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ABSTRACT 

The gut flora is composed of a huge number of diverse, well-adapted symbionts that interact 

with epithelial lining throughout the host's entire life. Not all commensals have the same ability 

to maintain quiescent, protective inflammation. Importantly, instability in the composition of gut 

microbial communities (referred to as dysbiosis) has been linked to loss of gut barrier in the 

context of common human illnesses with increasing socio-economic impacts, such as Crohn’s 

disease and colorectal cancer. Our recent findings suggest that disease-predisposing dysbiosis 

can now be intentionally manipulated by targeting the major Crohn’s disease-predisposing NOD2 

gene. That knowledge will not only add a new dimension to the often overlooked microbiology 

of Crohn’s disease and colorectal cancer, but will also have a broad impact on biomedical 

sciences worldwide. 



A foetus is sterile in utero but is progressively colonized by a huge number of diverse 

microbial communities (also referred as the microbiota) [1]. One can consider the intestinal 

microbiota as our “extended self”, in as much as this multicellular organ benefits to the host by 

consuming, storing and redistributing energy harvested from nutrients. With this reductionist 

organ centered-view in mind, it is interesting to contemplate the dynamics of symbiosis (defined 

as an association between organisms of two different species in which each is benefited). 

Symbiosis is well exemplified by the co-evolutionary, beneficial interactions between the 

microbiota and the intestinal barrier, which has widely differing living requirements. Over the 

past ten years, several initiatives (including the MetaHIT program, the Canadian Microbiome 

Initiative and the Human Microbiome Project) have already provided critical insights into our 

understanding of the composition of the human microbiota which primarily consists of three 

enterotypes among the human population [2]. Noteworthy, over 80% of phylotypes of the fecal 

microbiota belongs to either Bacteroidetes, Firmicutes and Actinobacteria in adults [3]. Besides 

antibiotics, the composition of the intestinal microbiota is also influenced across age and 

geography [4, 5] and by the mode of delivery [6, 7]. It is also noteworthy that long-term 

protein/fat and carbohydrate diets respectively influence not only the abundance of Bacteroidetes 

and Firmicutes species in humans [8], but also the functionality of the microbiota [9]. Whereas 

profiles of dominant phylotypes appears specific to each individuals, high-thoughput sequencing 

approach revealed the existence of a phylogenetic core composed of Firmicutes, Bacteroidetes 

and Actinobacteria [10] and of several core pathways (including the ribosome and translational 

machinery, nucleotide charging and ATP synthesis, and glycolysis) [11].The physiological 

impact of the microbiota is indeed intrinsically determined by the microbiome - a term 

introduced by the Nobel laureate Joshua Lederberg to describe the collective genomic content of 

the gut microbiota which consists of hundred time more genes than the human genome per se 

[12]. It remains now to be determined whether the afore-mentionned core microbiome may act as 

a rheostat for maintenance of gut functionalities. More recently, whole-transcriptome shotgun 

sequencing unveiled a panel of xenobiotic-responsive genes in the active human gut microbiome 

[13], which may be determined by inter-individual genetic variations in the microbiota [14]. 

However, despite an extensive research in this field, it is still not yet known how successive 

waves of colonization may comprehensively shape the overall health status of the host and (ii) 

which selective genetic forces may ensure stability and resilience of symbionts from the first 

days of life onwards. 

 



One can also hypothesize that not all commensal lineages (of which Bacteroides is the most 

prominent), have the same ability to act as a failed pathogen for the benefit of the immune 

response [15]. It is worth mentioning Bacteroides thetaiotaomicron was found to behave as a 

more versatile commensal, in that genetically predisposed hosts may perceived it to be an 

opportunistic microorganism [16]. Those that do are referred to herein as pathobionts. By 

contrast, secretion of polysaccharide A by Bacteroides fragilis confers its ability to function as a 

true symbiotic microorganism by exploiting innate immunity [17]. In the absence of any 

commensal lineages, antibody production is reduced and the colonic mucosa is defective in 

goblet cell differentiation and lymphoid tissue architecture (e.g., isolated lymphoid follicles) [18]. 

