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       The microbiome of the Gastro-Intestinal tract is estimated at 100 trillion organisms which act in a 

symbiotic relationship with the surrounding tissue cells to maintain homeostasis. However, alterations in 

the gut microbiota caused by genetics or environmental factors can disturb this relationship and promote 

diseases such as colorectal cancer (CRC).  CRC is the third most common form of cancer in both men and 

women and the second leading cause of cancer-related death worldwide, presenting a considerable disease 

burden. The intimate association between the microbiota and the cells of the colon sets the stage for a 

number of interactions that may contribute to carcinogenesis. While only a few specific commensal 

species may play a direct causal role in CRC, more general shifts in the composition may promote local 

inflammation through engagement of innate immune receptors encoded within the colonic tissue. 

Changes in gene expression within the microbiota may also be important by altering virulence factors and 

producing metabolites that may have detrimental effects on the tissue. In the first chapter of this Thesis, 

we explore the conceptual frameworks through which certain members of the microbiota are believed to 

cause CRC, the sensing of microbiota associated molecular patterns by innate immune receptors known 

as Toll-Like-receptors (TLRs) and the various strategies aimed at manipulating the microbiota and 

targeting the TLRs, in the hopes of developing new treatment approaches. In the second chapter of this 

body of Research, we focus on Bacteroides fragilis, a particular bacterial commensal species that has 



iv 

 

been correlated to CRC development in human studies. Mouse models have also shown that B. fragilis is 

capable of remodeling the mucosal immune response and colonic bacterial community to promote 

oncogenic changes in the epithelium. In our study, we analyzed the mucosal microbiome of patients 

undergoing CRC screening and noted a high prevalence of B. fragilis in patients with early CRC lesions. 

We isolated B. fragilis from mucosal biopsy samples for deeper characterization and showed that they 

phenotypically differed according to their geographical location in the colon and the presence of pre-

cancerous lesions in the microenvironment they were isolated from. The results we gathered explore the 

relationship between B. fragilis and early-stage CRC and provide biological framework for microbiota-

based biomarkers and therapeutic targets. This study shows that the pre-cancerous mucosal environment 

alters the immunogenicity of a gut commensal.  Environmental factors that influence the gut microbiota 

are then further explored in the context of individual species in Chapter 3 using Matrix-Assisted Laser 

Desorption Ionization Time of Flight Mass Spectrometry (MALDI TOF MS) technology. Another factor 

influencing the gut microbiota and, therefore the host immune response, is genetics. Development of the 

human immune system depends on various receptors capable of recognizing and responding to pathogens 

and commensals. As mentioned in Chapter 1, these receptors include toll-like receptors (TLRs) found on 

macrophages, dendritic cells, and intestinal epithelial cells. Using TLR6 knockout mice in chapter 4, our 

study aimed to understand how disruption in host recognition of the microbiota can exacerbate disease. 

Defective TLR6 signaling was shown to worsen the host susceptibility to inflammation associated 

colorectal cancer. Within the same study, analysis of the microbiota revealed a therapeutic potential by 

restoring microbial ecology. By better understanding how the gut microbiome influences the development 

of colorectal cancer, we can begin to think in terms of innovative therapies to approach the treatment of 

this disease that continues to be  challenge for healthcare professionals and patients in the clinic.  
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“Hold fast to dreams 

For if dreams die 

Life is a broken-winged bird 

That cannot fly” 

 

Langston Hughes 
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“All disease begins in the gut” 

Hippocrates, 2500 B.C 
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1. Introduction 

The Influence of the Microbiota on the Etiology of Colorectal Cancer 

 

By Kordahi MC, DePaolo RW 

Adapted from Chapter 8 of the Book “Mechanisms Underlying Host-Microbiome Interactions in 

Pathophysiology of Human Diseases” 2018, pages167-193, Boston, MA, Springer US 

https://doi.org/10.1007/978-1-4939-7534-1_8 

 

Keywords: Colon cancer, microbes, microbiota, innate immunity, toll-like receptors 

 

Colorectal cancer (CRC) is the third most common form of cancer in both men and women and 

the second leading cause of cancer-related death in the USA1. CRC can be divided into three 

subtypes: heritable, sporadic, and inflammation-associated2. Family studies have identified 

mutations in dominant genes such as the adenomatous polyposis coli gene (APC) and mismatch 

repair genes in only 10–15% of CRC2. These tumors typically develop at earlier ages than the 

sporadic and inflammation-associated CRC2. Epidemiological studies have shown that the most 

CRC cases are sporadic, arising from non-shared environmental factors, and rapidly increase in 

incidence beyond age 501. A third subset of CRC, comprising less than 1% of all CRCs, is 

associated with chronic inflammatory diseases such as Crohn’s disease and ulcerative colitis, the 

two main forms of inflammatory bowel disease1,3. 

The intestine is home to a large microbial ecosystem that provides protective, structural, and 

metabolic functions. Due to the proximity of the microbiota to the intestinal epithelium and 

underlying immune cells, tightly regulated communication must occur to prevent abnormal tissue 

responses that could lead to chronic inflammation and malignancy. Coordination of intestinal 

responses are initiated through the recognition of both microbial-associated and host cellular-

associated ligands by innate immune receptors, such as the toll-like receptor (TLR) and NOD-like 

receptor (NLR) families. Thus, mucosal homeostasis in the healthy intestine depends largely on 

the interplay between commensal microbiota, host genetics, and the immune status of the mucosal 

tissue. Disruption or imbalances of these signals can lead to uncontrolled inflammation and 

changes within the microbiota, which play a significant role in tumorigenesis and tumor 

progression4. 
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The etiological importance of the intestinal microbiome in CRC has been most clearly illustrated 

in models using germ-free (GF) mice, which develop less inflammation and fewer tumors than 

conventionally housed mice5. Moreover, studies using GF mice colonized with the microbiota 

from tumor-bearing mice showed a significant increase in tumorigenesis in the colon compared 

with GF animals colonized with a healthy gut microbiome, further suggesting that the gut 

microbiome contributes directly to tumorigenesis6. Alterations in the composition of the 

microbiota have also been identified in both mouse models of cancer and patients with CRC7,8,9. 

However, it is important to consider that the initiation and progression of colon cancer is likely not 

due to one unique bacterial species, as many members of the microbiota have been identified as 

contributors to colon cancer pathogenesis10. In that regard, each bacterial species may contribute 

to carcinogenesis by a distinct microbial signature that could include the production of metabolites 

and other by-products, stimulation of innate immunity, changes in location, and/or changes in 

bacterial gene expression. 

 

1.1. MICROBIOTA ASSOCIATED WITH COLORECTAL CANCER: 

The number of commensal bacteria in a normal healthy gut is equal to the number of our own 

eukaryotic cells, but there is an even more astonishing amount of genetic diversity that these 

bacteria contribute to our physiology. It is estimated that for every one of our genes, there are 

approximately 145 microbial genes. This roughly equals 3.3 million bacterial genes in the gut to 

the 23,000 in the human genome11. Therefore, although it is important to consider how commensal 

composition changes in a diseased state, we must also pay close attention to changes in the gene 

expression of the microbiota. Changes in microbial gene expression may be influenced by intrinsic 

factors such as polymorphisms in the host genome or the immune status of the mucosal tissue, and 

they may be influenced by extrinsic factors such as diet, infection, and exposure to xenobiotics. 

These factors may induce genetic programs in the commensal microbiota, that modulate virulence 

protein expression, metabolites, genotoxins, and/or carcinogenic molecules, leading to direct 

neoplastic effects10. They may also intensify neoplasia through the induction of local 

inflammation4. For example, bacterially produced toxins can lead to DNA damage, inhibition of 

apoptosis or induction of cellular proliferation. In addition to toxin production, bacteria also 

produce reactive oxygen species (ROS). ROS can directly promote the initiation and progression 



3 

 

of carcinogenesis by causing DNA damage or alter cellular signaling and activation pathways, 

leading to cell survival and proliferation signals12. 

 

1.2. MICROBIOTA SPECIES MOST COMMONLY CORRELATED WITH 

CRC PATHOGENESIS 

Streptococcus gallolyticus: Streptococcus gallolyticus is a low-grade pathogen known for its 

involvement in bacteremia and endocarditis. It belongs to the Firmicutes family and is a frequent 

colonizer of the intestinal tract. Interestingly, 25–80% of patients with S. gallolyticus in the 

bloodstream were shown to have concomitant colon adenomas13. Further studies have shown that 

S. gallolyticus bacteremia is specifically associated with an aggressive form of polyp, the tubular 

villous adenoma, necessitating careful clinical screening in a certain subset of patients14. The 

etiological role of S. gallolyticus in CRC is thought to be mediated through specific virulence 

mechanisms involving adherence and induction of inflammatory factors. Structurally, 

Streptococcus gallolyticus possesses a pilus protein, encoded by the pil1 locus, with a collagen-

binding domain allowing it to attach to mucosal surfaces and translocate into systemic circulation. 

The pil1 locus is further induced through metabolic processes or promoted by the dysbiosis of the 

microbiota. This microorganism has been shown to translocate efficiently through a para-cellular 

epithelial route and promote vasodilatation and capillary permeability, thereby promoting 

vascularization of neoplasms. S. gallolyticus also induces strong inflammatory signals such as 

cyclooxygenase-2 (COX2), interferon-γ (IFN-γ), interleukin-1β (IL-1β), which may lead to 

alterations in apoptosis and proliferation, formation of nitric oxide and free radicals that directly 

cause DNA damage, or production of angiogenic factors such as interleukin-815,16. 

 

Enterococcus faecalis: Another microorganism belonging to the Firmicutes phylum is 

Enterococcus faecalis. E. faecalis has been linked to CRC pathogenesis because certain strains 

have the capacity to produce ROS. The high levels of ROS can damage DNA and create genomic 

instabilities; two events that can lead to transformation in the colon’s epithelium. The involvement 

of certain E. faecalis strains in CRC pathogenesis has further been assessed in studies showing that 

the ROS produced by the microorganism were involved in distal colitis, DNA damage, and cancer 

in Germ-Free mice that were deficient in mounting an anti-inflammatory Interleukin-10 (IL-10) 

mediated response. On the other hand, E. faecalis strains that did not produce ROS induced 
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inflammation, but not tumorigenesis. In addition to ROS, an E. faecalis symbiont found in the oral 

cavity could induce mucosal macrophages to produce another chromosomal-breaking factor called 

4-hydroxy-2-nonenal, a breakdown product of omega-6 polyunsaturated fatty acids. Despite the 

abundant experimental literature, human studies linking superoxide-producing E. faecalis strains 

to tumorigenesis are lacking17. 

 

Enterotoxigenic Bacteroides fragilis: Enterotoxigenic Bacteroides fragilis (ETBF) belongs to the 

Bacteroidetes phylum, and may be considered oncogenic under certain circumstances, because of 

its virulence factor B. fragilis toxin (BFT), or fragilysin. BFT, like ROS, can induce DNA damage 

in vivo10. Further, BFT has been shown to rapidly alter the structure and function of colonic 

epithelial cells, including the cleavage of the tumor suppressor protein, E-cadherin. E-cadherin is 

a transmembrane protein confined to epithelial cells and responsible for maintaining the tight 

junctions between neighboring cells. The extracellular domain of one E-cadherin molecule 

interacts with E-cadherin molecules on neighboring cells. A pre-requisite for intercellular adhesion 

is the cytoplasmic linkage of E-cadherin to β-catenin. The association of β-catenin at the cell 

membrane prevents its nuclear translocation and activation of oncogenic signals. The cleavage of 

E-cadherin by BFT increases cytosolic levels of β-catenin, allowing it to translocate to the nucleus 

and increase epithelial cell proliferation and expression of proto-oncogenes such as 

myelocytomatosis viral oncogene (MYC)10. In Apc(Min/+) mice, BFT has been shown to induce 

colonic hyperplasia and tumor initiation via induction of signal transducer and activator of 

transcription 3 (STAT3) and a TH17 inflammatory response18. Apc(Min/+) mice develop tumors 

in the small bowel with limited formation in the colon. However, colonization with ETBF 

increases tumorigenesis in the distal colon, but not in the small intestine and histological findings 

showed that colonic adenomas are detectable much faster in mice colonized with ETBF than in 

Apc(Min/+) mice that were ETBF-free. In humans, one study detected ETBF at a significantly 

higher frequency in the stools of consecutive cases of CRC compared with concurrent hospital-

based, age- and gender-matched patients without CRC19. However, the development of an IL-17 

immune response has been linked to a worse prognosis in human CRC, indicating that long-term 

ETBF colonization may promote colon carcinogenesis in certain predisposed individuals. 

 

Escherichia coli: Unlike ETBF, and E. faecalis, whose importance in CRC has been identified 

using mouse models or in pre-clinical studies, E. coli has been isolated from human CRC patients 
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and the importance of this microorganism in the immunopathophysiology of CRC has been 

verified experimentally20. E. coli is a member of the Enterobacteriaceae family and constitutes less 

than 1% of a healthy individual’s fecal microbiota, when performing 16S rDNA sequence analysis. 

Despite it being found in relatively low numbers compared with other commensal bacteria, E. coli 

is a very common cause of intestinal disease21. During inflammation, E. coli often becomes a 

dominant member in the gut microbiota after 16S fecal rDNA sequence analysis, a phenotype 

particularly associated with clinical irritable bowel disease (IBD) and, in animal models, chronic 

inflammation22. Although the molecular mechanism that E. coli uses to expand during 

tumorigenesis is not known, Enterobacteriaceae and other Proteobacteria have evolved several 

strategies to utilize products or by-products formed during an inflammatory response. Escherichia 

coli is particularly interesting because, in addition to the changes observed in its abundance, it 

seems that it can also alter its gene expression in an inflamed gut. Evidence for changes in gene 

expression come from the analysis of clinical isolates from patients with a chronic disease, such 

as IBD and CRC. These studies demonstrate that E. coli alters its functional characteristics by 

inducing a more pathogenic phenotype, including an increase in its adherence and invasive 

abilities23. Analysis of E. coli strains isolated from IBD and CRC patients has identified several 

genes that encode factors influencing tumorigenesis. The first is cytolethal distending toxin or 

CDT-V, which can directly cause DNA damage24. However, only a small number of E. coli strains 

carry this gene. More recently, a natural peptide–polyketide genotoxin called colibactin was 

identified in E. coli isolated from IBD and CRC patients as well25. This genotoxin is encoded by 

the 54-kb polyketide synthase (PKS) genotoxicity island. The importance of this genotoxicity 

island was first demonstrated by Jobin and colleagues when a mutant E. coli strain harboring a 

deletion in PKS was still able to induce inflammation, but had less DNA damage, tumor numbers, 

and bacterial invasion in mice lacking the gene encoding the anti-inflammatory cytokine 

interleukin-10 (IL-10)26. Thus, in the context of IL-10 deficiency, carcinogenesis requires 

expression of a bacterial genotoxin in addition to the genotype-dependent inflammation. PKS may 

promote oncogenesis via its ability to directly bind DNA and causes double-stranded breaks27. 

 E. coli has been associated with gender-specific differences in CRC development as well. It was 

demonstrated that hemolytic type I E. Coli is significantly associated with adenoma and CRC in 

female patients only, upon the analysis of many clinical E. coli isolates. This was linked to the 

activation of the expression of the tumor suppressor bim by acting in part on hypoxia-induced α-

subunit28. 
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Fusobacterium nucleatum: Fusobacterium Nucleatum is a fastidious anaerobe, belonging to the 

Fusobacteria family, that has also been isolated from patients with CRC and its pro-tumorigenic 

effects have been verified in experimental models. Despite its presence in the colon, F. nucleatum 

is most abundant in the oral cavity where it is associated with dental plaques and gum disease. 

Although considered an oral bacterium, F. nucleatum has been intimately linked to gut 

inflammation and carcinogenesis, because of its isolation from IBD and CRC patients29. Like E. 

coli, there seem to be pro-tumorigenic effects due to inflammation caused by the expression of the 

microorganism’s own genes. There is a strong correlation between the abundance of F. nucleatum 

and the magnitude of the inflammatory response, especially in terms of tumor necrotic factor-α 

(TNF-α) and IL-10 expression30. However, the molecular signals that induce these cytokines are 

not well understood. In fact, the findings to date demonstrate that the induction of pro-

inflammatory cytokine responses are likely TLR- and NLR-independent yet rely on the sensing of 

F. nucleatum by viral-associated innate receptors such as cytoplasmic retinoic acid-inducible gene 

I31. The genetics of F. nucleatum are still widely undefined, as this microorganism is difficult to 

isolate, culture, and manipulate experimentally and clinically. Studies using a periodontal disease-

derived F. nucleatum strain suggested that the invasive and carcinogenic properties of F. 

nucleatum might be mediated by the activated complex of the FadA adhesin (FadAc), a well-

characterized virulence protein32. In vitro colon carcinoma cell-line studies and in vivo tumor 

xenograft models revealed that FadAc binds to a select extracellular domain of E-cadherin. These 

binding triggers invasion of the organism and activation of β-catenin/Wnt signaling with 

stimulation of cell proliferation or tumor growth. Evaluation of tumor tissue from adenoma and 

adenocarcinoma patients compared with normal colon tissue from non-tumorous individuals 

revealed elevated gene copy numbers of fadA, but more interesting was the fact that the highest 

fadA gene copies were detected in cancer tissues and associated with increases in expression of 

representative Wnt and nuclear factor kappa B (NF-κB) genes32. In another study, F. nucleatum 

was shown to be associated with the promotion of colonic tumor formation in mice through the 

identification of a host polysaccharide Gal-GalNAc and fusobacterial lectin (Fap2) that explained 

the abundance of the microorganism in CRC. Indeed, Fap2 was shown to mediate F. nucleatum 

binding to overexpressed Gal-GalNAc in CRC. Targeting host Gal-GalNAc or Fap2 may provide 

a way to reduce the F. nucleatum drive of CRC33. Anecdotally, F. nucleatum was also shown to 

be more abundant on colon tumors from Spanish individuals compared with tumors from 
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individuals in the USA or Vietnam. This suggests that F. nucleatum colonization might vary 

regionally, indicating that environmental causes may affect the virulence of this microorganism 

and its involvement in CRC34. 

These five CRC-associated members of the microbiota, Streptococcus gallolyticus, Enterococcus 

faecalis, Enterotoxigenic Bacteroides fragilis, Escherichia coli, and Fusobacterium nucleatum 

have also been suggested to breach the colonic mucus layer and persistently adhere to the mucosa. 

This mucosal adherence is likely necessary for their oncogenic potential because it allows a more 

intimate contact with the epithelium. This intimate association could affect the rate of initiation 

and progression of CRC by promoting inflammation via the stimulation of innate receptors. It 

could also allow direct targeting of factors that may cause DNA damage, or in the context of an 

individual’s genetic makeup and environment, have an impact on cellular turnover35,36. 

Furthermore, alterations in the composition of the microbiome can favor changes in bacterial 

virulence and metabolism genes, supporting the hypothesis that specific commensal microbes 

might act sequentially, and in synergy, with certain microbial communities involved in colon 

carcinogenesis. The findings concerning these microorganisms demonstrate that there are three 

major mechanisms through which bacteria may contribute to human CRC pathogenesis. The first 

is that certain members of the colonic microbial community are capable of triggering signaling 

pathways classically activated during carcinogenesis, such as Wnt and E-cadherin. The second 

mechanism is through the induction of oxidative stress pathways leading to DNA damage. The 

last mechanism is through the activation of signaling pathways leading to an inflammatory 

cytokine response and the production of interleukin-17 (IL-17), IFN-γ, and TNF-α10. However, 

simplification of these bacterial processes in CRC does not rule out the possibility that additional 

signaling pathways may be involved, nor does it diminish the possibility that, yet undefined 

regulatory elements could be targeted by the microbiota. These microorganisms and their genomic 

potential to induce CRC are summarized in Fig. 1.1. 
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Figure 1.1 Common commensal bacteria associated with CRC 

The commensal species most commonly associated with colorectal cancer (CRC) are 

Streptococcus gallolyticus (blue) enterotoxigenic Bacteroides fragilis (green), Escherichia coli 

(gray), Fusobacterium nucleatum (purple) and Enterococcus faecalis (not shown). S. gallolyticus 

promotes inflammation via its para-cellular translocation and subsequent stimulation of mucosal 

dendritic cells causing elevated Cox2 and inflammatory cytokines. S. gallolyticus also promotes 

vascularization and vasodilation. Enterotoxigenic B. fragilis (ETBF) produces fragilysin or BFT, 

which can directly cause DNA damage or increase proliferation by freeing intracellular β-catenin 

from E-cadherin. Chloride ions produced by ETBF and the dissociation of E-cadherin allows 

bacterial translocation and stimulation of TH17-mediated immunity. E. coli species are 

predominant during inflammation and in CRC alter gene expression to become more mucosally 

associated. E. coli expresses CDT and PKS, which both have DNA-damaging effects. F. 

nucleatum expresses a virulence factor, FadA, which binds to the extracellular portion of E-

cadherin and dissociates β-catenin, allowing activation of proto-oncogenic and proliferative 

pathways. F. nucleatum also contributes to CRC via the induction inflammation after recognition 

by intracellular retinoic acid inducible gene I. 
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1.3. METABOLITES THAT CONTRIBUTE TO CRC 

 

The Influence of Microbiota-Derived Metabolites on CRC 

As discussed earlier, the microbiota contributes to the immunopathophysiology of CRC via 

inflammation and modulation of pathways, leading to carcinogenesis. In addition to these pro-

tumorigenic effects of the microbiome, accumulating evidence suggests that there might be an 

influence of the wider microbial community on CRC through its secreted metabolites. Some of the 

metabolites secreted from the microbiota exert an important beneficial influence on human health, 

whereas others have been linked to the pathogenesis of cancer by influencing inflammation, DNA 

damage, and apoptosis, as summarized in Fig. 1.2. 

 

Nitrogenous Compounds: A subset of both Bacteroidetes and some Firmicutes ferment aromatic 

amino acids from proteins and produce potentially bioactive ammonia and nitrogenous products, 

particularly N-nitroso compounds (NOCs). Both ammonia and NOCs are carcinogenic agents. In 

the case of NOCs, their carcinogenic nature is due to their ability to alkylate DNA, resulting in 

genetic mutations. NOCs are positively associated with CRC in Europeans and although some pre-

formed NOCs are taken in as part of the diet, they can also be formed via endogenous microbial 

fermentation that occurs in the colon through the expression of nitro- and nitrate-reductases 

encoded by Proteobacteria37,38. 

 

Sulfides: Hydrogen sulfide is a major product of the gut and occurs through the reduction of diet-

derived sulfate. Sulfides cause both a breakdown in the epithelial barrier and DNA damage via the 

activation of ROS. An increase in sulfate-reducing bacteria such as Desulfovibrio spp. are not 

likely driving these pathways in CRC, as they have not been increased in the stool of patients. 

Therefore, the increase in hydrogen sulfide may be due to changes in bacterial gene expression 

and activity rather than composition12. 

 

Bile Acids: Gut bacteria are also important contributors to bile acid metabolism and thus may play 

a role in the biology linking bile acids to colon cancer. For instance, prolonged consumption of 

red meat and saturated fatty acids has been associated with increased risk of CRC development. 

This was observed among descendants of low-risk individuals who moved to developed countries 
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and converted to a western-type diet39. At the gut microbiome level, a high-fat diet may alter the 

composition of the microbiome by resulting in a bloom of the sulfur-reducing bacterium Bilophila 

wadsworthia, which in turn was shown to exacerbate colitis and inflammation in IL-10 deficient 

mice as well as modify the composition of the microbiota owing to their strong antimicrobial 

activities 40. Bile acids have also been directly implicated in carcinogenesis and increases in bile 

acid concentrations have been observed in the stool of patients with CRC41. The mechanism by 

which bile salts contribute to CRC is likely due to the generation of DNA-damaging ROS and 

reactive nitrogen species, which can lead to increased DNA damage and an increase in the mutation 

rates42. 

It is important to note that although certain metabolites such as lithocholic and deoxycholic acid 

have been shown to be pro-inflammatory and linked to the development of colon cancer, others, 

such as ursodeoxycholic acid have been shown to have certain health benefits in pre-clinical and 

clinical studies. Clostridium, Ruminococcus, and Eubacterium strains, from the commensal 

microflora, have the capacity to convert chenodeoxycholic acid to ursodeoxycholic acid. The latter 

have been shown to be beneficial for CRC prevention in patients with a history of adenomas and 

IBD in small retrospective studies43. 
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Figure 1.2. Pro- and anti-tumor effects of bacterial metabolites. 

Short chain fatty acids (SCFAs) include butyrate, propionate, and acetate. Extracellular or secreted 

SCFAs can bind to a Growth Protein and provide signals to upregulate important genes needed to 

modulate T regulatory cell (TREG) differentiation. Intracellular SCFAs block COX2. SCFAs also 

promote TREGs and inhibit apoptosis through modulation of histone deacetylases. Bile acids 

promote carcinogenesis via the breakdown by certain commensals that generate DNA-damaging 

ROS. Hydrogen sulfide (H2S) is produced by many bacteria and can damage DNA or cause a 

breach in the epithelial barrier, allowing translocation of commensals and generating 

inflammation. Dietary proteins can be metabolized to N-nitroso compounds that alkylate DNA and 

cause cancer. Biofilms also can generate polyamines, which can increase cellular proliferation, as 

discussed in the next section of this chapter. 

 

1.4. MICROBIOTA, BIOFILM FORMATION AND CRC 

The commensal bacteria found within our intestines are not all free-floating entities in a planktonic 

state. Some of these microbes live in complex communities called biofilms. Biofilms are 

populations of microbes held to each other, to surfaces or at an interface by microbial-produced 

polymeric matrices. To form and maintain biofilms, bacteria must induce a different set of genes 

that aids in increasing the concentration of bacteria, a regulation referred to as quorum-sensing. 

Bacteria in a biofilm may also differ from their planktonic counterparts in antimicrobial resistance 

and expression of different virulence genes44. The five steps of biofilm formation are illustrated 

and described in Fig. 1.3. It is believed that the intestinal microbiota can form biofilms along the 

mucosal surface in healthy individuals. However, these data come from human sudden death 

studies and may be an artifact resulting from the embedding time, as healthy subjects lacked these 

biofilm-like structures in previous reports45. Despite their controversial presence in healthy 

individuals, biofilms have been associated with both non-malignant pathological conditions such 

as Inflammatory Bowel Disease and with colon-associated malignancy45,46,47. Interestingly, in 

human CRC, the presence of bacterial biofilms was linked to right-sided colon adenomas and 

cancers, whereas left-sided cancers were biofilm-negative47. Siuzdak and colleagues also went on 

to show a direct correlation between biofilms and the upregulation of a specific polyamine 

metabolite, N1, N12-diacetylspermine47. However, polyamine production was connected to 
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biofilm formation and was not specific to the cancer cells associated with the biofilm, as 

measurement of up-regulated polyamines was identified in paired normal tissue and in the small 

number of biofilm-positive left-sided cancers47. The expression of polyamine is known to enhance 

eukaryotic cellular proliferation, microbial growth, and cell wall formation48. Thus, it could be that 

the presence of biofilms potentially increases polyamines production creating an environment 

more amenable to epithelial hyperproliferation and oncogenic transformation. 

