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General introduction and outline of this thesis
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General introduction 
The microbial world of bacteria, viruses, fungi and archaea is not directly apparent to the 

naked eye, but constitutes a wealth of intrigue and interest for many scientists. While 

individual (opportunistic) pathogens have shown their capability to cause clinical disease, 

much is yet to be learned about the microbial communities that reside within our human 

bodies. Since trillions of microbes are encountered at the protective internal and external 

epithelial linings on a daily basis, it is of great importance to understand their implications 

for human health and disease. Culture-independent microbial research has become the 

method of choice to study the presence of the microbial residents (microbiota) and their 

genomes (microbiome). The bacteria in particular have gained vast attention from the 

scientific community as their number within the human body equals the amount of human 

cells [1]. Many bacterial phyla (>90) have been identified as part of the tree of life [2], but 

the majority of bacteria colonizing humans are represented by Firmicutes, Bacteroidetes, 

Actinobacteria and Proteobacteria [3, 4]. Variation in bacterial community structure in 

healthy subjects is primarily determined by body site (e.g. gut, oral cavity, skin) while strong 

interpersonal differences exist within the habitats [3, 4]. The microbiome profile of each 

person is indeed unique, but also influenced by internal (e.g. host genetics) and external 

(e.g. environment, diet and antibiotics) factors.    

The human gastrointestinal (GI) tract is inhabited by the bulk of bacterial residents, 

especially the gut, which contains the most dense and diverse microbial population. 

Colonization starts right at birth, where after the GI microbial composition undergoes 

further changes as it matures over time [5-7]. Since the GI microbiota are involved in 

multiple important aspects of host physiology (e.g. maturation of the GI tract, modulation 

of the immune system, energy supply and vitamin production), these microbial residents 

are considered to function as an exceptional “organ” of the host [8]. While the maintenance 

of microbial homeostasis is beneficial for human health, the significance of disturbances 

of GI microbial communities (dysbiosis) in disease warrants further exploration [9]. Both 

untargeted shotgun metagenomics and targeted 16S rRNA amplicon sequencing have 

led to more insight into the bacterial microbiota of the GI tract, revealing associations of 

the GI microbiota with diseases within the GI tract (e.g. colorectal cancer [CRC]) as well as 

remote organ systems (e.g. autism) that seems more complex [8]. An interplay of microbes 

with temporal changes in different stages of disease pathogenesis is conceivable, but the 

precise contribution of individual agents remains to be established and warrants further 

exploration. Animal models such as rodents are commonly used to study GI microbial 

dynamics and to provide proof for causality in an experimental set up. Nevertheless, these 
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1models do not mimic the natural setting within humans and therefore the inclusion of 

human subjects and the collection of preferentially longitudinal biological samples are 

essential for human microbiome studies.  

The investigation of the GI microbiota often relies on the collection of fresh or frozen 

biopsy and stool samples. Although the mucosal microbiota are thought to be more 

representative for the local microbiota at near proximity to human epithelial cells, the fecal 

content is often used as a proxy for the lower GI tract [10], offering an opportunity to study 

metabolic profiles and to identify new non-invasive biomarkers. Fecal immunochemical 

tests (FITs) are currently applied in CRC screening programs to detect subjects at risk 

for (pre)malignant transformation of the colon. These stool-based tests rely on the 

measurement of occult blood (i.e. hemoglobin), but not all subjects with (pre)malignant 

lesions are detected [11-13], and the relatively high false positivity rate of this assay means 

that many patients unnecessarily undergo endoscopic surveillance procedures. The 

application of the GI microbiome as additional non-invasive biomarker seems promising, 

but microbiome profiling by high throughput sequencing is not cost-effective and labor 

intensive for screening purposes. Targeted analysis of metagenomics markers in stool 

derived samples would be more feasible [14-17], but it is worthwhile to examine the 

possibility of using FITs of lower biomass instead of whole stool samples in future efforts 

[18]. The selection of microbial biomarkers remains to be determined for different disease 

stages and warrants validation in study populations with different ethnic background and 

in presence of other (GI) comorbidities. Since environmental and genetic host factors are 

significant contributors to host susceptibility to disease, these factors also require further 

investigation. 

Microbiome studies have enabled the identification of species that were previously not 

defined, providing a more complete overview of the taxonomic and functional repertoire 

of the human GI microbiota [8]. We have started to unravel the significance of the GI 

microbiota within this new scientific era with ongoing technical advances, but their precise 

contribution  in the  pathological  basis of disease and their utility in medical practice 

deserves further exploration.   

Outline of this thesis
The importance of the GI microbiota in health and disease has gained attention in 

recent years, and many disease entities are now linked to changes in the gut microbial 

composition. In Chapter 2, we provide a detailed description of the GI microbiota in human 

healthy physiology and its emerging role in GI oncogenesis. This review of literature 
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indicates that different studies together have contributed to our general knowledge 

regarding the bacterial GI residents in the healthy state, but many of them have focused on 

a section of the GI tract only. In Chapter 3, we conducted 16S rRNA amplicon sequencing 

to explore the bacterial composition along nine mucosal sites within the GI tract of 14 

subjects using biopsies obtained during double balloon enteroscopy. We demonstrate 

that both the bacterial load and α-diversity were higher in the lower GI tract, the bacterial 

communities of which cluster separately from the upper GI tract. While fresh or frozen 

specimens (e.g. biopsies and feces) are commonly used to answer specific microbe-related 

health questions, collection of these samples for research involving specific disease sites, 

rare diseases or a long follow-up time of patients may be difficult. In these situations, 

tissues from pathology archives may be useful. The application of formalin-fixed paraffin 

embedded (FFPE) tissues for deoxyribonucleic acid (DNA) isolation remains difficult due 

to the detrimental effect of tissue fixation procedures on DNA integrity and the inherent 

low bacterial biomass, but these specimens might be the only source directly available. In 

Chapter 4, we show the feasibility of conducting bacterial analysis of FFPE sections under 

specific conditions, but also demonstrate that despite rigorous technical conditions, 16S 

rRNA amplicon sequencing of this material remains challenging. Our recommendations to 

achieve quality control and to account for unintentional bacterial contamination might be 

helpful for future research using low biomass specimens, but other microbiome sources 

are also of interest. In Chapter 5, we demonstrate that specific bacterial markers can be 

stably measured up to six days in FITs from the CRC screening program and that bacterial 

contamination is overall low when analyzed by quantitative polymerase chain reaction 

(qPCR). Thus, the application of FITs to analyze the GI microbiome for the detection of 

(pre)malignant lesions is promising. The clinical application of the microbiome also holds 

promise in radiation enteropathy (RE) as stated by study of Ferreira et al [19]. In Chapter 

6, we discuss their findings in the context of recent literature and the parallels of RE with 

inflammatory bowel disease (IBD), a disease group known to have an altered microbial 

composition [20, 21] and to be at increased risk of developing CRC. Interestingly, human 

genomic DNA can also be extracted from stool alongside microbial DNA, and utilized for 

the measurement of methylated levels of specific host loci (i.e. BMP3 and VAV3 genes). 

This may hold promise for the screening of high grade dysplasia and CRC in IBD patients 

[22], though we discuss the effect of IBD medication on such diagnostic measurements 

in Chapter 7. Since IBD is associated with several extra-intestinal complaints, including 

skin diseases psoriasis [23, 24] and hidradenitis suppurativa (HS) [25-27], a role for the GI 

microbiota in processes beyond the gut is increasingly being speculated upon. While 

the concept of a gut-skin axis implicating the GI microbiota to skin diseases has been 
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1widely proposed [28-31], we are among the first to characterize the fecal microbiome 

in HS patients and to demonstrate some interesting bacterial taxonomic alterations in 

patients compared to healthy controls in Chapter 8. Removal of inflamed intestine through 

ileocecal resection is a successful treatment strategy for the IBD sub-entity Crohn’s 

disease (CD), but recurrence of disease may still occur. In Chapter 9, we used FFPE tissue 

resection specimens to explore whether microbial biomarkers might be helpful to predict 

CD patients at risk of postoperative surgical recurrence. We show that bacterial markers 

(Faecalibacterium prausnitzii and adherent invasive Escherichia coli) were not able to 

distinguish between subjects with and without re-resection in retrospective. Host genetic 

factors (i.e. single nucleotide variants in the autophagy gene ATG16L1) have been shown to 

affect host bacterial handling by affecting Paneth cell function [32]. Nevertheless, neither 

histopathological markers for Paneth cell function nor ATG16L1 status were predictive for 

disease recurrence and the search for suitable future markers thus continues. In Chapter 

10, we turned our attention to the role of host genetic factors in the bacterial handling of 

Helicobacter pylori (H. pylori), a known risk factor for gastric carcinogenesis [33, 34]. We 

investigated the genetic association between Toll-Like receptor 1 (TLR1) locus and anti-H. 

pylori IgG levels, which was not uniformly confirmed across cohorts, and demonstrate that 

antibody decay and TLR1-independent effects of H. pylori may complicate these genetic 

association studies in different cohorts.   
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Abstract
Advances in research techniques have made it possible to map the microbial communities 

in the gastrointestinal (GI) tract, where the majority of bacteria in the human body reside. 

Disturbances in these communities are referred to as dysbiosis and have been associated 

with GI cancers. Although dysbiosis is observed in several GI malignancies, the specific 

role of these changes has not been understood to the extent of Helicobacter pylori (HP) 

in gastric cancer. This review will address the bacterial communities along the GI tract, 

from the oral cavity to the anal canal, particularly focusing on bacterial dysbiosis and 

carcinogenesis. Just as non-HP bacteria in the stomach may interact with HP in gastric 

carcinogenesis, the same may hold true for other GI tract malignancies, where an interplay 

between microbes in carcinogenesis seems conceivable, especially in colorectal cancer 

(CRC). In the last part of this review, we will discuss the potential mechanisms of bacterial 

dysbiosis in GI carcinogenesis.

Keywords: 

Microbiota; microbiome; cancer; gastrointestinal; oral; esophageal; gastric; colorectal.
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1 Introduction
One of the first people to directly observe bacteria was Antoni van Leeuwenhoek, who 

in 1683 described the presence of single cell organisms living in the human oral cavity, 

which he called ‘animalcules’. Nevertheless, it was not until the 19th century that the theory 

that bacteria could cause disease was commonly accepted. Today, we are starting to 

recognize the complex relationships between microbes and their hosts in health and 

disease. Historically, the identification and classification of microorganisms was based on 

microscopic and culture-based methods, and the advent of molecular technologies has 

contributed significantly to the emerging insight into the microbes that collectively reside in 

a given ecosystem (the microbiota) and their genomes (the microbiome) [1, 2]. The human 

microbiome is mostly found at the interface between our body and the outside world 

– i.e. our skin, mucosa and in particular, the gastrointestinal (GI) tract, which can also be 

represented as one large complex microbial ecosystem. This tract, simplified as a hollow 

tube system from the oral cavity to the anal canal, is openly connected to the outside world 

and the epithelial layer of the GI tract therefore acts as an important barrier function to keep 

microorganisms from invading. Since a major part of the 10¹³ bacteria in the human body 

resides in the alimentary tract [3], continuous exposure to these microbiota is inevitable. 

Owing to the uneven distribution of the bacterial load, different parts of the GI tract are 

exposed to different amounts and types of microorganisms. Bacterial counts drop from the 

oral cavity to the acidic stomach and then markedly increase from the small intestines to 

reach a maximum in the colon. As the latter harbors a quantity that exceeds other organs 

by at least two orders of magnitude, the bacterial content in the colon has been a preferred 

focus for study [3, 4]. Nevertheless, there has been an exponential interest in unravelling the 

microbial content of the entire GI tract. Disturbances in this highly complex system (termed 

dysbiosis) can affect human health [5-7] and have been associated with different GI diseases, 

including infectious diarrhea, inflammatory bowel disease (IBD) and cancer. 

Given the extensive research and data availability, this review will focus mainly on bacteria 

as a major component of the GI tract microbiota. The healthy human microbiome, sampled 

across different body parts, is mainly (>90%) represented by the phyla Actinobacteria, 

Firmicutes, Proteobacteria and Bacteroidetes [8]. Since each body habitat harbors its 

own characteristic microbiota, the relative abundances of these phyla and their sublevels 

(class, order, family, genus and species) are likely to vary across different GI sites in healthy 

and diseased states (Figure 1). In this review, we will focus on the interaction between 

the microbiota and GI carcinogenesis, focusing on site-specific microbial changes and 

summarizing what is known about the molecular pathways involved. 
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2 The microbiome of the upper GI tract
Much effort has been directed towards the identification of causative microbial agents in 

carcinogenesis. The global burden of new cancer cases attributed to infectious agents 

was estimated to be 15.4% (2.2 million cases) in 2012 [9]. The leading contributor to this 

list was Helicobacter pylori (HP), with a total of 770,000 cancer cases that year. HP was 

involved in 29% of the gastric carcinomas of the cardia, and was accountable for 89% of the 

non-cardia gastric carcinomas and 74% of the non-Hodgkin lymphomas of the stomach. 

The involvement of HP in gastric cancer (GC) is the most notorious example of microbial 

infection related cancer within the human GI tract. Already in 1994, this Gram-negative 

flagellated bacterium was classified as a group I carcinogen by the International Agency 

of Research on Cancer (IARC) [10]. In contrast, the microbial contribution to other GI tract 

malignancies has not been fully understood. Since the compartments of the alimentary 

tract are all virtually interconnected to one another, it is important to uncover site specific 

microbes involved in carcinogenesis. 

2.1 Oral cavity

The oral cavity is the starting point of the GI tract and is lined by mucosa that covers 

the lips and the mouth. Despite the possibility of direct visualization, cancer affecting 

this site is often recognized at late stages [11]. Oral squamous cell carcinoma (OSCC) is 

the most common type and a major cause of morbidity and mortality [11, 12]. Tobacco 

smoking remains an important contributor besides other factors such as alcohol and beta 

nut exposure. Despite these, the etiological picture is not fully elucidated, and recently the 

attention has been shifted to the identification of potential microbial agents [30]. A minor 

role (4.3%) for human papillomavirus (HPV) infection in oral cancer was acknowledged 

earlier [9], but studies have not agreed on the role of specific bacteria, individually or 

collectively, in OSCC [31].

▶Figure 1 | The human gastrointestinal (GI) microbiome: composition in healthy and GI cancer.

ᵃThe bacterial numbers in the different parts of the GI tract; adopted from [3].	   
ᵇThe phylum composition in healthy state; adopted from [5, 13-17]. 		   
ᶜChanges within and between phyla in GI tract cancers; adopted from [18-29]. 	

General abbreviations: +, positive; -, negative. Microbial abbreviations: E. coli, Escherichia coli; E. 
faecalis, Enterococcus faecalis; F. nucleatum, Fusobacterium nucleatum; ETBF, enterotoxigenic 
Bacteroides fragilis; H. pylori, Helicobacter pylori; HPV, human papillomavirus; P. melaninogenica, 
Prevotella melaninogenica; S. gallolyticus, Streptococcus gallolyticus; S. mitis, Streptococcus mitis. 
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Two consecutive papers addressed the presence of living bacteria in OSCC tissue, 

and showed an increased presence of saccharolytic and aciduric bacteria in OSCC as 

compared to normal tissue of the same patient. This suggests the presence of specialized 

microbes attracted by the acidic and hypoxic tumor environment [32, 33], and could 

point to a consequence of tumorigenesis rather than a driving factor for these bacteria. 

Differences in bacterial composition of tumor versus normal adjacent tissue included an 

increased abundance of phylum Firmicutes (85%), and a relative shift of Gram-negative 

to Gram-positive microbiota, including saccharolytic Streptococcus [34]. Using next-

generation sequencing (NGS), a later study managed to classify almost all reads (99.6%) 

from three OSCC biopsies to species level (228 species). Thirty-five species were shared 

among the OSCC subjects studied, including potential pathogens Fusobacterium spp., 

Aggregatibacter segnis and Prevotella oris (P. oris). Interestingly, a small group of non-oral 

taxa (5%), including Bacteroides fragilis (B. fragilis), was found [19]. 

Meanwhile, non-invasive microbial profiling of saliva and oral swabs has been of great 

interest for the purpose of OSCC diagnostics. One study explored forty common oral 

microorganisms in saliva and suggested Prevotella melaninogenica (P. melaninogenica), 

Capnocytophaga gingivalis (C. gingivalis) and Streptococcus mitis (S. mitis) as potential 

biomarkers, with a promising sensitivity and specificity of ≥80% [35]. To pursue a more 

complete picture of bacterial saliva, Pulshalkar et al. conducted a 454-sequencing study 

which revealed Firmicutes as the most prevalent of 8 phyla in OSCC subjects. In total, 

15 phylotypes were found to be unique for OSCC which included the above-named P. 

melaninogenica and also Capnocytophaga spp. [20]. Similarly, salivary changes were 

also noticed in a high throughput study investigating oral leukoplakia (OLK), OSCC and 

controls. While Firmicutes was again the dominant phylum, unlike biopsies, it showed a 

lower prevalence in saliva from OSCC patients [36]. A significant decrease of Firmicutes 

(genus Streptococcus), as well as Actinobacteria (genus Rothia), was also found in oral 

swabs from both cancerous and precursor oral lesions when compared to the non-

affected contralateral sites, although not in comparison to healthy controls [37]. However, 

a recent 16S rRNA gene sequencing study did show significant differences between 

the oral microbiota from swabs taken from patients presenting with different stages of 

malignancy and normal controls. Interestingly, the microbial community of potentially 

malignant disorders overlapped and was positioned between those of oral cancer and 

healthy controls, suggesting a gradual shift of microbiome during carcinogenesis. One 

of the microbes isolated from specifically from precancerous lesions was Megasphaera 

micronuciformis, which together with other bacteria that were in higher abundance in 
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these lesions compared to either the normal (P. melaninogenica, Prevotella veroralis) or the 

cancerous sites (Rothia mucilaginosa) might serve as potential biomarker [18]. 

Taken together, while relatively few studies have examined the microbiome associated 

with oral cancer, they have indicated shifts in microbial diversity. However, methodological 

differences between these studies make it difficult to draw definite conclusions about the 

bacterial association in OSCC [31, 37], as the sampling sites (i.e. mucosa vs fluid) can affect 

outcomes. While Firmicutes is undoubtedly one of the most abundant phyla present in 

the mouth, both up- and down-regulation of this phylum in OSCC samples have been 

observed. It remains undetermined whether the shift within the bacterial community 

contributes to OSCC carcinogenesis or reflects the changed microenvironment.  

2.2 Oropharyngeal cavity and esophagus

The next section of the GI tract is the oropharyngeal cavity, which includes the tonsils. 

As for other head and neck cancers, tobacco and alcohol are important risk factors in 

oropharyngeal cancers. Nevertheless, HPV infections are highly associated with this 

malignancy [38, 39] and have been estimated to contribute to 30% of the oropharyngeal 

cancer cases worldwide [9]. On the other hand, bacterial associations with oropharyngeal 

malignancies are so far not evident. HP has shown the ability to colonize the oropharyngeal 

tissue, but its role in carcinogenesis could not be confirmed [40]. 

Another understudied area is the microbial structure of the esophagus, especially the 

bacterial community [41]. While HPV has been linked to Barrett’s esophagus (BE) and 

esophageal cancer [42, 43], bacterial involvement in esophageal disease has not been 

fully determined. Nevertheless, interesting findings have been observed in a limited 

number of non-culture based studies that have been performed [43, 44]. The normal 

esophagus harbors a complex bacterial community and has shown to be predominated 

by the phylum Firmicutes, followed by Bacteroidetes, Actinobacteria, Proteobacteria 

and Fusobacteria which appeared in decreasing order [45]. Supervised and phenotype 

directed analyses have demonstrated two types of microbiomes present in the distal 

esophagus [21]. Type I was more closely associated with normal esophagus and was 

predominated by genus Streptococcus, while type II, in which Gram-negative anaerobic/

microaerophilic bacteria were more abundant, corresponded to esophagitis and Barrett’s 

esophagitis, suggesting the presence of microbiota shifts in disease states. Highly 

abundant genera of the type II microbiome included Veillonella and Granulicatella 

(Firmicutes), Prevotella and Porphyromonas (Bacteroidetes), Haemophilus, Neisseria 
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and Campylobacter (Proteobacteria), Rothia and Actinomyces (Actinobacteria) and 

Fusobacterium (Fusobacteria).  