Gut microbiota plays a key role against enteric bacterial pathogen infection by out-competing 

towards specific nutritional requirements [19]. Throughout the host's entire life, the coexistence 

of certain resident commensals and a single layer of intestinal epithelial cells therefore has a 

beneficial impact on post-natal maturation of the gut innate and adaptive immune barrier, as 

illustrated by the key observation on acid-producing lactic bacilli by the 1908 Nobel laureate Elie 

Metchnikoff. Notably, the absence of gut microbiota impacts intestinal epithelial cell function 

with decreased production of antimicrobial peptides [20]. However, it remains challenging for 

immunologists to understand how the host coordinates the biologic dynamics of the microbiota. 

 

Understanding this paradigm is of importance because instability in the composition of 

gut microbial communities (referred to as dysbiosis) has been linked to ageing [21] and loss of 

gut barrier function in common human illnesses with increasing socio-economic impacts, such as 

malnutrition [22, 23], type I diabetes [24], type II diabetes [25] and Crohn’s disease [26]. 

Crohn’s disease is an alarming public health care problem that mostly affects young adults in 

industrialized countries. In Europe, the combined prevalence is about 250-300 cases per 100,000 

inhabitants that result in as many as 2.2 million sufferers [27]. Whereas Crohn’s disease can 

affect work and social interactions in diverse ways, the lifetime therapeutic management of 

Crohn’s disease is still indeed far from optimal. Notably, 25-30% of patients fail to respond to 

current biologics and/or to immunosuppressive drugs, resulting in accumulation of adverse 

events. Consequently, the estimated annual economic burden of health care of Crohn’s disease 

patients ranges from €2.1 billion to 16.7 billion in Europe. Resection surgery is also required in 

about two-third of Crohn’s disease patients, but does not cure the disease. Colorectal carcinoma 

still represents the most common cause of morbidity in Crohn's disease. It affects around 10% of 

Crohn's disease patients after 30 years of disease progression [28]. Similarly, prominent 

inflammation enhances tumour incidence and progression in experimental models of colitis-



associated colorectal cancer. On the clinical level, it is noteworthy that Crohn’s disease lesions 

have a tendency to develop where the bacterial load is greatest. Hence, short-term antibiotic 

treatment and surgical diversion of the fecal stream are used as a non-specific therapy in some 

Crohn’s disease patients [29, 30]. In particular, Crohn’s disease is linked to a reduced diversity of 

the microbiota, suggesting that disappearance of certain ancestral microbial commensal 

indigenous species might be deleterious for the host [31]. Both fecal- and mucosal-associated of 

Crohn’s disease patients is characterized by a lower abundance of Firmicutes and a greater 

preponderance of certain Bacteroidetes [32, 33, 34]. More importantly, subclinical dysbiosis has 

been observed in healthy, first-degree relatives of Crohn’s disease patients [35]. However, it 

remained to be seen whether dysbiosis may act as the premise or a consequence of disease risk. 

 

Our knowledge of bacterial symbiosis now suggests that the major Crohn’s disease 

predisposing NOD2 gene functions as a key remote control mechanism for the gut microbial 

communities. NOD2 is an intracellular receptor for bacterial peptidoglycan that share similarities 

with the superfamily of plant disease-resistance proteins. In both mice and humans, impaired 

functionality of NOD2 is associated with a profound dysbiosis that is characterized by lower 

abundance of certain Firmicutes and by preponderance of intestinal Bacteroidaceae [36, 37, 38, 

39]. More recently, Couturier-Maillard and coworkers described an unexpected role of the major 

Crohn’s disease predisposing NOD2 gene in the protection against intestinal inflammation and 

tumorigenesis afforded by maternally-transmissible gut bacterial communities in mice (Figure 1). 

Reciprocal fecal microbiota transplantation led to long-term changes in intestinal microbial 

communities and decreased the vulnerability of Nod2-deficient mice to colonic injury [40]. 