Regarding the microbial composition of biofilms, it seems that the organization of the biofilms 

rather than specific compositions may be more important in the pathogenesis of CRC. As 

mentioned earlier, Dejea et al. (2014) found that most right-sided tumors are associated with 

biofilms and that the normal colon tissue from these patients was also biofilm-positive45. In 

contrast, normal tissue from patients with biofilm-negative tumors was always biofilm-negative45. 

Furthermore, compositional analysis found that the communities from non-malignant biofilm-free 

tissues of CRC patients were significantly closer to those found in tissue of healthy volunteers than 

to those found in biofilm-positive tumor-associated tissues. Yet, non-malignant tissues from CRC 

patients containing biofilms showed a significantly closer structure to CRC-associated tissue than 

to the biopsies from healthy, cancer-free volunteers. Thus, the observations from examining these 

tumor-associated and non-tumors associated tissues suggest that the presence of a biofilm might 

correlate with changes in bacterial composition. 

 

 

 

Figure 1.3. The five stages of bacterial biofilm formation. 

(A) Bacteria reversibly attach to solid support. (B) Bacteria become irreversibly attached and 

aggregate to form matrix. (C) Maturation phase: cells become layered and effects of quorum 
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sensing begin. (D) Clusters reach maximum thickness. (E) Escape of planktonic bacteria from 

matrix dispersion 

 

1.5. MICROBIOTA-DEPENDENT SENSING BY THE INNATE IMMUNE 

SYSTEM AND CRC 

The function of the inflammatory response is to protect us against microbes and to help repair and 

regenerate tissue damage caused by both infectious and non-infectious agents. Thus, it is not 

surprising that there is an intrinsic link between inflammation and cancer. This is demonstrated by 

the fact that 15% of worldwide cancers are microbial-associated, and that several cancers are 

associated with chronic inflammatory diseases, such as gastritis, inflammatory bowel disease, and 

thyroiditis49. Our innate immune system imparts our bodies with sensors for tissue damage and 

infection, with major examples being TLRs and NOD-like receptors. Defective innate immune 

responses may lead to inadequate pathogen eradication, recurrent tissue injury or failure of anti-

inflammatory responses, which can cause chronic inflammation and support tumorigenesis. In 

CRC, the severity of inflammation strongly correlates with the risk of CRC in patients with IBD 

and we believe that one of the major factors that drives chronic inflammation in genetically 

susceptible IBD patients is the commensal microbiota50,51. In that light, it makes sense that many 

of the genetic polymorphisms identified in large-scale, genome-wide association studies of IBD 

patients were genes directly or indirectly involved in microbial sensing (e.g., TLR, NLR), 

microbial handling (e.g., autophagy) or innate inflammation (cytokines, chemokines). 

 

1.6. TOLL-LIKE RECEPTORS BIOLOGY 

Toll-like receptors are evolutionarily conserved, type I transmembrane pattern recognition 

receptors (PRRs) that sense conserved microbial motifs also called pathogen associated molecular 

patterns52. Currently, 10 TLRs have been identified (TLR1–TLR10) in humans and 12 in the 

mouse (TLR1–9, TLR11–13)53. TLR1, -2, -4, -5, and -6 are localized at the cell surface, TLR3, -

4, -7, -8, and -9 are present in the intracellular compartment54, and TLR4 can be expressed both 

intracellularly and extracellularly52. TLRs can recognize a variety of ligands such as lipids and 

lipopeptides (TLR1, -2, -4, -6), bacterial Flagellin (TLR5), and fragments of nucleic acids (TLR3, 

-7, -8, -9). The expression of TLRs is not limited to immune cells as their expression has also been 

found on non-immune cells such as epithelial and endothelial cells. Most of the TLRs are expressed 



14 

 

throughout the small and large intestines; however, the localization and function of all the 

individual TLRs are still the object of active investigations. 

Activation of TLRs can induce a few signaling pathways, which results in the up regulation of 

genes involved in co-stimulation, inflammation, cellular metabolism, survival, and death. Receptor 

dimerization of a TLR results in differential recruitment of specific adaptor proteins, including 

MyD88, MyD88 adaptor-like (Mal, also known as TIR domain-containing adaptor protein), TIR 

domain-containing adaptor-inducing interferon-β (TRIF), or TRIF-related adaptor molecule, 

which drive subsequent signaling. This results in the activation of a few downstream pathways, 

including NF-κB, mTOR, interferon regulatory factor, PI3K/Akt and mitogen-activated protein 

kinase (MAPK) pathways that lead to signals affecting inflammation, regeneration, cell survival, 

and proliferation55,56. To expand their PAMP-recognizing capacity, TLRs also have the capacity 

to form heterodimers and homodimers and bind different accessory proteins, leading to different 

signal transduction pathways, such as MD-2 and CD14, that form a complex with TLR4 in 

response to lipopolysaccharide (LPS). Another example is TLR2, which can switch its ability to 

produce pro- and anti-inflammatory responses by dimerization with several co-receptors such as 

TLR2 itself, TLR1, TLR6, and TLR10. Recent studies suggest that TLR2/TLR6 dimerization 

might activate a signal transduction pathway that induces the transcription of pro-inflammatory 

molecules, whereas TLR2/ TLR1 dimerization promotes the anti-inflammatory pathway that leads 

to the expression of IL-10 and the trans-differentiation of Th17 and Treg cells57. 

Toll-like Receptors Associated with CRC & Specific Contributions of Individual TLRs to CRC 

The idea that TLRs might be involved in tumorigenesis came about at the end of the nineteenth 

century, when William Coley observed that repeated injections of a mixture of bacterial toxins 

from the Gram-positive Bacterium Streptococcus pneumoniae and the Gram-negative bacterium 

Serratia marcescens yielded efficient anti-tumor effects, providing proof that microbial products, 

rather than the infection itself, mediate an anti-tumor effect58. Shear and Turner later discovered 

that LPS, which is a component of the membrane of Gram-negative bacteria, was the fraction of 

Coley’s toxin that accounted for its anti-tumor effect59. As LPS stimulates TLR4, these results 

suggest that the antitumor effect of Coley’s toxin was a result of TLR activation. 

Toll-like receptors play many reported and sometimes conflicting roles in tumorigenesis. The 

number of potential roles is likely due to the number of different TLRs, the different sets of genetic 

signatures induced by each TLR, and the differences in expression within the GI tract. 
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Toll-like receptor signaling may provide activation of anti-tumor immunity by inducing 

downstream mediators such as type I interferons. This activation has recently been used to generate 

TLR agonists as potential candidates for cancer immunotherapy. In contrast, there is much 

literature on the role of TLRs as tumor promoters through the induction of pathways linked to 

inflammation, wound healing, tissue regeneration, cell survival, and cell death. Owing to their 

ability to promote cell survival and proliferation and regulate apoptosis and cell death, the function 

of a given TLR signal may be highly influenced by many factors such as the tissue 

microenvironment, the host’s genetic signature or the microbiota. TLR sensing of the microbiota 

is even more complex, as an individual TLR can influence either tumor promotion or anti-tumor 

immunity, depending on the context in which it is activated. Regardless of the effect, it is well 

accepted that TLR recognition of the microbiota plays an influential role in CRC, and this has been 

demonstrated in a number of studies. Indeed, the deletion of the TLR adapter molecule Myd88, 

the absence of the microbiota in GF mice on the Apc(Min/+) background, or treating mice with 

broad spectrum antibiotics decreases the incidence and severity of cancer in both sporadic and 

colitis-associated cancer models55,56,60,61. 

 

TLR1: Our group has previously shown that genetic deficiency in TLR1 promotes acute enteric 

infection by gut pathogen Yersinia enterocolitica62. Examining that model further, we uncovered 

an altered cellular immune response that promotes the recruitment of neutrophils, which in turn 

increases metabolism of the respiratory electron acceptor tetrathionate by Yersinia. These events 

drive permanent alterations in anti-commensal immunity, microbiota composition, and chronic 

inflammation, which persist long after Yersinia is cleared62. These data demonstrate that acute 

infection can drive long-term immune and microbiota alterations, leading to chronic inflammatory 

disease in genetically predisposed individuals and potentially predispose them to cancer. 

Interestingly, humans express a variant of TLR1 in which a hydrophobic isoleucine is replaced by 

a hydrophilic serine at the (I602S) transmembrane domain. When the variant allele is expressed, 

TLR1 does not localize to the surface membrane, but is rather trapped intracellularly in the cytosol 

of the cell63. This reduces the TLR1-mediated activation of NF-κB by extracellular ligands. 

Recently, we have shown that metastatic CRC patients expressing one or both variant alleles of 

TLR1 I602S have a better response to treatment in addition to improved progression-free survival, 

when treated with FOLFIRI (a combination therapy of irinotecan, 5-fluorouracil, and folic acid) 
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and bevacizumab, a humanized monoclonal antibody and angiogenesis inhibitor, suggesting that 

endogenous TLR2/1 ligands might play a pro-tumorigenic role64. 

 

TLR2: The role of TLR2 remains controversial in CRC. In one study, there were no differences 

in tumor burden between wild-type and TLR2-deficient mice, using a colitis-associated neoplasia 

model of azoxymethane (AOM) and dextran sulfate sodium (DSS). Increased tumor number and 

higher IL-6, IL-17A, and phosphor-STAT3 levels were identified in TLR2-deficient mice by a 

different group using a similar AOM-DSS model65,66. The different outcomes seen in TLR2 studies 

may be explained by the fact that TLR2 can form heterodimers with TLR1, TLR6, and, in humans, 

TLR10. The ability to bind different TLRs expands the number of ligands that TLR2 recognizes, 

and potentially alters the downstream signaling molecules associated with activation. Moreover, 

TLR1 and TLR6 allow TLR2 to sense tri-acylated and di-acylated lipoproteins respectively, and, 

depending upon it binding TLR2, has been shown to induce different MAPK and genetic 

signatures67. Therefore, if the microbiota of an animal colony differed greatly between two groups, 

with one containing more TLR2/6-activating bacteria and the other more TLR2/1, then even the 

baseline microenvironment could be different, and knocking out TLR2 may modulate a response 

in one instance and not in the other. 

 

TLR4: Toll-like receptor 4 can activate both MyD88-dependent and TRIF-dependent signaling 

pathways, depending upon its cellular expression68. Using the same AOM/DSS model, TLR4 

deletion was shown to strongly reduce inflammation and tumor burden, whereas transgenic mice 

overexpressing constitutively activated TLR4 in the intestine exhibit a higher sensitivity to colitis-

associated neoplasia due to activation of β-catenin signaling pathways69,70. In contrast, one recent 

study showed that intestinal overexpression of constitutively activated TLR4 in the Apc(Min/+) 

model reduces tumor load by increasing tumor cell apoptosis71. 

An anti-tumor role for TLR4 has also been shown. The release of HMGB1, a TLR4 ligand, by 

damaged or necrotic tumor cells can trigger TLR4 activation in local immune cells, enhancing 

antigen presentation and promoting anti-tumor immunity. In humans, a TLR4 loss-of-function 

allele is associated with less cross presentation of antigens and results in relapse and an increase 

in metastasis in patients with breast cancer72. Another human variant, TLR4D299G was recently 

identified as an aberrant innate immune mediator that may create an auto-inflammatory 

environment, favoring excessive intestinal epithelial cell (IEC) remodeling and driving tumor 
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progression. This polymorphism seems to compromise the recruitment of the signaling adaptors 

MyD88 and TRIF, thereby impairing the downstream activation of NF-κB target genes. Instead, 

activation of STAT3 is likely the principal target of this SNP, thereby promoting malignant tumor 

progression in human IECs73. Moreover, primary human sporadic adenocarcinomas from patients 

carrying the TLR4-D299G are more frequently associated with advanced tumor stage. 

Lastly, LPS, which can also be derived from Gram-negative commensal bacteria, has been used in 

phase II clinical trials for the treatment of CRC and was shown to lead to tumor regression when 

directly injected into adoptively transferred tumors74. 

 

TLR2/6: Lactic acid bacteria are a group of commensal bacterial strains that were shown to have 

anti-tumor potential in several probiotic studies (see Sect. “Probiotics”). A recent study also found 

that several strains such as Lactobacillus plantarum CCFM634, L. plantarum CCFM734, L. 

fermentum CCFM381, Lactobacillus acidophilus CCFM137, and Streptococcus thermophilus 

CCFM218 stimulated TLR2/TLR6, providing an insight into lactic acid bacteria-specific host– 

microbe interactions75. 

 

TLR10: Like TLR1 and TLR6, TLR10 can form heterodimers with TLR2. Although TLR6/2 

dimerization allows recognition of di-acylated lipoproteins and lactic acid bacteria, no ligand has 

yet been found for TLR10 and little is known about TLR10 and CRC. 

 

TLR9: Toll-like receptor 9 is activated by both bacterial and viral DNA, immunoglobulin– DNA 

complexes, and synthetic oligodeoxynucleotides (ODNs), which contain unmethylated CpG 

sequences76. Apical expression and activation of TLR9 on epithelial cells by bacterial DNA 

fragments have been reported to maintain colonic homeostasis. TLR9-induced type 1 interferons 

have also been shown to mediate the anti-inflammatory effects in experimental colitis77. In CRC, 

expression of TLR9 has been shown to be higher in adenomatous polyps but decreased in 

hyperplastic and villous polyps from patients who developed CRC, suggesting that TLR9 

expression might play a protective role against malignant transformation78. Recently, much 

research has focused on antitumor immunity induced by TLR9 antagonists and inhibitory ODNs 

(inh-ODNs; discussed in next section). 
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TLR Adaptor Molecules: Similar to TLR2, conflicting results were also found in studies looking 

at the effect of Myd88 deletion on CRC in the Apc(Min/+) model. One study demonstrated that 

Apc(Min/+) /Myd88-/- mice develop fewer colonic tumors than Apc(Min/+) mice, indicating that 

bacterial signaling contributes to tumorigenesis in the context of APC mutations79. However, a 

subsequent study found that MyD88-dependent activation of ERK stabilizes β-catenin. In this way, 

the absence of MyD88 protected against APC-dependent tumors80 (Lee et al. 2010). Thus, 

depending on the model used, MyD88-deficiency either protects or increases tumorigenesis. 

Manipulation of the Microbiome as a Treatment for CRC 

 

Specific microbiota species and their products constitute potential targets for modulating colon 

cancer because of their immunological potential and/or protective effects on colon carcinogenesis. 

A large body of evidence exists chronicling the influence of certain commensal micro-organisms 

on both the development of the mucosal immune system and the modulation of innate 

inflammatory responses to maintain homeostasis. The commensal microbiota has evolved several 

mechanisms that help to modulate the inflammatory response as it has been shown to induce anti-

inflammatory cytokines such as IL-10 and TGF-β that directly suppress inflammatory signaling, 

reduce antigen presentation, and can induce regulatory T cells. Other commensal species may 

directly inhibit colon cancer through the generation of ROS that can, in combination with platinum 

compounds, greatly enhance the effect of chemotherapies. 

In addition to their immune-modulatory effects, commensal microbiota has been shown to reduce 

cell cycle progression, induce apoptosis of tumor cells, and alter the host’s metabolome, by 

producing specific bacterial enzymes that enhance the production of beneficial or protective 

metabolites. Moreover, the microbiota and its products may be exploited for diagnosis and 

detection purposes. For example, comparing the microbial characteristics of patients with CRC 

with those of IBD patients could begin to dissociate whether the changes observed in the 

microbiota are inflammation- or cancer-dependent. 

 

 

 



19 

 

1.7. SPECIFIC THERAPIES TARGETING THE MICROBIOTA TO TREAT 

CRC 

 

Probiotics According to the US Food and Drug Administration (FDA), probiotics are live 

microorganisms that are intended to have health benefits. Products sold as probiotics include foods, 

dietary supplements, and products that can be used topically. Although some probiotics have 

shown promise in research studies, strong scientific evidence to support the specific uses of 

probiotics for most health conditions is lacking. The FDA has not yet approved any probiotics for 

preventing or treating any health problems. Some experts have also cautioned that the rapid growth 

in marketing and use of probiotics may have outpaced scientific research for many of their 

proposed uses and benefits, as we have yet to define the therapeutic windows for probiotic dosing, 

the potential side effects, and the accurate stratification of patients most likely to benefit from such 

therapies. 

However, in-vitro and in-vivo studies, in addition to some clinical trials, do suggest that certain 

microbial species in colon cancer might have a promising beneficial effect. For instance, a 

particular study showed that the administration of Lactobacillus rhamnosus GG (LGG) induced a 

significant reduction in polyamine biosynthesis in HGC-27 and DLD-1 cancer lines, suggesting 

that LGG might have the potential to change the host’s metabolome and consequently halt the 

proliferation of tumor cells81 (Orlando et al. 2009). As mentioned earlier, polyamine is a metabolite 

that is necessary for cell proliferation. It was also found to be produced by microbial biofilms. 

Thus, targeting polyamine production and biofilm interactions could be another strategy for 

treating CRC, for example, by the administration of probiotic strains with adhesive properties, that 

can prevent the establishment of pathogenic biofilms by competitive exclusion. This ability of 

probiotics to adhere to GI mucus is of considerable importance in their potential to exert a 

modulatory effect in situ and the adhesion of probiotic bacteria to epithelial cells has been shown 

to prevent the establishment of pathogens82. Resta-Lenert and Barret showed that exposure of 

biofilms to live, but not heat-inactivated, probiotic S. thermophilus and L. acidophilus strains 

significantly limited adhesion, invasion, and physiological dysfunction induced by exposure to an 

entero-invasive strain of E. coli83. A similar effect has been demonstrated for a probiotic strain of 

L. plantarum, which had a protective effect against damage to the integrity of epithelial cancer cell 

line Caco-2 monolayers and the structure and distribution of TJ proteins by enteroinvasive E. 
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coli84. Another study showed that Caco-2 cells exposed to L. plantarum bacteria significantly 

induced human anti-microbial peptide beta-defensin 2 mRNA expression and secretion in a dose-

dependent manner compared with controls. This was inhibited by anti-TLR2 neutralizing 

antibodies, suggesting that L. plantarum may signal through this microbial pattern recognition 

receptor and generate an anti-cancer response85. In vivo examples include a study that showed that 

daily oral administration of micro-encapsulated L. acidophilus in a yogurt formulation to 

Apc(Min/+) mice resulted in significant suppression of colon tumor incidence, tumor multiplicity, 

and reduced tumor size. Moreover, the treated animals exhibited fewer gastro-intestinal intra-

epithelial neoplasia with a lower grade of dysplasia in tumors, that this probiotic might have a 

potential benefit86. In another study, Park et al. fed F344 male rats with Bacillus polyfermenticus, 

showing that these rats displayed significantly lower numbers of aberrant crypt foci than the 

control group. Supplementation with B. polyfermenticus induced less leukocytic DNA damage and 

plasma lipid peroxidation levels, in addition to a lower plasma total antioxidant potential, 

suggesting that B. polyfermenticus might exert a protective effect on the antioxidant system and 

the process of colon carcinogenesis87. 

Last, the potential benefit of certain microorganisms was also tested in some clinical trials 

involving human subjects. In one study, the administration of Lactobacillus casei was evaluated 

as a method of preventing the occurrence of colorectal tumors. The occurrence of tumors with a 

grade of moderate atypia or higher was significantly lower in the patient group after 2–4 years of 

treatment with L. casei compared with the control group88. In another 12-week clinical trial 

completed back in 2007, polypectomies patients were treated with LGG, Bifidobacterium lactis 

Bb12, and oligofructose-enriched inulin. The treatment resulted in significant changes in fecal 

microbiota of the patients, as the proportion of Bifidobacterium and Lactobacillus increased, and 

Clostridium perfringens decreased. The intervention was also associated with a significant 

reduction of colorectal epithelial cell proliferation in the patients89. Another study reported in a 

prospective trial that in 31 CRC patients, Lactobacilli johnsonii (La1), but not Bifidobacterium 

longum (BB536), affects intestinal microbiota by reducing the concentration of pathogens and 

modulating intestinal dendritic cell (DC) and T-cell specific responses exemplified by a reduction 

in the release of anti-inflammatory cytokines and a reduction of potentially pathogenic bacteria. 

Moreover, DCs isolated from patients colonized with La1 had a significantly blunted ability to 

proliferate, and it is possible that La1 might prevent excessive activation of DCs and the 

development of Th1-polarized immunity in the intestinal mucosa90. Recently, a cohort study with 
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12 years’ follow-up on 45,241 volunteers determined that high yogurt intake was significantly 

associated with decreased CRC risk, suggesting that the long-term administration of probiotic 

formulations might reduce the incidence of CRC91. These studies show promising findings, but we 

have yet to elucidate the mechanisms underlying these potential therapeutic effects. Perhaps 

unraveling how probiotics may contribute to CRC treatment will uncover new insights into cancer 

immunotherapy. 

Moreover, despite their popularity, robust and reproducible data regarding probiotics efficacy is 

lacking and most studies out there remain unfortunately widely inconclusive to this day. 

Consequently, both the European Food Safety Authority and the US Food and Drug 

Administration have yet to approve any probiotic formulation available on the market as a valid 

therapeutic option. The current confusion stems mainly from the fact that none of the data about 

probiotics so far is the result of rigorously planned large-scale randomized and blinded clinical 

trials and that the results reported are often tinted with commercial interests. Another factor 

contributing to the variability and confusion in probiotics research is the inconsistency in the 

studied strains. As most formulations contain microorganisms belonging to the Lactobacillus and 

Bifidobacterium genera, as well as Lactococcus species, Streptococcus thermophilus, E. coli Nissle 

1917 and the yeast Saccharomyces boulardii, it is important to note that not all strains belonging 

to these genera and species have the same mechanisms of action. Moreover, humans being largely 

different in terms of diet, age range, genetic background, and gut microbiome configuration, it is 

challenging to market a "one size fits all" probiotic pill that benefits everyone without any 

discrimination. Another critically important point regarding probiotics supplementation is whether 

these microorganisms actually "stick around" in the gut long enough to exert a therapeutic effect 

and here too, patient and microbiome factors seem to play a role, stressing the importance of 

tailoring probiotics to individuals. 

 

Safety-wise, some reports have shown that the use of probiotics could be associated with a higher 

risk of infection and disease in young infants and immuno-compromised patients. Moreover, as 

Lactobacillus species can directly inhibit human microbiome growth, two studies have shown that 

supplementation with probiotics following antibiotic treatment was associated with the failure of 

the microbiome to recover its pre-antibiotic composition, which could predispose to long-term 

health effects such as type 1 and 2 diabetes, obesity, asthma, arthritis, allergies, and inflammatory 

bowel disease. 
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Given these observations and in light of the unfortunate historical lack of sufficient medical 

regulation for currently available probiotics, one cannot stress enough the importance of a formal 

regulatory approval process for probiotics, as it is the case for any other human medical 

intervention. It is also very important for researchers to deepen their understanding of the 

interactions between the human host and its resident microbes and probiotic microorganisms. 

Moreover, it is crucial for well-planned large-scale randomized and blinded clinical trials, 

preferentially devoid of commercial interests, to be the reference for any data-driven decision-

making in the clinical settings. Clinical outcomes from these trials should be objectively assessed 

and analyzed to account for inter-individual differences. Adverse reactions should be better 

studied, reported and published, particularly in children, and immunosuppressed and critically ill 

individuals. Ideally, data should also be shared and made accessible in order to allow for a global 

collaborative effort to reproduce positive results before any guidelines are drafted. 

 

Fecal Microbiota Transplantation: Fecal microbiota transplantation (FMT) refers to the idea of 

administering stool from a healthy person termed as the "donor" to a patient with a disease believed 

to be related to an unhealthy gut microbiome, most often in the form of an orally ingestible capsule. 

The donor may be a family member, a partner, or a friend or even an unrelated volunteer. It can 

also be the patient himself, from freezing his or her own stool prior to receiving an intensive 

therapy that might disrupt the microbiome, such as antibiotics treatments. This peculiar idea is not 

new. In fact, it goes back to 4th century China where human fecal suspensions were orally 

administered to victims of food poisoning and severe diarrhea. Lately, it has re-appeared as a 

successfully used treatment of an emerging healthcare problem in the world known as Clostridium 

difficile infection. Illness from the bacteria C. difficile most commonly affects patients in hospitals 

and typically occurs after the use of antibiotic medications. It manifests itself as a severe type of 

diarrhea. The treatment of choice of C. difficile infection is the oral administration of an antibiotic 

called vancomycin but in recent years, C. difficile infections have become more frequent, severe 

and difficult to treat. In that regard, FMT constitutes a successful therapeutic alternative that is 

currently being used in hospitals. In addition to that specific indication, FMT is being actively 

investigated as a therapeutic strategy for many other diseases such as Inflammatory Bowel 

Disease, Obesity, Irritable bowel syndrome but also metabolic syndrome, Type 2 diabetes mellitus, 

fatty liver disease, multi-drug resistant organism eradication, hepatic encephalopathy, and 
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pediatric allergies. Despite some promising preliminary results in certain cases, large randomized 

controlled trials as well as long-term clinical follow-ups have yet to be conducted before FMT can 

be considered as an efficient and safe therapeutic option in health conditions besides C. difficile 

infection. Safety-wise, it is crucial for the donor stool and resulting FMT to be screened for 

pathogens in order to avoid the transmission of potentially dangerous microorganisms that could 

result in serious health consequences, if not death, especially in immunocompromised patients. 

 

Finally, it is important to keep in mind that the gut microbiota is a very complex ecosystem with 

many components that still escape our understanding. But despite the many challenges, the rapid 

technological and computational advances in human gut microbiome research offer great hope by 

allowing us to better analyze and understand defined microbial consortia and their effect on our 

gut microbiome and our health in order to hopefully target these consortia to the treatment of 

specific diseases someday. Significant clinical effectiveness of FMT has been demonstrated for 

recurrent Clostridium difficile infection and ongoing studies are investigating FMT for other 

diseases such as IBD92. Transplantation of autologous microbial populations to recipients likely 

triggers mucosal immune responses that, depending on the microbiota composition and the 

recipient’s genotype, could range from pro- to anti-inflammatory. However, the impact of FMT 

on the recipient immune system is complex and unpredictable, and the ongoing discovery of 

commensal microbes and investigation of their impact on the host will lead to the development of 

new personalized probiotic agents and microbial consortia that will eventually replace FMT. 

 

TLR Agonists and Antagonists: We are beginning to understand the therapeutic potential of 

individual TLRs in the fight against colon cancer through several recent clinical trials and through 

pre-clinical studies93. However, the development of optimal therapeutic strategies for targeting 

TLR signaling depends on a fuller characterization of the roles of TLR and their downstream 

adaptors under healthy and diseased conditions in the intestine, and through a more thorough 

understanding of the molecular mechanisms behind their role in the pathophysiology of CRC. 

