases
cardio-vascular diseases (+ cholesterol dysregulation)
Bäckhed F. Clin.Exp.Immunol., 2010

atopy/allergy Isolaury et al. Curr. Pharm. Des., 2008

inflammatory bowel diseases Peterson et al. Cell Host and Microbe, 2008

Cancers
colorectal cancer Wu et al. Nature Med., 2009

(chronic inflammation)



Host-Flora communication at the mucosal surface

- Host defence requires accurate interpretation of its microbial 
microenvironment to discriminate between established 
commensal bacteria and episodic pathogens and react in a 
manner proportional to the threat: concept of « physiological 
inflammation ».

- The epithelium itself provides the first sensory line through 
active sampling of commensals, pathogens and other antigens, in 
cooperation with dendritic cells and
resident macrophages and T cells.

- PAMPs/MAMPs (Pathogen/Microbe-associated molecular 
patterns) - PRRs (PAMPs-recognition receptors) interactions are 
in front line of the dialogue.



Sampling of commensal bacteria through the intestinal 
epithelium

Other mechanisms:
IEC apoptosis ? Sampling by IEC 

?
Vallon-Eberhard, 2006,J.Immunol.

FAE-mediated sampling
of commensal bacteria

Sansonetti & Phalipon, 
1999, Semin.Immunol.

DC-mediated sampling of commensal bacteria

Rescigno et al., 2001, Nat.Immunol.
Serano-Gomez et al., 2004, J.Immunol.
Niess et al., 2005, Science

(From Niess & Reinecker, 2006, Cell.Microbiol.)

Tolerization and



“PATHOGEN RECOGNITION RECEPTORS (PRRs)” & PAMPs
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Avoiding inappropriate immune activation, maintaining 
homeostasis

The little secrets of phyiological inflammation

Bacteria:
• Commensals (i.e. Bacteroidetes, Firmicutes) in general poorly 
detected by innate defence mechanisms (Bacteroides 
pentacylated lipidA, poor TLR4 agonist, even antagonist)

• Commensals/probiotics express intrinsic anti-inflammatory 
properties (i.e. Lactobacillus spp., Bacteroides tetraiotamicron, 
Bacteroides fragilis zwitterionic EPS (Mazmanian et al., 2008, 
Nature)

• Barrier effect against niche occupancy by pathogens, and more 
« agressive » commensals (i.e. Enterobacteriaceae)
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Pro-inflammatory signals

MD-2

CD14

1 1 -- Lipid A of gramLipid A of gram--negative anaerobic  negative anaerobic  
commensals (Bacteroidetes) usually commensals (Bacteroidetes) usually 
pentacylated, thus not agonist of TLR4 pentacylated, thus not agonist of TLR4 
(even antagonist), unlike endotoxic (even antagonist), unlike endotoxic 
hexacylated Lipid A of commensal hexacylated Lipid A of commensal  
Enterobacteriaceae and gramEnterobacteriaceae and gram--negative negative 
pathogens (Munford & Varley, PLoS pathogens (Munford & Varley, PLoS 
Path., 2006). Path., 2006). 

2 2 -- Intestinal Alkaline Phosphatase Intestinal Alkaline Phosphatase 
(APase)(APase)
detoxifies Lipid A and preventsdetoxifies Lipid A and prevents
inflammation in Zebrafish in responseinflammation in Zebrafish in response
to the gramto the gram--negative resident flora.negative resident flora.
(Bates et al., Cell host Microb., 2007).(Bates et al., Cell host Microb., 2007).

3 3 -- Peptidoglycans ? Flagellins ?Peptidoglycans ? Flagellins ?

APpase APpase

« Stealth » strategies

Acyl-oxy-acyl 
bounds

11 Phosphorylations

22



Avoiding inappropriate immune activation, 
maintaining homeostasis

The little secrets of phyiological inflammation

Epithelium
• Mucus, antimicrobial peptides (AMPs), and 
associated molecules (Expression/secretion 
stimulated by resident flora, even more by 
pathogens)

• Sequestration of innate receptors

• Early tolerization to LPS following birth (cross 
tolerization to other PAMPs ?)



Matsuo et al., 1997, Gut; Atuma et al., 2001, Am.J.Physiol.Gastrointest.Liver.Physiol.