When focusing on cancer of the esophagus, approximately 90% of the cases worldwide 

consist of esophageal squamous-cell carcinoma (ESSC), although in North America and 

Europe, esophageal adenocarcinomas (EAC) is the predominant type [46]. The role of local 

bacteria in esophageal carcinogenesis is disputed [44, 47], but it has been hypothesized 

that the type II microbiome contributes to gastro-esophageal reflux disease (GERD) and 

also EAC, potentially by stimulating the immune system and triggering inflammation-

associated carcinogenesis [21]. However, while some characteristics of the type II 

microbiome have been confirmed in other studies, the exact microbial signature in GERD 

and EAC remains to be reproduced. One relatively large study combined a cultured based 

approach with molecular analysis in GERD, BE, EAC and controls and found that the 

most prominent shift was reflected by increased abundance of the genus Campylobacter 

(species Campylobacter concisus) in GERD and BE [48]. A more recent prospective BE 

cohort study showed that the majority of sequencing reads obtained from the esophageal 

site belonged to the phyla Firmicutes (genus Streptococcus) and Bacteroidetes (genus 

Prevotella), with a small proportion of reads (5%) representing HP [22]. 

While BE poses a substantial risk factor for esophageal cancer, it has also been speculated 

that HP infection is protective against both BE [49, 50] and esophageal cancer [50]. This 

would be consistent with the fact that the presence of HP in BE is associated with lower 

aneuploidy rates [22]. A meta-analysis of 27 studies confirmed this inverse association 

between HP and EAC risk, although not for ESCC [51]. Since heterogeneous findings were 

previously found for BE, this association has been re-evaluated in case-control studies [52, 

53]. HP infection was inversely related to BE, but particularly in case of corpus atrophy or 

regular anti-secretory medication use [52] and cytotoxin-associated gene A (cagA) positive 

strains [53]. In addition to BE, an inverse correlation with HP was also seen for erosive 

esophagitis although not for GERD symptoms [53], and HP eradication does not increase 

GERD risk [54]. Thus, while a role for HP in GERD is less clear, most evidence points towards 

a protective role for HP in BE and esophageal cancer, potentially by neuro-immunological 

anti-inflammatory mechanisms [55].  

2.3 Stomach 

2.3.1 The gastric microbiota composition 

Despite its potential protective role in the esophagus, HP is undoubtedly a carcinogen in 
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gastric oncogenesis and, since its discovery in 1982, has been the most studied bacterium 

isolated from the stomach [56]. While HP may thrive in the stomach, the relatively hostile 

conditions in the stomach generally correspond to a lower colonization as compared to 

other GI sites; with only an estimated abundance of 10⁷ bacteria, the stomach is several 

orders lower in bacterial load than more distal parts of the GI tract. Over time, new 

molecular techniques have made it possible to identify the remaining members of the 

gastric community and have overcome the restrictions of conventional culture based 

methods [57-60]. Emerging studies have pointed out that HP is by no means the only 

predominant species in the stomach, and the role of these non-Helicobacter species in 

gastric diseases is under investigation [61-63]. Using traditional culture combined with 

16S rRNA pyrosequencing, examination of the gastric microbiota of healthy HP negative 

individuals showed the presence of 69 genera, 59 families and 9 phyla of which Firmicutes 

(genera Streptococcus, Lactobacillus and Enterococcus), Proteobacteria and Actinobacteria 

(genus Propionibacterium) were the most abundant in descending order. Other phyla (<3%) 

included Deinococcus-Thermus, Bacteroidetes and Gemmatimonadetes. Cultivation of 

gastric juice and mucosa did not only pick up members of these common genera, but also 

indicated that these bacteria were alive. However, positive cultures were less frequent 

in gastric juice as compared to gastric mucosa [59], and it has been suggested that the 

microbial composition at the mucosa would be more representative of the physiology at 

the epithelium [64]. A high prevalence (65%) of non-Helicobacter microorganisms was also 

found in a HP positive Chinese cohort with dyspeptic complaints, identifying 18 additional 

genera and 43 species of which Neisseria, Streptococcus, Rothia and Staphylococcus were 

most prevalent [65].

While it is becoming clear that in addition to HP, many other bacteria are able to thrive in 

the gastric environment, the question remains whether the presence of HP directly shapes 

the gastric microbial composition. Bik et al. was one of the first to confirm the microbial 

diversity of the stomach (with main phyla Firmicutes [genus Streptococcus], Proteobacteria 

[main genus Helicobacter] and Actinobacteria in descending abundance) and showed that 

the presence of HP did not influence the gastric community distribution [66]. Similarly, a 

Malaysian study showed that HP did not influence the microbial diversity in patients with 

divergent gastric diseases [67]. In contrast, a study in healthy persons identified the same 

major phyla, but did find that HP status was important in making a difference in microbial 

diversity. In this study, HP negative samples contained a more diverse community with 

262 phylotypes belonging to 13 phyla whereas HP positive samples harbored only 

33 phylotypes and were dominated by HP [68]. Similarly, Maldonado-Contreras et al. 
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demonstrated a change in microbial composition related to HP status. While similar phyla 

were detected among HP positive and negative subjects, with phyla Proteobacteria, 

Firmicutes, Actinobacteria in descending order, HP positivity was associated with a relative 

increase of abundance within the phyla Proteobacteria, Spirochetes and Acidobacteria 

and a decline in Actinobacteria, Bacteroidetes and Firmicutes. However, this study also 

pointed out that although the presence of HP attributed to the composition of the gastric 

microbiota, origins or ethnicity might contribute even more [69]. 

Thus, in addition to HP, the four main GI phyla are well represented in the stomach with 

Streptococcus being one of the most often identified genera. Whether or not HP infection 

affects the composition of the remaining microbiota remains unclear, but may be linked to 

more to disease state and ethnicity than the presence of HP per se.   

2.3.2 Microbiota in gastric cancer (GC)

GC is globally the fifth most common cancer and was the third leading cause of 

cancer death in 2012 [70]. HP has been acknowledged as an important risk factor in the 

development of GC, in particular non-cardia cancer [71]. Although only a small percentage 

of HP infected subjects develop GC [72], HP eradication has been shown to reduce the 

odds of GC incidence [73]. While a direct causative role for HP in gastric carcinogenesis is 

undisputed [74], the role of the remaining microbiota in the oncogenic process is unclear. 

Interestingly, spontaneous gastritis and gastrointestinal intra-epithelial neoplasia (GIN) 

development was significantly retarded in an insulin-gastrin (INS-GAS) mouse model 

under germ free conditions, demonstrating that commensal bacteria do contribute to 

gastric carcinogenesis. The authors further suggested that enteric bacterial overgrowth 

during gastritis contributed to HP-induced carcinogenesis [75]. Indeed, co-infection of INS-

GAS mice with restricted Altered Schaedler Flora (rASF; consisting of ASF356 Clostridium 

species, ASF361 Lactobacillus murinus and ASF519 Bacteroidetes species) was sufficient to 

enhance GIN development in an inflammation-dependent manner [76].  

Whether non-HP members in the gastric microbiota play a role in gastric carcinogenesis 

in human remains uncertain. Dicksved et al., when comparing GC patients to dyspeptic 

controls, did not find significant differences in gastric microbiota between these groups 

using terminal restriction fragment length polymorphism (T-RFLP). Subsequent 16S rRNA 

gene analysis of GC samples demonstrated a highly complex community of 102 phylotypes, 

which was clustered into five major phyla consisting of Firmicutes (most represented), 

Bacteroidetes, Actinobacteria, Proteobacteria and Fusobacteria. HP was only seen in a 

low abundance in this study [23]. However, HP incidence is higher in Asia compared to 
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Western countries, and a Korean study using 16S rRNA pyrosequencing detected HP DNA 

in 92% of paraffin-embedded tissues from resected gastric adenocarcinomas. In non-HP 

GC patients, Helicobacter cinaedi, Helicobacter mustelae and Campylobacter hyointestinalis 

were detected [77]. Nevertheless, no significant functional role for bacteria other than HP 

seems to be apparent in GC [78].

However, some studies do suggest that bacterial shifts may occur during progression of 

gastric disease. In 1992, the Correa model of gastric carcinogenesis illustrated the sequential 

stages of chronic gastritis, atrophy, intestinal metaplasia (IM) and dysplasia prior to 

development GC of the intestinal type [79]. During this progression, a gradual shift of gastric 

microbial community from precancerous lesions to GC appears to take place, although 

different studies disagree on the nature of these shifts. Both decreases [80] and increases 

[81, 82] in bacterial diversity have been reported when comparing samples from chronic 

gastritis and/or IM towards GC. The most consistent findings between these studies were an 

increase in Lachnospiraceae, and members of the Lactobacillaceae and Streptococcacaea 

families, during carcinogenesis. The presence of HP appears to enhance microbial differences 

between chronic gastritis, IM and GC [81] and bacterial load [82]. Furthermore, a recent study 

showed an inversed correlation between HP abundance and bacterial diversity in chronic 

gastritis and IM patients, which was corrected upon eradication of HP [83]. We have recently 

identified differences in bacterial interactions across stages of gastric carcinogenesis. The 

significant enrichments and network centralities suggest the potentially important roles of 

Peptostreptococcus stomatis (P. stomatis), Dialister pneumosintes, Slackia exigua, Parvimonas 

micra (P. micra) and Streptococcus anginosuss in GC progression. Moreover, stronger 

interactions among gastric microbes were observed in HP-negative samples compared to 

HP-positive samples in superficial gastritis and IM [84].

In addition to comparing the gastric microbiomes from GC and non-GC patients, the 

microbial profile of the cancerous stomach and the adjacent normal mucosa within the 

same patient has also been addressed. Paradoxically, HP levels in HP positive GC patients 

were significantly reduced in malignant tissue compared to normal mucosa [85]. This might 

seem counterintuitive, as physical interaction of the gastric epithelium with HP is one of the 

driving factors in gastric carcinogenesis. However, it is conceivable that the altered local 

microenvironment upon oncogenesis is more permissive of other bacteria rather than HP 

(as detailed later) [86]. At genus level, a decline was also seen for Propionibacterium sp., 

Staphylococcus sp. and Corynebacterium sp., whereas Clostridium sp. and Prevotella sp. 

were increased in GC mucosa [85]. 
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Overall, there is emerging evidence of the presence of non-Helicobacter bacteria in the 

human stomach besides HP, but the specific role of individual microorganisms in human 

gastric carcinogenesis remains unclear [82, 87-89]. The gastric microbiota composition 

of GC patients seems to be affected in some studies, but contradictory outcomes have 

been reported by others. Again, the different methodological approaches make it difficult 

to directly compare studies, and more homogeneous studies are required to validate the 

results obtained so far [90]. 

2.4 Duodenum

The bacterial residents of the duodenum have not been thoroughly investigated despite 

some evidence for their involvement in upper GI disorders (e.g. irritable bowel syndrome 

(IBS) and coeliac disease) [60]. Molecular studies are especially limited, but evidence so far 

indicates that phyla Firmicutes, Proteobacteria and Actinobacteria are predominately part 

of the healthy microbiome [13, 91, 92]. When descending to lower taxonomy levels, distinct 

compositions were noticed for duodenal biopsies (genera Acinetobacter, Bacteroides, 

Prevotella) versus luminal contents (genera Prevotella, Stenotrophomonas, Streptococcus) 

[13], with mucosa-associated microbes appearing less variable and more conserved.   

Investigation of bacterial profile shifts might lead to the better understanding of the 

pathophysiology in upper GI disorders. For instance, in duodenal IBS, both bacterial 

overgrowth and a decline in microbial diversity have been noticed and might be relevant 

for future treatments [91]. However, duodenal malignancies are relatively rare and the 

relevance of bacterial involvement in duodenal cancers has not been investigated yet. 

3 The microbiome of the middle and lower GI tract

3.1 Jejunum & ileum

Although the jejunum and ileum are the longest GI parts with the largest contact surface 

area, collection of samples from these sites remains challenging [60]. Nevertheless, 

molecular analysis of 16S rRNA genes demonstrated that the jejunum harbors a less 

complex bacterial community compared to the distal ileum and large intestines [15]. A small 

study using a single healthy volunteer showed predominance of the genus Streptococcus, 

but a better impression was given by a more recent NGS study which included jejunal 

biopsies from nineteen healthy subjects [14]. The phyla in descending order of relative 

abundance consisted of Proteobacteria (Neisseria, Helicobacter), Bacteroidetes (Prevotella), 

Actinobacteria (Brevibacterium), Firmicutes (Streptococcus) and Fusobacteria.
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Like the collection of biopsies, selective luminal collections are usually not easy in the small 

intestinal lumen of subjects with intact anatomy. However, a post-mortem study managed 

to demonstrate the presence of mainly facultative anaerobes and aerobes in the luminal 

content of the jejunum and ileum [93]. Although there were inter-individual differences, 

genera belonging to the phyla Firmicutes (Streptococcus, Lactobacillus, Enterococcus), 

Proteobacteria (Gammaproteobacteria) and Bacteroidetes (Bacteroides) were observed. 

The presence of a highly inter-individual bacterial community was also confirmed in 

ileostomy subjects [16]. Nonetheless, knowledge about the microbial community of the 

small intestines is still limited in health and disease, and the role of bacterial dysbiosis in 

cancers of the small intestines remains to be elucidated.  

3.2 Large intestines 

3.2.1 Colorectal microbiota composition

The colon harbors one of the most dense and diverse bacterial communities of the 

human body and consist of both luminal and surface-associated populations [94, 95]. 

This complexity is depicted by the increasing numbers of new phylotypes identified in 

recent studies [94, 96-98]. There is little variation within the same subject, but high inter-

individual diversities exist in both colonic tissue [94, 98] and fecal [8, 94, 96, 99] samples. 

Although mucosal and fecal microbiomes differ significantly in lower taxonomy classes, 

characterization at phylum level indicated that members of the mucosa associated and 

fecal microbiota consist mainly of Firmicutes (cluster Clostridia) and Bacteroidetes [14, 15, 

94, 97, 99-101]. Less abundant phyla in the colorectal compartment include Proteobacteria, 

Actinobacteria, Fusobacteria and Verrucomicrobia.

3.2.2 Microbiota in colorectal cancer (CRC) – drivers and passengers?

According to the multi-hit model of CRC, sequential mutations are needed to drive 

colorectal carcinogenesis [102, 103]. Like the Correa sequence defined in GC, an adenoma-

to-carcinoma sequence with accumulating mutations is apparent for CRC development. 

Triggers of these events are not defined yet [104], but accumulating clues have linked 

bacterial agents to CRC development. A well-established example is the association 

of Streptococcus gallolyticus (S. gallolyticus; formerly Streptococcus bovis) with CRC, 

which justifies endoscopic bowel examination in case of positive blood cultures [105]. 

Since emerging insight into CRC pathogenesis has tremendous health benefits, it is not 

surprising that the residents of the colon are extensively explored. CRC remains a major 

health burden as the second and third most common cancer in respectively women and 
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men. With an estimated 1.3 million cases, worldwide and mortality rates over 690.000 in 

2012 [70], it is critical to unravel the role of bacterial dysbiosis in sporadic CRC in hope to 

improve clinical diagnostics and possibly treatment.

Similar to what was observed in the stomach, early signs of dysbiosis were detected in 

adenoma [28, 101] and CRC, with more pronounced changes in the latter [28]. Despite 

high inter-individual differences in the microbiota, shifts in mucosal bacterial patterns 

have been observed in CRC patients compared to healthy individuals, including the 

increased presence of Fusobacterium [25, 106, 107], Enterococcus faecalis (E. faecalis) [106] 

and recently Peptostreptococcus anaerobius [108] in colorectal tumors. Other commonly 

reported agents are genotoxic Escherichia coli (E. coli) and enterotoxigenic Bacteroides 

fragilis (ETBF) [109-111] which are also able to confer pro-inflammatory signaling in the 

colon. The association of such bacteria with CRC [112, 113] has led to the ‘alpha bug’ 

hypothesis. This model states that certain pro-oncogenic bacteria remodel the colonic 

bacterial community to enhance mucosal immune responses and epithelial changes 

leading to CRC [104]. The alpha bugs in this case do not act alone, but remodel the colonic 

microbiota to induce a more oncogenic ecosystem [114].  

Other studies have also investigated the microbiome of tumor and normal adjacent mucosa 

from CRC patients. Although the over- and under-representation of community members 

between these sites seem to vary among cohorts, the most consisting finding has been 

the enrichment Fusobacterium (in particular F. nucleatum, a common oral commensal 

[115]) at CRC sites [25, 27, 116], which in high relative abundance has been associated with 

regional lymph node metastases [116] and tumor location (2% in rectum towards 11% in 

cecum) [117]. However, other studies have shown that in addition to the tumor site, the 

microbial constitution of normal mucosa from adenoma patients is also altered [118, 119]. 

The fact that commensal and anti-inflammatory butyrate-producing bacteria (family 

Coriobacteriaceae, genera Fusobacterium, Roseburia, Faecalibacterium, Lactococcus) are 

also often found at the tumor site [26] whereas pathogenic members of Proteobacteria 

(Pseudomonas, family Enterobacteriaceae with Escherichia-Shigella, Citrobacter and 

Salmonella spp.) are seen in the normal adjacent tissue [25, 26], has led to the postulation 

of the ‘driver-passenger’ theory. In this model, ‘bacterial drivers’ are held responsible 

for the initiation of carcinogenesis by causing epithelial DNA damage. The subsequent 

niche changes allow relatively poorly colonizers with competitive advantage in the tumor 

environment, the ‘bacterial passengers’, to outgrow the bacterial drivers of CRC, which 

are consequently enriched in the surrounding mucosa. The ‘passengers’ themselves can 

either promote or suppress the carcinogenic process, and therefore may represent a 
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consequence of disease rather than a causative factor. Temporal changes of both bacterial 

drivers and passenger could be present due to continuous tumor development [2]. This 

model could also explain the previously mentioned observation that HP might gradually 

disappear at later stages of GC [85]. Obviously, temporal changes in bacterial presence 

‘on’ and ‘off’ the tumor would greatly complicate comparisons of different cohorts, and 

may explain the fact that despite intense scientific efforts, it has been difficult to get a clear 

consensus on the ‘CRC-associated microbiome’. 

In addition to bacteria acting as potential oncogenes, it is also conceivable that the 

commensal microbiome acts as a tumor-suppressive factor, and that disturbance 

therefore results in the accumulation of mutagenic events. Feces from patients with 

malignant lesions show a decrease in beneficial bacteria such as Lachnospiraceae [120] 

and it was recently demonstrated that fecal bacteria (in particular Actinobacteria; genera 

Streptomyces and Rhodococcus) from healthy subjects showed potent in vitro and in vivo 

anti-tumor effects [121]. Interestingly, this effect was greater for younger subjects, and 

it is tempting to speculate that changes in microbiome occurring at older age account 

for some extent for the increased CRC risk at older age. It is of interest to note that in 

inflammatory conditions such as ulcerative colitis, associated with altered microbiome 

characterized by a reduced presence of beneficial bacteria [122-125], is also associated 

with an increased risk of CRC development. This is commonly attributed to the chronic 

inflammatory process, but could theoretically also be driven by the loss of commensal 

anti-tumor effects.  