TLRs in the gut are constantly exposed to commensal derived ligands, inducing downstream 

signaling pathways that contribute to gut mucosal immunity and homeostasis. The pleiotropic 

nature of TLRs and their ability to activate/modulate many important cellular mechanisms 

including intestinal permeability, inflammation, cell survival and death, regeneration and repair, 

autophagy, and tolerance makes them candidates for targeted intervention. Various strategies for 



24 

 

modulating TLR signaling exist, including administration of specific commensal species and/or 

ligands, administration of antibodies to block TLR signaling, and directly targeting the signaling 

of TLRs on tumor cells to trigger an anti-tumor innate and/or adaptive immune response. 

As mentioned above, TLR9 signaling is not associated with carcinogenesis, but rather plays an 

important role in generating anti-tumor responses, making it a very promising therapeutic choice. 

Pre-treatment with the TLR9 ligand CpG DNA was recently shown to ameliorate both chemically 

induced and spontaneous colitis in mice by inhibiting pro-inflammatory cytokines and 

chemokines78. TLR9 agonists were also shown to suppress tumor growth, and metastasis of CRC 

cells to the lung and liver, thus increasing overall survival when administered alone or in 

combination with chemotherapy regimens in CRC xenografts94,95,96. The effects of TLR9 have 

been observed at the site of drug delivery and at systematic sites and are dependent upon the 

presence of MyD8897,98. TLR9 agonists are also being used to boost the anti-tumoral immune 

response of the host in the context of antigen-loaded DC immunotherapy. The combination of DC 

and TLR9 agonists have been used in CRC and have demonstrated a stronger immune response, 

both local and systemic anti-tumoral effects, and the induction of an antitumor memory response 

in the host99. 

Toll-like receptor 4 signaling has been shown to perpetuate carcinogenesis through the induction 

of prostaglandins and through the activation of β-catenin. Thus, patients with CRC may benefit 

from administration of antagonists that can inhibit TLR4 signaling. A recent study by Wei-Ting 

Kuo et al. showed that the administration of a synthetic analog of LPS that inhibits TLR4 signaling 

caused an increase in tumor cell apoptosis and decreased the tumor burden100. Like TLR9, TLR7 

agonists seem to promote anti-tumor responses. For example, intravenous administration of the 

selective TLR7 agonist DSR-29133 led to enhanced anti-tumor effects in a solid tumor model101. 

Toll-like receptors can also be finely tuned to optimize tumor responsiveness to chemotherapy 

through their microbial recognition. Experimentally, polyI:C, a TLR3 agonist, was shown to 

enhance cycloheximide-induced apoptosis of tumor cells, whereas TLR9 agonist administered 

with chemotherapy regimens increased the overall survival of mice in a CRC xenograft model102. 

These studies are opening a new range of clinical applications for TLR agonists as an adjuvant for 

chemotherapy103,104. Table 8.1 summarizes information regarding the various human TLRs that 

have been implicated in colon cancer, their natural and synthetic ligands, their location throughout 

the large intestine, and their therapeutic potential. 
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Toll-Like 

Receptors (TLRs) 
Ligands 

Location in the large 

intestine 

Effects on 

immunological 

functions associated 

with CRC 

TLR2/1 Tri-acylated 

lipopeptidesm 
Myofibroblasts TLR1 I602S variant is 

associated with better 

response to CRC 

treatment and 

progression-free 

survival 

TLR2 PGm, LPm, 

Zymosanm, GPIm, 

Tc52m 

LP macrophages, 

myofibroblast, 

circulating PMNs 

TLR2KO had 

increased tumor 

number, IL6, IL17A, 

p-STAT3 in 

AOM/DSS CRC 

mouse model 

TLR3 IMQm 

Poly(I:C)m 

Epithelial cells (IECs) 

Dentritic cells (DCs) 

Experimentally, 

polyI:C, was 

shown to enhance 

cycloheximide-

induced apoptosis of 

tumor cells 

TLR4 LPSm, MPLAm, 

Mannanm 
Endothelial cells TLR4 signaling 

enhances 

carcinogenesis 

through the induction 

of STAT3, 

prostaglandins, and 

activation of β-catenin 

 Glycoinositol 

phospholipidsm 
LP macrophages, 

IECs, DCs 

Patients with CRC 

may benefit from 

administration of 

antagonists that can 

inhibit TLR4 

signaling 

  Myofibroblasts 

Circulating PMNs 

Phase II clinical trials 

using LPS for the 

treatment of CRC lead 

to tumor regression 

when directly injected 

into adoptively 

transferred tumors 
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TLR5 Flagellinm LP endothelial cells, 

LP macrophages, 

myofibroblasts, 

circulating PMNs 

Lack of MyD88 or 

TLR5 expression 

dramatically enhanced 

tumor growth and 

inhibited tumor 

necrosis in mouse 

xenografts of human 

colon cancer (Rhee et 

al. 2008) 

TLR2/6 Di-acylated 

lipopeptidesm 

Myofibroblasts No association with 

CRC 

TLR7 RSQ 848s Myofibroblasts IV administration of 

the selective TLR7 

agonist DSR-29133 

led to enhanced anti-

tumor effects in a 

solid tumor model 

TLR9 CpG DNAm Myofibroblasts Anti-tumor immunity 

induced by TLR9 

antagonists and 

inhibitory 

oligodeoxynucleotides 

 Hemozoinm Circulating 

PMNs 

TLR9 agonists 

suppress tumor 

growth, and 

metastasis of CRC, 

increasing overall 

survival when 

administered alone or 

in combination with 

chemotherapy 

regimens in CRC 

xenografts 

 HMGB1h  DC and TLR9 

agonists strengthen 

local and systemic 

anti-tumoral effects, 

and induce anti-tumor 

memory response 

 

Table 1.1 Toll-like receptor (TLR) biology and therapeutic potential in colorectal cancer 

(CRC)105 
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h: human, m: microbial, s: synthetic, PG: peptidoglycans, LP: lipoproteins, GPI: 

glycophosphatidylinositol, HSP: heat shock protein, HMGB1: high mobility group box protein 1, 

IMQ: imiquimod-R837, LPS: lipopolysaccharide, MPLA: monophosphorylate lipid A, RSQ 848: 

resiquimod, CpG: oligodeoxynucleotide, LP: lamina propria, PMNs: polymorphonuclear 

leukocytes. 

       

In conclusion, the gut microbiota possesses a huge genomic and metabolic potential. It can also 

have an impact on the immune system through microbial PRR receptors that live near these 

commensal microorganisms in the gut. Thus, the gut microbiota constitutes a potential target for 

modulating colon cancer risk, through diagnostic or treatment strategies, offering a very exciting 

field of investigation and discoveries for scientists. 
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2.1. ABSTRACT 

CRC is the third most common cancer worldwide, with approximately 1.5 million people 

diagnosed with the disease each year. More than 90% of CRC cases are sporadic and believed to 

be driven by environmental factors. Recently, research into the human gut microbiome suggests a 

role for “driver” bacteria in the development of CRC. One such bacterium is specific strains of 

Bacteroides fragilis, which are considered capable of remodeling the mucosal immune response 

and colonic bacterial community that promote oncogenic changes in the colon epithelium. In this 

study, we were interested in identifying microbiome signatures of early CRC development in 

patients undergoing routine CRC screening. Using a combination of culturomics, matrix assisted 

laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and 16S rRNA 

gene sequencing, we noticed an enrichment of mucosal Bacteroides fragilis isolation in patients 

with proximal tubular adenoma and sessile serrated adenoma compared to patients without 

adenoma. High Bacteroides recovery was associated with larger lesions and higher levels of 

mucosal inflammation in patients with tubular adenoma. We then proceeded to show that 

Bacteroides fragilis isolates recovered from patients with adenoma displayed a TLR2-mediated 

pro-inflammatory immunogenic phenotype in vitro. At the genomic level, Bacteroides fragilis 

isolates from patients with tubular adenoma and sessile serrated adenoma contain a higher 

proportion of pro-inflammatory LPS-O antigen genes while Bacteroides fragilis isolates from 

patients with sessile serrated adenoma and Polyp-free individuals contained a higher proportion of 

tolerogenic capsular polysaccharides. Bacteroides fragilis isolates from patients with tubular 

adenoma and sessile serrated adenoma were also significantly proteomically distinct from the 

isolates recovered from Polyp Free individuals.  Taken together, the results gathered through this 

study explore  the relationship between Bacteroides fragilis and early-stage colorectal neoplasia 

and provide a biological framework for biomarkers and offer insights into microbiota-based 

therapies. (Add clearer take home message) 

 

2.2. INTRODUCTION 

       Colorectal cancer (CRC) is the third most common type of cancer and a leading cause of 

cancer-related death in both men and women1,2. CRC has been firmly linked to chronic intestinal 

inflammation3,4. During intestinal inflammation, infiltrating immune cells are important sources 

of pro-tumorigenic cytokines and chemokines that can induce DNA damage and mutation5. CRC 
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is a disease that develops over the span of several years, starting with precursor lesions called 

polyps or adenomas6. Adenomas result from a disruption in the normal proliferation and apoptosis 

cycles of the epithelial lining of the colon7. The two main types of colorectal adenomas with a 

relatively high malignant potential are tubular adenoma and sessile serrated adenoma8. They differ 

in their appearance in the sense that tubular adenoma are protruding fleshy lesions whereas sessile 

serrated adenoma are flat hyperproliferative lesions9. These two types of adenoma also emerge 

through different molecular pathways and are associated with distinct molecular signatures10. 

However, we still ignore to this day what drives the development of tubular adenoma compared to 

sessile serrated  adenoma in early stage CRC. We also ignore why less than 10% of patients with 

adenoma end up developing CRC whereas the rest of the population with adenoma does not11. 

CRC is also grouped into proximal and distal cancer12. Proximal colorectal cancers tend to present 

at a more advanced stage and have worse prognosis13. Thus, there is an additional need to 

understand factors associated with the development of proximal cancer in particular.  

      The intestinal tract is heavily colonized by about 1014 bacteria, referred to as the microbiota14. 

The intestinal microbiota is fundamental to human health and development and altered 

microbiomes have been associated with chronic diseases such as inflammatory bowel disease and 

CRC15. The microbiota is usually kept at a safe distance from the host intestinal epithelium by a 

physical barrier consisting of a thick layer of mucus16. CRC features microbiota penetrating the 

mucus layer and forming biofilms that adhere to the intestinal mucosa17. With Helicobacter pylori 

as the best example of an infectious bacteria driving gastric cancer development18, recent 

publications have  highlighted the importance played by select commensal bacteria in 

carcinogenesis19. For example, the enterotoxigenic strain of Bacteroides fragilis (ETBF) is a 

bacterium that has been linked to CRC development20. In mouse studies, ETBF has the ability to 

penetrate the intestinal mucus layer and form biofilms at the surface of the intestinal epithelium21. 

It can also express a toxin called fragilysin that binds to an unknown receptor of the intestinal 

epithelium and compromises the integrity of the epithelial tight junctions through the cleavage of 

E-cadherin22. This results in bacterial translocation, allowing the microorganism and its 

metabolites and secreted factors such as fragilysin to come in contact with immune cells and trigger 

an inflammatory response. Subacute chronic inflammation in the colon can lead to onco-

transformation over the span of several years, especially in susceptible individuals .  

Simultaneously, Bacteroides fragilis is a ubiquitous and important Gram-negative anaerobe that 

colonizes the human lower gastrointestinal tract23. Bacteroides species are among the earliest 
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colonizers of the gut microflora. B. fragilis features eight distinct surface capsular polysaccharides 

(PSA) that are believed to play a role in immune homeostasis in the gut24. Indeed, B. fragilis PSA 

normally mediates the establishment of a proper Pro-inflammatory/Anti-inflammatory balance in 

the host, which is a fundamental aspect of a healthy immunologic function25. B. fragilis PSA exerts 

its immunomodulatory role through activation of the TLR pathway, inducing mucosal tolerance26. 

Therefore, unlike TLR ligands of pathogens which lead to clearance of infections, PSA actually 

promote microbial colonization through TLR signaling. 

In this study we looked for specific microbial signatures associated with tubular adenoma and 

sessile serrated adenoma in the proximal colon in a group of patients undergoing CRC screening 

and found a high relative abundance of mucosal Bacteroides fragilis recovered in vitro from 

patients with adenoma. These mucosal Bacteroides fragilis isolates were correlated to larger 

adenoma in patients and to mucosal inflammation. We then characterized Bacteroides fragilis 

isolates in order to better understand how they can benefit the host as a gut commensal in healthy 

mucosa and contribute to an inflammatory phenotype in patients with pre-cancerous lesions in the 

colon.  

 

2.3. MATERIALS AND METHODS 

Patients recruitment and Microbiome culture:  

At the Gastroenterology department of the University of Washington, in Seattle Washington, 40 

patients were enrolled after obtaining informed consent between May 2017 and September 2018 

(IRB # 34095A). Exclusion criteria included age <50, BMI > 30 kg/m2 use of antibiotics within 

the past 3 months, active inflammation, and inability to sign informed consent. All colon mucosa 

samples were collected by designated gastroenterologist Dr. Cynthia Ko. Polyp associated mucosa 

(PA) and healthy non-polyp associated tissue (NPA) 10 cm further away from where the polyp 

was found were obtained from the same subject collected by endoscopy biopsy forceps, generating 

a total of 240 samples (mean age of subjects: 64 ± 9 years old). All collected biopsies were placed 

in cryovials (Thermo Fisher Scientific Inc., USA) filled with anaerobic media (Anaerobic systems, 

USA). Following immediate and thorough homogenization with a homogenizing pestle (Thermo 

Fisher Scientific Inc., USA) in an anaerobic chamber and under sterile conditions, samples were 

plated on non-selective Tryptic Soy Agar containing 5% sheep blood (Anaerobic systems, USA) 

for bacterial growth. The plates were kept under anaerobic conditions (90% N2, 5% CO2, 5% H2) 
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at 37°C for 2 days. Colonies cultured for 48 hours were expanded in TSB + 5% sheep blood after 

identification, then transferred to skim milk stock (Thermo Fisher Scientific Inc., USA), and 

preserved at -80°C until analyzed. 

 

MALDI-TOF 

Bacterial Test Standard (BTS) was used for external calibration of MALDI-TOF MS. For sample 

analysis, individual colonies of clinical isolates were individually transferred from agar plate 

cultures to a MALDI target plate (Bruker Daltonics, Germany), using a sterile applicator (Puritan, 

USA) then air dried. Samples were then treated with 1 μL of a 70% formic acid solution (Sigma) 

for protein extraction, then air dried again. Samples were also treated with 1 μL of a-cyano-4-

hydroxycinnamic acid matrix solution (a-CHCA, Bruker Daltonics, Germany), air dried, and 

analyzed in Microflex LT MALDI-TOF mass spectrometer (Bruker Daltonics, Germany). Linear 

positive-ion mode, N 2 laser, λ = 355 nm, pulse duration: 150 ns, laser frequency: 200 Hz. Spectra 

were recorded over the range m/z 2000-20,000.  

 

16S rRNA Sequencing on select biopsy homogenates samples 

Library preparation and sequencing 16S sequencing libraries prepared by QIAseq 16S/ITS 

screening panel (QIAGEN). Extracted DNA were diluted into 1ng/uL. Seven 16S regions (V1V2, 

V2V3, V3V4, V4V5, V5V7, V7V9 and ITS) were captured and amplified in three different primer 

panel pools for each sample, according to manufacturer’s protocol. For each of the primer panel 

pool, 2uL of the diluted DNA was used as input and incubated at 95°C for 2 minutes, then 

amplified for 20 PCR cycles of 95°C for 30s, 50°C for 30s and 72°C for 2 minutes, with a final 

extension at 72°C for 7 minutes using an UCP Multiplex PCR kit (QIAGEN). Reactions from the 

same samples were pooled and the pooled intermediate products was cleaned up twice using 1.1X 

QIAseq beads (QIAGEN) to remove unused PCR primers. A final PCR reaction was done using 

UCP Multiplex PCR kit (QIAGEN) and QIAseq 16S/ITS indices (QIAGEN) to incorporate sample 

indices and sequencing adapters. The reaction mix was incubated at 95°C for 2 minutes and 14 

cycles of 95°C for 30s, 50°C for 30s and 72°C for 2 minutes, with a final extension at 72°C for 7 

minutes. The final PCR product was cleaned up using 0.9X QIAseq beads (QIAGEN), and the 

cleaned-up libraries were inspected on a Agilent Tapestation (Agilent). The 16S libraries were 

sequenced on an Illumina MiSeq for 1.5 M 2x276bp reads per sample 
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Data Analysis 16S: 

16S screening panel sequencing data analysis was carried out using the QIAGEN CLC 

Genomics Workbench (version 11.0) and the Data QC and OTU Clustering workflow from the 

Microbial Genomics Pro Suite Module (version 4.0). Briefly, raw reads were demultiplexed and 

grouped into different 16S/ITS regions (e.g., V1V2, V3V4, and ITS) using the QIAseq 16S/ITS 

Demultiplexer tool which classified reads into different regions using the phased 16S primer 

sequences. Operational taxonomic clustering for each 16S/ITS region was performed using the 

OTU Clustering tool, where the demultiplexed reads are aligned against the SILVA 16S database 

using a similarity percentage parameter at 97%, to create an alignment score for each OTU. 

 

Next Generation Sequencing: 

5mL TSB + 5% sheep blood liquid cultures (Fisher scientific, USA) from stock of clinical isolates 

were prepared and incubated under anaerobic conditions (90% N2, 5% CO2, 5% H2) at 37°C for 

48 hrs. 1 mL of each isolate’s liquid culture was transferred to an Eppendorf tube and centrifuged 

at 13000 rpm for 60 seconds to collect bacteria. Total bacterial genome DNA of Bacteroides 

fragilis isolates was extracted, referring to steps in the instructions of the bacterial DNA extraction 

kit (Puregene yeast/Bact kit B, Qiagen, USA). Extracted DNA samples were then quantified using 

a Qubit fluorometer (Thermo Fisher Scientific Inc., USA) and library prepped using Illumina’s 

Nextera DNA Flex Library Prep kits and protocol. Only samples with a minimum of 100 ng DNA 

inputs were included. Pooled libraries were then quantified using the Qubit and diluted with 

Resuspension Buffer (Illumina, USA) to 2 nM, then loaded on a NextSeq for NGS.  

 

 

Preprocessing and assembly of isolate sequencing data 

Preprocessing and assembly were performed using existing Anvi’o pipelines (Li et al. 2015; Eren 

et al. 2015). In brief, the raw FASTQ files received from sequencing were first subjected to quality 

filtering using the “illumina-utils” package (Murat Eren et al. 2013). This was followed by de novo 

assembly of filtered reads into contigs for each separate sample using MEGAHIT with a minimum 

contig size of 1250 bps (Li et al. 2015). For each sample the filtered reads were then realigned to 

the assembled contigs to yield coverage profiles which were used together with the assembled 

contigs to create the Anvi’o contig and profile databases. Gene-calling was performed by 

identifying open reading frames with Prodigal (Hyatt et al. 2010) and basic functional annotation 

was performed by using the hidden markov models included with Anvi’o’s “run-hmms” function. 
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Additionally, taxonomy was assigned to individual genes using Centrifuge (Kim et al. 2016). All 

of the processed data was then used to manually refine the assembled contigs in the Anvi’o 

interactive interface (“anvi-interactive”) by selecting contigs with homogeneous coverage and 

taxonomy. In particular, we removed contigs which were classified as having bovine or ovine 

origin as those likely came from the growth media. Completeness and redundancy for all 

assemblies was quantified by the presence of taxon-specific single copy core genes (SCGs). All 

manual assemblies showed larger than 99% completeness and less than 5% of 

redundancy/contamination. The resulting curated genomes and plasmids were stored in the 

Anvio’o contig databases. 

 

Protein extraction method of B. fragilis isolates 

Single B. fragilis isolates colonies grown on TSA + 5% sheep blood plates were selected and added 

to 300 ul of HPLC-grade water in a 1.5 ml Eppendorf tube and then mixed thoroughly with 900 µl 

of 100% Ethanol. After centrifugation at 13000 rpm for 2 min twice, pellets were dried at room 

temperature for 5 minutes then they were directly mixed with equal volumes of 70% formic acid 

and acetonitrile (20-40 ul, depending on pellet size) for protein extraction. After centrifugation at 

13000 rpm for 2 minutes, 1 µl of protein extract was spotted on a 96-target polished steel plate 

(Bruker Daltonics, Bremen, Germany) in four technical replicates, air-dried, and overlaid with 1 

µl of matrix solution (Bruker Daltonics, Bremen, Germany). Target plate was placed in the 

MALDI TOF Biotyper for microbial identification (Bruker, Germany). 

 

 

 

MALDI-ToF Data analysis 

Raw spectra text files were analyzed using the R package, MALDIquant 

[https://www.ncbi.nlm.nih.gov/pubmed/22796955]. The raw data were trimmed to a spectra range 

of 3,000 to 15,000 m/z. The spectra intensities were then square-root transformed and smoothed 

using the Savitzky-Golay algorithm. Baseline noise was removed using the statistics-sensitive non-

linear iterative peak clipping (or SNIP) algorithm with 100 iterations. The data were then 

normalized using total ion current (or TIC) calibration, which sets the total intensity to 1. Multiple 

spectra within the same analysis were aligned to the same x-axis using the Lowess warping 

method, a signal-to-noise ratio of 3, and a tolerance of 0.001. Peaks were detected from the average 

of at least 4 technical replicates using median absolute deviation. Principal components analyses 
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and hierarchical clustering were also performed in R using the base stats package. Hierarchical 

clustering was performed on a calculated Euclidean distance matrix using Ward’s method. 

 

Biofilm formation using crystal violet formation assay 

5mL TSB + 5% sheep blood liquid cultures from stock of clinical isolates were prepared and 

incubated under anaerobic conditions (90% N2, 5% CO2, 5% H2) at 37°C for 48 hrs. 

1:100 dilutions were prepared, with a total volume of 1 mL, with TSB + 5% sheep blood for each 

liquid culture. 100 μL of each dilution was plated in sets of 4 wells in a round-bottom 96 well 

plate. The 96-well plate was covered and incubated anaerobically at 37°C for 48 hours. Then, the 

plate was shaken out over a tray to remove all planktonic bacteria. 

The 96-well plate was rinsed in a large beaker of water and the water shaken out over the tray. All 

wells were stained with 125 μL of 0.1% crystal violet for 10 minutes then rinsed out then left to 

dry out overnight. 200 μL of 30% acetic acid was added to all wells that were stained to solubilize 

the crystal violet and allowed to sit for 10 minutes, then 125 uL of the acetic acid/crystal violet 

solution was transferred from each well into a well in a flat-bottom 96-well plate and read at OD 

450 nm. 

 

Preparation of biopsy samples for cytokines analysis: 

Extraction of proteins from mechanically homogenized biopsy samples was achieved by adding 

RIPA lysis buffer and protease-inhibitors. The samples were then incubated on ice for 30 min with 

occasional shaking. The insoluble components were removed via centrifugation at 15 000 g for 30 

min at 4C.The protein concentration was measured using the Bradford assay. Samples were 

normalized accordingly before cytokine quantification. 

 

Co-culture cell assays 

5mL of chopped meat cultures from skim milk stocks of clinical isolates were prepared and 

incubated under anaerobic conditions (90% N2, 5% CO2, 5% H2) at 37°C for 48 hrs. 1 mL of each 

isolate liquid culture was transferred to an Eppendorf tube and centrifuged at 13000 rpm for 30 

min to pellet bacteria and collect secreted factors in bacterial supernatant. 100 000 cells from THP1 

human cell lines (ATCC, USA) were seeded in a 96 well plate then co-cultured with resuspended 

and normalized isolates cultures at a concentration of 1:5. The cells were then incubated at 37°C 

for 24 hrs for the THP1 cell line. When removed from the incubator, the plates were centrifuged 

and transferred at -20°C until they were used for ELISA assays. 
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Cytokine quantification by ELISA  

50 μL ELISA Diluent was added to each well followed by 100 μL of standard or sample and 

incubated 2 hours at room temperature. The content of the wells was the aspired and washed 5 

times. 100 μL of prepared Working Detector was added to each well and the wells were incubated 

1 hour at room temperature. The content of the wells was the aspired and washed 7 times. Then 

100 μL TMB One-Step Substrate Reagent was added to each well and incubated for 30 minutes at 

room temperature. 50 μL Stop Solution was finally added to each well and the plate was read at 

OD 450 nm. ( IL6, IL-8, TNF alpha, IL-12P40 Human ELISA kits BD OptEIA, USA). 

 

TLR2 AND TLR4 Assays 

HEK293 cells were plated in 96-well plates and transfected the following day with plasmids 

encoding human TLRs, NF-kB-dependent firefly luciferase reporter, and B-actin promoter-

dependent Renilla luciferase reporter. In the case of human TLR4, 0.002 ug plasmid encoding 

human TLR4 was co-transfected with 0.0025 ug plasmid encoding human MD-2. In the case of 

human TLR2, 0.001 ug plasmid encoding TLR2 was co-transfected with 0.002 ug plasmid 

encoding human mCD14. At 18 to 20 h post-transfection, test wells were stimulated in 

duplicatesfor 4 h at 37°C with B. fragilis supernatants, which were suspended in Dulbecco’s 

modified Eagle medium (DMEM) containing 10% human serum. Luciferase activity was assayed 

using a dual-luciferase assay reporter system (Promega, Madison, WI). NF-B activity was 

measured as the ratio of NF-B-dependent firefly luciferase activity to B-actin promoter-dependent 

Renilla luciferase activity, which served as an internal standard. The data were plotted as the fold 

difference between the NF-kB activity of the sample and that of the unstimulated control. 

 

Statistical analyses 

Data are expressed either as the mean value + standard error of the mean (s.e.m.) or as individual 

values. Specific statistical tests used for each experiment are described in the figure legends and 

performed in Graphpad PRISM (Graphpad Software LLC, San Diego CA). p < 0.05 was 

considered significantly different. For functional assays, One-way Anova with multiple 

comparisons was performed with the Mean of each group compared to the Mean of every other 

group. All functional analysis was a repeat of 2-4 experiments with pooled data.  
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Data Deposition 

The 16S rRNA profiling data and WGS data sequenced in this study will be deposited in online 

databases under accession number. 

 

2.4. RESULTS 

Patients and Pathological data 
A total of 40 patients were included in this study. From those, histological analyses revealed that 

18 patients had tubular adenoma (TA), 7 patients had sessile serrated adenoma (SSA), 4 patients 

had hyperplastic polyps (HP) and 2 patients had lesions with no diagnostic alterations. The 

remaining 9 patients recruited had no lesions in the colon at time of the colonoscopy and served 

as a healthy polyp-free control group (PF). Of the patients with polyps, two biopsies were collected 

from each patient, one corresponding to the polyp-associated mucosa (PA) and one to healthy 

mucosa located 10 cm further away and termed non-polyp associated mucosa (NPA). Patient 

characteristics and details of colonoscopy treatment performed as well as information about 

colonic lesions are outlined in Table 2.1 and Table 2.2. 