Consistently, treatment with a cocktail of broad spectrum antibiotics efficiently improved disease 

risk in Nod2-deficient animals. Conversely, disease risk was enhanced in wild-type hosts that 

were recolonized with dysbiotic fecal microbiota from Nod2-deficient mice [40]. Most recent 

high-throughput, culture-independent sequencing of bacterial communities revealed an expansion 

of members within the Bacteroidetes phylum, including Bacteroides spp. in mice deficient for 

Nod2. Unlike “conventional” pathobionts, the afore-mentioned commensal lineage was 

associated with a communicable risk for colitis in a non-genetically predisposed host, suggesting 

the urgent need to refine dogmas on symbionts. Furthermore, a decreased abundance of 

microorganisms related to Butyrivibrio and Lachnobacterium has been correlated with enhanced 

disease risk, but further metagenomic investigations should be considered in order to determine 

Butyrivibrio’s and/or Lachnobacterium’s specific ability to enhance the epithelial barrier. 

Collectively, NOD2 was identified as a genomic force that shape evolutionary transitions in 



bacterial symbiosis. However, one roadblock to cataloguing a disease-predisposing microbiota is 

that it does not provide any functional indications on the key “outside-in” features of the 

causative microbe. It is therefore eagerly awaited to clarify how NOD2 act as key remote control 

mechanisms for the gut microbial communities. 

 

On this basis, licensing of the microbiota is a key remote control mechanism for disease 

risk in the gut. The mechanism may result from the differential ability of disease-predisposing 

commensal lineages to out-compete true symbionts for nutrients. As is observed for classical 

enteropathogens [41], one may consider that access to reactive oxygen species may also assist 

growth and colonization by a subset of disease-predisposing commensals within inflamed tissues. 

To understand how potentially distinct mechanisms lead to the genesis of dysbiosis, we shall 

seek to determine the potentially common innate and adaptive cellular firewall(s) through which 

NOD2 prevents growth and colonization of disease-predisposing commensal lineages since birth. 

From a bench-to-bedside perspective, establishing whether a particular dysbiotic state is 

sufficient to instigate Crohn’s disease and/or colitis-associated colorectal cancer may open up the 

way for new therapeutic strategies, including the potential for preventive manipulation of the gut 

microbiota by either nutrition, probiotics and immunomodulatory drugs in humans (Figure 1). 

Notably, anti-interleukin-6 receptor treatment was associated with less severe disease and 

changes on gut microbial communities [40], suggesting that protective assembly of the 

microbiota may result from a specific microbiome-plus-treatment interaction. Inflammation has 

indeed been recently identified as a key remote control mechanism of gut microbial ecology [42]. 

Understanding microbiome-plus-treatment interactions may not only add a new dimension to the 

often overlooked microbiology of Crohn’s disease, but may also provide us unique opportunities 

for improving drug design and for selecting more efficient therapies [43].  



Figure 1 : Schematic of regulation of bacterial symbiosis by NOD2. The regulation of the 

composition of the microbiota by NOD2 (1) controls epithelial barrier function (2) and immune 

homeostasis upon injury (3). Complete mucosal healing may subsequently influence growth and 

colonization of commensals (4). On this basis, a direct clinical perspective relies in the 

development and selection of novel therapies (including nutrition, probiotics and host-targeted 

drugs) aiming at restoring dysbiosis in the absence of NOD2. 



REFERENCES 

1 Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher JS, et al. Evolution 

of mammals and their gut microbes. Science 2008;320:1647-51. 

2 Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes 

of the human gut microbiome. Nature 2011;473:174-80. 

3 Lay C, Rigottier-Gois L, Holmstrom K, Rajilic M, Vaughan EE, de Vos WM, et al. 

Colonic microbiota signatures across five northern European countries. Applied and 

environmental microbiology 2005;71:4153-5. 

4 Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M, et al. 

Human gut microbiome viewed across age and geography. Nature 2012;486:222-7. 