3.2.3 Microbial biomarkers for CRC

In recent years, considerable interest has emerged to develop affordable non-invasive 

biomarkers for early CRC diagnosis. Both guaiac fecal occult blood tests (gFOBT) and 

fecal immunochemical tests (FIT) have been used to screen individual stool specimens 

for the presence of hemoglobin. However, not all pre-malignant lesions bleed, and blood 

can sometimes also be detected in stool from healthy individuals. Thus, there is clinical 

need for additional biomarkers for CRC, for which the use of the gut microbiome seems 

promising [126, 127]. Several metagenome studies have recently been conducted to identify 

stool based bacterial biomarkers. Zeller et al. demonstrated marker species F. nucleatum 

subspecies vincentii and animalis, P. stomatis, and Porphyromonas asaccharolytica, that 

together discriminated between CRC and controls with the same accuracy as FOBT [127]. 

Furthermore, a select microbial panel was also able to discriminate healthy subjects from 

CRC or adenomas in a study by Zackular et al [126]. Among the six CRC-specific operational 
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taxonomic units (OTUs), genus Fusobacterium was enriched in addition to both family/

genus Porphyromonadaceae and Porphyromonas.

Two consecutive Chinese studies took the next steps in developing clinical affordable 

fecal biomarkers. Two potential CRC markers (F. nucleatum and P. micra) were validated 

in cohorts of different ethnicity using quantitative polymerase chain reaction (qPCR) [128]. 

Diagnostic utility was confirmed for a combination of four bacterial markers (F. nucleatum, 

Clostridium hathewayi, Bacteroides clarus and undefined species ‘m7’), and shown to be 

more accurate than F. nucleatum alone [129]. The addition of microbiome profiling to FIT 

testing seems to lead to the improvement of CRC detection [120, 129, 130], thus validation 

of these results in other cohorts would be of great use to improve CRC detection rates 

worldwide. Interestingly, these analyses would be feasible in FIT rest material, as bacterial 

DNA isolated from FIT tests largely resembles that from feces [131]. However, as it has 

been shown that the fecal microbiome from adenoma patients differs little from healthy 

controls (except for the levels of Ruminococcus), alternative markers for this group of 

patients is called for [127].  

Concluding, it is safe to say that in addition to the role of HP in GC, the CRC associated 

microbiome is the best studied interaction between bacteria and GI cancers to date. 

While mucosal bacteria arguably exert larger influences on the epithelial barrier cells 

than luminal bacteria due to their direct contact with the host cells, the effect of luminal 

bacterial metabolites on the epithelial barrier should not be disregarded [132]. Regardless 

of the differences between fecal and mucosal microbiome, a recent systematic review 

investigating the role of bacteria in CRC agrees on the overexpression of specific bacteria 

such as Fusobacteria (F. nucleatum) and E. coli in CRC [24]. Other bacterial changes 

validated across several studies include increases in S. gallolyticus, E. faecalis, B. fragilis, 

Enterobacter, Leptotrichia, Porphyromonas asaccharolytica, Lactococcus [25, 28, 29, 109-

111, 120]. In contrast, commensal (e.g. Bifidobacteria, Lactobaccillus, Ruminococcus) and 

butyrate producing bacteria (e.g. Lachnospiraceae and Faecalibacterium spp.) [24, 29, 

110, 120] appear to be decreased. Thus, despite the fact that the fecal microbiome does 

not adequately reflect the mucosal microbiome [107], fecal microbiome profiling may be 

useful for identification of CRC-associated microbiome risk factors. However, it appears 

that combining classical FIT tests with microbial profiles results in the highest clinical 

performance of such assays. 
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3.3 Anus

The last part of the alimentary tract is the anal canal, where malignant lesions are less 

common. Globally, approximately ninety percent of anal cancer cases are attributed to 

HPV infections [9] whereas the role of potential bacterial agents has been understudied. 

Microbial profiles of the anal compartment are scarce, but a recent study in healthy female 

adolescents showed that the anal microbiome was dominated by genera Prevotella and 

Bacteroides of phylum Bacteroidetes [17]. In a different cohort consisting of MSM (men who 

have sex with men) subjects, the microbes were mainly distributed in phyla Firmicutes 

and Bacteroidetes whereas the composition altered during uncontrolled advanced 

human immunodeficiency virus (HIV) infections with reduced and increased members 

in respectively phylum Firmicutes and Fusobacteria [133]. However, whether relevant 

bacterial shifts are indicated in anal malignancies is undetermined so far.   

4 Potential mechanism of microbiota in GI tract 
malignancies
While it is evident that dysbiosis within the niches of the alimentary tract are associated 

with GI malignancies, the exact identity of potential causative members of these complex 

bacterial communities and their oncogenic mechanisms are not fully understood. However, 

lessons learned from the much studied interaction of HP with gastric oncogenesis may 

provide clues for the oncogenic role of the microbiome in CRC, and the main hypotheses 

regarding microbial-driven oncogenic routes in GC and CRC will be briefly discussed here.  

4.1 Potential microbial mechanism in gastric carcinogenesis 

HP exhibits several mechanisms through which it exerts its role in gastric oncogenesis, 

which have been extensively reviewed elsewhere [74]. While ongoing research shows 

increasing layers of complexity in the HP-induced oncogenic transformation, the 

mechanisms through which HP exerts its effect can be broadly divided into virulence 

factor-induced oncogenic changes, inflammation-mediated carcinogenesis and gastric 

hormone-driven induction of oncogenic signaling. HP possesses various virulence factors, 

including vacuolating cytotoxin A (VacA) and cagA, which are injected into host cells 

through a pilus-like structure. Virulence factors of various strengths are found in different 

HP strains, which vary globally and may contribute to different global incidences of GC. 

The main effect of these virulence factors is to activate oncogenic signal transduction 

pathways (including the mitogenic Ras-extracellular signal regulated kinase (ERK) 

pathway, the phosphatidyl-inositol 3-kinase (PI3K) cell survival pathway, and CDC42/
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Rac-focal adhesion kinase cytoskeletal rearrangement pathways), the combined effects 

of which are cellular changes in morphology, cell cycle, proliferation and cell death 

[134-136]. The second common mechanism of oncologic transformation induced by HP 

is through activation of inflammatory pathways. HP induces the production of reactive 

oxygen species (ROS) in gastric epithelial cells, which activates inflammatory signaling 

pathways inside these cells, resulting in cellular stress responses. In addition, massive 

amounts of reactive oxygen and nitrogen species (NOS) are produced by immune cells 

attracted by HP infection, and the resulting oxidative stress and nitration of DNA bases 

drives accumulation of DNA damage and oncogenic mutations. Thirdly, initial HP infection 

causes atrophic gastritis, characterized by destruction of acid producing parietal cells. 

A compensatory upregulation of the acid-inducing hormone gastrin ensues, which is 

directly correlated to gastric inflammation levels. In addition to modulation of acid levels, 

gastrin is known to directly activate oncogenic signaling, including the earlier mentioned 

PI3K pathway, in gastric epithelium cells.  

In addition to HP, factors involved in GC include host genetic risk factors and environmental 

factors such as smoking, high salt consumption, and other gastric microbes [113] that 

interact with HP in a complex manner [112, 137]. In context of the hypothetic models in CRC, 

HP can be seen as the ‘alpha bug’ or ‘bacterial driver’ in the initial phases of GC development. 

HP is thought to be mainly involved at the stage where chronic atrophic gastritis is induced 

while subsequent microbial changes could lead to IM and GC progression [88]. This has 

been supported by the model of crosstalk in which co-colonization of HP with other 

microbiota could lead to atrophy related pH and nutritional changes and innate immune 

responses, which then allows bacterial overgrowth of microbes that initially could not thrive 

in the stomach [137]. Consequently, these microbes might induce further inflammatory 

responses and epithelial damage and overshadow the role of HP at this point. Although 

these culprits are not fully identified, general mechanistic routes may be present. 

Bacterial overgrowth as a result of reduced gastric acidity has been linked the production 

of potent carcinogenic N-nitroso-compounds (NOCs) [76, 137, 138]. Endogenous exposure 

to these substances is associated with an increased risk of non-cardia cancer [139]. The 

substrate for NOC formation is nitrite, which itself is formed by reduction of nitrate by 

bacteria. [138, 140]. Elevated nitrite and bacterial levels are measured in hypochlorhydric 

gastric juice [141, 142] which is in line with the finding of higher nitrite and nitrosamine 

concentrations in atrophic gastritis compared to normal stomachs and non-atrophic 

gastritis [143]. Furthermore, GC subjects have significantly elevated gastric nitrite 

concentration compared to atrophic gastritis subjects with similar pH and HP status [144]. 
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These findings are supported by the doubled numbers of nitrosating and nitrate reducing 

bacteria in GC subjects, albeit not significant compared to controls [78], and also the 

enrichment of phylum Nitrospirae in GC subjects in another report [82]. More supportive 

evidence comes from surgically treated patients in which bacterial gene functions prior 

to treatment indicated the significant prevalence of N-nitrosation genes, and a shift 

towards genes for nitric oxide (NO) reductase, nitrous oxide (N₂O) reductase and bile salt 

hydrolase afterwards [145]. Therefore, the above findings indicate the potential of microbes 

to influence GC development via NOCs. 

Toll-like receptors (TLRs) expressed on immune and epithelial cells play an essential role in 

the recognition of invading pathogens by activating inflammatory signaling, and inducing 

pro-inflammatory cytokine as well as ROS and NOS production. As such, they contribute 

to gastro-intestinal integrity, but possibly also to HP associated malignant transformation 

when chronically activated [146]. During HP infection, pathogen-associated molecular 

pattern molecules (PAMPs) derived from this bacterium are recognized by TLR2, TLR4, 

TLR5, TLR9 [147], which are upregulated in dysplasia/carcinoma as compared to healthy 

mucosa [148, 149]. An even more striking finding has been the loss of polarized TLR 

distribution in IM, dysplasia and GC [148-150], suggesting that this diffuse localization could 

make lesions more susceptible for TLR activation by PAMPS [149] and therefore enhanced 

exposure to inflammation-mediated oncogenic signaling. It has been suggested that other 

microbes than HP possibly fulfill a more prominent role during malignant transformation 

by TLR activation, although other pattern-recognition receptors (PRRs) are also thought to 

be involved (see [147] for excellent review). 

Overall, while the mechanistic role of HP in gastric carcinogenesis is well-described, 

the interaction between HP and the gastric community in GC seems complex and well-

defined mechanisms of non-HP microbes have not been defined yet. The question still 

remains whether HP facilitates the outgrowth of bacteria with carcinogenic profile, or 

whether other microbiota could promote a more malignant HP as well [86, 137].  

4.2 Potential microbial mechanism in CRC carcinogenesis 

Just as virulence factors are of considerable importance in HP induced gastric 

carcinogenesis, the release of toxic compounds by intestinal microbes also promotes 

malignant transformation of colonic epithelial cells. A familiar example is the bacterial 

product from ‘alpha bug’ ETBF, B. fragilis toxin (BFT), which not only triggers a cascade 

of known CRC oncogenic signaling pathways in colonic epithelial cell, (including the ERK 
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pathway, but also Wnt, NF-κB and STAT3) [104, 151], but possibly also causes ROS production 

[152] and direct DNA damage [104]. Colibactin is another potent genotoxin that is synthetized 

by pathogenic E. coli strains which harbor the genomic island pks (pks+ E. coli). Epithelial cells 

that encounter this strain not only suffer from DNA double-strand breaks by colibactin [153], 

but may also go into cellular senescence, which characterized by growth factor production 

that might promote proliferation of other non-infected cells [154]. 

Another microbe-specific way to provoke malignant transformation is by direct interactions 

with the colonic epithelial cells. This has been described for F. nucleatum which was 

not only enriched at the tumor site, but also showed signs of invasive behavior [27, 116]. 

Attachment and invasion of this bacterium into epithelial cells requires surface molecule 

Fusobacterium adhesion A (FadA) to bind the cellular adhesion molecule E-cadherin. 

Binding to E-cadherin is sufficient to activate Wnt and other oncogenes, but internalization 

of the bacterium is essential for the activation of inflammatory genes [155]. The elevated 

FadA gene expression was confirmed in tissues from adenomas and CRC, which is in line 

with the enrichment of FadA in fecal metagenomes of CRC subjects [127]. 

As suggested before for colitis associated cancers, inflammation mediated bacterial 

participation is also conceivable in sporadic cancers. Functional analysis of the fecal 

microbiome has demonstrated a CRC-associated increase in lipopolysaccharides (LPS) 

metabolism [127], implying that increased LPS-induced TLR-mediated signaling pathways 

in epithelial cells may contribute to disease. Indeed, both colon adenomas and cancers 

express higher levels of TLRs (TLR2, 4, 5) that are diffusely and homogenously spread 

throughout the cell compared to normal mucosa, including ectopic cytoplasmic expression. 

An intensified activation of TLR is therefore imaginable and has been reflected by higher 

expression levels of pro-inflammatory mediator cyclooxygenase (COX) 2 [156] and increased 

TLR mediated pro-inflammatory NF-κB pathway activation [157]. Substrates for TLR activation 

can derive from various bacterial products of a wide range of bacteria (LPS, PAMPs) as well 

as damage associated molecular patterns (DAMPs). The contribution of TLR signaling to CRC 

development is underscored by the fact that CRC risk is significantly affected by functional 

single nucleotide polymorphisms (SNPs) in TLR2 and TLR4 genes [158]. 

While the focus has been on potential pathogenic members of the CRC microbiome, 

it has been indicated that the depletion of protective bacteria might similarly promote 

oncogenesis [126]. Short chain fatty acids (SCFAs), which have been suggested to have 

potent anti-inflammatory and anti-tumor effects, are the end product of anaerobic 

bacterial fermentation of dietary fibers [132, 159]. These metabolites consist of acetate, 
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propionate and butyrate of which the latter is the major energy source of colonic cells 

[160]. A higher abundance of butyrate-producing bacteria was found in stools of native 

Africans with low CRC risk as compared to Afro-American subjects with a higher risk. The 

microbe Faecalibacterium prausnitzii is one of the major butyrate producers together with 

others of the Clostridium cluster IV and XIVa [161], and depletion of the Faecalibacterium 

genus increases CRC risk [29]. Similarly, butyrate producer Lachnospiraceae was reduced 

in feces of CRC subjects [120]. Therefore, one can imagine that a decline of butyrate 

and other SCFA producing bacteria could contribute to tumor progression. Interestingly, 

some potential pathogens (e.g. Fusobacterium) are also capable of producing butyrate via 

different butyrogenic pathways. However, these bacteria use amino acids as substrates 

for butyrate production (glutarate, 4-aminobutyrate, Lysine), which is accompanied by the 

formation of ammonia which is harmful to the gut [160]. 

Since the colonic lumen contains the substrates for bacterial metabolic activity, dietary 

intake could influence CRC risk. This has been illustrated by higher concentrations of both 

proteolytic fermentation products and secondary bile acids in African Americans with 

a relative protein rich and high fat diet in comparison to native Africans that have lower 

CRC risk [161]. Bacterial products from protein fermentation are thought to have cancer 

promoting effects and include NOCs and ammonia, hydrogen sulfide and also polyamines 

[132]. The latter toxic product is one of the degradation products of the putrefaction pathway 

which was shown to be enriched in CRC associated microbiota [127]. Secondary bile acids 

are also considered carcinogenic and are formed from primary bile acids that escapes 

the enterohepatic circulation [132]. Thus, it has been suggested that the metabolic profile 

induced by the entire microbiome is potentially more relevant to the cancer process than 

individual pathogenic agents.  

In short, there are several ways for microbes to participate in CRC oncogenesis. Beside 

the release of carcinogenic toxic factors and direct host interaction by specific microbes, 

other microbes might exert their effects via inflammation and metabolic mediated 

mechanisms. However, polymicrobial biofilms have recently also been associated with 

CRC initiation and development, and potentially lead to severe inflammation and a more 

an aggressive tumor. These ‘higher-order spatial structures of bacteria’ are able to impair 

epithelial barrier function, affect cellular proliferation, enhance pro-inflammatory and pro-

oncogenic responses and enhance intestinal dysbiosis [162] and as such may present the 

next focus of the scientific community in the search for microbial causative agents in CRC.   
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5 Practice points
•	 Culture-independent microbial research techniques have made it possible to map the 

residents along the GI tract (microbiota) and their genomes (the microbiome).

•	 In upper, middle and lower gastrointestinal (GI) tract malignancies, a shift in microbial 

community (dysbiosis) seems be involved in oncogenesis and reflects this disease 

state.

•	 Helicobacter pylori (HP) appears to protect against esophageal cancer, but increases 

gastric cancer (GC) risk, where non-HP residents may also engage in gastric 

carcinogenesis.

•	 In addition to genetic and environmental risk factors, microbial content may contribute 

to colorectal cancer (CRC), since polymicrobial interplay with ‘driver’ and ‘passenger’ 

bacteria has been indicated in tumor progression.

•	 The use of the GI microbiome as non-invasive diagnostic biomarkers seems promising, 

especially in oral (swabs) and colorectal cancers (feces).

•	 The bacterial mechanisms in GI tract malignancies have not been fully understood, 

but inflammation mediated pathways and bacterial metabolite associated shifts 

seems important.

6 Research agenda
•	 The different methodological approaches make it difficult to compare microbiome 

studies, suggesting the need for more homogeneous approaches.

•	 Potential microbial biomarkers in GI malignancies seem promising, but should be 

validated in different ethnic cohorts to test for general applicability.

•	 Future microbiome studies are indicated to identify subjects with increased GI cancer 

risk, to predict disease outcome and to develop potential treatments based on 

microbial profiles.

7 Summary
The advent of culture-independent methodologies in microbial research has led to 

increased insight into the members (microbiota) of the gastrointestinal (GI) tract and their 

genomes (microbiome) in both health and disease. The healthy GI microbiome varies 

considerably among subjects, but the common bacterial members predominately belong 

to four major phyla (Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria). However, 

disruption of the microbial community (dysbiosis) is seen in GI tract cancers, and are best 
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described for oral squamous cell carcinomas (OSCC), gastric cancer (GC) and colorectal 

cancer (CRC) in comparison to other parts of the GI tract (oropharynx, small intestines, 

anus). In the esophagus, microbiome type II is thought to be involved in carcinogenesis, 

whereas Helicobacter pylori (HP) may play a protective role. In contrast, a causative 

function of HP in GC is evident, whereas the relative contribution of non-HP in this disease 

is still under investigation. A polymicrobial interplay has also been suggested in CRC 

cancer, illustrated by two models, the ‘alpha bug’ and ‘driver-passenger’ hypotheses. Both 

theories center around the involvement of bacteria in early stages of CRC oncogenesis, 

where the ‘alpha bug’ theory suggests a cooperation with other bacteria to create a more 

hostile tumor environment whereas the bacterial ‘drivers’ are thought to be gradually 

replaced by ‘passengers’ with advantages in the new niche. Whether dysbiosis in GI cancer 

is truly a cause of disease or mainly the effect of an altered microenvironment remains 

in many cases disputed, as the specific role of these microbes is not fully understood. 

Nevertheless, inflammation and metabolite mediated pathways are likely to affect the 

epithelial lining and may contribute to initiation and progression of cancer. Future studies 

might help to explore the applicability of the microbiome in diagnostics, prognostics and 

potentially prevention and treatment.
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Abstract
Background: Homeostasis of the gastrointestinal tract depends on healthy bacterial 

microbiota, with alterations in microbiota composition suggested to contribute to diseases. 

To unravel bacterial contribution to disease pathology, a thorough understanding of the 

microbiota of the complete gastrointestinal tract is essential. To date, most microbial 

analyses have either focused on fecal samples, or on the microbial constitution of one 

gastrointestinal location instead of different locations within one individual.

Objective: We aimed to analyse the mucosal microbiome along the entire gastrointestinal 

tract within the same individuals. 