 

 

Table 2.1. Study participants demographics 
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Table 2.2. Lesions characteristics 

 

Cataloguing of different polyp-associated microbiota and comparison to healthy mucosa 
microbiota  
Since 80% of the most aggressive lesions (TA and SSA) were located in the proximal colon 

(Supplemental Diagram 2.1), we decided to focus on the patients with lesions found in the 

proximal colon. According to the NCI Dictionary of Cancer Terms, the proximal colon refers to 

the first and middle parts of the colon. The proximal colon includes the cecum (a pouch that 

connects the small intestine to the colon), the ascending colon (the right side of the colon), and the 

transverse colon (the part of the colon that goes across the body between the right and left sides of 

the colon). Consequently, thirteen Polyp Associated mucosa (PA) and corresponding healthy Non-

Polyp Associated tissue (NPA) samples from patients with tubular adenoma (TA), five Polyp 

Associated mucosa (PA) and corresponding healthy Non-Polyp Associated tissue (NPA) samples 

from patients with sessile serrated adenoma (SSA), as well as nine healthy Polyp-free tissue (PF)  

(i.e. total of 45 samples), retrieved from 27 subjects undergoing colonoscopy for routine colorectal 

cancer screening were used to evaluate the microbiota taxonomic profile by means of culturomics.  

 

Enrichment for Bacteroides fragilis in vitro in patients with colorectal adenoma 
A total of 1550 colonies were tested from the proximal colon and identified by MALDI-TOF MS 

with a mean ± SD of 34 ± 40 (ranging from 1 to 215) per patient and 83 different bacterial species 

were identified (Figure S1). The bacterial species belonged to Proteobacteria (n = 619 different 

species, 37.3%), followed by Bacteroidetes (n = 536 , 32.3%), Firmicutes (n= 312, 18.8%), 

Actinobacteria (n = 82, 4.9%), and Fusobacteria (n = 2, 0.1%). These isolates belonged to 32 

different genera: Escherichia was the most common (n = 597, 38.5%), followed by Bacteroides 

(n = 525 , 33.9%), Clostridia (n = 136, 8.8%), Collinsella (n = 70, 4.5%), Ruminococcus (n= 51, 



47 

 

3.3%), and Flavonifractor (n=43, 2.8%). All the bacterial species isolated and identified were 

bacteria previously described in the human gut.  

When evaluating the microbiota taxonomic profiles according to the different types of mucosal 

tissues the bacteria were isolated from, we noticed that the average proportion of bacterial species 

isolated from PA and corresponding NPA samples from patients with TA was compositionally 

identical with a predominance of Bacteroidetes (average of 60% ± 31.3% and 59% ± 32% 

respectively), followed by Proteobacteria (21.4%  ± 34.7% and 22.0%  ± 33.2% respectively), 

Firmicutes (11.2%  ± 15.3% and 12.0%  ± 21.4%), and Actinobacteria (6.8%  ± 16.5% and 8.0% 

 ± 15.4%), with a small proportion of Fusobacteria in the PA samples only (0.5%  ± 1.7%). The 

average proportion of bacterial species isolated from PA and corresponding NPA samples from 

patients with SSA was also compositionally similar with an almost equal predominance of 

Bacteroidetes (38.4% ± 26.7% and 32.2% ± 30.4% respectively) and Proteobacteria (37.4% ± 

38.3% and 35.4% ± 35.3%) followed by Firmicutes (19.6% ± 15.0% and 17.0 ± 11.2 %) and 

Actinobacteria (4.6% ± 5.3% and 15.2% ± 12.3%).When looking at the average proportion of 

bacterial species isolated from PF healthy mucosal biopsies, we noticed that they resembled more 

the average proportion of bacterial species isolated from PA and corresponding NPA samples from 

patients with SSA than the average proportion of bacterial species isolated from PA and 

corresponding NPA samples from patients with TA with a Predominance of Proteobacteria (36.6% 

± 42.6%) very closely followed by Bacteroidetes (31.0% ± 30.3%), Firmicutes (27.4% ±  29.1%) 

and Actinobacteria (4.8% ± 7.2%) (Figure 2.1 A). When performing a statistical analysis using 

AMOVA at the phylum level of the relative abundances of the bacterial species recovered from 

the various types of biopsies, there were no statistically significant differences between the 

bacterial populations recovered from the healthy PF mucosa  and the PA and corresponding NPA 

samples from patients with SSA (p-value: 0.86). However, the bacterial species recovered from 

the PA and corresponding NPA samples from patients with TA were significantly different from 

the bacterial populations recovered from the healthy PF mucosa and from both the PA and 

corresponding NPA samples from patients with SSA with a significant increase in Bacteroides 

(relative percentage difference of 28.5%) and a significant decrease in Proteobacteria (relative 

percentage difference of 14.8%) between the averaged relative abundances for each Phylum of 

bacterial species isolated from PA and NPA TA samples compared to PF healthy mucosal samples 

(p-value: 0.001). The bacterial composition of bacterial species isolated from averaged PA and 

NPA TA samples was also significantly distinct from the bacterial species isolated from averaged 
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PA and NPA SSA samples with another significant increase in Bacteroides (relative percentage 

difference of 24.2%) and a decrease in Proteobacteria (relative percentage difference of 14.6%) 

(p-value: 0.014). (Figure 2.1 B).  

Furthermore, at the genus level, we identified a total of 23 genera of which Bacteroides and 

Escherichia were the most predominant, representing on average 43.7% ± 32.1% and 26% ± 34.5% 

of the total genera abundance respectively. When trying to identify the differences in microbiota 

recovery between TA, SSA, and PF patients, we noticed that TA patients had on average a 

significantly larger predominance of Bacteroides (53.8% ± 32.1%) compared to patients with SSA 

(31.5% ± 28.1%) and PF patients ( 27.9% ± 27.3%). On the other hand, the most predominant 

genera in both SSA patients and PF patients was Escherichia with a comparable prevalence of 

32.4% ± 35.9% and 36.3% ± 42.5% respectively vs a prevalence of 20.0% ± 30.9% only in TA 

patients. This resulted in a significantly inverted correlative relationship between Bacteroides and 

Escherichia across our sample population suggesting a potential competition between the two 

genera when cultured together (Fig). The next most prevalent genera in PF patients were Clostridia 

(10.0% ± 23.1%) which are known as leading commensal bacteria in the maintenance of gut 

homeostasis and the promotion of gut health (REF). On the other hand, the next leading genera 

recovered  from TA and SSA patients were Collinsella ( 7.2% ± 15.6% and 8.3% ± 9.3% 

respectively) which have been associated with low dietary fiber intake in the general population 

and an alteration of the overall fermentation pattern in gut microbiota (Figure 2.1 C).  

In order to validate whether what we identified by means of Culturomics was reflective of the 

microbiota composition in our samples, we selected a subset of homogenized biopsies for 16S 

rRNA profiling. We selected four homogenized Polyp Associated mucosa (PA) and corresponding 

healthy Non-Polyp Associated tissue (NPA) samples from patients with tubular adenoma (TA), 

three Polyp Associated mucosa (PA) and corresponding healthy Non-Polyp Associated tissue 

(NPA) samples from patients with sessile serrated adenoma (SSA), as well as 5 healthy Polyp-free 

tissue (PF)  (i.e. total of 23 samples), retrieved from 12 subjects (Supplemental figure 2.1) 

The bacterial species identified by 16S belonged to Firmicutes (56.8%  ± 21.5%), followed by 

Proteobacteria (22.6%  ± 26.0%), Bacteroides (16.7%  ± 13.3%), Actinobacteria (2.2%  ± 1.8%), 

and Fusobacteria (1.6%  ± 3.2%) (Table). These isolates belonged to 35 different genera of which 

20 were also identified by culturomics. Blautia was the most prevalent (15.6%  ± 17.9%), followed 

by Peptoniphilus (12.4%  ±  9.5%), Bacteroides (9.8%  ± 13.0%), and Escherichia (7.3%  ± 18.6%).  
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When evaluating the microbiota taxonomic profiles according to the different types of mucosal 

tissues the bacteria were isolated from, we noticed that the average proportion of bacterial species 

isolated from PA and corresponding NPA samples from patients with TA was compositionally 

comparable with a predominance of Firmicutes (average of 54.9% ± 25.1% and 50.5% ± 17.3% 

respectively), followed by Proteobacteria (30.9%  ± 28.2% and 22.7%  ± 25.8% respectively). 

Bacteroides was less prevalent in the TA PA samples compared to the TA NPA samples (6.9%  ± 

2.5% and 24.5%  ± 18.8%). On the other hand, Actinobacteria and Fusobacteria were more 

prevalent in the TA PA samples compared to the TA NPA samples (3.0%  ± 1.9% and 1.5%  ± 

1.7% respectively for Actinobacteria vs 4.2%  ± 6.4% and 0.9%  ± 1.0% for Fusobacteria).  

The average proportion of bacterial species isolated from PA and corresponding NPA samples 

from patients with SSA was also compositionally similar with a comparable predominance of 

Firmicutes (51.7% ± 22.3% and 44.9 ± 30.0 %), Proteobacteria (31.1% ± 24.5% and 33.8% ± 

44.0%), and Bacteroidetes (14.3% ± 3.4% and 19.0% ± 16.4% respectively) followed by 

Actinobacteria (2.4% ± 1.5% and 2.2% ± 2.4%) and Fusobacteria (0.5% ± 0.2% and 0.2% ± 0.3%). 

When looking at the average proportion of bacterial species isolated from PF healthy mucosal 

biopsies, we noticed that they were distinct from the average proportion of bacterial species 

isolated from PA and corresponding NPA samples from patients with SSA and TA with a 

significantly less Proteobacteria (5.8% ± 5.9%) and more Firmicutes (76.3% ± 10.0%) in the PF 

samples. A shift in Proteobacteria/Firmicutes could be indicative of a diseased microbiome in the 

patients with TA and SSA lesions in the colon (Figure 2.1 D). When performing a statistical 

analysis using AMOVA at the phylum level of the relative abundances of the bacterial species 

recovered from the various types of biopsies, there were no statistically significant differences 

between the bacterial populations recovered from the PA and corresponding NPA samples from 

patients with TA and SSA (p-value: 0.252). However, the bacterial species recovered from the 

healthy PF mucosa were significantly different  from the PA and corresponding NPA samples 

from patients with both TA and SSA.  There was a significant increase in Firmicutes (relative 

percentage difference of 23.6%) and a significant decrease in Proteobacteria (relative percentage 

difference of 21.0%) between the averaged relative abundances for each Phylum of bacterial 

species isolated from PA and NPA TA samples compared to PF healthy mucosal samples (p-value: 

0.015 HOMOVA). There was another significant increase in Firmicutes (relative percentage 

difference 30.2%) and a significant decrease in Proteobacteria (relative percentage difference of 

25.3%) between the averaged relative abundances for each Phylum of bacterial species isolated 
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from PA and NPA SSA samples compared to PF healthy mucosal samples (p-value: 0.003 

HOMOVA) (Figure 2.1 E ).  

When comparing the ratio of bacterial species recovered by Culturomics to 16S profiling we notice 

a clear selection for Bacteroides in vitro (~4-fold difference) while the other phyla were relatively 

comparable in predominance. We decided then to focus on the Bacteroides isolated in vitro in 

order to see if a particular species predominated (Figure 2.1 F). Interestingly, we found that 

Bacteroides species isolated from PA and corresponding NPA samples from patients with TA were 

largely predominated by Bacteroides fragilis with proportions of 81% and 80% respectively. 

Bacteroides species isolated from PA and corresponding NPA samples from patients with SSA 

were also largely predominated by Bacteroides fragilis but to a lesser extent than in patients with 

TA with proportions of 56% and 66% respectively. On the other hand, Bacteroides recovered from 

patients who were Polyp-free were not dominated by a particular species. Indeed, there a had a 

relatively more balanced recovery of Bacteroides fragilis (27%), Bacteroides ovatus (25%), and 

Bacteroides uniformis (20%) (Figure 2.1 G) 
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Figure 2.1. Enrichment for Bacteroides fragilis in vitro in patients with colorectal adenoma 

Microbiota sampling of mucosal biopsies in TA PA/NPA, SSA PA/NPA, and PF biopsies. (A) 

Phylum-level abundance in culturomics. (B) Principle Coordinate of Analysis (PCoA) of 

microbiota composition by culturomics at phylum level. (C) Heatmap representation of genus 

level abundance (D) Phylum-level abundance in 16S rRNA sequencing (E) Principle Coordinate 

of Analysis (PCoA) of microbiota composition by 16S at phylum level (F) Ratio of total phyla 

recovered in culturomics relative to total phyla identified by 16S (G) Species level abundance of 

Bacteroides species in culturomics. Statistics in (B) and (E) are analysis of molecular variation 

(AMOVA) and homogeneity of molecular variance (HOMOVA). 
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NTBF B. fragilis recovery correlates with increased polyp size and host tissue inflammation in 
patients with tubular adenoma 
After having characterized the microbiota composition of the biopsy samples by culturomics and 

16S and because of the relationship of Bacteroides fragilis with CRC in the literature, we decided 

to assess the inflammatory status of the host tissue and try to correlate it to the important recovery 

of Bacteroides found in certain samples. 

We first found that in patients with tubular adenoma, the abundance of Bacteroides recovered from 

the PA and NPA biopsy samples was positively correlated to an increase in adenoma size 

(p=0.0191) (Figure 2.2 A). adenoma size being a measure of severity of the lesion; the larger a 

polyp, the higher its propensity to become malignant. However, this correlation was not significant 

in patient with sessile serrated adenoma. 

In the TA biopsy samples (both PA and NPA), we also found a positive correlation between the 

abundance of Bacteroides recovered and the inflammatory cytokines IL-12P40 (p=0.0324) and IL-

8 (p=0.0233) (Figure 2.2 B and C). On the other hand, there was a significant negative correlation 

between the abundance of Bacteroides in the TA biopsy samples and the anti-inflammatory 

cytokine IL-10 (Figure 2.2 D).  These correlations were not found to be significant in the SSA 

biopsy samples neither (Supplemental Figure 2.2). 
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Figure 2.2. NTBF B. fragilis recovery correlates with increased polyp size and host tissue 

inflammation in patients with tubular adenoma 

Correlation between (A) Polyp size in cm and abundance of Bacteroides isolated in vitro (B) 

Mucosal IL-8 concentration in pg/mL and abundance of Bacteroides isolated in vitro (C) Mucosal 

IL-12p40 concentration in pg/mL and abundance of Bacteroides isolated in vitro (D) Mucosal IL-

10 concentration in pg/mL and abundance of Bacteroides isolated in vitro Data is mean ± s.e.m of 

3 independent experiments. Statistics are Pearson Correlation Coefficient of all data points. 

 

NTBF B. fragilis isolates from patients with tubular adenoma and sessile serrated adenoma are 
immunogenetically distinct from isolates from Polyp Free individuals 
Next we decided to characterize the immunogenic potential of our Bacteroides fragilis in order to 

see whether it confirmed the correlations found earlier in the host tissue between Bacteroides 

abundance and inflammatory and anti-inflammatory cytokines. In order to assess that, we co-

cocultured our isolates with THP1 monocytic cells in order to measure IL-12P40, IL-8, and IL-10 

production. IL-1ß response of THP1 cells was greater with ETBF isolates( 221.6 ± 28.8 pg ILB/mL 

at 24 hours, n = 56) and NTBF isolates from patients with TA PA and NPA ( 506.3 ± 52.4 pg 

ILB/mL at 24 hours, n = 56 ) and ( 359.8 ± 37.0 pg ILB/mL at 24 hours, n = 56 )  and SSA PA and 

NPA isolates ( 418.1 ± 86.6 pg/mL, n = 26 ) and ( 603.3 ± 68.5 pg/mL, n = 28 ) than with PF 
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isolates ( 15.6 ± 9.9 pg/mL, n = 14), P < 0.0001) (Figure 2.3 A). IL-8 response of THP1 cells was 

also greater with ETBF isolates (25667.1  ± 1499.2] pg IL-8/mL at 24 hours, n = 56 ) and NTBF 

isolates from patients with TA PA ( 25789.4 ± 1164.9] pg IL-8/mL at 24 hours, n = 62) and TA 

NPA ( 32287.5 ± 1232.9] pg IL-8/mL at 24 hours, n = 50)  as well as in SSA  PA and NPA isolates 

(17197.3 ± 1242.9 pg/mL, n = 26) and (27570.0 ± 1403.6 pg/mL, n = 26) respectively than with 

PF isolates (4555.1 ± 530.4 pg/mL, n = 13), P < 0.0001) (Figure 2.3 B). IL-12p40 response of 

THP1 cells was greater with ETBF isolates( [257.6 ± 72.1] pg IL-12p40/mL at 24 hours, n = 48) 

and NTBF isolates from patients with TA PA( [357.3 ± 62.5] pg IL-12p40/mL at 24 hours, n = 48 

) and SSA PA isolates ( 550.5 ± 91.9 pg/mL, n = 25) than with PF isolates (0 ± 0 pg/mL, n = 12), 

P < 0.0001) (Figure 2.3 C). IL-12P40 is a cytokine which correlates with pro-inflammatory TH17 

T cell immune response. IL-10 response of THP1 cells was also greater with ETBF isolates( 104.7 

± 53.0] pg IL-10/mL at 24 hours, n = 50 ) and NTBF isolates from patients with TA PA and NPA 

( 139.9  ± 16.8] pg IL-10/mL at 24 hours, n = 72 ) and ( 116.5  ± 12.5] pg IL-10/mL at 24 hours, 

n = 72 )  and SSA NPA isolates ( 149.2 ± 25.8 pg/mL, n = 24) compared with PF isolates ( 35. 4 

± 13.5 pg/mL, n = 36), P < 0.0001). However, PF B. fragilis were at least able to induce IL-10 

formation unlike any of the other pro-inflammatory cytokines, which is an expected tolerogenic 

response  from a gut commensal (Figure 2. 3 D). 
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Figure 2.3 NTBF B. fragilis isolates from patients with tubular adenoma and sessile serrated 

adenoma are immunogenetically distinct from isolates from Polyp Free individuals 

Levels of cytokines detected from co-culturing Bacteroides fragilis supernatants with monocytic 

cell line by ELISA. Data is represented as the mean ± s.e.m of 3-4 independent experiments. A-

D, *, p < 0.05. **, p < 0.001. One-way ANOVA with multiple comparisons.  

 

B. fragilis isolates from patients with tubular adenoma and sessile serrated adenoma contain a 
higher proportion of LPS-O antigen genes while B. fragilis isolates from patients with sessile 
serrated adenoma and Polyp-free individuals contained a higher proportion of capsular 
polysaccharides.  
 

We performed Whole Genome Sequencing of the Bacteroides fragilis isolates in this study, in 

order to further characterize them. The enterotoxigenic strain of Bacteroides fragilis was also 

correlated to colon cancer development in various studies so we initially wondered whether the 

immunogenic Bacteroides fragilis isolates recovered from patients with adenoma belonged to this 

particular strain. We selected 36 different Bacteroides fragilis isolates recovered from 9 different 

patients for whole genome sequencing. Out of these 9 patients, 3 had sessile serrated adenoma in 
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the proximal colon, 4 had tubular adenoma and 2 patients were polyp-free. We selected 2-4 PA 

and 2-4 NPA isolates from each patient. After performing a pangenome analysis, we noticed that 

all the isolates shared an important core genome. Moreover, isolates from the same individuals 

were highly similar in gene content, whereas some variations were seen in the isolates across 

patients. We also found that all our B. fragilis samples had type 6 secretion system in their genome, 

which likely conferred them with a fitness advantage, allowing them to establish an ecological 

niche in the gut and explaining the high recovery rates in vitro. (Figure 2.4.A and B). 

B. fragilis also usually features eight distinct surface capsular polysaccharides (PSA) that are 

believed to play a role in immune homeostasis in the gut. Blasting the genomes of our B. fragilis 

isolates further confirmed that they all had capsular polysaccharides in their genome, which likely 

allowed their persistence on mucosal surfaces. Our B. fragilis isolates also comprised other genes 

implicated in virulence such as hemolysins, genes associated with biofilm formation, and the nanH 

gene encoding neuraminidase, which has the capacity to cleave the mucin’s polysaccharides and 

enhance the growth of the microorganism by generating available glucose.  Other virulence factors 

identified in B. fragilis’s genome were genes encoding for antibiotic resistance as well as several 

virulence factors of foreign origin, suggesting a considerable “sharing” of genes within the 

crowded neighborhood of the gut flora. Moreover, when blasting the isolates’ genomes for the B. 

fragilis enterotoxin (BFT), we discovered that all of our patients with adenoma were in fact 

colonized with Non-toxigenic strains of B. fragilis (NTBF) except for one patient with tubular 

adenoma and two patients which were adenoma-free. (Figure 2.4.A and B). 

Next, we decided to characterize whether some of these virulence genes exerted a phenotype in 

vitro. Thus, we decided to first characterize the potential of these isolates to form biofilms in vitro. 

Bacteroides fragilis rich biofilms adhering to the surface of the colon’s epithelial mucosa have 

been strongly correlated to CRC development. We noticed that all our NTBF isolates were similar 

in their potential to form biofilm while the ETBF isolates were better biofilm former 

(Supplemental Figure 2.3). This finding confirmed previous results found in the literature. 

However, B. fragilis isolates from patients with tubular adenoma and sessile serrated adenoma 

contain a higher proportion of LPS-O antigen genes while B. fragilis isolates from patients with 

sessile serrated adenoma and Polyp-free individuals contained a higher proportion of capsular 

polysaccharides (Figure 2.4. B). 
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Figure 2.4. tubular adenoma and sessile serrated adenoma contained a higher proportion of LPS-

O antigen genes while B. fragilis isolates from patients with sessile serrated adenoma and Polyp-

free individuals contained a higher proportion of capsular polysaccharides.  
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Genome annotations and comparative genome analysis of B. fragilis isolates. (A) Aligned B. 

fragilis genomes made in Anvio’o (B) Heatmap representing the proportion of virulence factors 

found in each different type of isolates (TA, SSA, and PF). 

 

 

NTBF B. fragilis isolates from patients with tubular adenoma and sessile serrated adenoma are 
significantly proteomically distinct from the isolates recovered from Polyp Free individuals.  
We also had an insight into the proteome of these same isolates which we could obtain from their 

Peptide Mass Fingerprints (PMF) when running them on the MALDI TOF. A Principle component 

analysis of the PMFs of our B. fragilis isolates showed a discrimination between the isolates 

according to the type of tissue the microorganisms were isolated from. The TA PA and TA NPA 

isolates from our 4 different patients clustered similarly and distinctly from the SSA PA and NPA 

isolates. Moreover, both TA and SSA isolates were significantly proteomically distinct from the 

isolates recovered from PF individuals (Figure 2. 5). 

 

 

Figure 2.5. NTBF B. fragilis isolates from patients with tubular adenoma and sessile serrated 

adenoma are significantly proteomically distinct from the isolates recovered from Polyp Free 

individuals.  

Principle component analysis based on peptide mass fingerprint profile of various NTBF B. fragilis 

isolates. Data is mean +/- of 2-3 independent experiments with n=4-6. Each dot represents the 

average of technical replicates.  
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NTBF B. fragilis isolates from patients with tubular adenoma and sessile serrated adenoma 
isolates stimulate TLR2-dependent signaling. 
We investigated whether the proinflammatory response triggered by the TA PA NPA and SSA PA 

and NPA isolates was mediated by activation of either TLR2 or TLR4 innate immune receptors 

by utilizing a HEK293 luciferase reporter assay (REF). Nonimmune HEK293 cells were 

transfected with either TLR2-expressing plasmids, followed by infection with TA PA NPA and 

SSA PA and NPA as well as PF B. fragilis cell-free supernatants. As seen in Figure 2.6 A and B, 

all B. fragilis isolates stimulated TLR2 but did not increase levels of TLR4 stimulation. Since this 

assay measures fold change in activation, TLR2 activation by B. fragilis supernatants is highly 

significant.  

 

Figure 2.6. NTBF B. fragilis isolates from patients with tubular adenoma and sessile serrated 

adenoma isolates stimulate TLR2-dependent signaling  

Fold NF-kB stimulation of HEK293 cells infected with B. fragilis isolates supernatants relative to 

unstimulated control. Results are means ± s.e.m from 203 independent experiments. (* p< 0.05 by 

One-way ANOVA with multiple comparisons.).  

 

 

2.5. DISCUSSION 

Recent studies have shown that certain symbiotic bacteria can tightly adhere to the intestinal 

mucosa27 and that the colon microbiota composition in patients with colorectal adenoma is distinct 

from the microbiota composition in healthy patients28,29,30,31. This was further confirmed by our 

study when assessing the microbiota composition by 16S rRNA sequencing of a subset of patients 

in our study. Our study further showed that the microbiota composition of patients with tubular 

adenoma is distinct from the microbiota composition of patients with a different type of polyp: the 
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sessile serrated adenoma. However, while we didn’t see statistically significant compositional 

differences between SSA biopsy samples and Polyp free biopsy samples in culture, the 

composition of the mucosal microbiome was significantly distinct when performing 16S between 

the same two groups. This was likely due to the selection processes that tend to occur in culture, 

clearly favoring Bacteroides species in the case of this study and potentially dwarfing other 

compositional differences. This can also further be explained by the smaller number of fastidious 

bacterial species that we can successfully isolate and grow in vitro compared to what can be simply 

detected by 16S sequencing. 

 While we recovered a higher relative abundance of commensal Bacteroides species in vitro, 

validation by 16S rRNA sequencing revealed an overall higher relative abundance of firmicutes in 

the mucosal biopsies. This was likely due to the fact that we only used Tryptic Soy Agar 

supplemented with 5% sheep blood in order to isolate the mucosal microbiota from our biopsy 

samples. This type of media, while being non-selective, doesn’t particularly favor the growth of 

Firmicutes which prefer to grow on media such as MRS agar plates32,33.  

Bacteroides fragilis was recovered in the highest abundance in patients with tubular adenoma 

followed with patients with sessile serrated adenoma compared to patients who were polyp-free. 

It is usually a ubiquitous gut commensal and it has been reported that its capsular PSA plays a role 

during the homeostatic intestinal colonization by the microbiota. B. fragilis PSA induces the anti-

inflammatory function of Tregs through TLR2 signaling. This function contrasts with the pro-

inflammatory role of TLR2 ligands for pathogens and hence allows the persistence of B. fragilis 

on mucosal surfaces of the gut. Moreover, Livanis et al. showed in 2016 that the gut species B. 

fragilis produced T6SSs that deploy toxins able to antagonize other species in the gut34. These 

systems are synthesized in the mammalian gut and allow the producing B. fragilis strain to create 

a protected niche in the human colon .  

Multiple virulence factors of “foreign” origin were also found in the genomes of our B. fragilis 

isolates. Acquiring genes that code for improved adhesion and antibiotic resistance for instance 

gives these B. fragilis isolates an edge in further establishing a niche for themselves.  