Thickness of mucus layer depending on level in gut
- Alterations in mucin homeostasis associated with IBD.
- Ulcerative colitis characterized by depleted goblet cells and reduced mucus layer.
-Aberrant Muc2 assembly in mice causes endoplasmic reticulum stress and
inflammation resembling ulcerative colitis (Heazlewood et al., PLoS Med., 2008)



♦♦ αα--defensin 5 (Paneth cells)defensin 5 (Paneth cells)
♦♦ αα--defensin 6 (Paneth cells)defensin 6 (Paneth cells)

Antimicrobial peptides

Ganz, 2003

CryptsCrypts

VilliVilli
♦♦ ββ--defensin 1 (epithelial cells)defensin 1 (epithelial cells)
♦♦ ββ--defensin 2 (epithelial cells)defensin 2 (epithelial cells)
♦♦ ββ--defensin 3 (epithelial cells)defensin 3 (epithelial cells)

♦♦ cathelicidin LLcathelicidin LL--37 (epithelial cells)37 (epithelial cells)

α-defensin 1

β-defensin 3

LL-37



Bacterial life at mucosal surfaces
« Seating on a volcano »

O2
NO
ROS
Anti-microbial peptides
Others: lysozyme, proteases, 
lectins, phospholipases

Epithelium

Mucus

hBD3



Stem cellsStem cells
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Sensing of the luminal flora. Not all epithelial cells are equalSensing of the luminal flora. Not all epithelial cells are equal (Abreu et al., 2005):(Abreu et al., 2005):
(1) Sequestration/weak expression of sensing molecules (and cofa(1) Sequestration/weak expression of sensing molecules (and cofactors) on surface ctors) on surface 
epithelium. (2) Expression in crypts (maintaining crypts as +/epithelium. (2) Expression in crypts (maintaining crypts as +/-- sterile sanctuaries ?)sterile sanctuaries ?)

Nod2Nod2--dependant expression and releasedependant expression and release
of antimicrobial peptides by Paneth cellsof antimicrobial peptides by Paneth cells

ILIL--88

TLR2/4TLR2/4--dependantdependant
Nod1/2Nod1/2--dependant?dependant?
expression ofexpression of
inflammatoryinflammatory
chemokineschemokines



Avoiding inappropriate immune activation, 
maintaining homeostasis

The little secrets of phyiological inflammation

Subepithelial tissues (lamina propria)
• Immune network oriented toward tolerance (i.e. 
epithelium, resident macrophages and dendritic cells, 
regulatory T cells)

• Resident flora essential to maintain tolerogenic 
signalling (via epithelial signals)

• Resident flora essential to maintain gut 
homeostasis (Myd88-dependant)
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Vavricka et coll., 2004, Gastroenterology
Fujiya et coll., 2007, Cell Host Microbe
Kravchenko et coll., 2008, Science



Bacteroides fragilis - capsule - EPS
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RegulationRegulationRegulation InflammationInflammationInflammation

RegulationRegulationRegulation

InflammationInflammationInflammation

Pathogens

Symbionts Commensals Pathobionts

Homeostasis

Rupture of
Homeostasis

From Round JL & Mazmanian SK. 2009. Nat.Rev.Immunol.,9:313-323



Salzman & Bevins, 2007Salzman & Bevins, 2007

- Wehkamp, J., et al. 2005. Reduced Paneth cell alpha-defensins in ileal Crohn's disease.
Proc Natl Acad Sci U S A., 102:18129-18134.
- Vos, E., et al. 2006. NOD2/CARD15 mediates induction of the antimicrobial peptide human beta-defensin-2.
J Biol Chem., 281:2005-2011.
- Nuding, S., et al. 2007. Reduced mucosal antimicrobial activity in Crohn's disease of the colon.
Gut, 56:1240-1247. 



Increased mucosally-associated Enteobacteriaceae 
in mucosal biopsies of Crohn’s disease (CD) 

patients

Normal control Active CD
G = goblet cells, BL = Basal lamina, N = Nucleus

Swidsinski et al., 2002



Pro-inflammatory
cascade

TLRTLR

ProPro--inflammatory genesinflammatory genes

PMNPMN
Activated DC & MActivated DC & MΦΦ Th1 / Th17Th1 / Th17

PATHOGENS
Mucinases
Adhesins
Invasins
Type III / IV secretory systems
Hemolysins
Massive engagement of TLRs
Massive engagement of NLRs
Eradication of commensal microbiota (niche occupancy)

ProPro--inflammatory cytokines, chemokines      inflammatory cytokines, chemokines      
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..... Injection into cytosol
of ligands/enzymes/effectors

...........
..

Cytoskeletal 
modifications ?

Pore-forming 
toxins (Hly)

Flagellin
Nucleic
acids ?

IFN type I

Activation of 
inflammmasome

Pore formation
Leakage/disruption of 

phagolysosomes
Release of K+

K+

K+

Release of IL-1β, IL-18
Cell death

(apoptosis, pyroptosis)

Activation of 
inflammmasome

Release of IL-1β, IL-18
Cell death

(apoptosis, pyroptosis) Bacterial multiplication
Release of PGN, HSL, ...

Induction of proinflammatory
cytokines (Nod, PPAR ?)

Pathogenic properties perceived as danger signals: an addition 
to the Janeway’s PAMPs-PRRs(TLRs) paradigm

Adherence
Activation of 

sphyngomyélinases
Formation of 

ceramides Activation 
of NF-κB

Induction of 
proinflamatory 
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NLR : « chiens de garde » intracellulaires 

Presence/recruitment
of signaling molecules
at engaged membrane:
Gal-3, Nod1/2, NEMO...
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