Methods: Mucosal biopsies were taken from nine different sites in 14 individuals undergoing 

antegrade and subsequent retrograde double-balloon enteroscopy. The bacterial 

composition was characterized using 16S rRNA amplicon sequencing with Illumina Miseq.

Results: At double-balloon enteroscopy, one individual had a cecal adenocarcinoma 

and one individual had Peutz-Jeghers polyps. The composition of the microbiota 

distinctively changed along the gastrointestinal tract with larger bacterial load, diversity 

and abundance of Firmicutes and Bacteroidetes in the lower gastrointestinal tract than the 

upper gastrointestinal tract, which was predominated by Proteobacteria and Firmicutes. 

Conclusion: We show that gastrointestinal location is a larger determinant of mucosal 

microbial diversity than inter-person differences. These data provide a baseline for further 

studies investigating gastrointestinal microbiota-related disease.

Keywords: 
Colonic microflora; colon; gastrointestinal tract; intestinal microbiology; small bowel.



The mucosa-associated microbiota along the human GI tract

3

53   

1 Introduction
In recent years, an increasing level of knowledge on the interaction between host and 

bacteria has made us come to regard the gut microbiota as a separate entity [1].  The 

microbiota have important immunological, structural, metabolic and defence functions 

in the gut. Alterations in microbiota composition have been linked to intestinal disease, 

including colorectal cancer and inflammatory bowel disease (IBD). Unravelling the 

microbiota composition and its distribution along the gastrointestinal (GI) lining in healthy 

individuals is important to understand the role of the microbiota in disease [2].

Characterization of the microbiota in the entire GI tract is hampered by the fact that some 

locations are more difficult to access than others and most research has focused on 

the colonic fecal microbiota [1]. The mucosal microbiome is arguably the more relevant 

compartment, as such mucosa-associated flora lives in close contact with the GI tract lining. 

The microbial composition of the colonic mucosa has been most often investigated. While 

it is clear that the composition and abundance of mucosal microbiota of the esophagus 

and stomach in healthy individuals differ from that in the colon [3-5], information about the 

microbial composition in the jejunum and ileum is scarce because of the inaccessibility 

of these sites. Nevertheless, differences in the physiological functions of GI sites logically 

predict regional bacterial differences. The colonic microbiota for example, are driven 

by complex carbohydrates whereas simple carbohydrates fuel the microbiota in the 

small intestine [2, 6]. Furthermore, the composition of the mucus layer protecting the 

epithelial barrier from excessive bacterial contact differs along the intestinal tract [7, 8]. 

Given the limited information about mucosal microbiota in the entire GI tract, we aimed 

to characterize the mucosal microbiota along the length of the entire GI tract within the 

same subjects.

2 Materials and Methods

2.1 Subject recruitment

Subjects, all inhabitants of The Netherlands, had abdominal symptoms of unknown cause 

requiring diagnostic antegrade and subsequent retrograde double-balloon enteroscopy 

(DBE). Exclusion criteria were: patients younger than 18 years, use of antibiotics three 

months before DBE, IBD, and failure to understand written Dutch. The study was conducted 

in accordance with the Declaration of Helsinki Principles and approved by the ethical 

committee of the Erasmus MC University Medical Center, Rotterdam (MEC-2017-151) on 3 

April 2017. Written informed consent was obtained from each patient included in the study.



Chapter 3

54

2.2 Sampling

Mucosal samples were obtained endoscopically using antegrade and subsequent 

retrograde DBE at the Erasmus MC University Medical Center Rotterdam using Fujinon 

EN-450P5 and EN-450T5 endoscopes (Fujinon Inc., Saitama, Japan). Endoscopes were 

disinfected before use. Mucosal biopsies using standard biopsy forceps were taken at nine 

different sites of the GI tract (Figure 1). Upper GI biopsies (esophagus to proximal ileum) 

were collected using antegrade endoscopy and lower GI biopsies (distal ileum to rectum) 

with retrograde endoscopy. Between the antegrade and retrograde endoscopy, the canal 

of the endoscope was cleaned with sterile water. All patients used bowel preparation 

before DBE consisting of macrogol and electrolytes (Klean-Prep, Norgine BV, Amsterdam, 

The Netherlands).

Samples were stored in Eppendorf tubes (0.2 ml) with a stabilising reagent Allprotect (Qiagen 

Gmbh, Hilden, Germany). The samples were homogenised using the MagNA Lyser machine 

(Roche Diagnostics, Mannheim, Germany), stored in Trizol tubes (Invitrogen, Groningen, 

The Netherlands) and immediately frozen and stored at –80°C for subsequent analyses. 

Deoxyribonucleic acid (DNA) was isolated from the samples using QIAamp DNA mini kit 

(Qiagen) with an initial bead beating step added to the protocol, as described previously [9].

2.3 Generation of 16S rRNA gene amplicons

Sequencing libraries were prepared by amplifying the V3–V4 region of the 16S rRNA gene 

using the 341F-805R primers, as described earlier [10]. After the initial amplification, polymerase 

chain reaction (PCR) products were confirmed with gel electrophoresis and purified using 

Agencourt AMPure XP magnetic beads (Beckham Coulter Inc., Bromma, Sweden). 

A second PCR was performed to attach Illumina adapters and barcodes that allow for 

multiplexing and the products were purified as above, quantified and pooled into equimolar 

amounts. Samples were sequenced using the Illumina MiSeq platform at Science for Life 

Laboratory, Solna, Sweden. From the generated sequence data, primer sequences were 

trimmed away and the paired-end reads produced by the sequencing instrument were 

merged using SeqPrep version 1.1 (https://github.com/jstjohn/SeqPrep) with default 

parameters and thereafter the merged sequences were processed with QIIME 1.8 pipeline 

(Quantitative Insights into Microbial Ecology) [11].  A de novo operational taxonomic unit 

(OTU) strategy was used to assign sequences to OTUs. Using the UCLUST algorithm built 

into the QIIME pipeline, sequences were clustered at 97% identity against the Greengenes 

reference database [12, 13].
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▲Figure 1 | Study overview. (a) Location of retrieved mucosal biopsies of the gastrointestinal (GI) tract. 
(b) Marked differences in bacterial taxa are present between different GI locations as indicated by 
boxplot of the median Shannon index of different locations. (c) Diversity as measured by the Shannon 
index is higher in the distal (dist) ileum, ascending (asc) colon, descending (desc) colon and rectum 
as compared to distal (dist) esophagus, antrum, proximal (prox) duodenum, distal (dist) jejunum and 
proximal (prox) ileum. (d) Relative abundance of the major phyla fluctuates along the GI tract. 

2.4 Polymerase chain reaction (PCR) analysis

Conventional PCR was performed to confirm bacterial and human DNA isolation of biopsies. 

While analysing the results of this study, we noticed that family Helicobacteraceae was in 

the antrum, but also in other parts of the GI tract. However, sequencing did not allow us to 

identify this feature on species level. To improve our understanding, additional PCR analyses 

were performed. DNA amplification was executed with the Applied Biosystems 2720 

Thermal Cycler (Thermo Fisher Scientific, Waltham, MA) using primers targeting 16S rRNA, 

Helicobacter pylori (HP) specific UreA and VacA and human ACTB genes (Supplementary 

Table S1). The reaction mixture contained GoTaq buffer (Promega, Madison, WI), 1.25mM 

MgCl2  (Promega), 0.167mM (each) deoxynucleotides (Roche Diagnostics), 2.5U GoTaq 

polymerase (Promega), 333nM of each primer (Sigma-Aldrich, St Louis, MO) and 2µl non-
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normalized stock DNA. The PCR cycle program consisted of four minutes of 95˚C, several 

cycles of 30 seconds of denaturing at 95˚C, 30 seconds of annealing and one minute 

extension at 72˚C, followed by the final extension for 10 min at 72˚C. Annealing temperature 

was 60˚C for 16S rRNA, UreA and VacA primers and 60.5˚C for ACTB primers. Number of 

cycles was 40 for HP specific gene primers and 35 for 16S rRNA and ACTB gene primers. 

Amplicons were analyzed by gel electrophoresis using 2% agarose gel in 1X TBE (Tris-

borate-EDTA) buffer and bacterial DNA load quantified by Image J software.

2.5 Statistical analysis

The similarity between two samples was calculated using weighted UniFrac distances. 

Biodiversity within a sample was measured using the Shannon index. All diversity 

calculations were also performed for a least detectable relative abundance of 0.1%, 

corresponding to 1000 sequences in a sample, but this did not alter the results (data 

not included). Principal coordinate analysis (PCoA) using Bray-Curtis metrics based on 

abundance data from sequences classified to genus level was performed to determine 

clustering patterns among the subjects. Differences in diversity and similarity indices were 

tested with Mann-Whitney or Kruskal-Wallis test using the IBM SPSS statistics 21 software 

(Chicago, IL). For differences in relative abundance of specific bacterial taxa, Wilcoxon 

tests and linear regressions were applied using the r statistical framework, version 3.0.1.

3 Results

3.1 Subject population

Fourteen subjects undergoing an antegrade and subsequent retrograde DBE were 

included. In 13 patients, the mucosal samples were also studied by histology. Twelve 

subjects had no relevant anomalies found with DBE and histology (Table 1). One patient 

had Peutz-Jeghers polyps in the distal jejunum and one patient had a cecum tumor 

(Supplementary Table S2). 

3.2 Overview of sequencing data generated from the samples

A total of 118 mucosal samples were retrieved from nine locations of the GI tract in 14 individuals. 

Eight samples could not be sequenced due either to inability to analyse the retrieved 

samples or inability to reach the site. First, we confirmed bacterial DNA isolation from all 

samples by conventional PCR. While human genomic DNA content was similar in all samples 

(Supplementary Figure S1), the bacterial load decreased from esophagus to proximal ileum, 

but increased again in the lower  GI  tract  (Figure 2). Samples  were  subsequently  subjected
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Table 1 | Baseline characteristics of study subjects

Mean age, mean in years (range) 51 (42-60)

Sex, n of males (%) 7 (50%)

Race, n of Caucasians (%) 10 (71%)

Body mass index (BMI)

Mean (SD) (kg, m2)
Unknown

22.9 
5

(5.4)

Current smoker, n (%)
Yes
No 
Unknown

8 
3 
3

(58%)
(21%)
(21%)

Alcohol, n (%)

Yes
No
Unknown

6 
5 
3 

(43%)
(36%)
(21%)

Medication use, n (%)

Yes
No

11 
3   

(79%)
(21%)

Medical history, n (%)

Hypertension
Diabetes
Cardiac disease
Peripheral arterial disease 
Stroke
Chronic pulmonary disease
Liver disease
Resection part of GI tract 
Other 
No medical history  

1 
2 
1 
2
1
1
1
2
2
2

(6%)
(14%)
(6%)
(14%)
(6%)
(6%)
(6%)
(14%)
(14%)
(14%)

Presenting symptoms, n (%)

Iron deficiency anemia
Diarrhea
Abdominal complaints
Weight loss 
Rectal blood loss

5 
4
4
3
1

(29%)
(24%)
(24%)
(18%)
(5%)

Findings at double-balloon enteroscopy, n (%)

No abnormal findings
Ulcerative lesions in small bowel  
Polyps in small bowel
Polyps in colon

10 
1 
2 
1 

(71%)
(7%)
(14%)
(7%)

Pathology finding, n (%)

No abnormal findings
Reflux esophagitis
Chronic inflammation antrum 
Chronic inflammation small bowel
Peuthz Jeghers polyps
Ulcerative changes 

9 
1 
1 
1 
1 
1 

(64%)
(7%)
(7%)
(7%)
(7%)
(7%)

Abbreviations: GI, gastrointestinal; n, number.
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▲Figure 2 | Differential bacterial load at the mucosa along the gastrointestinal tract. Bacterial 
abundance at all locations of the 14 included subjects was determined by 16S polymerase chain 
reaction (PCR) and electrophoresis results are shown for all samples. Missing samples are indicated 
by ‘X’. +: positive control (DNA isolated from human fecal sample); −: negative control (water). For semi-
quantitative analysis, bands were quantified and for each patient, the data was normalized to the total 
intensity per gel to adjust for differences between gel compositions and staining intensity. Mean ± 
standard error of the mean (SEM) is shown in bar graph.

▲Figure 3 | The α-diversity of the microbiota of the gastrointestinal (GI) tract. (a) Boxplot of the 
median Shannon index over all locations within each subject (S1–S14). Subject S12 shows a low 
α-diversity. The outlier for subject S6 represents the antrum biopsy. (b) The same data, but represented 
in a Jitter plot, with each dot representing a location in the GI tract. Green-coloured dots represent the 
distal esophagus, antrum, proximal duodenum, distal jejunum and proximal ileum (upper GI tract) and 
the yellow colored dots represent the distal ileum, ascending colon, descending colon and rectum 
(lower GI tract samples). All subjects, except S10 show a higher α-diversity in samples obtained from 
the lower GI tract as compared to the upper GI tract.
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▲▲Figure 4 | Principal coordinate analysis (PCoA) plot illustrates a clear difference between gut 
location and microbial composition. Different coloured dots represent different locations of the 
gastrointestinal (GI) tract. The green circle contains mainly esophagus, antrum, proximal duodenum, 
distal jejunum and proximal ileum samples (upper GI tract), the yellow circle contains only distal ileum, 
ascending colon, descending colon and rectum samples (lower GI tract). The blue circle highlights 
samples dominated by Enterobacteriaceae which derived from one patient with a cecum tumor (S12).

to 16S rRNA amplicon sequencing using a V3-V4 specific primer set, resulting in a total of 

4.369.079 high-quality sequences, with 37.026 sequences per sample (range: 17.294–68.696).

3.3 Diversity of the microbiota along the GI tract

To estimate the diversity of microbial communities of biopsies in the entire GI tract, 

α-diversity (Shannon index) analysis, was performed (Figure 1). The location of sampling 

had a significant influence on the α-diversity of the microbiota, with samples taken from 

esophagus to proximal ileum harboring a lower level of microbial diversity than samples 

obtained from terminal ileum to rectum (P < 0.05). When comparing the average α-diversity 

of the individual locations from individual subjects, a wide spread in the mean Shannon 

index between individuals became apparent with, in particular, subject 12 showing a 

low diversity in all samples (Figure 3a). This patient was diagnosed with a cecum tumor. 

Nevertheless, all participants, except subject 10, showed a higher α-diversity in lower GI 

locations (Figure 3b) as compared to upper GI locations.
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▲Figure 5 | Similarity between gastrointestinal (GI) tract sites analyzed using weighted UniFrac 
distances. (a) The microbiota in the rectum were compared to eight other locations and serve as a 
good proxy for other lower GI locations. (b) The microbiota of the distal esophagus were compared to 
eight other locations, and is a less efficient predictor for microbiota of other locations. Green: upper GI 
tract; Yellow: lower GI tract.

3.4 Differential microbial composition along the GI tract

We further searched for clustering patterns among samples according to their microbial 

population structure by PCoA based on Bray-Curtis dissimilarity. Again, a distinct separation 

of bacterial community structure was observed, with samples from the distal esophagus 

to the proximal ileum clustering together, separately from distal ileum to rectum (Figure 

4). Several samples clustered neither with the upper nor the lower GI samples, but 

belonged to the patient with a cecum tumor. These samples appeared to be dominated 

by Enterobacteriaceae (Supplementary Figure S2).

Cluster analysis using Euclidian distance at family level was used to visualise the data in 

a different way, which again demonstrates the separate clustering of this patient with a 

cecum tumor and other samples (Supplementary Figure S3). Samples from individual 

patients appear to cluster more closely together in lower GI samples than upper GI 

samples (Supplementary Figures S3-4).

The similarity in microbiota composition between different sites in the GI tract was also 

visualised using weighted UniFrac, which showed that the microbial composition in 

the rectum was a good predictor for the microbial composition in the ascending and 

descending colon and – to a somewhat lesser extent – the distal ileum (Figure 5a). The 

composition of the microbiota in the distal esophagus was also compared to the other 

locations in the GI tract. However, the microbiota in the distal esophagus was not as good 
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▲Figure 6 | Most important bacteria at family level (>1% abundance) per gastrointestinal (GI) 
location. Samples from subject 12, which were predominated by Enterobacteriaceae and of low 
α-diversity, were excluded from this analysis.

a predictor for the other locations in the upper GI tract as the rectum was for the lower GI 

tract (Figure 5b).

3.5 Characterization of mucosa-associated microbiota

All regions in the GI tract were dominated by three major bacterial phyla: Bacteroidetes, 

Firmicutes and Proteobacteria. Although ubiquitously dominant within the entire GI 

tract, each of the three phyla revealed distinct profiles along the length of the GI tract 

(Figure 1d). The mucosa-associated microbiota of the upper GI tract were dominated by 

Proteobacteria (mean abundance of 40 ± 2.1%) and Firmicutes (38 ± 2.3%). However, in the 

lower GI tract the level of Proteobacteria decreased consistently (distal colon (5.3 ± 0.4%). 

Firmicutes, already highly abundant in the upper GI tract, dominated the large intestine 

with the highest level in the distal colon (mean abundance 64 ± 7%). Bacteroidetes was 

present at low levels in the upper GI tract (8 ± 1.6%), but became a dominant phylum in the 

lower GI tract (mean abundance in ascending colon 28 ± 1.6%). 



Chapter 3

62

▲Figure 7 | Helicobacter pylori (HP) predominates in the antrum from one patient, and extends 
beyond the stomach. The upper and lower panels show the relative abundance of Helicobacter 
species across the nine different gastrointestinal (GI) sites as determined by sequencing in subject 
S6 and S14, respectively. The 16S PCR, similar to Figure 2, is shown here to allow comparison of 
total bacterial abundance in these samples. HP was confirmed by polymerase chain reaction in the 
high Helicobacter abundant samples by UreA and VacA in subject S6. The antrum was dominated 
by HP, resulting in a low diversity in this sample (see Figure 2). Identification of HP at species level 
was confirmed by PCR of UreA in subject 14. While HP was not detected in the antrum, high levels 
were present in the proximal duodenum. Abbreviations: X: missing samples.1: distal esophagus; 2: 
antrum; 3: proximal duodenum; 4: distal jejunum, 5: proximal ileum; 6: distal ileum; 7: ascending colon; 
8: descending colon; 9: rectum; +: positive control of pure HP culture strain ATCC®43504 (American 
Type Culture Collection, Rockville, Maryland); −: negative control (water).

The most prevalent bacterial families in the upper GI tract were Veillonellaceae, 

Pseudomonadaceae and Streptococcaceae (Figure 6). In contrast to other sites in the 

GI tract, Prevotellaceae (relative abundance of 8%) and Helicobacteraceae (relative 

abundance of 8%) were dominant in the antrum. Helicobacter species were detected in 

nine subjects, and predominated the antrum of one subject (S6) to the extent that other 

species were almost not found (Supplementary Figure S3). PCR analysis of the UreA and 

VacA gene confirmed that the Helicobacteraceae detected by sequencing were indeed 

HP (Figure 7; upper panel). Helicobacter was present across the entire upper GI tract, and 

some lower GI tract locations in three subjects, which confirms data that this bacterium 

may spread beyond the stomach (Supplementary Figure S5). Interestingly, subject S14 

showed high levels of Helicobacteraceae in the proximal duodenum, while not detected 

in the antrum (Figure 7; lower panel). 

In the distal jejunum, Bradyrhizobiaceae (relative abundance of 6%) occurred more 
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often compared to other parts of the GI tract. The same applies to Micrococcaceae 

(relative abundance of 4%) in the proximal ileum. The lower GI tract was dominated by 

Lachnospiraceae, Bacteroidaceae, Ruminococcaceae and Veillonellaceae. The highest 

abundance of the bacterial family Clostridiaceae (relative abundance of 1%) was seen in 

the distal ileum. Rikenellaceae was only seen with a higher relative abundance than 1% in 

the rectum.