Both capsular PSA and T6SSs genes were found in the genomes of our B. fragilis isolates along 

with virulence factors found in other bacterial species as well, and antibiotic resistance genes. All 

these features explain why B. fragilis was recovered at such high abundance in our study. The 

arsenal of adhesins, biofilm forming genes, secretions systems, antibiotic resistance genes, PSA 

capsules will consequently allow B. fragilis to robustly survive on the colon’s mucosal surface. 
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Enterotoxigenic B. fragilis (ETBF) is a toxin-producing bacterium thought to possibly promote 

colorectal carcinogenesis by modulating the mucosal immune response and inducing epithelial cell 

changes. While certain studies have shown an association of ETBF positivity and increased 

abundance with early-stage carcinogenic lesions35, our study only featured 3 patients out of 40 

with ETBF positive Bacteroides fragilis, two of which were adenoma-free at the time of the 

colonoscopy. The literature reports less than 10% of patients with colorectal adenoma end up 

developing CRC11. In our study, one ETBF-positive patient out of 31 patients with adenoma 

represents 3.2% of our patient population and could signify that this particular patient is at a higher 

risk of developing CRC compared to all the others. However, this does not negate the fact that 

non-toxigenic B. fragilis (NTBF) strains isolated from our patients with adenoma turned out to 

have a highly pro-inflammatory profile when assayed in vitro with cells lines expressing TLR2. 

Moreover, the fact that less than 10% of patients with colorectal adenoma end up developing CRC 

can likely be due to the fact that adenoma are usually removed during a colonoscopy and thus 

rarely get the chance to evolve to malignancy with proper screening. While NTBF entertains a 

mutualistic relationship with the human host in a healthy gut, this commensal bacterium can cause 

significant pathology, including bacteremia and abscess formation, when translocated to a new 

environment23. Our NTBF isolates from patients with adenoma, while inducing IL-10 in vitro, 

were also able to induce pro-inflammatory cytokines IL-12P40, IL-8, and IL-1ß. Moreover, 

patients with adenoma had higher levels of IL-12p40 and lower levels of IL-10 compared to the 

healthy control group. IL-12P40 is a subunit part of another heterodimeric cytokine IL-23 (p40 

and p19)36. Some studies have reported that early stages of CRC tend to present with high levels 

of IL-12P40 and lower levels of IL-1037. The subunit IL-12p40 presents in both IL-12 and IL-23 

and is believed to be an important immunostimulatory agent through the promotion of DC 

migration, macrophage inflammation, and the production of Interferon-gamma in CD8+ T cells38. 

IL-12p40 can also bind another subunit -p19 in order to form IL-23, a biologically active cytokine 

that has been intimately related to inflammatory bowel disease and CRC. In fact, IL-23 signaling 

was shown to promote tumor growth and progression, and development of a tumoral IL-17 

response in a mouse model of CRC36. Moreover, T-helper IL-17 production in early stages CRC 

(stage I/II) was associated with a drastic decrease in disease-free survival in the course of the 

disease. 

Our isolates were also shown to produce very important levels of IL-8 when isolated from patients 

with adenoma. Multiple studies have suggested IL-8 as a promising biomarker for CRC 
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detection39. IL-8, also known as neutrophil-activating factor (NAF), was the first chemokine 

identified. IL-8 is believed to control leukocyte trafficking during homeostasis and inflammation40. 

However, it was also shown to be promote CRC cell proliferation, invasion, migration, and 

angiogenesis41. In that regard, blocking the IL-8 receptors CXCR1 and CXCR2 could constitute 

an interesting anti-tumor therapeutic strategy for CRC prevention and management. 

Another cytokine believed to play a key role in pro-tumor inflammation and that was robustly 

produced by NTBF isolates from patients with adenoma is ILB. IL-1ß is also accountable for the 

overexpression of cyclooxygenase-2 (COX-2) in CRC and its antiapoptotic role in tumor cells42 

(REF). Thus, we believe that a dysbiotic, inflamed, pre-cancerous gut environment harbors NTBF 

displaying pathogenic characteristics through the regulation of their genes. Proteomic profile of 

our NTBF isolates clustered according to the type of mucosal environment that the isolates were 

recovered from despite highly similar gene contents in all the isolates. Indeed, the microbial 

proteins content of isolates from adenoma-free patients were significantly distinct from those of 

isolates from patients with adenoma. Thus, a pre-cancerous mucosal environment could cause B. 

fragilis to express new or different surface epitopes, such as lipid-O antigens, leading them to be 

recognized as pathogens by TLR2 receptors on Antigen-presenting cells. Signaling of B. fragilis 

through TLR2 activates  the nuclear factor K B (NF-KB), potentially leading to the production of 

several proinflammatory cytokines involved in promoting the growth of colon tumors.  
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Figure 2. 7. Mechanisms of Bacteroides fragilis in CRC progression 
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2.6. CONCLUSION 

A pathological imbalance of the gut microbiome is present in patients with colorectal adenoma. 

Bacteroides fragilis is a microorganism that is found in the gut mucosa and that can affect CRC 

development by invading tissues and modulating the host immune response. Interesting features 

of early colorectal cancer development identified in this study were high recovery rates of 

Bacteroides fragilis, associated with high levels of IL-8, IL12-P40, and IL-1ß, which are all 

believed to play a role in CRC pathogenesis. The production of these pro-inflammatory cytokines 

was also associated with NF-kB stimulation by B. fragilis through TLR2. Taken together, these 

features allow the identification of potential microbiome-based diagnostic markers. Blocking the 

receptors for IL-8 and IL-23 may also offer important strategies to interfere with the development 

and progression of CRC. So would the inhibition of NF-KB through the identification of a B. 

fragilis-associated ligand that is responsible for the pro-inflammatory TLR2 signaling phenotype 

that we observed. The information revealed in this study also stresses the importance of pairing 

genomic analysis with ex and in vivo characterization of gut commensals in order to better 

understand their relationship with the human host and their involvement in CRC pathogenesis. 
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2.7. SUPPLEMENTAL MATERIAL 

 

 
Supplemental Diagram 2.1. Biopsy sampling and polyp types cataloguing  
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Supplemental Table 2.1 Bacterial strains used in this study. 

 

 

 
Supplemental Figure 2.1 Phylum level abundance of mucosal isolates at the individual patient 

level. 
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Supplemental Figure 2.2 Correlation in Patients with sessile serrated adenoma 

Correlation in patients with SSA between (A) Polyp size in cm and abundance of Bacteroides 

isolated in vitro (B) Mucosal IL-8 concentration in pg/mL and abundance of Bacteroides isolated 

in vitro (C) Mucosal IL-12p40 concentration in pg/mL and abundance of Bacteroides isolated in 

vitro (D) Mucosal IL-10 concentration in pg/mL and abundance of Bacteroides isolated in vitro 

Data is mean ± s.e.m of 3 independent experiments. Statistics are Pearson Correlation 

Coefficient of all data points 
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Supplemental Figure 2.3 Biofilm formation of B. fragilis isolates 

In vitro Biofilm formation quantified by Crystal violet staining. Data is represented as the mean 

± s.e.m of 3 independent experiments. (*, p < 0.05 One-way ANOVA with multiple 

comparisons) 
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3.1. ABSTRACT 

In the past decade, matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass 

spectrometry (MS) has become a timely and cost-effective alternative to bacterial identification. 

The MALDI-ToF MS technique analyzes the total protein of culturable microorganisms at the 

species level and produces a mass spectrum based on peptides which is compared to a database of 

identified profiles. Consequently, unique signatures of each microorganism are produced allowing 

identification at the species and, more importantly, strain level. Our present study proposes that 

the MALDI-ToF MS can be further used to screen functional and metabolic differences between 

the same species of bacteria. While other studies applied the MALDI-ToF technique to identify 

subgroups within species, we investigated how various environmental factors could alter the 

unique bacterial signatures. We found that genetic and phenotypic differences between 

microorganisms belonging to the same species can be differentiated using the peptide-mass 

fingerprints generated by MALDI-ToF MS. Importantly, our results indicate that proteomic 

differences caused by exposure to different environmental stimuli leave behind a proteomic 

imprint that can still be detected by MALDI-ToF even when the bacteria are subsequently cultured 

on the same nutrient rich agar. Together, our results demonstrate that MALDI-ToF MS is a cost-

effective and efficient screen that can be used to discriminate proteomic signatures within the same 

species of bacteria and can be paired with other -Omic approaches to provide a holistic view of 

microbial transcriptional regulation.  

 

 

3.2. INTRODUCTION 

The MALDI-ToF (matrix-assisted desorption/ionization time-of-flight) mass spectrometry (MS) 

technology offers a time- and cost-effective method of identifying microorganisms. Compared to 

previous time-consuming and expensive methods to identify microorganisms based on 16s rRNA 

or whole genome sequencing, the MALDI-ToF MS provides rapid, accurate and inexpensive 

identification within minutes via proteotyping2. While the MALDI-ToF is limited to culturable 

microorganisms and public databases, it has been quickly incorporated in the clinical setting and 
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used for diagnostic purposes. Studies have shown that MALDI-ToF MS can equally, or more 

efficiently,  better identify sources of systemic3,4, urinary5–7, respiratory8 and intestinal9,10 

infections. The MALDI-ToF MS technology allows for identification down to the strain level and 

has been shown to discriminate between strains of methicillin-resistant Staphylococcus aureus11–

14, shiga-toxigenic Escherichia coli15, clinically relevant strains of Aspergillus16 and many others2. 

 

Although many existing methods allow rapid identification of microorganisms to the species level, 

identification to the more specific ‘‘strain’’ taxon tends to be more challenging, as strains within 

a single microbial species are often very genotypically and phenotypically similar, despite having 

different functions. Higher resolution approaches such as molecular genetics are thus commonly 

employed to identify and characterize strains within a microbial species17. These include pulsed 

field gel electrophoresis (PFGE)18, multilocus sequence typing19 (MLST), repetitive extragenic 

palindromic PCR20 (rep-PCR), housekeeping gene (e.g., PheS) sequence analysis21, and whole 

genome sequencing22,23. Each of these approaches has been shown to have adequately high 

resolution to distinguish microbial strains from one another; however, they are costly, labor- and 

time-intensive, and lack the required rapid high-throughput nature of MALDI-ToF. A big 

advantage of the MALDI-ToF MS strain typing application would be epidemiologic investigations 

that require rapid identification of a single strain within a single species to determine the origin 

and spread of an outbreak in order to mitigate risks to public safety posed by microbial food and 

water contamination or potential acts of bioterrorism17,24. Moreover, in an era where microbiome-

based diagnostics and therapeutic targets are envisioned25, this technology could provide a 

framework to link disease phenotypes to peptides translated by microorganisms isolated from 

various biological samples.  

 

The MALDI-ToF MS is an ionization process that became commercially available in the early 

1990s. The ionization process involves the mixture of an analyte with a “matrix” solution and the 

co-crystallization of both matrix and analyte (Diagram 3.1A-B). During ionization, a laser of a 

determined UV nm wavelength is fired at the mixture and causes its desorption into a gaseous 

phase. MALDI ion sources are combined with time of flight (ToF) tubes for ion separation16. A 

peptide mass fingerprint (PMF) is generated per sample and compared to a database of known 

bacterial species PMFs (Diagram 3.1C). MALDI-ToF looks at whole cell differences as opposed 

to a method that target a handful of molecules such as qPCR, protein blots, etc. which allows 

https://www.zotero.org/google-docs/?kMlMEI
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identification of species and strain differences that other molecular techniques would miss. While 

the technique lacks discriminatory power with some species such as Enterococcus faecium and 

Staphylococcus aureus26, the MALDI-ToF MS can robustly identify bacterial species in various 

culturing conditions27,28.  

 

In contrast to studies that evaluate the ability of MALDI-ToF MS ability to identify bacterial 

species regardless of environmental conditions, we propose that the variation of MALDI-ToF MS-

produced peaks due to culturing can detect environmental imprints. By comparing PMF peaks and 

observing the differences in dendrogram and principal component of analysis (PCA) format 

(Diagram 3.1 D and E), we report that the MALDI-ToF can reliably differentiate between various 

conditions including oxygen presence, nutrient availability and temperature stress. The MALDI-

ToF MS is also able to detect previous environmental conditions after culturing out of the initial 

environment.  Our study shows that the MALDI-ToF can be applied to screening bacterial isolates 

from various environmental conditions and biological samples in order to see potential functional 

differences within the same microorganism.   

 

 

Diagram 1: MALDI-ToF MS methodology 
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(A) Schematic of MALDI-ToF MS technology and B) methods of processing as described by 

manufacturer Bruker. Analysis of peptide-mass fingerprints (PMF) by C) spectra, D) 

dendrogram and E) principal component analysis (PCA). 

 

3.3. MATERIALS AND METHODS 

Bacterial strains and growth conditions: 

DH5α Escherichia coli and enteropathogenic E. coli were grown on tryptic soy agar (TSA) plates 

and incubated at 37°C for 24 hours. Yersinia enterocolitica 8081 and Y. enterocolitica inv, yadA, 

and yscA knock-out strains were grown on TSA and incubated at room temperature for 48 hours. 

Enterotoxigenic Bacteroides fragilis (ETBF) and non-enterotoxigenic B. fragilis (NTBF) were 

grown on TSA with 5% defibrinated sheep blood (TSBA) from skim milk stocks and incubated at 

37°C anaerobically for 5 days. Lactobacillus reuteri was grown on TSA and incubated at 37°C for 

24 hours aerobically and anaerobically. All bacterial strains used are listed in Supplemental Table 

1. For testing of various growth agar, E. coli DH5α was plated on TSA, TSBA, MacConkey and 

eosin methylene blue agars. The plates were then incubated aerobically at 37°C for 24 hours. For 

testing of temperature stress environment, overnight cultures of DH5α in Lysogeny broth (LB) 

were diluted and incubated at 37°C or 50°C for 15 and 30 minutes. For testing of residual effects 

of environment, overnight cultures of DH5α in tryptic soy broth (TSB) were subcultured in various 

media and then plated on TSA. Briefly, DH5α overnight culture in TSB was centrifuged at 3,000 

x g for 5 minutes and washed in sterile PBS twice. The pellet was then resuspended in PBS and 

cultured in LB at 37°C or 50°C for 1 hour, shaking. Samples were then plated on TSA plates and 

incubated at 37°C for 24 hours. 

 

Isolation and growth of clinical samples: 

Stool samples were collected from pre-diabetic adolescents aged 13-19 years as part of an ongoing 

study after institutional IRB approval. Participants were given a sterile stool collection kit (stool 

collection container [Precision (Covidien, Fisher Scientific)]), stool collector hat and sterile gloves 

to self-collect stool at home and mail to the University of Washington laboratory within 24-48 

hours of collection at room temperature. When received, the sample was immediately aliquoted, 

and one tube was used for the analysis of ‘Fresh’ sample on the same day it was received. The 

other aliquots were stored at -80°C for 2-3 months until analyzed. For analysis of the ‘frozen 

sample’, the sample was thawed on ice for 30 mins and then room temperature for 30 mins. Forty-

eighty mg of each sample was suspended in 1ml PBS and centrifuged at 300 rpm for 2 mins.  Serial 
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dilutions were made and plated on TSA and TSA blood and incubated in aerobic and anaerobic 

conditions at 37°C for 48 hours. Both ‘Fresh’ and ‘Frozen’ samples were analyzed using the direct 

protein method. 

 

Protein Extraction Method for MALDI-ToF MS 

Bacterial colonies on agar were picked and added to 300 µl of HPLC-grade water in a 1.5 ml 

Eppendorf tube and then mixed thoroughly with 900 µl of 100% ethanol. After centrifugation at 

13000 rpm, pellets were dried at room temperature and directly mixed with equal volumes of 70% 

formic acid and acetonitrile (20-40 µl, depending on pellet size). After centrifugation at 13000 

rpm, 1 µl of protein extract was spotted on a 96-target polished steel plate (Bruker Daltonics, 

Bremen, Germany) in four replicates, air-dried, and overlaid with 1 µl of alpha-cyano-4-

hydroxycinnamic acid matrix solution (Bruker Daltonics, Bremen, Germany). Target plate was 

placed in the MALDI-ToF MS MicroFlex Biotyper for microbial identification (Bruker, 

Germany). 

 

Extended Direct Method for MALDI-ToF MS 

Bacterial colonies on agar were picked and placed directly on a target plate for identification. 

Samples were overlaid with 1 µL of 70% formic acid and alpha-cyano-4-hydroxycinnamic acid 

matrix solution (Bruker Daltonics, Bremen, Germany). Target plate was placed in the MALDI-

ToF MicroFlex Biotyper for microbial identification (Bruker, Germany). 

 

Cellular adhesion and invasion assays with Y. enterocolitica 

SW620 (ATCC; CCL-227) human intestinal epithelial adenoma cells were used. SW620 cells were 

maintained in DMEM supplemented with 10% fetal bovine serum and 200uM L-glutamine. Prior 

to cellular assays, SW620 cells were seeded into 24-well plates and grown to near confluency over 

3-4 days. SW620 were rinsed with PBS and infected with Y. enterocolitica at a MOI of 10:1 with 

each starting dose plated on TSA to enumerate CFUs. Briefly, overnight Y. enterocolitica cultures 

were diluted 1:10 in TSB. Subcultures were incubated for 2 hours at 37°C while shaking at 150 

rpm. Cultures were washed with PBS and diluted to the appropriate infection dose in cell media. 

Y. enterocolitica were introduced to cells and infection initiated by centrifuging the plates for 5 

minutes at 500 x g. For adhesion assays, Y. enterocolitica was co-cultured with SW620 cells for 

1 hour at 37°C in a 5% CO2 incubator. For intracellular invasion, Y. enterocolitica was co-cultured 

with SW620 cells for 1 hour, washed with PBS and treated with 100 µg/ml gentamicin (Corning, 
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Corning, NY). To elute the Y. enterocolitica and lyse the SW620s, each well was washed three 

times with warm PBS and treated with 500 ul PBS with 1% Triton X-100 (AMRESCO, VWR, 

Randor PA) for 5 minutes. Samples were plated on TSA in serial dilutions to enumerate Y. 

enterocolitica colonization. In parallel, wells containing media only were infected with an equal 

quantity of bacteria. Percentage of colonization was calculated by dividing the number of Y. 

enterocolitica CFU recovered from co-cultures by the number of Y. enterocolitica CFU initially 

applied to the wells. 

 

Data analysis and Statistics 

Raw spectra text files were analyzed using the R package, MALDIquant 

[https://www.ncbi.nlm.nih.gov/pubmed/22796955]. The raw data were trimmed to a spectra range 

of 3,000 to 15,000 m/z. The spectra intensities were then square-root transformed and smoothed 

using the Savitzky-Golay algorithm. Baseline noise was removed using the statistics-sensitive non-

linear iterative peak clipping (or SNIP) algorithm with 100 iterations. The data were then 

normalized using total ion current (or TIC) calibration, which sets the total intensity to 1. Multiple 

spectra within the same analysis were aligned to the same x-axis using the Lowess warping 

method, a signal-to-noise ratio of 3, and a tolerance of 0.001. Peaks were detected from the average 

of at least 4 technical replicates using median absolute deviation. Principal components analyses 

and hierarchical clustering were also performed in R using the base stats package. Hierarchical 

clustering was performed on a calculated Euclidean distance matrix using Ward’s method. 

 

3.4. RESULTS AND DISCUSSION 

Peptide mass fingerprints distinguish genetic differences within microbial species 
MALDI-ToF based bacterial profiling at the genera and species levels has provided results that are 

superior to, less expensive, and less time consuming than those obtained from more conventional 

approaches such as 16S rRNA sequencing. Such successes can be found across diverse areas of 

research and across many disciplines such as clinical microbiology, biodefense, food safety and 

environmental health. Although many studies have reported strain-specific peaks generated by 

MALDI-ToF MS11,15,29,30, identification of reliable peaks as strain-specific biomarkers has been 

hindered by poor profile reproducibility. Further, it appears that the limits of the taxonomic 

resolution of MALDI-ToF MS profiling at the strain level has been determined in large part by the 

https://www.ncbi.nlm.nih.gov/pubmed/22796955
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nature of the particular bacterium profiled. The more genetically indistinguishable bacteria are, the 

more challenging their profiling has been31. In this study, we show that MALDI-ToF MS offers 

the possibility to discriminate between genetic mutants or between different strains of the same 

bacterial species. To investigate the capabilities of MALDI-ToF to distinguish strain-level 

differences, we analyzed three different gram-negative bacteria.  

 

Two sample preparation methods have been mainly reported for MALDI-ToF MS-based 

identification and are known as the “Direct Transfer Method” and the “Protein extraction 

Method”32 (supplemental table 3.2). The “Direct Transfer Method” consists of picking bacterial 

material from single colony forming units on a culture plate with a sterile transfer device and 

applying the material as a thin layer onto the MALDI-ToF target plate. The sample is overlaid with 

a matrix for MALDI-ToF MS analysis32. While this method is simple and rapid, it is inferior in 

accuracy to the “Protein Extraction Method” because of insufficient cell wall disruption32. The 

“Protein Extraction Method” uses formic acid and acetonitrile to disrupt the cells prior to applying 

protein extracts directly to the target plate. In our experiments, it was proven that the “Protein 

Extraction Method” was necessary for the best performance in order to reliably and reproducibly 

detect strain level differences between the various tested microorganisms (supplemental figure 1.). 

Moreover, using the protein extraction method allowed for tighter clustering within groups 

(Supplemental figure 2) and over time with different MALDI-TOF runs / days (supplemental 

figure 1). 

 

Bacteroides fragilis is a gram-negative, obligate anaerobic, rod-shaped bacterium. It is part of the 

normal microbiota of the human colon and is generally commensal, but can cause infection if 

displaced into the bloodstream or surrounding tissue following surgery, disease, or trauma33. 

Enterotoxigenic B. fragilis (ETBF) are strains that secrete a 20-kDa heat-labile zinc-dependent 

metalloprotease toxin termed the B. fragilis toxin (BFT). ETBF strains are associated with 

inflammatory diarrheal disease in children older than 1 year of age and in adults, as well as in 

inflammatory bowel disease flare-ups and colorectal cancer29,34–36. In this experiment, the bft 

positive WT strain of B. fragilis (bft+) was grown alongside its mutant ∆bft on TSA supplemented 

with 5% defibrinated sheep blood for 48 hours at 37°C anaerobically. Multiple colonies of the WT 

strain and mutant were tested in four technical replicates each on a MALDI-ToF target following 

protein extraction and a Principle Component Analysis (PCA) was generated after analyzing the 
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peptide mass fingerprint profiles (PMF) of each protein extraction. PMFs were generated using 

Bruker’s FlexAnalysis software and the PCA was performed with the help of the MALDIquant 

package in R. The mean PMF of the biological replicates from each cluster is shown by the larger 

point in the middle of each ellipse (Figure 3.1A). We observed statistically significant differences 

between the proteomic profiles of the WT strain and ∆bft strain in the PCA (Figure 3.1A). This 

experiment clearly demonstrates that the MALDI-ToF MS is a sensitive enough technology to 

detect genetic differences in highly similar microorganisms, as it could reliably discriminate 

between an enterotoxigenic B. fragilis strain and its mutant (Figure 3.1A).  

 

Y. enterocolitica is a gram-negative bacterium that causes food-borne illness when ingested in 

contaminated meat and water. Y. enterocolitica causes a transient infection in immunocompetent 

adults, but can be lethal to immunocompromised individuals especially young children under the 

age of five37,38.  Similar to the B. fragilis studies above, Y. enterocolitica 8081 and two mutant 

strains were grown on TSA for 48 hours aerobically at room temperature prior to protein extraction 

and analysis by MALDI-ToF MS. The MALDI-ToF was able to discriminate three distinct clusters 

among wild type Y. enterocolitica strain (Ye8081), a yadA and yscA (Figure 3.1B).  

 

Escherichia coli is a gram-negative, rod-shaped bacterium commonly found in the lower 

intestines. While most E. coli strains are harmless, pathogenic varieties can cause serious 

gastroenteritis, urinary tract infections, meningitis or septic shock in humans30. Enteropathogenic 

E. coli (EPEC) is a strain of E. coli that harbors a virulence factor known as intimin. Intimin is an 

adhesin that binds host intestinal cells, causing watery diarrhea in those afflicted39. In this 

experiment, EPEC was grown aerobically on TSA for 24 hours at 37°C alongside a non-pathogenic 

strain of E. coli, DH5α. Our data from B. fragilis and Y. enterocolitica, demonstrated that the 

MALDI-ToF was able to discriminate the proteomic profile of a bacterial species in which a single 

gene was ablated. Here, we sought to understand whether the MALDI-ToF could differentiate 

proteomic signatures of a pathogenic E. coli harboring a number of virulence plasmids and genes 

from a nonpathogenic laboratory strain.  The PCA comparing the PMF of EPEC and DH5α   clearly 

show two distinct populations that cluster by pathogenicity (Figure 3.1C). Taken together, these 

experiments clearly show that MALDI-ToF MS is sensitive enough to detect strain-level 

differences and pathogenicity, but also to discriminate between bacteria that differ in only in the 

expression of a single genetic deletion.  
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Figure 3.1. Differentiation of bacterial genetic mutants on MALDI-ToF MS 

Principal component analysis (PCA) based on peptide mass fingerprint (PMF) profile of various 

bacterial strains and mutants. A) Bacteroides fragilis with and without the enterotoxigenic gene 

(bft) are compared. B) Yersinia enterocolitica strain 8081 WT (Ye8081) and mutants with genetic 

differences in genes yadA and yscA are compared. C) Enteropathogenic Escherichia coli and DH5α 

strains are compared. Each dot represents the average of 4 technical replicates; the larger point is 

the mean of the experimental group with a 95% confidence interval drawn on mean. Data for each 

experiment are from two independent experiments with n=5-7. 

 

PMFs distinguish phenotypic differences within genetically identical strains 
The reproducibility of the mass spectra generated by MALDI-ToF MS analysis of proteins from 

bacterial extracts can be impacted by several experimental factors. Other researchers have 

discovered that differences in incubation and culturing conditions can alter peak intensities40 and 

identification rates41 (Table 3.1). In order to test whether environmental exposures could 

reproducibly impact the proteome, we decided to look at how various factors such as exposure to 

oxygen, different nutrient availabilities and temperature impact the PMF of several bacteria.   