5 Fallani M, Young D, Scott J, Norin E, Amarri S, Adam R, et al. Intestinal microbiota of 

6-week-old infants across Europe: geographic influence beyond delivery mode, breast-feeding, 

and antibiotics. Journal of pediatric gastroenterology and nutrition 2010;51:77-84. 

6 Adlerberth I. Factors influencing the establishment of the intestinal microbiota in infancy. 

Nestle Nutrition workshop series Paediatric programme 2008;62:13-29; discussion -33. 

7 Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, et al. Factors 

influencing the composition of the intestinal microbiota in early infancy. Pediatrics 

2006;118:511-21. 

8 Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al. Linking long-

term dietary patterns with gut microbial enterotypes. Science 2011;334:105-8. 

9 Muegge BD, Kuczynski J, Knights D, Clemente JC, Gonzalez A, Fontana L, et al. Diet 

drives convergence in gut microbiome functions across mammalian phylogeny and within 

humans. Science 2011;332:970-4. 

10 Tap J, Mondot S, Levenez F, Pelletier E, Caron C, Furet JP, et al. Towards the human 

intestinal microbiota phylogenetic core. Environ Microbiol 2009;11:2574-84. 

11 Human Microbiome Project C. Structure, function and diversity of the healthy human 

microbiome. Nature 2012;486:207-14. 

12 Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut 

microbial gene catalogue established by metagenomic sequencing. Nature 2010;464:59-65. 

13 Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics shape the physiology and gene 

expression of the active human gut microbiome. Cell 2013;152:39-50. 

14 Schloissnig S, Arumugam M, Sunagawa S, Mitreva M, Tap J, Zhu A, et al. Genomic 

variation landscape of the human gut microbiome. Nature 2013;493:45-50. 



15 Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et al. Induction of 

colonic regulatory T cells by indigenous Clostridium species. Science 2011;331:337-41. 

16 Bloom SM, Bijanki VN, Nava GM, Sun L, Malvin NP, Donermeyer DL, et al. 

Commensal Bacteroides species induce colitis in host-genotype-specific fashion in a mouse 

model of inflammatory bowel disease. Cell host & microbe 2011;9:390-403. 

17 Round JL, Lee SM, Li J, Tran G, Jabri B, Chatila TA, et al. The Toll-like receptor 2 

pathway establishes colonization by a commensal of the human microbiota. Science 

2011;332:974-7. 

18 Hooper LV, Littman DR, Macpherson AJ. Interactions between the microbiota and the 

immune system. Science 2012;336:1268-73. 

19 Kamada N, Kim YG, Sham HP, Vallance BA, Puente JL, Martens EC, et al. Regulated 

virulence controls the ability of a pathogen to compete with the gut microbiota. Science 

2012;336:1325-9. 

20 Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic bacteria direct expression 

of an intestinal bactericidal lectin. Science 2006;313:1126-30. 

21 Claesson MJ, Jeffery IB, Conde S, Power SE, O'Connor EM, Cusack S, et al. Gut 

microbiota composition correlates with diet and health in the elderly. Nature 2012;488:178-84. 

22 Smith MI, Yatsunenko T, Manary MJ, Trehan I, Mkakosya R, Cheng J, et al. Gut 

microbiomes of Malawian twin pairs discordant for kwashiorkor. Science 2013;339:548-54. 

23 Hashimoto T, Perlot T, Rehman A, Trichereau J, Ishiguro H, Paolino M, et al. ACE2 

links amino acid malnutrition to microbial ecology and intestinal inflammation. Nature 

2012;487:477-81. 

24 Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-Kampczyk U, et 

al. Sex differences in the gut microbiome drive hormone-dependent regulation of autoimmunity. 

Science 2013;339:1084-8. 

25 Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-wide association study of 

gut microbiota in type 2 diabetes. Nature 2012;490:55-60. 

26 Manichanh C, Borruel N, Casellas F, Guarner F. The gut microbiota in IBD. Nature 

reviews Gastroenterology & hepatology 2012;9:599-608. 