4 Discussion
This study describes the composition of the microbiota along the entire GI tract in the same 

individuals without significant pathology. In agreement with earlier reports, the bacterial 

load decreases from the esophagus to the proximal ileum, but drastically increases again 

in the lower GI tract, starting from the distal ileum. The composition of the microbiota 

markedly changes along the GI tract, with the most prevalent bacterial families present in 

the upper GI tract Veillonellaceae, Pseudomonadaceae and Streptococcaceae, while the 

lower GI tract is dominated by Lachnospiraceae, Bacteroidaceae and Ruminococcaceae.

Our findings to a large extent reflect data obtained from other studies comparing only 

partly matched samples, but probing multiple locations within one patient may provide 

better accuracy. One report comparing only duodenal and rectal content from healthy 

individuals reported higher Shannon diversity values in both mucosa and luminal content 

from the duodenum [14],  while others support our findings of a less complex luminal 

microbiota in the small intestine compared to the colonic content [6, 15].

Arguably, the least studied GI sites in the current literature are the jejunum and distal 

ileum. In the jejunum, Proteobacteria and Firmicutes were the most dominant phyla, and 

at family level Veillonellaceae, Pseudomonadaceae and Streptococcaceae dominated. 

A previous study retrieving mucosal biopsies from the proximal jejunum of 19 healthy 

individuals also observed Proteobacteria, Bacteroidetes and Firmicutes as the predominant 

phyla, although family level classification indicated Brevibacteriaceae, Barnesiellaceae 

and Leuconostocaceae [16]. Possible explanations for these discrepancies could be 

the difference in individual populations (Taiwanese versus Dutch population) as well as 

alternative methodologies used for sampling, preparation and analysis of the samples.

In terms of the proximal and distal ileum, our samples were found to have large differences 

in composition. In the proximal ileum, Proteobacteria and Firmicutes dominated, whereas 

Firmicutes and Bacteroidetes were the dominant phyla in the distal ileum. It is conceivable 

that the distal ileum was contaminated from the colon, either due to sampling or through 
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bowel movements. At present the only comparison that can be made in this context comes 

from animal studies. A study comparing 10 paired GI locations in mice showed that the 

largest difference between two locations in terms of bacterial diversity was seen between 

ileum and proximal cecum, with lower GI samples clustering away from upper GI samples 

[17]. In pigs, a similar clear separation between the upper and lower GI could be seen, 

although in this case the dividing line appeared to lie between jejunum and ileum [18]. 

A further notable finding in our study was that a patient who had a cecum tumor showed 

significant dysbiosis predominated by  Enterobacteriaceae  in all other GI sites tested. A 

role for  Enterobacteriaceae  in carcinogenesis has been suggested before, as several 

enterobacterial strains are known to produce DNA-damaging genotoxins and may 

therefore cause mutations [19, 20]. The major strength of this study is that we collected 

nine mucosal samples along the entire GI tract of 14 different individuals allowing us to 

study the composition of the microbiota along the length of the gut. Since all individuals 

underwent an antegrade DBE followed directly by a retrograde DBE, no bias could have 

occurred based on the timeframe.

There are also a number of limitations. Firstly, the same endoscope was used for 

anterograde and retrograde DBE. Although the canal of the endoscope was cleaned 

with sterile water between the antegrade and retrograde DBE, it is impossible to exclude 

contamination from the upper GI tract to the lower GI tract using this methodology [21]. 

However, the low level of similarity of the microbial composition in the upper and lower GI 

tract suggests that this is not a major issue in our study. Secondly, the subjects in our study 

underwent DBE for unexplained symptoms and therefore may not fully represent healthy 

individuals. However, ethical considerations preclude performing DBE in individuals 

without clinical indication and thus we consider our study the best that can be achieved 

with current technical approaches. Third, neither DBE nor histopathology of the retrieved 

biopsies showed clinical abnormalities except for one patient with a cecum tumor and one 

patient with Peutz-Jeghers polyps. Fourth, patients were treated with colonic lavages prior 

to DBE, which could potentially have diminished the diversity of the mucosa-associated 

microbiota. Unfortunately, DBE cannot be performed without bowel preparation [22]. 

Finally, stool samples were not collected of these patients and therefore the fecal 

microbiota could not be analyzed. Whether stool and mucosal microbiome correlate well 

is somewhat debated in literature, and having stool samples would have been of value [1, 

14]. With the exception of the patient with a cecum tumor, the data represented here could 

be conceived as representing the ‘normal’ mucosal microbiome. While it is already well 

described that education of the immune system depends on the intestinal microbiome, 
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to what extent local mucosal differences affect local immunological responses is less well 

elucidated. Diseases like IBD are largely driven by an altered immunological response 

towards intestinal microbes. Thus, a comparison of disease-location specific mucosal 

microbial changes to normal microbiome signatures at these sites may be of use [23]. 

The use of fecal microbiota transplantation for IBD has been advocated, and it is thought 

that optimal donor selection is important for clinical efficacy, although more research is 

needed to identify which components of the gut microbiome constitute key members [24].

In conclusion, we have generated a first overview of the composition of the microbiota 

along the entire GI tract. This study is of particular importance in helping us to understand 

the interactions between bacterial communities and human cells and takes us to the next 

step in describing the impact of the microbiota on health and its involvement in diseases.
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Supplementary information

Supplementary Table S1 | Primer sequences

Target Sequence (5’-3’) Ref

Universal 16S Forward CGGTGAATACGTTCCCGG 1-3

Reverse TACGGCTACCTTGTTACGACTT

UreA Forward ATGAAACTCACCCCAAAAGA 4-5

Reverse TTCACTTCAAAGAAATGGAAGTGTGA

VacA S1/S1 Forward ATGGAAATACAACAAACACAC 6

Reverse CTGCTTGAATGCGCCAAAC

ACTB Forward CTGGAACGGTGAAGGTGACA 7

Reverse AAGGGACTTCCTGTAACAATGCA

Abbreviations: ACTB, actin-beta. 
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▲Supplementary Figure S1 | Bacterial abundance, unlike human genomic content, fluctuates 
along the intestinal tract. (a) Human ACTB gene primers identify the gene encoding beta-actin in 
both human copyDNA (cDNA) and genomic DNA (gDNA) isolated from human colorectal epithelial 
cancer cell lines CACO2. (b) Two representative examples of comparison of bacterial DNA (16S) and 
human DNA (ACTB) along the intestinal tract from two subjects (S1 and S2). 1: distal esophagus; 2: 
antrum; 3: proximal duodenum; 4: distal jejunum, 5: proximal ileum; 6: distal ileum; 7: ascending colon; 
8: descending colon; 9: rectum.
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▲Supplementary Figure S2 | Abundance of Enterobacteriaceae at family level along the 
gastrointestinal tract. (a) Relative abundance of enterobacteriaceae in mucosal biopsies from a 
patient with a cecum tumor (S12) is shown. X: missing sample. Green: upper gastrointestinal locations. 
Yellow: lower gastrointestinal locations. (b) Comparison of abundance of Enterobacteriaceae at 
family level between patients, mean±SEM of all the GI locations are shown for subjects 1-14. (c) Most 
important bacteria at family level (>1% abundance) per location in patient with a cecum tumor.
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▲Supplementary Figure S3 | Cluster analysis of taxonomy at family level demonstrating the 
clustering per patients and the upper and lower digestive tract. Samples indicated with yellow 
box were from subject 12, who was characterized by Enterobacteriaceae dominance. The utmost 
left sample was a Helicobacter-dominated sample from subject 6 (indicated in orange). Blue boxes 
indicate clustering of two or more samples from one individual patient.
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▲Supplementary Figure S4 |  Principal coordinate analysis (PCoA) plot of Bray-Curtis dissimilarity. 
Similar to Figure 4, but now the diff erent coloured dots represent diff erent patients. Egg blue dots 
circled in blue indicate subject S12, dominated by Enterobacteriaceae. In the left cluster (lower GI, 
circled in yellow), individual patient samples appear to lie closer together than in the right cluster 
(upper GI, circled in green).
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▲Supplementary Figure S5 | Relative abundance of Helicobacter species across the different 
gastrointestinal (GI) sites. Helicobacter was detected in nine subjects. The relative abundance of 
Helicobacteraceae as detected by sequencing are shown here for individual GI locations of 7 subjects. 
Subjects S6 and S14 are shown in Figure 7.
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Abstract 
Background: Formalin-fixed paraffin embedded (FFPE) tissues may provide an exciting 

resource to study microbial associations in human disease, but the use of these low 

biomass specimens remains challenging. We aimed to reduce unintentional bacterial 

interference in molecular analysis of FFPE tissues and investigated the feasibility of 

conducting quantitative polymerase chain reaction (qPCR) and 16S rRNA amplicon 

sequencing using 14 colorectal cancer, 14 normal adjacent and 13 healthy control tissues. 

Results: Bacterial contaminants from the laboratory environment and the co-extraction 

of human DNA can affect bacterial analysis. The application of undiluted template 

improves bacterial DNA amplification, allowing the detection of specific bacterial markers 

(Escherichia coli and Faecalibacterium prausnitzii) by qPCR. Nested and non-nested PCR-

based 16S rRNA amplicon sequencing approaches were employed, showing that bacterial 

communities of tissues and paired paraffin controls cluster separately at genus level on 

weighted UniFrac in both non-nested (R2=0.045; Pr(>F)=0.053) and nested (R2=0.299; 

Pr(>F)=0.001) PCR datasets. Nevertheless, considerable overlap of bacterial genera 

within tissues was seen with paraffin, DNA extraction negatives (non-nested PCR) or PCR 

negatives (nested PCR). Following mathematical decontamination, no differences in α- 

and β diversity were found between tumor, normal adjacent and control tissues. 

Conclusion: Bacterial marker analysis by qPCR seems feasible using non-normalized 

template, but 16S rRNA amplicon sequencing remains challenging. Critical evaluation of 

laboratory procedures and incorporation of positive and negative controls for bacterial 

analysis of FFPE tissues are essential for quality control and to account for bacterial 

contaminants. 

Keywords: 

DNA contamination; gastrointestinal microbiome; high-throughput nucleotide sequencing; 

formalin-fixed paraffin embedded; low biomass, colorectal neoplasms.
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1 Background
The preservation of formalin-fixed paraffin embedded (FFPE) tissue samples in the 

archives of health institutes has facilitated the study of human disease worldwide. In 

contrast to prospectively collected fresh and frozen material, FFPE tissue specimens are 

readily available to investigate a variety of health-related issues [1, 2]. Pathology archives 

are also an exciting potential source of information to answer microbe-related health 

questions. Both bacterial and viral deoxyribonucleic acid (DNA) can be detected in FFPE 

tissue specimens and have been used to investigate associations between invading 

pathogens and diseases, for instance to determine the presence of Helicobacter pylori 

(HP) in gastric adenocarcinoma [3] as well as hepatocellular carcinoma [4] and human 

papilloma virus (HPV) in cervical cancer [5]. Since innovative technologies have enabled 

the identification of microbiota and their genomes (microbiome) in the different niches of 

the human body [6, 7], FFPE tissue specimens might serve as an additional source to map 

these communities. Research questions which require the investigation of specific disease 

sites, rare diseases or a long follow-up time of patients may in particular benefit from 

the use of long-term collection and storage of FFPE tissue material. Examples of such 

studies include the investigation of colorectal cancer (CRC)-specific microbial composition 

[8] and the exploration of intestinal bacterial communities in neonates with necrotising 

enterocolitis [9-11]. 

Nevertheless, the application of FFPE tissues for microbiome analyses is associated with 

several challenges. First, obtaining sufficient quantities of genomic DNA of good quality 

remains difficult [12-15]. Neutrally buffered formalin prevents total DNA degradation [1, 

15], but DNA cross-linking and fragmentation [15, 16] as well as storage time post-fixation 

[13, 17] impair the recovery of nucleic acids. Whereas the amplification of large DNA 

fragments is considered problematic due to DNA integrity deterioration [14, 15], shorter 

fragments have been used for molecular analyses [13, 16-19], even in samples archived 

for over twenty years [20]. Secondly, FFPE tissues have relatively high human genomic 

DNA content and are considered low bacterial biomass samples. Amplification steps such 

as nested polymerase chain reaction (PCR) may improve specificity and sensitivity of 

detected bacteria. Thirdly, microbial contaminants were shown to be present in commonly 

used reagents and can critically influence microbiome results, especially in low bacterial 

biomass samples [21-26]. Since bacterial contamination affects both 16S ribosomal RNA 

(rRNA) amplicon sequencing and shotgun metagenomics [21], careful handling of samples 

is essential during bacterial DNA retrieval and subsequent molecular analysis.
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In this study, our aim is to optimise a method to reduce the interference of non-informative 

microbial contaminants in order to extract biologically relevant information from FFPE 

tissue specimens. To investigate the feasibility of conducting microbial analyses, we 

employed a cohort of 41 FFPE specimens to explore microbial associations in CRC using 

bacterial marker analysis and 16S rRNA amplicon sequencing. We report the difficulties 

encountered in an effort to optimize the processing of FFPE tissue specimens for future 

microbial studies. 

2 Material and Methods 

2.1 FFPE tissue and paraffin collections

FFPE colonic tissue specimens (n=8) were used for our initial 16S rRNA amplicon sequencing 

pilot. A total of 41 FFPE tissue specimens, containing CRC (n=14), paired normal adjacent 

tissue (n=14) and healthy colonic tissue (n=13), were collected for bacterial marker analysis 

and 16S rRNA amplicon sequencing. Microscopic findings were confirmed by an expert 

gastrointestinal (GI) pathologist. All FFPE tissue blocks were processed in neutral-buffered 

formalin and embedded with paraffin during routine medical practice and obtained from 

the department of pathology at the Erasmus MC University Medical Center Rotterdam, the 

Netherlands. In addition, paraffin was sampled from six sources including two batches of 

paraffin grains, one tissue processor machine and three paraffin embedding stations and 

transferred into clean autoclaved bottles until bacterial DNA isolation. 

2.2 Microtome sectioning 

A regular cleaning protocol was applied for processing samples of our 16S rRNA amplicon 

sequencing pilot, entailing the use of ethanol to clean the microtome and metal tweezers 

before sectioning. For each block, 14 consecutive sections of 5µM were obtained after disposal 

of the superficial layers and transferred in autoclaved 1.5 ml Eppendorf tubes for storage 

until bacterial DNA isolation. A second more stringent contamination-prevention protocol 

including DNA-Zap treatment of all surfaces and the use of facemasks and flow cabinets 

was employed to process following specimens (Supplementary methods 1). To control for 

potential contamination in downstream analysis, paired empty paraffin (0.05 gram) from the 

same FFPE tissue block was collected using a sterile disposable surgical knife and a clean 

weighing scale. All specimens were cut within several days of each other, placed in Eppendorf 

tubes and transferred into a dark box for storage in a cold room to prevent degradation by 

light/heat until DNA isolation within a few weeks. All specimens were cut within several days 

of each other, placed in Eppendorf tubes and transferred into a dark box for storage in a cold 

room to prevent degradation by light/heat until DNA isolation within a few weeks. 
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2.3 Bacterial DNA extraction 

Bacterial DNA isolation of FFPE tissues and paraffin was carried out with the RTP Bacteria 

DNA Mini Kit (STRATEC Molecular Gm, Berlin, Germany) according to the manufacturer’s 

protocol for FFPE material. The first step was modified using xylene to dissolve paraffin. 

Melted paraffin (100µl) from six pathology sources served as starting material for DNA 

isolation with two RTP Bacteria Mini Kits. Autoclaved water (500µl) and/or blank (no 

template) samples that were processed by the RTP Bacteria DNA Mini Kit served as 

additional controls. 

For bacterial marker analysis and 16S rRNA amplicon sequencing, FFPE tissue and their 

paired empty paraffin samples were concurrently processed for DNA extraction in a non-

specific order using a stringent decontamination protocol (Supplementary methods 1). To 

prevent repetitive pipetting steps, each DNA sample was divided in aliquots of which one 

was utilized for 16S rRNA amplicon sequencing. DNA purity was measured with NanoDrop 

2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA) and concentration 

with Qubit dsDNA BR Assay Kit (Thermo Fisher). Samples were stored at -20°C until further 

analysis. 

2.4 Polymerase chain reaction 

All samples and potential contamination sources, e.g. individual components of three 

individual RTP Bacteria DNA Mini Kits, extraction additives xylene, ethanol and isopropanol 

and paraffin were subjected to PCR amplification. PCR assays were executed with an 

Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, Waltham, MA) using 

primers targeting the 16S rRNA gene, the human beta-actin (ACTB) gene and Ralstonia 

species (Supplementary Table S1). Each PCR reaction contained GoTaq® buffer (Promega, 

Madison, WI), 1.25mM MgCl2 (Promega), 0.167mM (each) deoxynucleotides (Roche 

Diagnostics, Mannheim, Germany), 2.5U GoTaq®polymerase (Promega), 333nM of each 

primer (Sigma-Aldrich, St Louis, MO), 2µl of template and water to a final volume of 30µl. 

After 4 minutes of denaturation at 95°C, 40 cycles consisting of 30 seconds denaturation 

at 95°C, 30 seconds annealing and 1 minute extension at 72°C were applied, and followed 

by the final extension of 10 minutes at 72°C. Template was not normalized (undiluted) or 

normalized to 10ng/μl where otherwise specified. Water served as negative PCR control 

and positive controls were fecal bacterial DNA, human genomic DNA from FFPE tissues 

and known Ralstonia-contaminated elution buffer. Amplicons were visualized by gel 

electrophoresis using 2% agarose gel in 1X TBE (Tris-borate-EDTA) buffer containing Serva 

DNA stain G (Promega). 
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2.5 Quantitative polymerase chain reaction assays 

Primer details for qPCR assays are described in Supplementary Table S1. To determine 

bacterial versus human genomic DNA concentration within FFPE tissue samples (n=3), 

a standard curve with equimolar Escherichia coli (E. coli) and human genomic DNA was 

prepared (Supplementary methods 2). The reaction mixture comprised of SYBR Select 

Master Mix (Applied Biosystems), 200-500nM of each primer (Sigma-Aldrich), 2μl of 

normalized template (10ng/μl) and water for a total volume of 20μl and DNA was amplified 

using the same cycles as described above. The bacterial versus human genomic DNA 

concentration were calculated using their respective standard curves and illustrated with 

Graph Pad Prism 5 software (GraphPad, San Diego, CA). Additionally, 16S rRNA gene copy 

numbers in paired tissue (n=39) and empty paraffin (n=38) samples were calculated and 

groups analyzed with the Wilcoxon test. 

Bacterial marker analysis was performed with E. coli and ClbA gene primers to detect E. 

coli and CRC associated genotoxic strains carrying the pathogenicity island pks [27, 28], 

respectively. Gut commensal Faecalibacterium prausnitzii (F. prausnitzii), which has been 

reported to be negatively associated with CRC [29, 30], was additionally selected. To 

account for different FFPE tissue sizes, the ACTB gene was measured. PCR conditions 

were similar as described above, except for the use of 4μl non-normalized template to 

enhance amplification. The 2-ΔΔCT method was applied to calculate the fold change. The 

ΔCTsample (= CTbacterial target – CTACTB target) was first obtained for each sample by normalization 

to the amount of total human DNA. The average ΔCTsample of the healthy tissues (control 

group) was then used to calculate ΔΔCT (= ΔCTsample – average ΔCTcontrol group), after which the 

fold change derived from 2-ΔΔCT. The Kruskal-Wallis with the Dunn’s Multiple Comparison 

test for post-hoc analysis were performed in Graph Pad Prism 5. 

2.6 Library preparation and 16S rRNA amplicon sequencing 

16S rRNA amplicon sequencing was performed at the Macrogen Institute, Seoul, Korea, 

using amplification of the 16S rRNA hypervariable region V3-V4 by 341F/805R primers. 