 

Condition Species Reference 

Media type E. coli This study 

Arnold et al. 199950 

Valentine et al., 200528 
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Reich et al., 201351 

Veenemans et al., 201640 
 

Y. enterocolitica Valentine et al., 200528 
 

B. subtilis Valentine et al., 200528 
 

Mycobacteria Balážová et al., 2015 52 
 

S. aureus Reich et al., 201351 
 

Lactobacillus spp. Šedo et al., 201353 
 

Acetic Acid bacteria Wieme et al., 201354 
 

Nocardia spp. McTaggart et al., 201855 

Growth rate / 

Age 

E. coli Arnold et al. 199950 

Wunschel et al., 200527 

Reich et al., 201351 

Veenemans et al., 201640 
 

Mycobacteria Balážová et al., 2015 52 
 

Beverage spoiling yeasts Usbeck et al., 201356 
 

S. aureus Reich et al., 201351 
 

Lactobacillus Šedo et al., 201353 
 

Rhizobium Mandal et al., 200757 
 

Nocardia spp. McTaggart et al., 201855 

Oxygen L. reuteri This study 
 

Beverage spoiling yeasts Usbeck et al., 201356 

Temperature E. coli This study 

Wunschel et al., 200527 
 

Y. enterocolitica This study 

Wunschel et al., 200527 
 

Bacillus spp. Shu and Yang 201758 
 

Lactobacillus Šedo et al., 201353 

Broth vs agar Beverage spoiling yeasts Usbeck et al., 201356 
 

E. coli Reich et al., 201351 
 

S. aureus Reich et al., 201351 
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pH E. coli Wunschel et al., 200527 

 

 

Table 3.1. Environmental influences on MALDI-ToF MS analyses 

Using the microorganism Lactobacillus reuteri, we investigated if MALDI-ToF MS analysis could 

detect differences in PMF following overnight incubation at 37°C in aerobic and anaerobic 

environments. Lactobacillus spp. are facultative anaerobes and several genes are differently 

expressed with the presence of oxygen42. The data generated by the MALDI-ToF confirmed these 

previous studies by revealing that if the same starting culture was cultured under aerobic or 

anaerobic conditions there are significant alterations in the PMF profile (Figure 3.2A). We 

observed that the two conditions clearly separate along the x-axis with over 50% of the variation 

explained by PC1 (Figure 3.2A). Interestingly, the clustering of L. reuteri grown aerobically 

exhibit more variability in PMFs compared to L. reuteri grown anaerobically. These differences 

may be indicative of the impact of anaerobic stress exerting a more distinct response on the 

bacteria. 

 

As others have noted, culturing on various media does not alter species identification28. For this 

study, we cultured E. coli DH5α on four different nutrient-rich media: TSA, TSA supplemented 

with 5% blood (TSBA), MacConkey agar (MC), and eosin methylene blue agar (EMB) to test 

whether the MALDI-ToF could discriminate proteomic differences due to nutrient availability in 

the E. coli. While E. coli grown on MC and EMB agar had overlapping PMF profiles and clustered 

together on the PCA, there were clearly different clusters for E. coli grown on TSA and TSBA. 

(Figure 3.2B). The overlapping of MC and EMB-grown E. coli is likely due to the induction of 

lactose fermentation genes by E. coli when it is grown on these two types of agars. While the 

differences between MC and EMB agars was not enough to induce differential proteomic profiles 

of E. coli, the presence of 5% defibrinated sheep blood in the TSA was able to trigger the 

expression of a different proteomic profile in E. coli grown on TSA without blood (Figure 3.2B). 

Thus, MALDI-ToF MS has the capacity to significantly discriminate between bacteria grown on 

different media, if these media provide nutrients that promote the upregulation of distinct 

metabolic pathways necessary for nutrient utilization. 
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Next, we tested whether temperature affects the PMF profiles of microorganisms. Y. enterocolitica 

is well adapted for survival and proliferation at room temperature (RT) but induces its virulence 

factors when exposed to host temperatures of 37°C43. These metabolic adaptations are clearly 

captured when we analyze Y. enterocolitica grown at two different temperatures on the MALDI-

ToF MS, with Y. enterocolitica grown at RT clustering distinctly from the 37°C treated group 

(Figure 3.2C). The two clusters for Y. enterocolitica are clearly separated on the x-axis with over 

60% of the PMF variation explained on PC1, demonstrating a clear distinction in proteome 

expressions due to temperature conditions. The individual PMFs of Y. enterocolitica grown at 

room temperature are also more tightly clustered than the Y. enterocolitica grown at 37°C. This 

variable clustering could be indicative of differences in protein expression by Y. enterocolitica 

when grown in virulence-inducing temperatures. Previous studies using MALDI-ToF MS on Y. 

enterocolitica point out that temperature and media both play a role in PMF intensities with 

inference that temperature may play a bigger role27,28. Whereas Wunschel and collegues27 

identified that Y. enterocolitica grown at 37°C has similar PMFs despite the media it is grown on, 

we demonstrate that the MALDI-ToF can reliably distinguish between distinct temperature 

conditions. 

 

Next we tested whether MALDI ToF MS could discriminate between bacteria =heat shocked and 

those that were not. Here, liquid cultures of E. coli were incubated at 37°C or 50°C for 15 minutes 

or 30 minutes. As expected, E. coli exposed to 50°C had a different PMF profile and different 

clustering than E. coli maintained at 37°C, likely due to the induction and translation of bacterial 

heat shock proteins44. Importantly, these differences became even more significant when the 

exposure time was increased from 15 to 30 minutes indicating that MALDI-Tof can even kinetic 

differences in proteomic signatures (Figure 3.2D).  

 

All together these results demonstrate that using PMF profiles generated by the MALDI-ToF 

allows the reproducible discrimination of different metabolic states in the same species of bacteria 

exposed to different environmental conditions. While other studies have shown that different 

culturing conditions impact the identification of bacteria by MALDI-ToF, they failed to assess 

whether different environmental exposures could be identified within the same species of bacteria. 

The work presented here builds upon these previous studies and has identified a novel and 

important function for this technology.  The ability to easily differentiate the direct effects of 
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environmental conditions on a species of bacteria using MALDI-ToF presents a new way to screen 

proteomic profiles of bacteria from different biological samples and to identify specific metabolic 

programs.  

 

To further understand the extent of the MALDI-ToF MS technique on discerning environmental 

influences on bacteria, we examined whether the same bacteria exposed to two different 

environmental stressors, but subsequently plated on the same nutrient agar would leave a 

proteomic imprint that could be detected by MALDI ToF. For this experiment, E. coli was grown 

in liquid culture at 37°C or 50°C for 2 hours and both samples were collected and plated on TSA 

for 24 hours. Our previous experiment measured the direct environmental impact of temperature 

on E. coli (Figure 3.2D), but  this experiment was to determine whether the MALDI-ToF could 

discriminate E. coli exposed to different temperatures when all the samples were collected,  plated 

on the same nutrient rich agar and cultured for 24 hours at 37°C.  Surprisingly, the PMFs generated 

by the MALDI-ToF produced two distinct clusters on the PCA corresponding to the 37°C and 

50°C group and indicate that the MALDI-ToF was able to detect proteomic imprints of 

temperature on E. coli despite being harvested and plated on the same nutrient agar (Figure 3.2E-

F). These data demonstrate that the MALDI-ToF can identify environmental signatures despite the 

removal of stressor or condition and subsequent growth on the same nutrient agar. These results 

are contrary to current dogma in the field that assume functional, proteomic or metabolic 

differences of bacterial isolates from both environmental and human tissue are abolished once the 

bacteria are plated on the same nutrient agar. Instead, our data indicates that prior environmental 

exposures leave a proteomic imprint that is maintained despite re-culturing. Our data reveal that 

this proteomic imprint can be discerned using the MALDI-ToF. 
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Figure 3.2. Differentiation of bacterial biological environment on MALDI-ToF MS 

PCA based on PMF profile of various bacterial species cultured in different growth conditions. A) 

Lactobacillus reuteri plated on TSA and incubated overnight at 37°C in aerobic and anaerobic 

conditions is compared. B) DH5α Escherichia coli strain grown on 4 different types of Media: 

TSA (TS agar), TSA with 5% sheep blood (TS blood agar), MacConkey agar (MC agar), and eosin 

methylene blue agar (EMB agar) is compared. C) Y. enterocolitica grown at room temperature 

(RT) or 37°C for 48 hours on TSA. D) DH5α grown in liquid culture at 37°C and 50°C for 15 and 

30 min while shaking. E) Diagram and F) PCA of DH5α grown in liquid culture at 37°C and 50°C 

for 1 hour and then plated to observe residual effects of different environmental conditions. Each 

dot represents the average of 4 technical replicates; the larger point is the mean of the experimental 

group with a 95% confidence interval drawn on mean. Data for each experiment are from two 

independent experiments with n=5-7.  

 
PMFs identify metabolic and virulent states of Y. enterocolitica during in vitro adhesion and 
invasion assays 
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Our data show that MALDI-ToF analysis was able to distinguish between two growth states of Y. 

enterocolitica, the more virulent state induced by temperatures of 37°C and the less virulent state 

which is maintained at room temperature.  These two states differ dramatically due to the induction 

of the virulence plasmid and expression of the type III secretion system making detection by 

MALDI-ToF fairly straightforward. This led us to question whether MALDI-ToF could detect 

differences in Y. enterocolitica which may have already been expressing its virulence genes but 

subsequently exposed to different subcellular compartments. During the course of a Y. 

enterocolitica infection the bacteria will pass from the lumen of the small intestine into the Peyer’s 

patches of the lamina propria and  the mesenteric lymph nodes45. In order for Y. enterocolitica to 

survive in these three very different environments, different genes and metabolic states are 

necessary for Y. enterocolitica’s survival. To test the ability of the MALDI-ToF to distinguish Y. 

enterocolitica isolated from different environments, we inoculated a human intestinal epithelial 

cell line, SW620, with Y. enterocolitica grown at 37C to induce its virulence plasmid. At the end 

of the in vitro stimulation both extracellular and intracellular Y. enterocolitica were harvested on 

onto the same nutrient agar (TSA) for 48 hours. Bacterial cells were proteomically prepared as 

described above and the PMFs generated by the MALDI-ToF were compared. PMFs of untreated 

Y. enterocolitica, Y. enterocolitica applied to SW620s for 1 hour, or applied to SW620s for 1 hour 

and treated with gentamicin to remove extracellular bacteria were compared (Figure 3.3A). After 

samples were collected, Y. enterocolitica was plated on TSA and incubated at room temperature 

for 48 hours. The analysis of the PMF’s of intracellular and extracellular Y. enterocolitica 

generated by the MALDI show three distinct clusters. Intracellular Y. enterocolitica clustered 

together on the left of the PCA significantly distinct from the extracellular Y. enterocolitica which 

clustered on the right of the PCA. (Figure 3B).  The control samples containing Y. enterocolitica 

grown for 1 and 2 hours in the absence of SW620 clustered intermediately, but distinctly, from the 

intra- and extra- cellular Y. enterocolitica (Figure 3.3B). Using the PMFs and PCA a dendrogram 

was created showing the hierarchical clustering of the samples. Both the intra- and extra- cellular 

Y. enterocolitica samples clustered by group but remained distinct from each other indicating 

clearly different proteomic signatures between the samples run in each experimental group (Figure 

3C). These data also confirm the experiments above and illustrate that the MALDI-ToF can detect 

distinct proteomic imprints of samples isolated from two different environmental niches despite 

being re-cultured on TSA plates (Figure 3B-C). These data indicate that the proteomes of Y. 

enterocolitica differ greatly between intra- and extra-cellular lifestyles and the PMFs provide a 
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preliminary blueprint of distinct and shared peaks that correspond to specific proteins that can be 

used to generate more specific hypothesis.   

 

Taken together, these data using E. coli and Y. enterocolitica demonstrate that the MALDI-ToF 

can detect differences in metabolic and virulence states, even after the bacteria are removed from 

the initial environment and re-plated on the same nutrient agar. This is especially important for 

trying to assess phenotypic differences of clinical isolates or samples that cannot be readily grown 

in its natural environment. These methods could be applied to situations in which metabolic or 

phenotypic difference of experimental groups can be compared against known culturing 

conditions. It can also be used as a method of screening of known bacterial phenotypes.  

 

Figure 3.3. PMF analysis of Y. enterocolitica virulence states 

 

A) Schematic of protocol. B) PCA and C) dendrogram of Y. enterocolitica cultured 48 hours at 

room temperature on TSA following adhesion and invasion assay with SW620 cells. Each dot 
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represents the average of 4 technical replicates; the larger point is the mean of the experimental 

group with a 95% confidence interval drawn on mean. Data for each experiment are from two 

independent experiments with n=6. 

 
PMFs distinguish between fresh and frozen clinical isolates of the same species 
A very common use of the MALDI-ToF in clinical studies is to identify isolates removed from 

biological samples for diagnostic purposes. The experiments described above used the protein 

extraction method in a well-controlled environment with well characterized strains, the use of 

MALDI-ToF in clinical settings is less likely to resort to this time-consuming method. In a clinical 

setting, using the protein extraction method is time consuming and not all samples are easily 

processed immediately. Additionally, freezing samples prior to culturing can reduce the number 

of bacteria recovered, skew the diversity of bacteria, and alter community composition46,47. 

Therefore, these next experiments evaluated how frozen versus fresh conditions altered the PMFs 

of clinical samples using the “Extended Direct Transfer” method as described above.  

 

Using fresh human fecal samples, we tested whether culturing fresh or frozen microbiota samples 

altered the phenotype of clinical isolates (Figure 3.4A). In these experiments, whole fecal samples 

were plated aerobically on TSBA for 48 hours. Single colonies were then processed using the 

extended direct colony method. Bacteria identified as the same species were then compiled and 

examined retrospectively.  

 

Within our clinical samples, the MALDI-ToF identified Citrobacter sedlakii, E. coli and 

Bacteroides ovatus from both fresh and frozen cultures. Despite distinct clustering between fresh 

and frozen isolates of C. sedlakii and E. coli, the clustering was not statistically significant as there 

was overlap seen in the PCA and dendrogram (Figure 3.4B-C). Freezing seemed to have a more 

profound impact on C. sedlakii compared to E. coli as these isolates appeared to have little overlap 

in PMFs (Figure 3.4B). In contrast, E. coli isolates from fresh and frozen stool had more 

similarities suggesting that the response to freezing may be bacteria dependent (Figure 3.4C). 

These experiments provide a rationale for why sample collection during microbiome studies must 

be standardized.  
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We next compared the MALDI-ToF analysis of fresh and frozen B. ovatus taken from two different 

patients. As expected, B. ovatus clustering was patient dependent, likely due to strain variation of 

B. ovatus or exposure of B. ovatus to microenvironments that contribute to genetic diversity via 

phage and horizontal gene transfer (Figure 3.4D). Interestingly, fresh or frozen status had little 

impact on the clustering of B. ovatus from patient 2, while patient 4 had high variability of PMFs 

within each of the fresh and frozen groups. The different sensitivity between patient 2 and patient 

4 B. ovatus isolates from fresh and frozen stool may be due to the presence of more temperature 

sensitive genes in the isolates from patient 2 and indicate that freezing stool may alter the PMF 

generated by the MALDI-ToF in a bacteria-dependent manner.   

Our results using clinical isolates derived from a mixed microbiota sample reveal that fresh versus 

frozen culturing techniques may alter the proteotyping of microorganisms. Further study is needed 

to analyze the freezing effects. This clinical experiment was limited by MALDI-ToF processing, 

lack of technical replicates, and difference in MALDI-ToF sampling days. These results exemplify 

a need for rigorous sample preparation and analysis. Given our ability to proteotype bacteria by 

various environmental factors, there is huge potential in analyzing phenotypic differences amongst 

clinical samples. Should this methodology be adapted in the clinic there are numerous applications, 

such as distinguishing proteotypes from inflammatory, nutrient-rich, nutrient-depleted, or 

competitive microenvironments. 
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Figure 3.4. PMF analysis of fresh and frozen clinical isolates  
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A) Schematic of clinical sample analysis. PCA and dendrogram of fresh and frozen PMFs from B) 

C. sedlakii, C) E. coli and D) B. ovatus isolates identified on aerobic TSA with 5% sheep blood. 

Isolates proceeded via extended direct transfer. Each dot resembles a biological replicate. Ellipse 

drawn on the 95% confidence interval of the mean.  

3.5. CONCLUSION 

The emergence of MALDI-ToF MS has reinvigorated microbial identification over the past 

decade. By creating proteomic signatures through PMFs of microorganisms, species and 

subspecies identification is possible via proteotyping. Routine use of MALDI-ToF MS as a 

diagnostic tool is favorable due to its ease of use, time and cost efficiency, and robust sensitivity. 

Our current study demonstrates a new function by exploiting the unique proteomic signatures and 

comparative analysis afforded by the MALDI-ToF MS bioinformatic packages. While 

proteotyping of different physiological and metabolic states of microorganisms through MALDI-

ToF has been previously suggested by others48,49 and variations in culturing conditions have been 

extensively tested for impact on species identification (Table 3.1), we test the ability to distinguish 

between multiple environmental conditions within the same microorganism. Environmental 

effects of oxygen, temperature and nutrients can all be easily distinguished. As a proof-of-

principle, we also demonstrate that PMF signatures can differentiate by stressors even when 

microorganisms are removed from the initial environment. We further exemplify how the MALDI-

ToF MS technique can separate different virulent states of Y. enterocolitica with the SW620 

adhesion assay.  

 

One limitation of proteotyping of metabolic and functional states include lack of PMF peak to 

protein identification readily available through the Bruker software. While publicly accessible 

databases for peptide/protein identification and assignment exist, such as Mascot 

(www.matrixscience.com), there still remains a need to develop a database of peak information 

that can be more readily incorporated with MALDI-ToF MS data. Another limitation is addressed 

with our clinical data in which rigorous protein extraction and technical replicates may not be 

easily incorporated in a clinical setting. While our data inconclusively delineate fresh versus frozen 

isolates, these experiments need to be repeated with a wide variety of microorganisms. 
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Altogether, we demonstrate a new and powerful use for MALDI-ToF MS to screen for 

physiological changes from direct and indirect environmental conditions. In conjunction with 

transcriptomic data and validation through PCR or LC/MS, this technique could provide a rapid 

and efficient way to screen for metabolic functions and physiological states of microorganisms. 

This methodology can be especially useful for analyzing phenotypic changes of bacteria cultured 

from previously unique environments such as an inflamed gastrointestinal tract or progression of 

different virulent states. In addition to the original function of species identification, the MALDI-

ToF MS provides a plethora of data that has yet to be fully explored and exploited. Pairing these 

data with peptide/protein identity assignment could ultimately constitute a strong framework for 

the identification of microbiome-based biomarkers and therapeutic targets in various disease 

states. 

3.6. SUPPLEMENTAL MATERIAL 
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Supplemental Figure 3.1. PMF analysis of Y. enterocolitica with extended direct method of 

processing vs the protein extraction method 

Ye8081 grown on TSA and incubated at either room temperature or at 37°C. Colonies were then 

processed by the extended direct method (direct) or the protein extraction method (protein). 

Protein samples (n=3/group) were done with 8 technical replicates. Direct samples (n=4-6/group) 

had no technical replicates. Ellipse drawn on the 95% confidence interval of the cluster. t1 and t2 

indicate two different independent experiments on different dates and different MALDI-ToF 

targets. 
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Supplemental Figure 3.2. PMF analysis of Y. enterocolitica grown at different temperatures with 

extended direct method of processing vs the protein extraction method 

Ye8081 grown on TSA and incubated at either room temperature or at 37°C. Colonies were then 

processed by the extended direct method (direct) or the protein extraction method (protein). 

Protein samples (n=3/group) were done with 8 technical replicates. Direct samples (n=4/group) 

had no technical replicates. Ellipse drawn on the 95% confidence interval of the cluster. 
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Supplemental Table 3.1. Bacterial species and strains used in this study 

 

  
 

Supplemental Table 3.2. Pros and cons of extended direct transfer method vs protein extraction 

method  
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4. TLR6 Signaling Prevents Inflammation and Impacts Composition of the Microbiota 

During Inflammation-Induced Colorectal Cancer 

 

Adapted from: 

Jee-Hyun Kim, Melissa Kordahi, Denise Chac, and R. William DePaolo. TLR6 signaling 

prevents inflammation and impacts composition of the microbiota during inflammation-induced 

colorectal cancer. Cancer Prevention Research, 2019. doi: 10.1158/1940-6207.CAPR-19-0286 

 

4.1. ABSTRACT 

Tightly regulated immune responses must occur in the intestine in order to avoid unwanted 

inflammation, which may cause chronic sequela and leading to diseases such as colorectal cancer. 

Toll-like receptors play an important role in preventing aberrant immune responses in the intestine 

by sensing endogenous commensal microbiota and delivering important regulatory signals to the 

tissue. However, the role that specific innate receptors may play in the development of chronic 

inflammation and their impact on the composition of the colonic microbiota is not well understood. 

Using a model of inflammation induced colorectal cancer, we found that Lactobacillus species are 

lost more quickly in WT mice than TLR6-deficient mice resulting in overall differences in bacterial 

compositions. Despite the longer retention of Lactobacillus, the TLR6-deficient mice presented 

with more tumors and a worse overall outcome. Restoration of the lost Lactobacillus species 

suppressed inflammation, reduced tumor number and prevented change in the abundance of 

Proteobacteria only when given to WT mice, indicating the effect of these Lactobacillus are TLR6-

dependent. We found that the TLR6-dependent effects of Lactobacillus could be dissociated from 

one another via the involvement of IL-10, which was necessary to dampen the inflammatory 

microenvironment, but had no effect on bacterial composition. Altogether, these data suggest that 

innate immune signals can shape the composition of the microbiota under chronic inflammatory 

conditions, bias the cytokine milieu of the tissue microenvironment, and influence the response to 

microbiota-associated therapies. 
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4.2. INTRODUCTION 

Colorectal cancer (CRC) is the third most common form of cancer and the second leading cause 

of cancer-related deaths in the United States1. A majority of CRC cases are due to sporadic 

tumorigenesis, while only 10% are associated with a genetic predisposition2,3. The increased risk 

of developing CRC in people with metabolic syndrome, type 2 diabetes and inflammatory bowel 

disease4 highlights a strong role for chronic inflammation in the etiology of inflammation-

associated or colitis-associated CRC5,6. Other common features shared between these patient 

populations include changes within the composition of the intestinal microbiota and the 

development of immune reactivity against these intestinal microbes7,8.  

The intestine is home to a large microbial ecosystem that provides protective, structural and 

metabolic functions9. The importance of the microbiota in CRC has been illustrated in both animal 

models and in studies of patients with CRC10–12. In models of inducible and sporadic CRC, the 

composition of conventionally raised mice changes over the course of tumorigenesis13. Shifts in 

the composition of the microbiota have also been observed in human studies, which have not only 

found changes in the abundance of certain bacterial taxa but have identified a number of microbes 

thought to be drivers in the progression to malignancy. These include Fusobacterium 

nucleatum14,15, Bacteroides fragilis16,17 and Escherichia coli18. The importance of the microbiota 

in CRC has also been demonstrated using germ-free mice which develop less inflammation and 

fewer tumors than conventionally housed animals19,20. Despite these findings, the molecular 

mechanism contributing to the selection of certain bacterial families over another for an intestinal 

niche has not been established for CRC.   

Due to the proximity of the microbiota to the intestinal epithelium and underlying immune cells, 

tightly regulated communication must occur to prevent abnormal tissue responses that could lead 

to chronic inflammation and malignancy. Coordination of intestinal responses are initiated through 

the recognition of both microbial-derived and host-derived ligands by innate immune receptors, 

such as Nod-like receptors (NLR) and the Toll-like receptors (TLR)21. TLRs comprise a set of 

receptors that recognize conserved microbial motifs (e.g. LPS, flagellin), as well as endogenous 

danger signals (e.g. heat shock proteins)22. These receptors represent a line of defense against 

invading enteric pathogens23, but also sense and respond to our own commensal bacteria in order 

to promote epithelial cell integrity24, localized immune responses and even colonization of the 

host25. Disruption of these signals can lead to uncontrolled inflammation and changes within the 
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microbiota, which have significant roles in intestinal disease26, tumorigenesis and tumor 

progression10,27. Toll-like Receptror-2 (TLR2) recognizes di- and tri-acylated bacterial 

lipoproteins when heterodimerized with TLR628 or TLR129, respectively. In a model of 

inflammation-associated CRC, mice deficient for TLR2 have shown an increase in size and 

number of colonic tumors, dysregulation of cytokine production and epithelial responses30. Since 

both TLR1 and TLR6 require TLR2 to signal21, deletion of TLR2 also results in the disruption of 

their signaling, making it difficult to delineate the role that these receptors may play in sensing and 

responding to microbial ligands in CRC. Using a model of inflammation-associated CRC we 

sought to understand how TLR6 signaling would affect a disease associated with alterations of the 

microbiota in a highly inflamed environment. We found that TLR6 deficiency was associated with 

the development of more tumors and worse survival when housed with other TLR6KO mice or 

when cohoused with WT mice. Interestingly, cohousing provided protection against tumors in the 

WT mice due to the presence if Lactobacillus which induced IL-10 in a TLR6-dependent manner 

Overall these studies suggest that innate sensing of the microbiota during inflammation can 

influence the local cytokine milieu, the composition of the commensals and the response to 

microbiome based immune therapies. 

4.3. MATERIALS AND METHODS 

Animals 

TLR6KO and littermate control mice were bred in-house and maintained in a specific pathogen 

free facility at the University of Southern California. All mice used in these experiments were 

generated from 5-7 different founder cages where all female mice were wild type for TLR6. At the 

time of weaning pups from different litters but of the same sex were mixed together for group 

housing to reduce founder and cage effects on the microbiome. Mice were fed a standard rodent 

diet AIN-78 (Lab diets, St. Louis, MO) and given non-chlorinated, non-acidified, distilled water 

ad libitum. All animal experiments were performed in accordance with institutional guidelines 

following experimental protocol review and approval by the Institutional Biosafety Committee 

and the Institutional Animal Care and Use Committee. Induction of inflammation-associated 

colorectal cancer 6- to 8-week-old female mice were injected intraperitoneally with 10 mg/kg 

azoxymethane (AOM; Sigma-Aldrich Chemical Co, St. Louis, MO). After 5 days, mice received 

2.5% (w/v) dextran sulfate sodium (DSS; Affymetrix, Santa Clara, CA, molecular weight 35,000–

50,000 kDa) in drinking water for 5 days followed by 16 days of regular drinking water. Mice 
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were subjected to two additional DSS cycles50. The clinical course of disease was monitored by 

measurement of body weight, observation of rectal bleeding, diarrhea, and bloody stool during 

DSS treatment. Mice were euthanized 66 days post-AOM injection using CO2 followed by 

cervical dislocation.  

 

Pathology and Scoring 

The gastrointestinal tract was removed and the colon separated from the cecum. Macroscopic 

assessment of colonic tumors was noted and images taken to determine tumor size using ImageJ 

software. The colon was placed into 10% neutral buffered formalin, prepared in a “Swiss roll” 

technique51, routine-processed for paraffin embedding and stained with hematoxylin and eosin. 

Colons were scored by a veterinary pathologist blinded to experimental groups. Inflammation 

scores were based on the severity of mucosal loss, crypt inflammation, lamina propria 

mononuclear cells, neutrophils, epithelial hyperplasia mucosal epithelial hyperplasia, dysplasia 

presence and extent of pathology as modified from Suzuki et al52 and Kennedy et al53. Proliferative 

lesions were graded according to Boivin et al54 with invasive carcinoma defined as invasion into 

the lamina propria or into but not through the muscularis mucosa, sparing carcinoma. 

 

Collection of luminal and mucosal associated microbiota samples 

Colons were removed and placed onto a chilled glass plate on ice and opened longitudinally. 

Luminal contents were collected and placed in a 1.5 ml conical tube. The colon tissue was then 

rinsed with ice cold PBS and then washed by submerging tissues into clean sterile PBS and then 

vigorously shaken for 5 seconds. This was repeated 5 times and then the colon was placed back 

onto glass plate and glass slides were used to gently scrape the colon tissue removing the mucosa. 