27 Loftus EV, Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, 

prevalence, and environmental influences. Gastroenterology 2004;126:1504-17. 

28 Rutter MD, Saunders BP, Wilkinson KH, Rumbles S, Schofield G, Kamm MA, et al. 

Thirty-year analysis of a colonoscopic surveillance program for neoplasia in ulcerative colitis. 

Gastroenterology 2006;130:1030-8. 



29 Khan KJ, Ullman TA, Ford AC, Abreu MT, Abadir A, Marshall JK, et al. Antibiotic 

therapy in inflammatory bowel disease: a systematic review and meta-analysis. The American 

journal of gastroenterology 2011;106:661-73. 

30 Asquith M, Powrie F. An innately dangerous balancing act: intestinal homeostasis, 

inflammation, and colitis-associated cancer. The Journal of experimental medicine 

2010;207:1573-7. 

31 Blaser MJ, Falkow S. What are the consequences of the disappearing human microbiota? 

Nature reviews Microbiology 2009;7:887-94. 

32 Scanlan PD, Shanahan F, O'Mahony C, Marchesi JR. Culture-independent analyses of 

temporal variation of the dominant fecal microbiota and targeted bacterial subgroups in Crohn's 

disease. Journal of clinical microbiology 2006;44:3980-8. 

33 Manichanh C, Rigottier-Gois L, Bonnaud E, Gloux K, Pelletier E, Frangeul L, et al. 

Reduced diversity of faecal microbiota in Crohn's disease revealed by a metagenomic approach. 

Gut 2006;55:205-11. 

34 Walker AW, Sanderson JD, Churcher C, Parkes GC, Hudspith BN, Rayment N, et al. 

High-throughput clone library analysis of the mucosa-associated microbiota reveals dysbiosis 

and differences between inflamed and non-inflamed regions of the intestine in inflammatory 

bowel disease. BMC microbiology 2011;11:7. 

35 Joossens M, Huys G, Cnockaert M, De Preter V, Verbeke K, Rutgeerts P, et al. Dysbiosis 

of the faecal microbiota in patients with Crohn's disease and their unaffected relatives. Gut 

2011;60:631-7. 

36 Petnicki-Ocwieja T, Hrncir T, Liu YJ, Biswas A, Hudcovic T, Tlaskalova-Hogenova H, 

et al. Nod2 is required for the regulation of commensal microbiota in the intestine. Proc Natl 

Acad Sci U S A 2009;106:15813-8. 

37 Mondot S, Barreau F, Al Nabhani Z, Dussaillant M, Le Roux K, Dore J, et al. Altered gut 

microbiota composition in immune-impaired Nod2(-/-) mice. Gut 2012;61:634-5. 

38 Rehman A, Sina C, Gavrilova O, Hasler R, Ott S, Baines JF, et al. Nod2 is essential for 

temporal development of intestinal microbial communities. Gut 2011;60:1354-62. 

39 Frank DN, Robertson CE, Hamm CM, Kpadeh Z, Zhang T, Chen H, et al. Disease 

phenotype and genotype are associated with shifts in intestinal-associated microbiota in 

inflammatory bowel diseases. Inflammatory bowel diseases 2011;17:179-84. 

40 Couturier-Maillard A, Secher T, Rehman A, Normand S, De Arcangelis A, Haesler R, et 

al. NOD2-mediated dysbiosis predisposes mice to transmissible colitis and colorectal cancer. J 

Clin Invest 2013. 



41 Winter SE, Thiennimitr P, Winter MG, Butler BP, Huseby DL, Crawford RW, et al. Gut 

inflammation provides a respiratory electron acceptor for Salmonella. Nature 2010;467:426-9. 

42 Arthur JC, Perez-Chanona E, Muhlbauer M, Tomkovich S, Uronis JM, Fan TJ, et al. 

Intestinal inflammation targets cancer-inducing activity of the microbiota. Science 

2012;338:120-3. 

43 Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity, stability and 

resilience of the human gut microbiota. Nature 2012;489:220-30. 

 

 