Libraries included paired empty paraffin controls (n=6) and DNA extraction negatives 

(n=6) for sequencing on the Illumina MiSeq platform (2x300 bp) (Illumina, San Diego, CA). 

Secondly, a nested PCR approach was applied in house using 27F/1369R and 515F/806R 

primers for respectively the initial and a subsequent PCR targeting the V4 region. Paired 

empty paraffin (n=41), synthetic bacterial mock communities (n=2) and PCR negative 

controls (=2) were concurrently processed with the tissues. DNA extraction negatives 

from the aforementioned RTP Bacteria Mini Kits (n=6) were additionally prepared to allow 
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in depth comparison of these controls with the non-nested data set. Sequencing was 

conducted on the Illumina NovaSeq 6000 platform (2x150 bp) at GATC Biotech (Konstanz, 

Germany). More details about library preparation and primer sequences are described in 

Supplementary methods 3 and Supplementary Table S2.

2.7 16S rRNA amplicon sequencing data processing

For both the 16S rRNA amplicon sequencing pilot and the two larger data sets (non-

nested and nested PCR approaches), quality control of the reads was performed with 

FASTQC [31] in Java Runtime Environment and Rqc package [32] in R version 3.5.0 [33]. 

The NG-Tax pipeline with default settings was applied [34, 35]. The operational taxonomic 

unit (OTU) table was constructed at 0.1% abundance threshold, unassigned reads with 

one mismatch included and chimeras removed. Taxonomic assignment was conducted 

with the USEARCH algorithm [36] against the Silva SSU 128 database [37]. Further analysis 

was performed in R with the ‘phyloseq’ [38],  ‘microbiome’ [39] and ‘vegan’ [40] packages. 

Group comparison was conducted based on sample type (tissue, paraffin, controls). Alpha-

diversity was computed with Shannon and Chao1 Indices while β-diversity was assessed 

with Principal Coordinates Analysis (PCoA) based on weighted UniFrac and Bray-Curtis 

dissimilarity at genus and OTU level after relative abundance transformation of the data. 

The ‘adonis’ permutational multivariate analyses of variance (PERMANOVA) was applied 

to determine statistical significance between groups. The ‘betadisper’ function was used 

to test for multivariate homogeneity of groups dispersions [41]. To ensure reproducibility, 

the seed was set to 995 for both permutations tests. The biological significance of the 

data sets was reassessed following removal of contaminants identified by the prevalence 

method of the ‘decontam’ package [42]. A 0.5 threshold was set and negative controls 

consisted of DNA extraction negatives for the non-nested PCR dataset and PCR negatives 

for the nested PCR approach.

3 Results

3.1 Bacterial and human DNA interference in microbial analyses of 
FFPE tissue specimens

Interference from contaminants is a common problem for samples of low microbial 

biomass. The 16S rRNA amplicon sequencing pilot results showed a predominance of 

Ralstonia in five out of eight samples (Figure 1a). Retrospective analysis demonstrated the 

elution buffer as the contaminating source while other extraction reagents were excluded 

(Supplementary Figure S1a). Differences in bacrial DNA detection were observed  for  the
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▲Figure 1 | Unintentional bacterial and human genomic DNA interference in molecular analyses 
of formalin-fixed paraffin embedded (FFPE) tissues. (a) 16S rRNA amplicon sequencing pilot results 
showing the relative abundance of the top 20 genera in FFPE tissue samples (n=8). A predominance 
of genus Ralstonia is observed in a majority of samples. (b) Quantitative polymerase chain reaction 
(qPCR) results demonstrating the amount of bacterial versus human genomic DNA in normalized 
template (n=3). Statistical significance was calculated using the unpaired t-test. (c) Gel electrophoresis 
results following actin beta (ACTB) and 16S rRNA gene amplification, emphasizing the use of non-
normalized (undiluted) template to improve bacterial DNA detection in FFPE tissue samples (n=3). 
(d-e) Gel electrophoresis results showing bacterial and human genomic DNA presence in 41 paired 
FFPE tissue (T) samples and their paired empty paraffin (P) controls. Tissues consist of colorectal 
cancer (CRC; n=14), normal adjacent (ADJ; n=14) and healthy control (C; n=13) tissues. Full length gel 
electrophoresis results are shown in Additional Figure A1.

same set of pathology paraffin collections using two separate kits (Supplementary 

Figure S1b), indicating that the extent of contamination varies per newly opened kit and 

its components (Supplementary Figure S1c), while paraffin itself is not a contaminating 

source. Nevertheless, bacterial DNA presence was confirmed in the majority of 41 FFPE 

tissues and was minor in paired paraffin controls (Figure 1d), with quantification of the 

bacterial biomass showing significantly higher 16S rRNA gene copies numbers (<105 per µl 

of DNA) in tissues (n=39) compared to matched paraffin samples (n=38) (Supplementary 

Figure S1d). However, human genomic DNA is co-extracted with bacterial DNA and 

present in higher concentrations in FFPE tissues (P=0.002) (Figure 1b, e), and therefore 

normalization  of  samples  for  DNA  concentration  may  hamper  bacterial  DNA  detection  
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▲Figure 2 | Quantitative polymerase chain reaction (qPCR) analysis of specific bacterial markers 
in formalin-fixed paraffin embedded (FFPE) tissues. qPCR results of bacterial markers in colorectal 
cancer (CRC; n=14), normal adjacent (ADJ; n=12) and healthy colonic control (C; n=13) using non-
normalized template. The relative amount of each sample is normalized to human genomic DNA 
and expressed in terms of fold change (2-ΔΔCT). (a-b) Detection of Escherichia coli (E. coli) (a) and strains 
harboring the pks+ island (b) using E. coli and ClbA gene specific primers, respectively. (c) Detection 
of Faecalibacterium prausnitzii.

(Figure  1c). Thus, human and microbial contaminants may interfere in microbial analysis of 

low biomass samples and should be accounted for.

3.2 Bacterial marker analysis of FFPE tissue specimens by qPCR

The use of non-normalized template allowed the comparison of bacterial markers in 

CRC (n=14), normal adjacent tissues (n=12) and healthy tissues (n=13). The fold change 

(2-ΔΔCT) levels of E. coli were significantly different among groups (P=0.013), in particular 

CRC compared to healthy controls (Figure 2a). A minority of tissue samples harbored pks 

positive strains, but no differences were detected among groups (Figure 2b). The levels 

of F. prausnitzii differed between tissue types (P=0.017) with post-hoc analysis indicating 

significant higher levels in healthy controls compared to CRC (Figure 2c). 

3.3. Exploring bacterial communities in FFPE tissues, paraffin and 
controls with two sequencing approaches 

First, we employed the most commonly used sequencing approach, with amplification 

of the bacterial 16S rRNA hypervariable region V3-V4. A total of 41 FFPE tissue samples, 

six paraffin controls and six DNA extraction negatives were included for sequencing. No 

differences in Shannon diversity were found at genus level, but the Chao1 diversity index 

was significantly higher in tissues than DNA extraction negatives (P<0.010) (Figure 3a). 

The bacterial communities clustered separately based on weighted UniFrac (R2=0.088; 

Pr(>F)=0.010) and Bray-Curtis dissimilarity (R2=0.116; Pr(>F)=0.001), as shown by the PCoA 

plots at genus level (Figure 3b). Pairwise comparisons indicated that tissues were distinct 

from  DNA  extraction  negatives  on  weighted  UniFrac  (R2=0.063; Pr(>F)=0.017)  and  Bray-
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▲Figure 3 | Bacterial communities of tissue, paraffin and DNA extraction negatives following 
a targeted 16S rRNA gene amplification and sequencing approach. The 16S rRNA amplicon 
sequencing results of formalin-fixed paraffin embedded (FFPE) tissue (n=41), empty paraffin controls 
(n=6) and DNA extraction controls (n=6) at genus level using a non-nested polymerase chain reaction 
(PCR) approach. (a) Dot plots show the bacterial biodiversity measured by Shannon and Chao1 
diversity indices. (b) Principal Coordinates Analysis (PCoA) plots illustrate the bacterial composition of 
tissue, paraffin and DNA extraction controls using weighted UniFrac and Bray-Curtis dissimilarity. (c) 
Heat map of the relative abundance of genera across samples. Tissue specimens consist of tumor 
(n=14), normal adjacent tissue (n=14) and healthy colonic tissue (n=13). The red box indicates genera 
present in DNA extraction negatives and other samples. Abbreviations for level of significance: n.s. not 
significant; #, P<0.1; **, P<0.01.

Curtis dissimilarity (R2=0.081; Pr(>F)=0.001). Tissues also differed from paraffin when 

computed with Bray-Curtis dissimilarity (R2=0.066; Pr(>F)=0.001) while a trend was observed 

for weighted (R2=0.045; Pr(>F)=0.053). Homogeneity conditions were met and findings 

were in agreement at OTU level (Supplementary Table S3). The heat map demonstrated 

a considerable overlap of genera among tissues, paraffin and DNA extraction negatives 

(Figure 3c). A total of 53 bacterial families were detected in these latter controls, indicating 

significant interference from contaminants/artefacts derived during DNA isolation, library 

preparation and sequencing procedures (Supplementary Figure S2a).   
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A second approach using nested PCR for bacterial DNA amplification was performed on 

38 FFPE tissues, 21 paraffin controls, two mock communities, six DNA extraction negatives 

(samples undergoing DNA isolation procedure) and two PCR negatives (samples not 

undergoing DNA isolation, i.e. PCR/sequencing controls). Shannon and Chao1 diversity 

indices were higher in tissues than DNA extraction negatives (P<0.001 and P<0.0001), 

but lower compared to paraffin (both P<0.0001) (Figure 4a). No differences in α-diversity 

were observed between tissues and PCR negatives. Moreover, the community structure 

among the five groups were significantly different based on weighted UniFrac (R2=0.374; 

Pr(>F)=0.001) (Figure 4b). Tissues were distinct from paraffin (R2=0.299; Pr(>F)=0.001) and 

DNA extraction negatives (R2=0.155; Pr(>F)=0.001), but not from PCR negatives (R2=0.055; 

Pr(>F)=0.056). Also paraffin did not differ from these PCR controls (R2=0.061; Pr(>F)=0.234). 

When using Bray-Curtis dissimilarity for overall group comparison, bacterial communities 

clustered separately (R2=0.361; Pr(>F)=0.001), albeit heterogeneous dispersion (Pr(>F)=0.004) 

was noticed (Figure 4b). Tissues differed from DNA extraction negatives (R2=0.089; 

Pr(>F)=0.001) and PCR negatives (R2=0.054; Pr(>F)=0.020), but pairwise comparison with 

paraffin did not meet the condition of homogenous dispersion. No significant differences 

were found between paraffin and PCR negatives (R2=0.072; Pr(>F)=0.219). Analyses were 

also performed at OTU level, which showed similar results (Supplementary Table S3). 

Multiple bacterial genera were shared between tissues, paraffin and PCR negatives, but not 

with DNA extraction negatives and mock controls (Figure 4c). Six bacterial families were 

found in DNA extraction negatives (Supplementary Figure S2a). To estimate the accuracy 

of the experimental procedure and the pipeline, Pearson correlation for theoretical and 

experimental mock communities was calculated. The correlation was r=0.923 (P=0.064) 

and r=0.952 (P=0.064) for the mock controls, respectively (Supplementary Figure S2b). 

3.4 Retrieving biologically relevant information from FFPE 
samples remains challenging

The library size of both datasets comprised of low read numbers overall for FFPE tissues 

which overlapped with DNA extraction negatives in the non-nested PCR data set and PCR 

negatives in the nested PCR dataset (Supplementary Figure S3a,b). These controls were 

set for the identification of contaminants using the prevalence method at a threshold of 0.5 

that was selected based on its discriminative ability (Supplementary Figure S3c,d) [42]. 

This resulted in the removal of 1.006.017 (13.8%) and 5.464.548 (22.4%) reads corresponding 

to the biopsy samples in respect tively the non-nested and nested PCR datasets.  

The remaining 1684 OTUs within the non-nested PCR dataset following decontamination
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▲Figure 4 | Bacterial communities of tissue, paraffin and controls following a nested 16S rRNA 
gene amplification and sequencing approach. The 16S rRNA amplicon sequencing results of 
formalin-fixed paraffin embedded (FFPE) tissue (n=38), empty paraffin controls (n=21), DNA extraction 
controls (n=6), polymerase chain reaction (PCR) negatives (n=2) and synthetic mock communities (n=2) 
at genus level using a nested PCR approach. (a) Dot plots show the bacterial biodiversity measured 
by Shannon and Chao1 diversity indices. (b) Principal Coordinates Analysis (PCoA) plots illustrate the 
bacterial composition of tissue, paraffin and the different controls using weighted UniFrac and Bray-
Curtis dissimilarity. (c) Heat map analysis of the relative abundance of genera across samples. Tissue 
specimens consist of tumor (n=11), normal adjacent tissue (n=14) and healthy colonic tissue (n=13). The 
red box indicates the genera present in PCR negatives and other samples. The red dotted line separates 
the DNA extraction negatives that were processed separately during library preparation. Abbreviations 
for level of significance: n.s. not significant; #, P<0.1; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. 

belonged to 42 phyla including Proteobacteria (30.6%), Firmicutes (29.2%) and Bacteroidetes 

(14.4%) while the nested PCR data set comprised of 440 OTUs from six phyla including 

Proteobacteria (45.2%), Firmicutes (41.8%) and Actinobacteria (8.2%) in descending order 

(Supplementary Figure S4a,b). Deinococcus-Thermus from both data sets and many 

spurious others from the non-nested PCR data set (e.g. Planctomycetes) are generally 

not seen in fecal samples [43], which might hamper the retrieval of biologically relevant 

information. Nevertheless, the detection of Faecalibacterium and Escherichia-Shigella 

species within tissue samples was indeed possible by sequencing. After decontamination, 

there were no differences in α- and β diversity between tumor, normal adjacent and healthy 
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▲Figure 5 | Bacterial diversity of tumor, normal adjacent and healthy control tissues following 
decontamination. (a-b) The α- and β diversity results of formalin-fixed paraffin embedded (FFPE) 
tissues at genus level following decontamination are shown for the datasets obtained by a non-
nested (a) and a nested (b) polymerase chain reaction (PCR) approach. The dot plots show the 
bacterial biodiversity measured by Shannon and Chao1 diversity indices. Principal Coordinates 
Analysis (PCoA) plots illustrate the bacterial composition of tissue using weighted UniFrac and Bray-
Curtis dissimilarity. Abbreviations for level of significance: n.s. not significant.

tissues in the non-nested dataset at genus level (Figure 5a). The nested dataset failed 

to meet the homogeneity condition of PERMANOVA, thus rendering dispersion as the 

possible reason for significant differences in β-diversity (Figure 5b). 

4 Discussion
FFPE tissue specimens may provide an important source to study the microbiota in 

health and disease, but their use is associated with several technical challenges. Our 

study demonstrates that despite the use of specialised bacterial DNA isolation kits, 

normalization of low biomass FFPE tissue samples is primarily driven by human DNA 

rather than bacterial DNA presence. Our study also shows that the use of non-normalized 

(undiluted) template may improve bacterial detection in downstream bacterial analyses. 

Although bacterial marker analysis by qPCR was feasible for two selected markers (Figure 



Chapter 4

90

2), high throughput analyses would require hundreds of individual qPCR assays and 

sequencing efforts may thus prove to be more efficient. Nevertheless, we show that the 

extraction of biological relevant information from 16S rRNA amplicon sequencing data 

remains difficult. Our sequencing pilot was distorted by a previously reported contaminant, 

Ralstonia [21, 23, 24, 44], underscoring the critical impact of bacterial contamination on 

low biomass samples as described by others [21-26]. We applied and recommend 

stringent measures for processing FFPE tissues to reduce the chance of contamination 

(Supplementary Figure S5), but it should be noted that PCR negatives not undergoing 

DNA extraction also showed significant presence of bacterial DNA, which were either 

introduced during PCR and sequencing efforts, or the result of sequencing artefacts arising 

as a result of low biomass (Figure 4c). In particular the detection of biologically relevant 

taxa such as the Bifidobacteriaceae, Lactobacillaceae and Enterobacteriaceae families in 

negative controls (Supplementary Figure S2a) can reduce the robustness concerning the 

presence of such taxa in samples. Since negative controls demonstrate both the nature 

and the source of contamination, quality control at different steps of sequencing efforts is 

particularly recommended. The inclusion of paraffin controls allowed us to demonstrate 

that bacterial communities of tissues and paraffin tend to cluster separately at genus level 

in both datasets, and therefore paraffin seems less informative regarding to contaminants. 

However, the incorporation of DNA extraction negatives and PCR negatives showed 

that these low biomass samples (tissue and paraffin) were highly affected by bacterial 

contaminants and/or sequencing artefacts, in line with recent literature [25, 45]. Synthetic 

mock controls with high bacterial biomass were less affected, but future studies should 

consider mock controls with both high and low concentration [46]. Controls with similar 

microbial biomass as the experimental samples would be representative for the actual 

effect of contamination and the loss of specific signal due to sequencing efforts. 

Knowledge of the characteristics of the investigated ecosystem and the introduction of 

controls is important for the critical appraisal of results [23]. The DNA quality obtained 

from FFPE tissue specimens allowed bacterial marker analysis by qPCR. In addition to the 

detection of E. coli and ClbA gene positive strains, the finding of lower F. prausnitzii levels 

in CRC compared to healthy controls is in accordance to previous findings [29, 30]. Our 

sequencing efforts indeed indicated the presence of Escherichia spp. and Faecalibaterium 

spp. in a part of the FFPE tissues. The finding of Proteobacteria as the major phylum in 

both datasets is not fully understood, but in line with a recent study suggesting that the 

paraffin embedding process might influence the microbial profile [47]. Multiple aspects in 

different processes involving pre-processing of tissues, storage conditions, DNA isolation, 
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library preparation and actual sequencing are known to influence the outcome [21, 24-

26]. While FFPE tissue specimens have previously been used for 16S rRNA amplicon 

sequencing [8, 11] and also for shotgun metagenomics study recently [48], data retrieval is 

limited compared to frozen tissues [47]. Nevertheless, FFPE samples are sometimes the 

only available source to answer research questions, allowing complementary taxonomic 

and functional exploration of the microbiome despite relatively low read counts [48]. 

Thus, when using this material, we highly recommend the identification of prominent 

contaminating sources to increase the robustness of the dataset’s biological information.

Our study has several limitations. First, our bacterial amplification approaches were not 

directly comparable due to different library preparations and sequencing platforms. 

Although PCR negatives and mock controls were not available in both sequencing efforts, 

their findings together emphasized the importance to include both positive and negative 

controls to account for bacterial contamination. Secondly, the retrieval of biological relevant 

information from low abundance bacterial DNA of questionable quality and quantity 

remains challenging. The maximum DNA fragment size detectable was not determined 

for each of our DNA samples, but it might be helpful to guide the experimental set-up in 

future studies using FFPE tissues.  Although the exploration of alternative tissue fixation 

and isolation protocols was also out of our scope, bacterial marker analysis by qPCR with 

FFPE tissue specimens was possible here. Thirdly, the decontamination process leads 

to loss of both data in general and possibly rare bacterial taxa in low bacterial biomass 

samples, which should be taken into consideration by researchers when extrapolating such 

results. Lastly, individual laboratory reagents for library preparation were not tested, but 

the inclusion PCR negatives are essential to account for procedural related contamination 

and to interpret results. The application of enzymatic treatment of PCR master mixes has 

been suggested [24], and might be considered in future efforts.   