This was then added to the luminal contents and used for sequencing. 

454 Pyrosequencing, sequence curation and microbiome analysis 

Microbiota samples were processed and sequenced at Research and Testing Laboratory (RTL; 

Lubbock, TX) based upon RTL protocols using a Roche FLX Titanium genome sequencer. 

Universal bacterial primers 28F ‘GAGTTTGATCNTGGCTCAG’ and 519R 

‘GTNTTACNGCGGCKGCTG’ were used to amplify the variable regions V1-V3 of the 16S 

rRNA genes. 16s rRNA gene sequences were curated using mothur v.1.35.155. Briefly, sequences 

were denoised using a flow gram denoising algorithm56, aligned to Silva 16s rRNA sequence 

database57, and pre-clustered to allow up to a 2-bp difference between sequences58. Chimeras were 
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detected using UCHIME59 and were culled along with chloroplast and mitochondrial sequences. 

Sequences were then classified using the Ribosomal Database Project version 14 with a confidence 

score greater than 80%60 and phylotyped to the family level. Prior to any data analysis the number 

of sequences were normalized per sample to at least 2000 sequences. Beta diversity was calculated 

using the Theta YC distance metric with the family-level data and visualized using principal 

coordinates analysis (PCoA). 

 

Bacterial quantitative-PCR 

DNA was extracted from proximal colonic contents using an ISOLATE Fecal DNA kit (Bioline, 

Taunton, MA). qPCR was performed on a CFX96 TouchTM Real-Time PCR Detection System 

(Bio-Rad Laboratories, Irvine, CA) using a SensiFAST SYBR® No-ROX Kit (Bioline) with 20 

ng of bacterial DNA and the following primers: Helicobacteraceae primers forward (5’-

CCGCAAATTGCAGCAATACTT-3’) and reverse (5’-TCGTCC AAAATGCACAGGTG-3’); 

Lactobacillaceae 16S primers LabF362(5’- AGCAGTAGGGAATCTTCCA-3’) and LabR677 (5’-

CACCGCTACACATGGAG-3’); Porphyromonadaceae primers forward (5′‐

GGTGTCGGCTTAAGTGCCAT‐3′) and reverse (5′‐CGGA(C/T)GTAAGGGCCGTGC‐3′). 10-

fold serial dilutions of plasmid-based H. hepaticus, L. reuteri/L. johnsonii or Tannerella forsythia 

genomic DNA was used to generate a standard curve. Relative abundance was calculated by a ratio 

of the organism- specific DNA to total bacterial DNA used for the amplification. 

 

Lactobacillus treatments 

L. johnsonii, L. reuteri, and LGG (L. rhamnosus GG) were grown overnight at 37°C in Lactobacilli 

MRS broth (EMD Chemicals, Gibbstown, NJ). Cultures were diluted the next day in sterile PBS, 

and concentrated to 1010 CFU/ml. On day 2 of each DSS round, mice were administered 100 μl by 

intragastric gavage every other day for 10 days (total of 5 gavages).  

 

ELISA 

Colonic lamina propria was isolated, pelleted and protein determination was performed by 

Bradford assay. ELISA was performed according to product instructions from BD OptEIA kits 

(IFN-γ and IL-10) and R&D Systems kits (IL-13 and IL-17). 

 

Quantitative reverse transcription PCR (qRT-PCR) 
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Colons were flushed with PBS, opened longitudinally and segmented into two sections. One third 

of the entire length of the colon measured up from the anus was denoted as distal, while the 

remaining two thirds of the colon was identified as proximal. RNA was extracted from mucosal 

scrapings using ISOLATE II RNA Mini Kit (Bioline, Taunton, MA) and reverse transcribed into 

cDNA with SensiFAST cDNA Synthesis Kit (Bioline). qRT-PCR was performed on a CFX96 

TouchTM Real-Time PCR Detection System (Bio-Rad Laboratories, Irvine, CA) using a 

SensiFAST SYBR® No-ROX Kit (Bioline) with the following primers: Tbet forward 5’-

AGCAAGGACGGCGAAGTT-3’; Tbet reverse 5’-GGGTGGACATATAAGCGGTTC-3’; Gata3 

forward 5’-CAACCTCTACCCCACTGTG-3’; GATA3 reverse 5’-

GATGTCCCTGCTCTCCTTG-3’; Rorc forward 5’-GCCTACAATGCCAACAACCACACA-3’; 

Rorc reverse 5’-ATTGATGAGAACCAGGGCCGTGTA-3’; Foxp3 forward 5’-

AGAGAGGTATTGAGGGTGGG-3’; Foxp3 reverse 5’-GCTGAGATGTGACTGTCTTCC-3’; 

18S forward 5’-GTAACCCGTTGAACCCCATT-3’; and 18S reverse 5’- 

CCATCCAATCGGTAGTAGCG-3’. Gene expression levels for each individual sample were 

normalized to that of 18S. Fold changes in gene expression were relative to unstimulated controls 

and calculated using the ΔΔCt method.  

 

Dendritic cell isolation and stimulation 

To purify dendritic cells, MLNs were digested with 400 units per ml of collagenase type IV 

(Sigma-Aldrich). After filtering, the cells were re-suspended in 22.5% Optiprep (Sigma-Aldrich), 

overlaid with Hank’s Balanced Salt Solution Saline (HBSS, Sigma-Aldrich) and centrifuged at 

670g for 30 minutes. Dendritic cells were harvested from the interface of the HBSS and Optiprep, 

incubated with anti-CD11c (Miltenyi), and positively selected for CD11c using Automacs 

(Miltenyi). After isolation, the cells were stimulated overnight with bacterial lysates at 37°C before 

performing the ELISAs. 

 

rIL-10 and αIL-10 treatments 

In some experiments, mice were treated with probiotic bacteria and/or, corresponding to the days 

of probiotic therapy, were administered 200 μg of anti-IL-10 or anti-IgG1 (Bio X Cell, West 

Lebanon, NH) intraperitoneally. In other experiments mice were administered 1 ng of rIL-10 

(R&D) diluted in 500 μl sterile PBS given intraperitoneally 3 times during every DSS cycle: on 
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day 2, day 4 and the day after discontinuation of the DSS. 

 

Immune fluorescence 

Murine colons were rolled using the Swiss roll technique and fixed in 10% neutral buffer formalin 

(VWR International, Visalia, CA) overnight. Paraffin-embedded (without formalin) tissues were 

cut 5 μm thick. Hematoxylin and eosin, was performed by AML labs (Saint Augustine, FL) or in-

house. Rabbit polyclonal IgG, (Abcam, ab27472), rabbit monoclonal IgG (Abcam, ab172730), 

anti-bcl2 (clone 3F11). BrdU staining was performed as per manufacturer’s instructions (Abcam). 

For antigen retrieval, slides were placed into tubes containing sodium citrate buffer (pH 6.0) 

(Sigma-Aldrich, St. Louis, MO) buffer and heated at 99°C in water bath. The slides were washed 

and blocked before staining with primary antibody. The slides with primary antibody were 

incubated overnight at 4°C in a humid chamber and the following day, washed and incubated with 

secondary at 37°C for 1 hour. The slides were mounted with DAPI and confocal images were 

acquired using a Nikon Eclipse C1 laser-scanning microscope (Nikon, PA) fitted with a 60 Nikon 

objective (PL APO, 1.4NA) and Nikon image software. 

 

Western Blot 

Colonic scrapings of the whole colon were placed in radio-immunoprecipitation assay (RIPA) 

buffer (VWR) containing protease and phosphatase inhibitors (Thermofisher). Samples were 

normalized for protein content using Bradford reagent (Bio-Rad, 500-0205). Protein was separated 

by size by SDS-PAGE using Mini-Protein tris-glycine gels (4-15%) (Bio-Rad, 456-1083) and 

transferred to PVDF membrane for blotting. Membranes were blocked with 3% dry nonfat milk in 

Tris-Buffered Saline (TBS) containing 0.05% tween-20 and incubated with primary antibody 

overnight at 4°C ((anti-cleaved caspase 3 (clone 3F11, Abcam); anti-pAkt thr308 (clone 244F9, 

Abcam); anti-pStat3 Y705 (clone S727, Abcam)). Membranes were washed with TBS containing 

0.05% tween-20 and incubated with goat anti-rabbit-HRP secondary antibody (Santa Cruz 

Biotechnology) for 2 hours at room temperature. Membranes were developed using SuperSignal 

West Femto Maximum Sensitivity kit (Thermo Scientific) according to manufacturer’s 

instructions and imaged using a LiCOR Odyssey. 

 

Statistics 

Data are expressed either as the mean value + standard error of the mean (s.e.m.) or as individual 

values. Specific statistical tests used for each experiment are described in the figure legends and 
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performed in Graphpad PRISM (Graphpad Software LLC, San Diego CA). p < 0.05 was 

considered significantly different. 

4.4. RESULTS 

TLR6 deficiency exacerbates inflammation-associated CRC, while co-housing protects WT mice 
TLR6-deficient (TLR6KO) and littermates (WT) were weaned from their mothers and separately 

housed by genotype (SH) or co-housed (CH) together, two weeks later the mice were treated with 

the mutagen azoxymethane (AOM) followed by three rounds of dextran sodium sulfate (DSS) over 

66 days (Figure 4.1A). Despite little difference in weight loss (Figure 4.1B) TLR6-deficient mice 

had an overall worse survival outcome compared to the SH-WT mice regardless of whether they 

were co-housed or housed with only other TLR6KO’s (Figure 4.1C). Both SH- and CH-TLR6KO 

mice showed an increase in the size and number of tumors (Figure 4.1D-E) compared to both the 

SH- and CH-WT mice. To our surprise, WT mice co-housed with TLR6KO mice exhibited smaller 

and less tumors than their CH-TLR6KO cage mates and compared to SH-WT mice (Figure 4.1F-

G). Analysis of H&E sections of the colons from these mice indicated CH-WT mice had less 

pathological changes in the colon, less inflammation and a reduction in overall pathology score 

than both their CH-TLR6KO cage mates and SH-WT mice (Figure 4.1F-G).  
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Figure 4.1: TLR6 signaling reduces the severity of inflammation-associated colorectal cancer 

(A) Induction procedure for AOM/DSS model. (B) Percent change in weight of TLR6-deficient 

(TLR6KO) and littermates (WT) when co-housed (CH) or separately housed (SH) by genotype. 

(C) Percent survival over the course of AOM/DSS treatment, (D) Number of tumors and (E) the 

total surface area of tumors quantified using image j software. (F) Representative images of 

Hematoxylin and Eosin stained colons of mice collected on day 66. (G) Pathology scores of 

colonic tissues assessing inflammation and grade of lesion (see Methods for detailed criteria 

used to make these assessments). B-E, Data is pooled from 11-20 mice over 4 independent 
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experiments and expressed as the mean ± s.e.m (B-C) or as individual points (D- E). F-G, data 

is pooled from 4-6 mice per group. *, p < 0.05. **, p < 0.01 (B, C) Wilcoxon Log- 

rank test, (D, E) Two-way ANOVA with Bonferroni post-hoc tests, (G) Unpaired Mann-

Whitney t-test comparing; WT CH vs WT SH; KO-SH vs WT-SH; KO-CH vs WT-CH; KO-SH 

vs KO-CH). 

 

Consistent with their increased tumor number and mortality, the TLR6KO mice had significantly 

worse dysplasia (p=0.02) and epithelial hyperplasia (p=0.03) compared to SH-WT mice (Figure 

4.1G). Despite no significant differences in inflammatory parameters, hyperplasia, dysplasia or 

adenomas, the SH-TLR6KO mice had more crypt loss, high-grade adenocarcinomas and 

carcinomas than SH-WT mice (Figure 4.1F-G). Compared to SH-WT mice, co-housing 

significantly reduced epithelial hyperplasia (p=0.050) and dysplasia (p = 0.02) in WT mice. In 

contrast the CH-TLR6KO mice had significantly more hyperplasia, dysplasia, a greater extent of 

disease and more adenomas than the CH-WT mice (Figure 4.1F-G). 

 

Our group and others have demonstrated a role for TLR6 and its binding partner, TLR2, in  

modulating inflammation via the induction of IL-10. Analysis of the lamina propria of the colon 

of AOM/DSS treated mice showed that TLR6KO mice, regardless of whether they were co- or 

single housed, had significantly higher levels of IL-17, IFN-γ and corresponding transcription 

factors Rorc and Tbet, compared to WT mice housed similarly (Figure 4.2A-B). Interestingly, only 

the CH-WT mice, which develop less tumors, had significantly elevated levels of IL-10 and higher 

expression of the transcription factors Gata3 and Foxp3 compared to SH-WT mice, and their co-

housed TLR6KO counterparts (Figure 4.2A-B). Taken together, these data indicate that loss of 

TLR6 signaling causes an increase in tumor number and worsens survival, while co-housing 

protects WT mice from inflammation and developing tumors.   

 

The exacerbated inflammatory response following AOM/DSS observed in the TLR6KO mice 

could be a result of deficient immune-modulatory mechanisms or mediated by a hyper-

inflammatory microbiota associated with the TLR6KO mice. To begin to address both of these 

questions we measured IL-10 and IL-12p40 production from naive WT and TLR6KO bone-

marrow derived dendritic cells (BMDCs) after stimulation with colonic contents harvested from 
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cohoused and separately housed mice at day 66 of AOM/DSS treatment, or naïve age-matched 

controls. IL-10 production was significantly higher in WT BMDCs cultured with colonic contents 

from either naïve or AOM/DSS-treated cohoused mice compared to TLR6KO BMDCs stimulated 

with the same contents (Figure 4.2C). In contrast, separately housed WT and TLR6KO contents 

elicited much more IL-12p40 and very little IL-10 (Figure 4.2C). When the BMDCs were derived 

from TLR6KO mice, we observed a poor IL-10 response and elevated IL-12p40 levels from all 

samples except naïve WT and TLR6KO colonic contents (Figure 4.2C). Taken together these data 

indicate that the colonic contents of co-housed TLR6KO and WT mice seemed to induce an IL-10 

dominant response and dampen the levels of IL-12p40, while the colonic contents of both 

separately housed WT and TLR6KO promoted a more inflammatory response with high IL-12p40 

and low IL-10. These data also suggest that in the context of TLR6 deficiency, colonic contents 

normally associated with high IL-10 instead induce a robust IL-12p40 response. 
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Figure 4.2: Colonic lysates from co-housed mice are less inflammatory and induce IL-10 in a 

TLR6-dependent manner. 

(A) Levels of indicated cytokines from colonic lysates measured by ELISA. (B) Relative mRNA 

transcript levels of indicated transcription factors from colonic lysates were assessed by 

quantitative RT-PCR using naïve WT and TLR6KO mice as controls.  (C) IL-10 (left) and IL-

12p40 (right) protein production from BMDC generated from indicated naïve mouse (WT or 

TLR6KO) and stimulated with colonic lysates from indicated donors for 24 hours (N, naïve; SH, 

single-genotype housed; CH, cohoused; +, present; -, absent). A-C, data is expressed as mean + 

s.e.m of 6-8 mice from 2 independent experiments. *, p < 0.05. **, p < 0.01 Two-way ANOVA 

with Bonferroni post-hoc test. 

 

Both genotype and housing influence dysbiosis associated with AOM/DSS 
We hypothesized that both genotype and housing would contribute to alterations in the 

composition of the microbiota after AOM/DSS treatment. 16S rRNA sequencing was performed 

by scraping the colon with glass slides to capture both luminal and mucosal associated microbiota 

in naïve age-matched mice and day 66 AOM/DSS-treated mice. Analysis of the OTU’s at the 

Phylum level revealed that co-housing significantly affected the composition of WT and TLR6KO 

mice, both naively and after AOM/DSS treatment (Figure 4.3A). Prior to AOM/DSS treatment, 

the colonic contents of SH-WT and SH-TLR6KO mice were dominated by taxa within Firmicutes, 

while co-housing WT and TLR6KO mice together lead to a dominance of Bacteroidetes (Figure 

4.3A). Following AOM/DSS treatment there were major shifts in the Phylum level, regardless of 

genotype or housing (Figure 4.3A). Despite the absence of TLR6, co-housed mice shared a similar 

microbiome, dominated by the families Lactobacillaceae, Clostridiaceae and Erysipelotrichaceae 

(Figure 4.3B). In contrast, genotype seemed to impact the composition of the separately housed 

mice after AOM/DSS treatment in which we observed a significant increase in Helicobacteraceae 

and a small increase in Porphyromonadaceae in SH-WT mice (Figure 4.3B). This compositional 

phenotype was reversed in SH-TLR6KO mice who had much a higher abundance of 

Porphyromonadaceae and only a slight increase in Helicobacteraceae (Figure 4.3B). 
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Figure 4.3: Compositional changes within the microbiota are influenced by TLR6 expression 

and housing status.  
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(A) Relative abundance of Phylum level microbiota from colons of naïve mice and mice treated 

with AOM/DSS under different housing conditions assessed by 16S rRNA sequencing. (B) 

Heatmap of family level abundance of colonic microbiota from colons of naïve and AOM/DSS 

treated mice under different housing conditions assessed by 16s rRNA sequencing. Bacterial 

families with less than 1% were not depicted. (C) Principal coordinates analysis (PCoA) of 

colonic microbiota samples of naïve (d0) and AOM/DSS treated (d66) WT mice. (D) Principal 

coordinates analysis (PCoA) of colonic microbiota samples of naïve and AOM/DSS treated WT 

and TLR6KO mice under different housing conditions. A-D. Data is pooled from two 

independent experiments with a total of 3-6 mice per group. A-D data is presented as mean + 

s.e.m. B-D individual points for each mouse are shown. C-D, p < 0.001, AMOVA. 

 

Principal coordinate of analysis (PCoA) of naïve and SH-WT mice revealed that the colonic 

contents cluster distinctly depending on whether they were taken pre- or post-AOM/DSS 

treatment, whereas CH-WT mice have a microbiota more similar to naïve mice regardless of 

AOM/DSS treatment (Figure 4.3C). PCoA revealed a higher degree of likeness pre-AOM/DSS 

treatment in co-housed WT and TLR6KO mice than to their respective single house counterparts, 

suggesting that housing exerted a strong influence over composition in a steady state (Figure 

4.3D). This influence was maintained under inflammatory conditions as the co-housed WT and 

TLR6KO mice clustered separately from both SH-WT and SH-TLR6KO following AOM/DSS 

treatment (p=0.006, AOM/DSS SH-WT vs CH-WT) (Figure 4.3D). However, the compositional 

changes that occurred in the SH-WT and SH-TLR6KO during AOM/DSS treatment were highly 

influenced by genotype as they showed distinct clusters in the PCoA (Figure 4.3D). Genotype and 

housing influence the kinetics and composition of the gut microbiota during AOM/DSS. The 

genus-level bacteria that were significantly affected by the interaction of housing and genotype by 

3-way ANOVA, included Porphyromonas (p<0.0001), Tannerella (p<0.0001), Prevotella 

(p=0.0003), Lactobacillus (p<0.0001) and Clostridium (p=0.0122) (Supplementary Figure 4.1A). 

In order to more fully understand the changes in the composition, we collected colonic samples 

over the course of AOM/DSS treatment and performed PCR using primers that bind within 

conserved areas of 16S rDNA to identify bacterial families31. We found that the housing status had 

a significant impact on levels of bacterial DNA in the colon (Supplementary Figure 4.1B). In naïve 

co-housed mice roughly 50% of the total 16S rDNA was identified as Porphorymonadaceae, 

compared to only 15% in naïve single-housed mice of both genotypes (Supplementary Figure 
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4.1B). During AOM/DSS treatment, the levels of Porphorymonadaceae decreased in the co-housed 

mice regardless of genotype, increased in the SH-TLR6KO and stayed relatively the same in SH-

WT mice (Supplementary Figure 4.1B). In all untreated mice 30-40% of the total 16S DNA 

belonged to Lactobacillaceae. Upon AOM/DSS treatment we found that the SH-TLR6KO mice 

were able to maintain levels of Lactobacillaceae DNA until the second round of DSS, while these 

levels dropped significantly after the first round of DSS in SH-WT mice (Supplementary Figure 

4.1B). In the co-housed mice we found that housing status had a positive effect on the amount of 

Lactobacillaceae DNA, as neither CH-WT nor CH-TLR6KO mice exhibited a reduction after the 

first or second rounds of DSS, and both genotypes maintained relatively consistent levels of 

Lactobacillaceae DNA throughout the experiment (Supplementary Figure 4.1B). After the first 

round of DSS, when the levels of Lactobacillaceae DNA dropped in the SH-WT mice, we found 

that Helicobacteraceae DNA increased from 1% to 15% (Supplementary Figure 4.1B). Unlike the 

SH-WT, we saw no increase in Helicobacteraceae in the co-housed mice or the SH-TLR6KO mice 

(Supplementary Figure 4.1B). Taken together, these data demonstrate the absence of TLR6 

signaling affects the compositional changes during AOM/DSS and that co-housing allows a 

maintenance of probiotic Lactobacillaceae, suggesting that both genotype and housing influence 

the kinetics and composition of the gut microbiota during AOM/DSS. 

 

Restoring commensals ameliorates disease and reduces inflammatory cytokines in WT mice via 
a TLR6-dependent mechanism. 
Many Lactobacillus exist within our GI tract and confer health benefits, thus the overall reduction 

in the abundance of Lactobacillus observed in SH-WT and SH-TLR6KO during inflammation-

associated CRC led us to hypothesize that a re-colonization strategy using Lactobacillus could be 

efficacious in treating disease. To accomplish this, mice were administered a mixture of two taxa 

that were the most reduced as determined by OTUs in our tumor model (L. johnsonii and L. reuteri) 

or a species that was not found either naïvely or post-AOM/DSS (L. rhamnosus GG). These OTUs 

were confirmed via 16S sequencing and through the bacterial isolation and culture of colonic 

contents from mice pre- or post-AOM/DSS (data not shown). To ensure that any effect on tumor 

development was not due to the metabolism of AOM by the Lactobacillus, the re-colonization was 

performed 5 days post-AOM injection, beginning simultaneously with DSS administration, and 

given every other day for a total of 4 feedings. This regimen was repeated for each round of DSS 

(Figure 4.4A). 
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Figure 4.4: Restoration of Lactobacillus reduces tumor burden and suppresses inflammation in 

a TLR-6 dependent and independent manner. 

 (A) Methods for Figure 5 showing mice received an oral inoculation of sham (media) (n=9), L. 

johnsonii and L. reuteri (Lj/Lr) (n=11) or LGG (n=6) at the time-points indicated in the text and 

Materials and Methods. (B) % weight change and (C) number of macroscopic tumors from mice. 

(D) Levels of indicated cytokines from colonic lysates as measured by ELISA. (E) 

Concentration of IL-10 and IL-12p40 produced from WT or TLR6KO BMDC stimulated for 24 

hours with 106 cfu indicated Lactobacillus species. (F) Relative DNA levels of indicated 

bacterial families to total 16S rDNA from colon taken at day 66. (G) Same method as in (A, 

above) except WT mice were given an i.p. injection of rIL-10 instead of Lactobacillus and (H) 

the number of tumors and (I) the relative DNA levels of indicated bacterial families to total 16S 

rDNA from colon at day 66. A-I, Data is the mean + s.e.m of 7-12 mice pooled from 3 

independent experiments. *, p< 0.05; **, p<0.01, C-F, Student’s t-test; H-I Two-way ANOVA 

with Bonferroni post-hoc tests. 

 

Physical observations after administration of L. johnsonni/L. reuteri (Lj/Lr) revealed no effect on 

weight (Figure 4.4B), however the SH-WT mice treated with Lj/Lr had significantly fewer tumors 

than the media control treated SH-WT mice (Figure 4.4C). Further, the reduction in tumor number 

seemed to be dependent upon TLR6 expression as Lj/Lr treatment failed to reduce tumor number 

or size in the SH-TLR6KO mice (Figure 4.4C). In contrast, treating SH-WT mice with L. 

rhamnosus GG (LGG) failed to suppress both tumor number and size (Figure 4.4C).  

 

Analysis of the mucosal cytokines associated with Lactobacillus treatment revealed distinct 

cytokine patterns. SH-WT mice treated with Lj/Lr had a significant increase in anti-inflammatory 

IL-10 and subsequent suppression of inflammatory cytokines, IFN-γ and IL-17, compared to 

control media treated WT mice (Figure 4.4D). The observed cytokine effects were also mediated 

by TLR6 as Lj/Lr treated SH-TLR6KO mice were unable to induce IL-10 or suppress IFN-γ or 

IL-17 (Figure 4.4D). In contrast, treatment with LGG had no effect on cytokine production and 

seemed to be independent of TLR6 signaling as WT and TLR6KO mice had similar cytokine 

patterns (Figure 4.4D). 
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In addition to their ability to secrete anti-microbial peptides32 and shift the pH of the colonic 

environment to kill pathogenic bacteria33, Lactobacillus are also well known for their anti-

inflammatory properties34. Our group and others have shown that TLR6 signaling in antigen 

presenting cells promotes IL-10 production35 and polarize anti-inflammatory T cells36. As we 

observed IL-10 production in SH-WT mice treated with Lj/Lr, but not by LGG, we wanted to 

assess the ability of a panel of lactic acid-producing bacteria to induce IL-10 and IL-12p40 and 

determine their dependency on TLR6 by using bone-marrow derived dendritic cells (BMDC) from 

naive WT and TLR6KO mice. L. johnsonii, L. reuteri and L. casei induced IL-10 and IL-12p40 

from WT BMDCs, but only IL-10 was dependent upon the expression of TLR6 (Figure 4.4E). 

LGG stimulated BMDC were able to produce IL-10 regardless of TLR6 expression and had a 

robust TLR6-independent IL-12p40 response (Figure 4.4E). These data suggest that LGG induces 

low amounts of IL-10 through a TLR6-independent mechanism and could explain its inability to 

protect WT mice. 

 

We next wanted to determine if the Lj/Lr treatment had any effect on the microbiota by screening 

the colonic contents of mice at the end of the AOM/DSS treatment by qPCR using the same 

primers used in Figure 4. Confirming our 16S and qPCR data, we detected high amounts of 

Helicobacteraceae DNA in colons from SH-WT mice, while SH-TLR6KO mice had higher 

amounts of Porphyromonadaceae DNA and only a small amount of DNA from Helicobacteraceae 

(Figure 4.4F). Treatment with Lj/Lr was able to reduce the levels of Helicobacteraceae and 

Porphyromonadaceae in both the SH-WT and SH-TLR6KO mice, respectively (Figure 4.4F). 

Despite the lack of any anti-tumor activity in our model, we found that LGG treatment was also 

able to reduce the amount of Helicobacteraceae and Porphyromonadaceae DNA recovered from 

the colons of both SH-WT and SH-TLR6KO mice. Interestingly, treatment by either Lj/Lr or LGG 

resulted in an increase in Lactobacillaceae DNA in both WT and TLR6KO mice (Figure 4.4F). 