5 Conclusion
Our study with FFPE tissue specimens has stressed the importance to implement 

measures against bacterial contamination in microbiome research with low bacterial 

biomass samples. Since human genomic DNA is being co-extracted from FFPE 

tissues, the  use of non-normalized (undiluted) template is recommended for bacterial 

detection in downstream molecular analyses. While the execution of 16S rRNA amplicon 

sequencing on FFPE tissue specimens remains difficult, the inclusion of negative controls 

(e.g. DNA extraction negatives and PCR negatives) and positive controls (e.g. synthetic 

mock communities) is important for quality control, and the use of only one source of 
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contamination control may not be sufficient. Future microbiome studies with low biomass 

specimens should critically evaluate laboratory procedures to account for bacterial 

contamination.
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Supplementary information

Supplementary methods

1 Protocol to process formalin-fixed paraffin embedded (FFPE) tissue specimens for 

bacterial analysis 

Microtome sectioning of FFPE tissue specimens entailed the use of disposable surgical 

gowns, gloves and face masks. Prior to and between sectioning of each sample, the 

microtome was cleaned with ethanol and DNA Zap™ PCR DNA Degradation Solutions 

(Thermo Fisher Scientific Inc., Waltham, MA), rinsed with autoclaved demineralized 

water and wiped dry with surgical gauze. Blades and gloves were consistently changed 

between samples to prevent cross-contamination and sterile disposable surgical tweezers 

were used to place serial sections into autoclaved 1.5 ml Eppendorf tubes. Bacterial 

DNA isolation was carried out in a laminar flow cabinet to minimize environmental and 

aerogenic contamination, except for the first step which required a fume hood for xylene. 

All pipetting work was performed using Filter Tips after dissembling and thorough 

cleaning of the pipettes. Similar to other laboratory equipment, treatment with ethanol and 

DNA Zap solutions was followed by ultraviolet (UV) radiation in the laminar flow cabinet. 

Disposable surgical gowns and face masks were used and gloves were regularly changed 

when handling samples. 

2 Standard curve for quantitative polymerase chain reaction (qPCR) analyses

A kanamycin-resistance gene containing Escherichia coli (E. coli) strain (DH5α) was cultured 

at 37°C in Luria Broth (LB) medium containing Kanamycin (50µg/ml) and DNA was isolated 

according to the protocol of the RTP Bacteria DNA Mini Kit (STRATEC Molecular Gm, Berlin, 

Germany) for bacterial cell pellets. Human DNA was extracted from a gastric epithelial 

cell (GES) line using the Wizard DNA Purification kit (Promega, Madison, WI). Both E. coli 

and human samples were subjected to the StepOnePlus Real-Time PCR system (Applied 

Biosystems, Waltham, MA) for PCR amplification with subsequent gel electrophoresis. 

The E. coli and human amplification products were purified from the agarose gel with 

the Monarch DNA Gel Extraction Kit (New England Biolabs Inc., MA), normalized to a 

concentration of 10ng/µl and combined in equivalent volumes to create a subsequent 

five 1:10 serial dilution with autoclaved water. 

3 Library preparation and 16S ribosomal RNA (rRNA) gene sequencing 

The V3-V4 region of the 16S rRNA gene was amplified at the Macrogen Institute using 

341F-805R primers (Supplementary Table S2), which were attached to Illumina overhang 
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adapters (forward: 5’-TCGTCGGCAGCGT CAGATGTGTATAAGAGACAG-3’; reverse 5’- 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’). The reaction mixture consisted 

of 12.5μl 2x KAPA HiFi HotStart Ready Mix (Kapa Biosystems, Cape Town, South Africa), 

200nM of each primer and 2.5μl of non-normalized template for a total volume of 25μl. 

After 3 minutes of initial denaturation at 95°C, 25 cycles of 30 seconds denaturation at 

95°C, 30 seconds of extension at 55°C and 30 seconds of elongation at 72°C took place, 

and ended with 5 minutes of final extension at 72°C. Following PCR clean-up with AMPure 

XP beads (Agencourt Bioscience Corporation, Beverly, MA), multiplexing indices and 

Illumina sequencing adapters were attached in an index PCR using the Nextera XT Index 

Kit (Illumina, San Diego, CA). After 8 cycles under the above described PCR conditions, the 

reaction mixture was purified with the AMPure XP beads. The final library was normalized 

and sequenced on the MiSeq system (Illumina) to produce 2x300bp end reads. 

A nested PCR approach was conducted in house using consecutive 27F/1369R and 

515F/806R primer pairs (Supplementary Table S2). The reaction mixture of the first PCR 

contained 10μl 5x Phusion HF buffer (ThermoFisher Scientific, Waltham, MA), 0.5μl Phusion 

Hot Start II DNA polymerase (ThermoFisher Scientific), 200µM deoxynucleotides, 100nM 

of each primer, 1μl non-normalized template and 36.5μl water for a total volume of 50μl. 

After 30 seconds of initial denaturation at 98°C, 25 cycles of 10 seconds denaturation 

at 98°C, 10 seconds annealing at 50°C and 30 seconds extension at 72°C were applied, 

and followed by 10 minutes of final extension at 72°C. After amplicon purification with the 

DNA Clean & Concentrator Kit (Zymo Research, Irvine, CA), 1μl template was subjected 

to a second PCR targeting the V4 region of the 16S rRNA gene using primers which were 

tagged with a barcode at the 5’ end for recognition. PCR amplification was performed in 

triplicate under the following conditions: 30 seconds of denaturation at 98°C, 25 cycles 

of 10 seconds denaturation at 98°C, 10 seconds annealing at 50°C and 10 seconds of 

extension at 72°C, and final extension of 10 minutes at 72°C. Amplicons were visualized 

on 1% agarose gel for verification, pooled and purified using the CleanPCR kit (CleanNA, 

Waddinxveen, the Netherlands). Only amplicons of FFPE tissue and paraffin controls 

samples that were verified on agarose gel were included for sequencing on the Illumina 

NovaSeq 6000 platform (Illumina) to produce 2x150bp paired-end reads at GATC Biotech 

(Konstanz, Germany). 
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Supplementary Table S1 | Overview of primers used for (quantitative) polymerase chain reaction 
analysis 

Target Sequence (5’-3’) Ta (°C) Size (bp) Ref

Ralstonia speciesa Forward

Reverse

CTGGGGTCGATGACGGTA

ATCTCTGCTTCGTTAGTGGC

56 546 1

ACTB genea,b,c Forward

Reverse

CTGGAACGGTGAAGGTGACA

AAGGGACTTCCTGTAACAATGCA

60.5 140 2

16S rRNA genea,b Forward

Reverse

CGGTGAATACGTTCCCGG

TACGGCTACCTTGTTACGACTT

60 145 3-4

16S rRNA gened Forward

Reverse

GTGSTGCAYGGYYGTCGTCA

ACGTCRTCCMCNCCTTCCTC

52 147 5

E.colic Forward

Reverse

CATGCCGCGTGTATGAAGAA

CGGGTAACGTCAATGAGCAAA

62 96 6

E.coli (ClbA gene)c Forward

Reverse

ATGAGGATTGATATATTAATTGGACA

GGTTTGCCATATTTGCACGTAC

58 233 7-8

F. prausnitziic Forward

Reverse

GATGGCCTCGCGTCCGATTAG

CCGAAGACCTTCTTCCTCC

58 198 9

a End-point PCR b qPCR to determine human versus bacterial DNA concentrations c qPCR for bacterial 
marker analysis d qPCR to determine 16S rRNA copy numbers.

Abbreviations: ACTB, beta-actin; E. coli, Escherichia coli; F. prausnitzii, Faecalibacterium prausnitzii; Ref, 
reference; Ta, annealing temperature.
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Supplementary Table S2 | Overview of primer sequences to prepare 16S ribosomal RNA amplicon 
sequencing libraries

Target Sequence (5’-3’) Ref

341F-805Ra Forward

Reverse

CCTACGGGNGGCWGCAG

GACTACHVGGGTATCTAATCC

1 - 2

27F-1369Rb Forward

Reverse

AGAGTTTGATCMTGGCTCAG

GCCCGGGAACGTATTCACCG

3 - 5

515F-806Rb Forward

Reverse

GTGCCAGCMGCCGCGGTAA

GGACTACHVHHHTWTCTAAT

6 - 8

a Primers used at the Macrogen Institute b Primers used in house.

Abbreviations: Ref, reference.
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phylogenetic study. J Bacteriol, 1991. 173(2): p. 697-703.

4.	 Iwamoto T, Tani K, Nakamura K, Suzuki Y, Kitagawa M, Eguchi M et al. Monitoring impact of in situ 
biostimulation treatment on groundwater bacterial community by DGGE. FEMS Microbiol Ecol, 
2000. 32(2): p. 129-141.

5.	 Yu Z and Morrison M. Comparisons of different hypervariable regions of rrs genes for use in 
fingerprinting of microbial communities by PCR-denaturing gradient gel electrophoresis. Appl 
Environ Microbiol, 2004. 70(8): p. 4800-6.

6.	 Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ et al. Global 
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Supplementary Table S3 | Comparison of bacterial communities from different groups within non-
nested and nested polymerase chain reaction (PCR) data sets on operational taxonomic unit (OTU) 
level

Non nested PCR dataset Weighted UniFrac Bray-Curtis 

Overall Pr(>F)    0.011 0.001

R2 0.086 0.109

Homogeneity Pr(>F)     0.723 0.852

Tissues vs. paraffin Pr(>F)    0.055 0.001

R2 0.045 0.062

Homogeneity Pr(>F)     0.46 0.702

Tissues vs. DNA extraction negatives Pr(>F)    0.019 0.001

R2 0.060 0.076  

Homogeneity Pr(>F)     0.733 0.737

Paraffin vs. DNA extraction negatives Pr(>F)    0.565 0.319

R2 0.076 0.097

Homogeneity Pr(>F)     0.644 0.303

Nested PCR dataset Weighted UniFrac Bray-Curtis 

Overall Pr(>F)    0.001 0.001

R2 0.374  0.345  

Homogeneity Pr(>F)     0.155 0.003

Tissues vs. paraffin Pr(>F)    0.001 0.001

R2 0.299   0.289 

Homogeneity Pr(>F)     0.067 0.001

Tissues vs. PCR negatives Pr(>F)    0.058 0.030

R2 0.055  0.049

Homogeneity Pr(>F)     0.931 0.465

Tissue vs. DNA extraction negatives Pr(>F)    0.001 0.001

R2 0.155 0.086  

Homogeneity Pr(>F)     0.482 0.394

Tissues vs. positive control Pr(>F)    0.002 0.002

R2 0.103  0.101  

Homogeneity Pr(>F)     0.024 0.007

Paraffin vs. PCR negatives Pr(>F)    0.234 0.208

R2 0.061  0.072  

Homogeneity Pr(>F)     0.701 0.354
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▲Supplementary Figure S1 | Bacterial analysis to examine extraction reagents and paraffin 
collections and to determine 16S rRNA gene copies in FFPE tissues. (a-c) Gel electrophoresis 
results following amplification with Ralstonia and/or 16S rRNA gene primers to investigate bacterial 
presence in resuspension (1), binding (2), wash I-II (3-4) and elution (5) buffers of the RTP Bacteria DNA 
Mini Kit, extraction additives xylene (6), ethanol (7) and isopropanol (8), in addition to a set of paraffin 
collections (grains [P1-2], tissue processor machine [P3], embedding stations [P4-6]) processed by 
different kits. The individual gels in sections b and c represent the results obtained with two (b; upper 
and lower) and three (c; upper, middle and lower panel) different DNA isolation kits, respectively. The 
water (*) and blank (**) controls extracted with the DNA isolation kit were included, as well as positive 
(+) and negative (-) controls. (d) Quantitative polymerase chain reaction (qPCR) findings showing total 
16S rRNA gene copy numbers per µl DNA (log10) in healthy tissue controls (C; n=12), normal adjacent 
tissue (ADJ; n=14), colorectal cancer (CRC; n=13) and paraffin controls (P; n=38). The mean value is 
shown for each group. Abbreviations for level of significance: n.s. not significant; *, P<0.05; **, P<0.01; 
****, P<0.0001. Full length gel electrophoresis results are shown in Additional Figure A2.
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▲Supplementary Figure S2 | The relative abundance of bacterial families and genera in 
respectively DNA extraction negatives and mock controls. (a) The relative abundance plots at 
family level of DNA extraction negatives (n=6) that were processed with the different RTP Bacteria 
DNA Mini Kits A, B and C. The results of two different 16S rRNA amplicon sequencing approaches are 
shown. The non-nested PCR dataset demonstrated the presence of 53 bacterial families within the 
controls while a total of 6 families were detected in the nested PCR dataset. The asterisks (*) indicates 
bacterial families that were detected by both methods. (b) The relative abundance plot of theoretical 
(Theory) and experimental (Exp) mock controls of the nested dataset at genus level. The experimental 
mock communities underwent library preparation and 16S rRNA amplicon sequencing.
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▲Supplementary Figure S3 | Library size and decontamination thresholds for the 16S rRNA 
amplicon sequencing data sets conducted with non-nested and nested polymerase chain 
reaction (PCR) approaches. (a,b) The library size of samples from the non-nested (a) and nested (b) 
PCR data sets (c,d) The plots represents the decontamination threshold 0.1 (default) and the more 
stringent thresholds 0.5 and 1.0 for the identification of contaminants by the prevalence method. The 
negative controls comprised of DNA extraction negatives in the non-nested data set (c) and PCR 
negatives in the nested data set (d). 



Challenges of using FFPE tissue specimens for microbial analysis

4

105   

▲Supplementary Figure S4 | Decontamination process of the 16S rRNA amplicon data sets 
conducted with the non-nested and nested PCR approach. (a) The number of operation taxonomic 
units (OTUs) within tissues are shown before and after decontamination. The DNA extraction negatives 
in the non-nested data set and PCR negatives in the nested data set were used for decontamination 
based on the prevalence method. (b) The plot shows the phyla to which the different OTUs belong. 
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▲Supplementary Figure S5 | Processing formalin-fixed paraffin embedded (FFPE) tissue samples 
for microbial analyses. An overview of recommendations for handling FFPE tissue samples of low 
microbial biomass for downstream molecular analyses. 
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▲Additional Figure A1 | Full length gel electrophoresis results. (a) Gel results following actin beta 
(ACTB) and 16S rRNA gene amplification, emphasizing the use of non-normalized (undiluted) template 
to improve bacterial DNA detection in FFPE tissue samples (n=3). (b) Results showing bacterial and 
human genomic DNA presence in 41 paired FFPE tissue (T) samples and their paired empty paraffin 
(P) controls. Tissues consist of colorectal cancer (CRC; n=14), normal adjacent (ADJ; n=14) and healthy 
control (C; n=13) tissues. The hash tack (#) represents the 100bp ladder. These uncropped findings are 
complementary to Figure 1c-e.
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◀Additional Figure A2 | Full length gel electrophoresis results. (a-c) Gel results following 
amplification with Ralstonia and/or 16S rRNA gene primers to investigate bacterial presence in 
resuspension (1), binding (2), wash I-II (3-4) and elution (5) buffers of the RTP Bacteria DNA Mini 
Kit, extraction additives xylene (6), ethanol (7) and isopropanol (8), in addition to a set of paraffin 
collections (grains [P1-2], tissue processor machine [P3], embedding stations [P4-6]) processed by 
different kits. The results in sections b and c represent the findings obtained with two (b; left and 
right panel) and three (c; upper, middle and lower panel) different DNA isolation kits, respectively. 
The water (*) and blank (**) controls extracted with the DNA isolation kit were included, as well as 
positive (+) and negative (-) controls. The hash tack (#) represents a 1kb ladder (a; left panel) or 
100bp ladder (a [right panel], b, c). These uncropped findings are complementary to Supplementary 
Figure S1a-c.
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Abstract
Objectives: Many countries use fecal immunochemical testing (FIT) to screen for colorectal 

cancer. There is increasing evidence that fecal microbiota play a crucial role in colorectal 

cancer carcinogenesis. We assessed the possibility of measuring fecal microbial features 

in FIT as potential future biomarkers in colorectal cancer screening.

Methods: Bacterial stability over time and the possibility of bacterial contamination were 

evaluated using quantitative polymerase chain reaction analysis. Positive FIT samples 

(n=200) of an average-risk screening cohort were subsequently analyzed for universal 16S 

and bacteria Escherichia coli (E. coli), Fusobacterium nucleatum (F. nucleatum), Bacteroidetes 

and Faecalibacterium prausnitzii (F. prausnitzii) by quantitative polymerase chain reaction 

(qPCR). The results were compared with colonoscopy findings.

Results: Fecal microbiota in FIT were stably measured up to six days for E. coli (P=0.53), 

F. nucleatum (P=0.30), Bacteroidetes (P=0.05) and F. prausnitzii (P=0.62). Overall presence 

of bacterial contamination in FIT controls was low. Total bacterial load (i.e. 16S) was 

significantly higher in patients with colorectal cancer and high-grade dysplasia (P=0.006). 

For the individual bacteria tested, no association was found with colonic lesions.

Conclusion: These results show that the fecal microbial content can be measured in FIT 

samples and remains stable for six days. Total bacterial load was higher in colorectal cancer 

and high-grade dysplasia. These results pave the way for further research to determine 

the potential role of microbiota assessment in FIT screening.

Keywords: 

Microbiome; colorectal cancer; screening; fecal occult blood test.
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1 Introduction
Colorectal cancer (CRC) is a major cause of cancer-related morbidity and mortality [1]. 

The etiology of CRC is complex and not yet completely understood. There is increasing 

attention for the gut microbiota and its role in colorectal carcinogenesis [2-4]. It is estimated 

that at least 20%, and perhaps more of the cancer burden worldwide can be attributed to 

microbial agents [5]. 

An association between CRC and specific fecal bacteria was already reported a long time 

ago [6]. In a small Dutch study of 12 patients with Streptococcus bovis bacteremia, CRC was 

diagnosed in eight patients and gastric cancer in one [7]. CRC appears to have a complex 

etiology with potential etiological contribution of multiple bacterial species playing 

different roles [3, 4, 8]. Most gut bacteria cannot easily be cultivated, yet sequencing of 

bacterial deoxyribonucleic acid (DNA) following polymerase chain reaction (PCR) allows 

for the identification of the composition of the fecal microbiota. Evidence to date suggests 

that inflammatory processes triggered by enterotoxigenic bacteria can contribute to CRC 

development by facilitating DNA damage in intestinal epithelial cells [4, 9]. The ensuing 

accumulation of genetic lesions can contribute to oncogenesis along the adenoma-

carcinoma sequence. Several studies have shown that the bacterial composition of 

malignant lesions differs from that of surrounding normal tissue [4, 10, 11]. While most 

previous research has focused on the unravelling of the complex microbial composition in 

CRC and the role of the gut microbiota in the pathogenesis of CRC, it is of interest to see 

whether altered bacterial presence may be valuable in improving screening strategies.

In the past decennia, an increasing number of countries have embarked on CRC screening. 

Many of those use fecal immunochemical tests (FIT) as their screening method [12]. FITs rely 

on the measurement of trace amounts of blood from neoplastic lesions. However, not all 

lesions bleed (in e.g., serrated adenomas) and conversely, occult blood can be detected in 

fecal samples of healthy individuals [13]. In spite of high participation rates and a relatively 

high sensitivity for CRC of 75-85% depending on the cut-off used, the sensitivity of FIT for 

detection of advanced adenomas is much lower and generally ranges below 50% [14, 15]. 

For this reason, there is an urgent need for additional markers to increase FIT sensitivity 

without losing its specificity, as the latter is of crucial importance in a screening setting. 

Investigation of fecal bacterial features could present one such possible additional marker 

[16]. Hence, it would be of great interest to detect bacterial features in the rest materials of 

FIT screenees, which would preclude additional material collection from screenees. 