 

IL-10 is responsible for the partial reduction in tumor number but is dispensable for changes in 
the microbiota 
The molecular pathobiology of CRC has implicated inflammation in the promotion of tumor 

progression, invasion, and metastasis37. A clear example of this is the finding that patients with 

inflammatory bowel disease are at higher risk of CRC38. One mechanism that could account for 
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the reduction in tumor number observed in SH-WT mice given Lj/Lr may be the ability to limit 

inflammation via the production of IL-10. To evaluate whether IL-10 alone was sufficient to 

suppress tumor number and limit colonization by Helicobacteraceae, we substituted Lj/Lr 

treatments with direct intraperitoneal (i.p.) administration of recombinant IL-10 (rIL-10) (Figure 

4.4G). This protocol allowed us to determine if IL-10 could mediate any of the phenotype observed 

in Lj/Lr treated WT mice. Further, it would allow us to determine the requirement for TLR6, as 

administration of rIL-10 to TLR6KO mice would bypass the need for TLR6 signaling, and these 

mice should behave more similarly to the WT mice treated with AOM/DSS. Similar to treatment 

with Lj/Lr, rIL-10 provided a partial reduction in tumor number in SH-WT mice (Figure 4.4H), 

but it failed to reduce the amount of Helicobacteraceae DNA (Figure 4.4H-I). As expected, the 

TLR6KO mice treated with rIL-10 treatment also had a significant reduction in the number and 

size of tumors compared to control treated TLR6KO mice given AOM/DSS (Figure 4.4H). 

However, the number of tumors was still significantly higher in the TLR6KO mice treated with 

rIL-10 than WT mice given rIL-10 (Figure 4.4H) suggesting that there may be other molecular 

pathways contributing to the development of tumors in the TLR6KO mice. Similar to WT mice, 

we found no effect on the level of Helicobacteraceae or Porphyromonadaceae DNA in the colons 

of the rIL-10-treated TLR6KO mice. 

 

The requirement for Lactobacillus-induced IL-10 was also further determined by co-administering 

a neutralizing antibody against IL-10 beginning one day prior to treatment with Lj/Lr and 

continuing for two days post-treatment (Figure 4.5A). Co-administration of an IL-10-neutralizing 

antibody with Lj/Lr had little effect on the weight of SH-WT or SH- TLR6KO mice (Figure 4.5B). 

Neutralizing IL-10 in the absence of Lj/Lr had no effect on the number of tumors observed in WT 

or TLR6KO mice (Figure 4.5C). Co-administration of anti-IL-10 with Lj/Lr only partially reversed 

the reduction in tumor number and had no effect on the levels Helicobacteraceae DNA in WT mice 

(Figure 4.5C-D). As expected, neutralizing IL-10 during Lj/Lr treatment in TLR6KO mice had 

little effect, likely due to the inability of TLR6KO mice to produce IL-10 during treatment (Figure 

4.5B-D). Analysis of the mucosal cytokines demonstrated that neutralizing IL-10 was able to 

reverse the reduction in the levels of IFN-γ and IL-17 observed in Lj/Lr treated SH-WT mice 

(Figure 4.5E). Taken together, these results demonstrate that IL-10 production by Lj/Lr can 

partially explain the reduction in tumor size and number. While IL-10 did play a partial role in the 

reduction of tumors, it had no impact on the amount of Helicobacteraceae, Porphyromonadaceae 
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or Lactobacillaceae DNA. These data thereby dissociate the anti-inflammatory effects of IL-10 

from the regulation of the microbiota in inflammation-associated CRC. 

 

 

 

 

Figure 4.3: Requirement for IL-10 dissociates Lactobacillus effects on inflammation and 

composition. 

(A) Methods. Mice were treated as described in Figure 5A and Materials and Methods but 

instead a monoclonal antibody against IL-10 was administered i.p. at indicated time points 
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during Lj/Lr treatments. (B) % weight change and (C) number of tumors from mice receiving 

Lactobacillus plus anti-IL-10 or control immunoglobulin (isotype). (D) Relative DNA levels of 

indicated bacterial families to total 16S rDNA from colon taken at day 66. (E) Levels of 

cytokines detected from colonic lysates of mice at day 66 by ELISA. B-E, Data is represented 

as the mean ± s.e.m of 8-12 mice pooled from 3 independent experiments. C-E, *, p < 0.05. **, 

p < 0.01. Two-way ANOVA with Bonferroni post-hoc test. 

 

 
Impaired apoptosis during AOM/DSS in TLR6-deficient mice 
While the data above provide evidence as to how co-housing would lead to reduced tumors in the 

WT mice, it does not address why both single and co-housed TLR6KO mice have more tumors 

than the SH-WT mice. We hypothesized that in the absence of TLR6 an important cellular 

regulatory pathway may be altered leading to an environment more sensitive to mutagenesis. We 

also hypothesized that this effect would be independent of a specific microbiota signature, as the 

CH-TLR6KO and SH-TLR6KO have distinct colonic microbial compositions.  

 

One of the early steps in CRC progression is the increase in epithelial cell proliferation and/or an 

inhibition of apoptosis. To assess the proliferation of enterocytes, we performed 

immunohistochemical staining on colon sections of AOM/DSS treated WT and TLR6KO mice for 

Ki67 and bromodeoxyuridine (5-bromo-2'-deoxyuridine, BrdU). Ki67 is a commonly used marker 

that identifies cells that have recently undergone proliferation by labelling S, G1, and G2 phases 

of the cell cycle, while BrDU incorporates into newly synthesized DNA in actively replicating 

cells during S phase. There was an increase in the number of Ki67+ cells found in both the co-

housed and single genotype housed TLR6KO mice compared to WT mice (Figure 4.6A). Two 

hours following injection of BrdU into AOM/DSS treated mice the colons were removed and 

stained for actively proliferating cells. In contrast to the Ki67 staining, we identified on average 3-

4 BrdU+ cells per crypt, regardless of housing or genotype (Figure 4.6A). These data indicate that 

the disruption of TLR6 signaling or the housing status was not impacting the turnover of intestinal 

stem cells. In order to assess whether the TLR6KO mice may have defects in apoptosis39, we 

performed immunohistochemistry on AOM/DSS colons looking for the anti-apoptotic factor Bcl-

2. Analysis of the stained tissue revealed many Bcl-2+ cells within the epithelium, as well as in 

the lamina propria of SH-TLR6KO and CH-TLR6KO mice compared to WT mice (Figure 4.6B). 
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TLR2 signaling has been shown to signal through the PI3K/Akt pathway40. Pi3K/Akt has been 

shown to phosphorylate Stat3 which has been shown to influence apoptosis and proliferation 

signals in enterocytes39,40. We performed Western blot analysis on the colonic enterocytes at day 

28 during AOM/DSS to assess if signaling pathways upstream and downstream of Bcl-2 were 

disturbed in the TLR6KO mice, thereby driving less apoptosis and making these mice more 

sensitive to AOM/DSS. Both SH- and CH-TLR6KO mice had lower levels of cleaved caspase-3 

compared to WT mice (Figure 4.6C). Despite the reduction in cleaved caspase-3 and the increase 

in Bcl-2, the TLR6KO mice had and similar levels of phosphorylated Akt and phosphorylated 

Stat3 (Figure 4.6C). Taken together these data suggest that the deficiency in TLR6 may lead to an 

anti-apoptotic response that is Stat3- and Akt-independent but involves Bcl-2 and cleaved caspase-

3. 
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Figure 4.4: Proliferation and apoptosis of colonocytes are altered in TLR6KO mice. 

(A) Colons from mice at day 28 post-AOM/DSS stained with Ki67 or from mice injected with 

BrdU 2 hours before the end of the experiment. Representative image from one of 3-5 mice per 

group (B) Histological sections of the colon from mice at day 28 stained with anti-Bcl-2 antibody 

or isotype control. Representative image from one of 3-6 mice per group (C) Western blot of 

whole colon from individual mice at day 28 post-AOM/DSS blotted for phosphorylated Akt, 

phosphorylated Stat3, and Cleaved caspase-3. 
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4.5. DISCUSSION 

In the present study, we established a potential treatment for CRC using a microbiome-associated 

therapy that restores commensal species lost during inflammatory disease. Compositional data 

generated by 16S rRNA sequencing of colons from AOM/DSS treated WT mice revealed a distinct 

microbiota from their naïve counterparts. Most noticeably, was an increase in the abundance of 

cancer promoting Helicobacteraceae, and a loss of beneficial Lactobacillaceae. Restoring 

Lactobacillus dampened inflammation and reduced tumor number. These data underscore the need 

for a more personalized approach in using probiotics to treat or ameliorate disease. The rationale 

“not all probiotics are created equal” has been used to explain the failure of probiotics in clinical 

trials, focusing on differences between bacterial species, strain or dose. However, data from this 

study and others41,42 suggest that the personal relationship established between the innate immune 

system, intestinal cells and the resident commensals determine whether a given probiotic will be 

effective. Our study also demonstrates that the effects on inflammation-associated CRC by L. 

johnsonii and L. reuteri (Lj/Lr) are mediated by multiple mechanisms that can be dissociated from 

each other by the involvement of IL-10. While Lactobacillus has been shown to treat disease via 

IL-10-dependent43,44 and IL-10-independent45–48 mechanisms, our study demonstrates that the 

most efficient anti-tumor effects were associated with inhibiting inflammation and restoring 

microbial ecology by reducing the abundance of Proteobacteria. 

 

Genetics play an important part in disease susceptibility and response to treatment, yet their impact 

on the microbiota is still not understood. Here, genetic ablation of Tlr6 in mice was associated 

with an increased incidence of tumors, and an insensitivity to Lj/Lr therapy. Our data suggests that 

expression of TLR6 is critical for the production of IL-10 during treatment with Lj/Lr, confirming 

our previous studies linking TLR6 signaling with IL-1049 and further implicating the role of TLR6 

in the sensing of endogenous microbial signals. TLR6 signaling did have an effect on the kinetics 

associated with the loss of Lactobacillus, with a more gradual decrease observed in the TLR6KO 

mice. The prolonged presence of the Lactobacillus had no beneficial effect on tumor number in 

TLR6KO mice, likely due to their inability to sense immune-modulatory ligands through TLR6 

and induce IL-10. However, the prolonged presence of Lactobacillus in AOM/DSS-treated 

TLR6KO mice had a protective effect on WT mice when co-housed together. It may be that the 

WT mice were able to maintain Lactobacillus levels due to ingestion/exposure of Lactobacillus in 
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TLR6KO stool through coprophagy and this helped prevent tumors in these mice. Indeed, our data 

shows that restoring Lactobacillus species during DSS exposures was able to reduce the tumor 

burden in SH-WT mice in part through production of IL-10.  

 

Compositional analysis of the colonic microbiota by 16S sequencing and qPCR revealed that SH-

WT mice had an increase in Helicobacteraceae, while the TLR6KO mice had an increase in 

Porphyromonadaceae. Each of these increases occurred when Lactobacillaceae was lowest after 

the first or second round of DSS in the WT and TLR6KO mice, respectively. It is plausible that 

Helicobacteraceae has only a small window of opportunity when a comfortable niche is created by 

the absence of Lactobacillus. If this window is missed than other commensals, such as 

Porphyromonadaceae, may fill that niche. Our data would suggest that innate immune sensing of 

the endogenous microbiome impacts dysbiosis through altering the kinetics in which bacterial 

species are reduced and by contributing to the inflammatory milieu of the local tissue 

microenvironment. These data imply that the genetics of the host are linked to dysbiosis through 

expression of such receptors and could possibly explain why many of the polymorphisms 

associated with IBD involve innate immune sensing. 

 

The contribution of innate signaling to the cytokine milieu of the local tissue microenvironment 

must also not be overlooked. Here, IL-10 production by the Lactobacillus was almost completely 

dependent on TLR6 as BMDCs deficient in TLR6 failed to produce IL-10 after stimulation by 

these bacteria, but also by the finding that the beneficial effects of Lactobacillus are lost in 

TLR6KO mice. Importantly, we observed that after treatment with Lactobacillus, decreases in 

Helicobacteraceae and Porphyromonadaceae were both IL-10 and TLR6-independent. While this 

study did not identify the mechanism by which Lj/Lr modulates the microbiota, treatment with 

rIL-10 or neutralization of IL-10 during Lj/Lr administration had little effect on the levels of 

Helicobacteraceae and Porphyromonadaceae, thus ruling out a role of IL-10 in dysbiosis and 

indicating an IL-10-independent role for Lactobacillus in maintaining microbial ecology. 

 

Regardless of housing, TLR6KO mice had higher tumor numbers and higher mortality compared 

to the WT mice. This increased tumor number is likely independent of the microbiota as single 

and cohoused TLR6KO mice had very different microbiomes at both the induction of the 

AOM/DSS and after the 66 days. We found that TLR6KO mice have higher levels of Ki67+ cells 
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in the intestinal epithelium during AOM/DSS. Further molecular analysis revealed an increase in 

the anti-apoptotic molecule Bcl-2 in the TLR6KO mice regardless of housing status. In line with 

the increase in Bcl-2, we also observed diminished cleaved caspase-3. TLR2 signaling has been 

shown to activate PI3K/Akt39 and can regulate Bcl-2 via phosphorylation of Stat341–43. However, 

we found that Akt, and Stat3 were not phosphorylated in the TLR6KO mice at day 28 of 

AOM/DSS were unchanged and may not be involved in the TLR6 signaling cascade leading to 

Bcl-2 activation. 

 

Altogether, our findings highlight several important concepts and introduce novel paradigms in 

the relationship between chronic inflammation and its effects on the microbiota. First, microbiota-

associated therapies can protect against tumorigenesis if they are specific and personal. Here, this 

effect was mediated through a TLR6-dependent induction of anti-inflammatory IL-10 and by 

altering the abundance of cancer-promoting commensals. Second, the genotype of an individual 

shapes the composition of the microbiota under chronic inflammatory conditions, biases the 

cytokine milieu of the tissue microenvironment and influences the response to microbiota-

associated therapies. Lastly, our study establishes TLR6 as an important molecule involved in 

modulating the microbiota and immune response during inflammation-associated CRC. We 

originally examined TLR6 because of its profound requirement for IL-10 induction by 

Lactobacillus but discovered that TLR6 signaling influences the kinetics of compositional changes 

within the microbiota during inflammation. The strong influence of genetics and environment on 

the microbiota and the response to microbiota-associated therapy suggest that a personalized 

approach to understanding the microbiota during disease will be critical to the development of new 

microbiota-associated therapies. 
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4.6. SUPPLEMENTAL MATERIAL 

 

 

Supplemental Figure 4.1: TLR6 signaling impacts dysbiosis associated with AOM/DSS. 

(A) Proportion of genus-level bacteria affected by the interaction of housing and genotype 

obtained by 16S rDNA sequencing. (B) Colonic contents were scraped from mice at the 

indicated time points. DNA was amplified using bacterial family specific primers for 

Helicobacteraceae, Porphyromonadaceae and Lactobacillaceae. Data is the mean + s.e.m. of 5-7 

mice pooled over two experiments. *, p < 0.05, **, p < 0.01, Two-way ANOVA with individual 

post-hoc tests (A) and Student’s t-test (B). 
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5. Conclusions and Perspectives 

     In this Chapter, I will be summarizing key concepts about the relationship of our gut microbes 

with our bodies in general and the role that they play in the etiology of colorectal cancer in 

particular.  As previously mentioned, the human “microbiome” refers to the microorganisms 

colonizing our bodies as well as  their genomes and contributes significantly to our health and 

diseases1.  One of the human body sites inhabited by a particularly large microbial community is 

the digestive tract, which contains at least one hundred billion bacteria with the largest number of 

gut microbes residing on the surface of the mucous membrane of the colon. The intestinal 

commensal microflora represents an interface of the human host with environmental factors as 

well as a translating agent of these factors for the body, making it of great importance to the health 

of the host2. It can aid digestion through the metabolism of carbohydrates and amino acids, the 

elimination of xenobiotics, the production of vitamins, and local intestinal peristalsis3. Our 

intestinal commensals also play a significant role in the growth and differentiation of intestinal 

epithelial cells, in the resistance to colonization and elimination of pathogens, as well as in the 

maturation of the immune system through ensuring tolerance to food and bacterial antigens4.  

Shifts in the gut microbiome composition, gene expression, and metabolism due to environmental 

factors as well as host factors have been linked to various disease states such as obesity, diabetes, 

metabolic syndrome, inflammatory bowel diseases, and colorectal cancer5.  

      CRC alone remains a major cause of morbidity and mortality worldwide. Mortality from CRC 

is generally associated with advanced metastatic disease, when treatment is relatively ineffective6. 

The disease occurs in a stepwise fashion beginning with abnormal cell proliferation leading to the 

development of adenomatous polyps, which are CRC precursors7. Despite the availability of 

modern therapies, the mortality rate from CRC remains high, prompting an urgent need for better 

biomarkers and more effective treatments. In that regards, understanding the involvement of the 

microbiota in CRC development holds the promise of unraveling microbiome-based diagnostics 

and therapeutic targets.  

     In 1974, Reddy et al. suggested for the very first time a relationship between commensal 

bacterial and intestinal carcinogenesis in a study involving germ-free rats8. Ever since, mounting 

evidence from metagenomics analyses and animal models have continued to support the role of 

the intestinal microbiome in CRC9. Moreover, many theories have been elaborated about the 

involvement of certain specific bacterial species in CRC tumorigenesis since McCoy and Mason 
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first suggested a link between Enterococcus and carcinoma of the sigmoid in the middle of the 20th 

century10. In 2011, Sears and Pardoll proposed the ‘alpha-bug’ hypothesis, in which species such 

as Bacteroides fragilis exert a fundamental pro-oncogenic, enterotoxigenic role, thereby 

contributing to the start of CRC11. Then, Tjalsma et al. proposed the driver–passenger model in 

2012, in which a driver bacterium (e.g., B. fragilis) can lead to a multistep progress of 

carcinogenesis through inflammation, increased cellular proliferation, and/or the production of 

genotoxins in the colon12. Based on this theory, Hajishengallis et al. proposed the ‘Keystone 

hypothesis’, in which ‘key pathogens’, even at low abundance, facilitate colonization by 

‘accessory pathogens’13. This invasion is followed by the destabilization of host responses, 

resulting in ‘dysbiosis’ of the microbiota where certain other microorganisms can contribute to 

more inflammation. Lastly, another theory suggests a ‘hit-and-run’ action of ‘tumor-initiating’ 

bacteria. The best example of this mechanism is probably Helicobacter pylori infections in gastric 

cancers, whereby the bacterial toxin CagA exerts a pro-oncogenic action leading to epigenetic 

alterations in the gastric mucosa14. This model suggests that potentially passing pathogenic 

bacteria are required for the initiation, but not for the maintenance, of a cancerous phenotype.  

     Despite the fact that further efforts are still required to resolve the entire underlying pro-

oncogenic mechanisms linking bacteria to CRC, we do know that certain bacteria may affect CRC 

development through directly or indirectly interacting with host cells. The ways these interactions 

occur involve invasion of the relatively sterile mucus layer lining the intestinal epithelium and 

adhesion to the intestinal mucosa with biofilm formation, translocation of bacteria and bacterial 

factors across the epithelial barrier of the gut, host-defense modulation through bacteria-immune 

cells interactions, and the production of bacterial metabolites such as extracellular superoxide, 

genotoxins, or short chain fatty acids. As dietary substrates and other environmental modifiers 

mediate changes in the microbiota, the inflammation of the intestinal mucosa that ensues allows 

invasion of the mucus layer by various bacterial invaders15. Subacute chronic inflammation of the 

intestinal epithelium will induce damage to the epithelial barrier overtime, compromising its 

integrity. These changes in the permeability of the epithelial lining of the colon will allow certain 

commensal bacteria and bacterial factors to come in contact with the mucosal innate immune cells. 

The innate immune system uses pattern recognition receptors, which have the ability to identify 

microbial commensals by molecular structure. These receptors include TLRs, a class of proteins 

expressed on antigen-presenting cells, macrophages, and dendritic cells (DCs). In the situation of 

intestinal barrier damage by microorganisms, antigen presenting cells recognize these 
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microorganisms through TLR receptors, causing the secretion of cytokines activating the immune 

response. For example, it has been proven and further shown in this body of work that TLR2 

binding plays an important role in the carcinogenesis of colorectal cancer, through inducing 

inflammation and hyperproliferation of the epithelium16. Bacterial lipopolysaccharide (LPS) in the 

gut is a bacterial molecular structure that has been shown to strongly stimulate innate immune 

signaling, thereby further compromising gut homeostasis and normal host physiology4. In a cross-

sectional study looking at patients with adenoma, it was shown that blood levels of LPS, likely 

due to leakage of microbial products, were higher than in control individuals17. A polymorphism 

in the LPS-binding protein (LBP) gene (rs2232596) was also associated with higher risk of CRC18. 

A large prospective study of mostly white individuals also found that higher levels of LPS were 

associated with increased risk of CRC in men19 whereas a prospective study in a racially diverse 

cohort observed that, compared with individuals in the first quartile of plasma LBP level, those in 

the third, but not fourth, quartile had an increased risk of CRC20. 

          All in all, researchers have generated exciting preliminary data for the role of the microbiota 

in CRC development, prevention, and treatment to this day. So, where do we really stand regarding 

the actual use of microbiome-biomarkers and therapeutics in the clinic? First, we do know that 

CRC is a disease that is mostly sporadic, stemming from the host’s lifestyle factors. Obesity and 

physical inactivity affect the intestinal micro metabolome and its role in colorectal 

carcinogenesis21. Red and processed meat may also increase CRC risk by increased bacterial 

production of secondary bile acids, hydrogen sulfide (H2S), and trimethylamine oxide (TMAO)22. 

On the other hand, dietary fibers were shown to be beneficial as they promote and enrichment of 

SCFA-producing bacteria and increased production of SCFAs that modulate the intestinal immune 

and metabolic response and inhibit CRC development23. So, first and foremost, ensuring a healthy 

diet and lifestyle is a protective behavioral approach that significantly decreases the risk of 

developing CRC. 

       Fecal microbiome analysis offers the promise of a quick and non-invasive way of diagnosing 

CRC, when compared to the more invasive process of undergoing a colonoscopy, that is the gold-

standard for CRC diagnosis today. Fecal microbiome analysis can identify patients with adenomas 

with reasonable levels of accuracy (with area under the receiver operating curves ranging from 

0.55 to 0.67 in validation studies), although this is a lower value than for detection of CRC24. The 

fecal microbiome data with scores from risk factor–based models or results of screening tests (such 

as fecal occult blood test and fecal immunochemical test) increases the accuracy of detection for 
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advanced adenomas25 (For example, addition of fecal Fusobacterium nucleatum quantitation to 

fecal immunochemical testing). However, before fecal microbiomes can be reliably used in CRC 

screening, it is important to realize the incredibly large patients’ heterogeneity complicating 

studies using microbial features to construct analysis models. Moreover, the variations in the 

technical aspects of these studies (such as stool collection methods, timing and type of bowel 

preparation for colonoscopy, and sequencing and analysis methods) constitute further challenges 

that need to be considered. Moreover, as studies are increasingly focusing on tissue-adherent 

microbiome for its physiological relevance, the fecal microbiome might ultimately become less 

relevant. An alternative option would be to focus on sequencing colonic biopsies harvested during 

colonoscopies instead and assessing whether the data gathered, and the patterns identified can help 

improve the sensitivity of detection of colon neoplasia. The quantification of systemic LPS in the 

bloodstream might also hold promising potential.  So does the detection of IL-8 and IL-12p40, as 

our study in Chapter one of this Thesis clearly confirmed elevated levels of both cytokines in 

patients with early colon neoplasia.    

 

         In addition to affecting CRC development, the gut microbiota has been shown to modulate 

the response to cancer therapy and susceptibility to toxic adverse effects26. For example, Iida et al. 

reported in 2013 that intestinal dysbiosis can affect the efficacy of an immunotherapy (CpG-

oligonucleotide-tide) and oxaliplatin, a platinum compound used in chemotherapy for CRC and 

other cancers27. Both therapies had reduced efficacy in germ-free mice. F. nucleatum has also been 

shown to promote resistance of CRC cells to chemotherapy28. On the other hand, sphingolipid 

containing Bacteroides thetaiotaomicron and certain Bacteroides fragilis been associated with less 

inflammation and promotion of intestinal homeostasis29.  Certain Bacteroides species have also 

been associated with higher efficacy of cytotoxic T-lymphocyte associated protein 4 blockers 

(CTLA4), immunotherapy, possibly by affecting interleukin 12–dependent-helper 1 cell–mediated 

immune responses30. Bifidobacterium, A. muciniphilia, and Faecalibacterium were all shown to 

increase the efficacy of programmed cell death 1 (PDCD1) blocking agents, possibly by increasing 

recruitment of T cells to tumors and their functions there31,32,33. TLR6 signaling by lactic acid 

bacteria was also shown to reduce tumors in our study published in cancer research prevention 

earlier this year34. Moreover, specific bacteria have been associated with resistance to the 

development of immune checkpoint inhibitor–associated colitis, and fecal microbiota transplants 

might be used to treat this form of colitis35. Our study in Chapter one showed that mucosal 
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Bacteroides fragilis can trigger high levels of chemokine IL-8 in the colon. IL-8 has been shown 

to promote CRC cell proliferation, invasion, migration, and angiogenesis41. Thus, blocking the IL-

8 receptors CXCR1 and CXCR2 could constitute an interesting anti-tumor therapeutic strategy for 

CRC prevention and management. Lastly, certain dietary interventions can be also considered to 

modulate the gut microbiota in patients receiving cancer therapy. Higher intake of nutrients such 

as fiber, marine omega-3 fatty acid, vitamin D, or calcium; coffee; plant-based low-carbohydrate 

diet all have immunomodulatory and microbiota-modifying effects and have been associated with 

increased survival times of patients with CRC, as they might increase the efficacy and reduce the 

adverse effects of immunotherapies or other therapeutic agents. 

 

          In order to further understand the intestinal microbiota and its  manipulation  in  CRC  

screening,  prevention,  and treatment, more integrated prospective studies and mechanistic studies 

are needed. Prospective studies with detailed diet and lifestyle data collected long before 

participants develop CRC are for instance needed in order to better characterize the long-term 

influence of environmental exposures on the gut microbiome and their effects on CRC prevention. 

Furthermore, we need to uncover the specific mechanisms by which these diet and lifestyle factors 

influence the gut microbiome and risk of CRC. We happen to have at our disposal an arsenal of 

tools ranging from in vitro to in vivo models such as gnotobiotic mouse models,  gut-on-chip 

models, and 3D intestinal organoids. We also have multi-Omic approaches from genomics, to 

transcriptomics, proteomics, and metabolomics. Paired with functional data stemming from 

mechanistic models, these data can be integrated in computational modeling in order to study the 

‘genotype’ to ‘phenotype’ relations as well as the microbe-microbe and host-microbe interactions.        

Thus, this field of research holds the promise that the microbiome may one day be integrated as a 

biomarker into everyday diagnostics in order to better the current tools at our disposal for 

diagnosing CRC and treating early. One can also anticipate a future where microbiome data will 

be fully integrated to diagnose CRC and predict personalized treatment strategies in order to 

increase patient quality of life and survival.  
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