The aim of our study was to evaluate the possibility of measuring fecal microbiota in FIT 
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in relation to endoscopic findings, to evaluate their stability over time and to assess the 

effect of potential bacterial contaminants in downstream PCR analysis. For this proof of 

principal, we have selected four different bacterial markers for quantitative PCR (qPCR) 

analysis: suspected driver bacteria of the Enterobacteriaceae (Escherichia coli [E. coli]), 

Bacteroidetes species, the most often associated CRC bacterium Fusobacterium nucleatum 

(F. nucleatum) and the anti-inflammatory Faecalibacterium prausnitzii (F. prausnitzii) which 

was described to be less prevalent in CRC patients [17-24]. In addition, taxonomic profiling 

was carried out for six pooled samples from patients with different endoscopy outcomes 

to evaluate the feasibility of using FIT fluid for future 16S rRNA gene sequencing purposes.

2 Materials and Methods

2.1 Patients, FIT screening and data collection

Details about the design of this ongoing population-based FIT CRC screening program 

have been described previously [25]. In short, demographic data of all individuals between 

50 and 74 years living in the southwest of The Netherlands were randomly obtained from 

municipal population registers and were invited for FIT screening biennially. At present, 

four rounds of FIT screening have taken place. For this study, only FIT samples of the end 

of the third and beginning of the fourth screening round were used, aiming for a total of 

200 FITs to be included. Recruitment of this third and fourth screening round took place 

between February 2013 and August 2014. In the third screening round, all invitees received 

the OC-sensor (Eiken, Japan). In the fourth screening round, invitees were randomized 

between the OC-sensor and FOB-Gold (Sentinel, Italy). Participants were instructed to send 

the FIT within one day after collection and to keep the FIT in the refrigerator until sending 

it to the laboratory. A cut-off of ≥10 μg hemoglobin per gram (Hb/g) feces was used to 

refer screenees for colonoscopy within four weeks. All colonoscopies were performed by 

gastro-enterologists with an experience based on at least 1000 colonoscopies. All lesions 

were evaluated by trained gastrointestinal pathologists according to the Vienna criteria 

[26]. Advanced adenomas (AA) were defined as an adenoma with a diameter ≥10 mm, and/

or with a ≥25% villous component, and/or high-grade dysplasia (HGD). Advanced neoplasia 

included AA and CRC, with the most advanced lesion used for analysis. Serrated polyps 

(SP) were defined as serrated adenomas (with or without dysplasia) and hyperplastic 

polyps. For this study only FIT-positive screenees were included. 

The study was approved by the Medical Ethical Committee of the Erasmus MC University 

Medical Center Rotterdam (reference number: MEC-2014-212) on 6 May 2014. The study 

protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected 
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in a prior approval by the institution’s human research committee. All participants gave 

written informed consent to participate in CRC screening.

2.2 Bacterial quantitative analysis

After occult blood measurement, FIT samples were stored at -20°C until analysis. DNA was 

isolated from FIT liquid by Wizard Genomic DNA Purification kit (Promega, Leiden, The 

Netherlands) with modifications. Information on primers, PCR and qPCR analyses can be 

found in the Supplementary methods. 

2.3 Microbial stability and contamination in FIT 

For analysis of the stability of the microbial content of FIT over time, seven FITs from stool 

samples with (n=2) and without blood (n=5) of healthy volunteers were collected and stored 

at -20°C immediately or after 24, 48, 72, 96, 120 and 144 hours (h) in order to mimic FIT 

transit time. DNA was isolated from all samples upon thawing, and the presence of E. coli, 

F. nucleatum, Bacteroidetes, F. prausnitzii and universal bacterial 16S were detected by PCR 

and qPCR as described above. F. nucleatum was below detection level in all FIT samples 

of our healthy donors and could not be included in the analysis. To test for unintentional 

bacterial contamination, FIT controls with and without blood but not containing feces 

underwent the same procedure for comparison to FIT with blood and fecal material. 

2.4 16S rRNA gene sequencing pilot

To determine the feasibility of using FIT material for 16S rRNA gene sequencing, a 

pilot was conducted using six different pooled DNA samples from patients with the 

following conditions: 1) no endoscopic findings, 2) tubular adenoma, 3) HGD, 4) CRC, 5) 

sessile adenoma and 6) hyperplastic polyp. All samples were shipped on dry ice to the 

Macrogen Institute in Seoul, Korea. The V3-4 region of the 16S rRNA gene was amplified 

and sequenced on the Illumina MiSeq platform. The sequencing data was subsequently 

processed using the SILVA database for taxonomic profiling at genus level, allowing for 

the global assessment of the bacterial presence of our selected markers in FIT material. 

2.5 Statistical analysis

Descriptive data were reported as proportions or means with the standard deviation. 

For non-normally distributed data, the median and interquartile range (IQR) were given. 

Chi-Square tests were used to analyse categorical data; continuous data were analyzed 

using Student’s t-tests or one-way analysis of variance. Linear regression analysis was 
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used to assess bacterial load and transit time. Correction for multiple testing was done 

according to Bonferroni, resulting in a two-sided P-value of <0.01 that was considered to 

be statistically significant. Statistical analysis was performed using IBM SPSS version 21.0. 

3 Results

3.1 FIT screenees

A total of 200 samples from FIT positive screenees were collected. Of these, 20 samples 

had to be discarded for various reasons (e.g. inclusion of multiple samples from the 

same screenee, sample misclassification or missing pathology outcome), resulting in 180 

samples available for analysis of microbial content. These included 119 OC-sensor tests 

(66%) and 61 FOB-Gold tests (34%). Of those, 56% were male with a median age of 64 years 

(IQR 58-69 years). Median fecal Hb concentration was 21µg Hb/g feces (IQR 13-55µg Hb/g 

feces). All screenees included in this study underwent complete colonoscopy and in 31% 

patients (n=55) advanced neoplasia was detected, of whom 5 were diagnosed with CRC. 

All colonoscopy findings are described in Table 1. 

3.2 Stability of microbiota in FIT over time and bacterial 
contaminants

Transit time of the FIT from screenee to the laboratory could potentially affect the microbial 

composition detected. Although growth of anaerobic bacteria is not expected and FIT buffer 

contains bacteriostatic sodiumazide, degradation of bacterial DNA might occur. Therefore, 

we first analyzed the stability of the bacterial composition in FIT. Universal bacterial 16S, 

Bacteroidetes, F. prausnitzii and E. coli DNA was consistently detected by (q)PCR, with no 

significant loss in detection levels for up to 144h in FIT positive (Figure 1a) and FIT negative 

(Figure 1b,c) samples. Microbial contamination did not influence our results as indicated 

by relatively low levels of bacterial contamination detected in FIT controls (Figure 2). The 

16S and individual bacterial marker levels in FIT fluid without fecal content were similar to 

water controls and several times lower than FIT fluid containing fecal material.

The average time between fecal sampling by the screenee and analysis at the laboratory 

(i.e. transit time) was 1 day (IQR 1-2 days), with 91% of FITs arriving at the laboratory within two 

days after sampling. For all screenees, the correlation between absolute copy number of 

the four bacteria and transit time was evaluated (Figure 3). No significant decrease in fecal 

microbiota was seen up to six days for E. coli (P=0.53), F. nucleatum (P=0.30), Bacteroidetes 

(P=0.05) and F. prausnitzii (P=0.62). 
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Table 1 | Most advanced lesion at colonoscopy of fecal immunochemical test (FIT) positive screenees

Finding at colonoscopy n %

Normal 41 23

Serrated polyps 25 14

Tubular adenoma <10 mm 59 32

Tubular adenoma ≥10 mm 33 18

(Tubulo)villous adenoma 14 8

High-grade dysplasia 3 2

Colorectal carcinoma 5 3

Total 180 100

Abbreviations: nr, number. 

 
 
 

▲Figure 1 | (a-c) Stability of bacterial composition over time for fecal immunochemical test (FIT) 
positive (n=2) (a) and FIT negative specimens (n=5) (b,c). This has been depicted for universal 16S 
and specific markers Bacteroidetes, Faecalibacterium prausnitzii and Escherichia coli. Bacterial 
composition remained stable up to at least 144 hours.
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▲Figure 2 | Quantitative polymerase chain reaction (qPCR) assessment of unintentional bacterial 
contamination. Fecal immunochemical test controls in either the presence or the absence of occult 
blood and/or faecal material were tested for 16S, Bacteroidetes, Faecalibacterium prausnitzii and 
Escherichia coli. Water controls were concurrently processed for qPCR analysis.

▲Figure 3 | (a-d) Transit time (interval between fecal sampling and arrival of the fecal immunochemical 
test (FIT) at the laboratory) and absolute copy number/gram (nr./g) FIT for Escherichia coli (a), 
Fusobacterium nucleatum (b), Bacteroidetes (c), Faecalibacterium prausnitzii (d).
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▲Figure 4 | (a-b) Copy number per gram (nr./g) fecal immunochemical test (FIT) liquid for 16S (a) and 
Escherichia coli (b) according to colonoscopy outcomes. Abbreviations: SP, serrated polyp; TA, tubular 
adenoma; TVA, (tubulo)villous adenoma; HGD, high grade dysplasia; CRC, colorectal cancer.

3.3 Microbiota in FIT and findings at colonoscopy

For all samples, copy number per gram (copy nr./g) FIT liquid was calculated for the total 

number of bacteria (i.e. 16S) and the four predefined bacteria. A significant difference was 

seen for 16S, with  increasing  abundance of total  bacterial content in screenees with high-

grade dysplasia and CRC (P=0.006) (Figure 4a). Significant differences between the groups 

were seen for E. coli (P=0.05) (Figure 4b). Post hoc testing revealed that in particular patients 

with tubular and villous adenoma showed lower levels of E. coli, albeit not significant 

(P=0.07). For F. nucleatum, F. prausnitzii, and Bacteroidetes, no association was observed 

between the presence of the bacteria and any particular lesion (Supplementary Figure 

S1). No significant association between amounts of bacteria and presence of advanced 

neoplasia was observed (Supplementary Figure S2).

To correct for potential differences in amount of fecal matter in the FIT, the bacteria were 

also calculated relative to the total bacterial presence as determined by universal 16S 

(copy nr./g of 16S). No significant differences were found when evaluating FIT microbiota 

according to all colonoscopy findings for E. coli (P=0.97), F. nucleatum (P=0.98), Bacteroidetes 

(P=0.15) and F. prausnitzii (P=0.91) (Figure 5). In addition, no significant differences in 

microbiota were found between screenees with and without advanced neoplasia (E. coli, 

P=0.30; F. nucleatum, P=0.55; Bacteroidetes P=0.12; F. prausnitzii, P=0.93) (Figure 6). When 

evaluating FIT microbiota according to location of the most advanced lesion (i.e. distal vs. 

proximal), again no significant differences were seen for all four bacteria (Supplementary 

Figure S3).
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▲Figure 5 | (a-d) Absolute copy number (nr.) per 16S and most advanced colonoscopy finding for 
Escherichia coli (a), Fusobacterium nucleatum (b), Bacteroidetes (c) and Faecalibacterium prausnitzii 
(d). Abbreviations: SP, serrated polyp, TA: tubular adenoma; TVA, (tubulo)villous adenoma; HGD: high 
grade dysplasia;  CRC, colorectal cancer.

3.4 16S rRNA gene sequencing of pooled samples

Although it is well known that the overall bacterial abundance in FIT material is relatively 

low compared to stool specimens, 16S rRNA gene sequencing data were generated for 

all six pooled DNA samples from patients with respectively 1) no endoscopic findings, 2) 

tubular adenoma, 3) HGD, 4) CRC, 5) sessile adenoma and 6) hyperplastic polyp. Taxonomic 

classification indicated that Bacteroidetes in addition to genus Faecalibacterium (with 

regard to F. prausnitzii) and family Enterobacteriaceae (with regard to E. coli) were present 

in all samples (Supplementary Figure S4). Genus Fusobacterium (with regard to F. 

nucleatum) was detected in the pooled DNA samples from tubular adenomas, suggesting 

that this lower abundant bacterial marker is present in FIT material. More importantly, 

these findings confirm the ability to use FIT specimens for qPCR analysis as well as future 

16S rRNA gene sequencing purposes.  
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▲Figure 6 | Absolute copy number (nr.) per 16S for screenees with no advanced neoplasia (No AN) 
and advanced neoplasia (AN) for Escherichia coli (a), Fusobacterium nucleatum (b), Bacteroidetes (c), 
Faecalibacterium prausnitzii (d).

4 Discussion
Our results show that fecal microbial DNA can be isolated from FIT samples and remains 

stable for up to six days. The inclusion of FIT controls in qPCR analysis allowed the 

assessment of bacterial contamination which appeared to be of minimal impact as the 

detected levels were similar to water controls. When the qPCR findings were put against 

the endoscopic findings, screenees with HGD and CRC had a higher load of total universal 

16S. With respect to specific microbial features, no relation was found between numbers 

of specific bacteria and colonoscopy findings relative to total 16S, except that numbers of 

E. coli were reduced in patients with tubular and villous adenoma. With regard to location 

of the lesion, no differences were found between a lesion in the distal or proximal colon 

and number of fecal bacteria observed. 

E. coli and Bacteroidetes species have been suggested to promote inflammation driving 

the colorectal epithelium to a carcinogenic state [18, 20, 21]. This state of inflammation and 

dysbiosis gives room for opportunistic bacteria, such as F. nucleatum, to further induce 
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carcinogenesis, whereas anti-inflammatory bacteria such as F. prausnitzii may be ‘crowded 

out’ [4, 21]. Consequently, various bacteria take part in the process of carcinogenesis, with 

many of these bacteria being variably present during carcinogenesis [4]. This could explain 

why lower concentrations of E. coli were found in tubular and villous adenomas, although 

screenees with normal colonoscopy and those with CRC had similar concentrations. Our 

findings did not support a role for E. coli and Bacteroidetes as additional biomarker in 

FIT samples to identify FIT positive screenees at risk of carrying advanced adenomas. 

Previous studies have suggested a role for F. nucleatum in CRC, in particular the detection 

of sessile serrated lesions as the mucus cap on these lesions might cause higher levels 

of F. nucleatum [19]. Additional detection of sessile serrated lesions would be especially 

valuable in FIT screening, as FIT is known to have a poor sensitivity for these lesions [27]. 

However, our results did not show any association between F. nucleatum and hyperplastic 

polyps or serrated lesions compared to other neoplasia or a normal colon (P=0.82; data 

not shown). This could be because F. nucleatum is not sensitive enough by itself as a 

biomarker in a screening setting due to overabundance in healthy subjects [28]. 

We found that fecal microbial DNA remained stable over six days, which is in line with 

findings from a previous study comparing different collection methods of feces including 

FIT [29]. Furthermore, one other study has looked specifically at isolating bacterial DNA 

from FIT samples [30]. Its findings are in line with ours showing that fecal material contained 

in FIT sampling is sufficient to perform microbiota characterization and is representative to 

bacterial findings in a full stool sample. 

Most other studies regarding the role of the microbiome in colorectal carcinogenesis have 

looked specifically at the microbiome at and around the tumor site and it is conceivable 

that a fecal sample obtained by FIT is not representative of onsite mucosal dysbiosis [31, 

32]. However, microbiota on mucosa retrieved during colonoscopy or surgery could be 

influenced by the bowel preparation that all patients undergo prior to the intervention. 

Furthermore, most of these studies had a case-control design and were thus prone to 

overestimate diagnostic performance [33]. To date, there are a small number of studies 

that looked at the fecal microbiome in FIT screenees, showing a difference in overall fecal 

microbiome between healthy patients and patients with colorectal adenomas [34, 35]. Two 

of these studies analyzed the microbiota in full stool samples and not in the FIT samples 

themselves, making comparison with our data complex. However, a full stool sample 

may ask for a considerable effort from the screenee, making the design undesirable in 

a screening setting as it might hamper participation rates. Baxter et al. used 16S rRNA 

sequencing of stool samples to identify a microbiota-based model to predict colonic 
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lesions and subsequently showed that this model also worked on DNA isolated from 

FITs indicating that FIT fluid may indeed provide additional biomarkers for CRC detection 

[30, 35]. While 16S rRNA gene sequencing data may give a more in depth analysis of the 

microbiome as seen in patients with different degrees of intestinal malignancy, its use 

for diagnostic purposes of individual patients may be cumbersome. Furthermore, in our 

pilot study, it was not possible to retrieve detailed taxonomic information on species 

level as with a limited sequencing depth, 16S rRNA gene sequencing did not pick up 

specific markers at species level such as F. nucleatum. For implementation in diagnostic 

laboratories, it might be preferable to find microbial biomarkers which may be identified 

in FIT by readily available PCR techniques rather than 16S or metagenomic sequencing 

efforts. However, with current literature not agreeing on the actual absence or presence 

of bacterial featured in colonic lesions, identifying the right biomarker to investigate is key.

The strengths of our study include the fact that all FIT samples were retrieved from a 

population-based CRC screening cohort, consisting of average risk screenees, resulting in 

a high external validity. Also, as gut microbiota were measured in FIT samples, no additional 

stool samples were required from the participants. It is the first study comparing microbial 

features between previously untreated patients across the adenoma-to-carcinoma range, 

including all different stages of malignancy. Furthermore, we included FIT samples that 

tested positive for occult blood for both lesions and non-lesions, precluding the possibility 

of a bias introduced by potential microbe-blood interactions [36]. In order to appreciate our 

results, some limitations also need to be addressed. At present, the exact pathway and role 

of the gut microbiota is unknown. Since no known common suspects have been consistently 

identified, we have selected four bacteria for this qPCR study, but the inclusion of other 

bacteria could be of more interest in the future. As only FIT-positive subjects underwent 

colonoscopy, it was not possible to evaluate prime indicators of diagnostic performance, 

including sensitivity, specificity and the area under the receiver-operating curve. However, 

we considered analysis of only positive FITs justified, as in the end, this is the population 

for whom biomarkers would be of benefit to avoid unnecessary endoscopic screening. 

Furthermore, we used the most advanced lesion detected during colonoscopy, while 

screenees sometimes have more than one lesion. The presence of multiple lesions could 

theoretically lead to our findings being an underestimation of the relation between fecal 

microbiome and colonic neoplasia, although for screening purposes subjects at highest 

risk (i.e. with advanced neoplasia) are of most interest. Another important limitation is the 

small sample size and the absence of negative controls in the 16S rRNA gene sequencing 

pilot. PCR analysis indicates that, while orders of multitude lower, contaminants will be 

present during isolation and amplification of DNA from FIT fluids. Although the markers 
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of choice were detectable in the pooled samples, which shows their feasibility to use 

for qPCR purposes, future studies should incorporate negative controls to confirm the 

detection of biological relevant signals and to control for bacterial contamination.

In conclusion, our results illustrate that the gut microbial markers can be stably measured 

in FIT samples in CRC screening, with a higher total bacterial load for CRC and high-grade 

dysplasia. The need to increase FIT sensitivity, especially for advanced adenomas, remains 

of evident importance and further studies should be conducted to determine the role of 

microbiota and preferably specific biomarkers in FIT.
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Supplementary information 

Supplementary methods 
Bead-beating was performed 3 times for 30 seconds to lyse bacteria. Protein was 

precipitated from the supernatant by Protein Precipitation Buffer, followed by isopropanol 

precipitation of deoxyribonucleic acid (DNA). DNA was washed with 70% ethanol and 

resuspended in Tris-EDTA (TE) buffer. The concentration was measured by Nanodrop 

(Thermo Fisher Scientific, Waltham, MA) and adjusted to 10ng/μl. Bacterial DNA (E. coli, 

F. nucleatum, Bacteroidetes (Bacteroides-Prevotella-Porphyromonas), F. prausnitzii and 

universal bacterial 16S) was detected by polymerase chain reaction (PCR) or quantitative 

PCR (qPCR). Specificity of primers (Supplementary Table S1) was determined by primer 

blast search against all bacteria (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

In addition, DNA was amplified by PCR using GoTaq polymerase (Promega, Leiden, The 

Netherlands) and 35 cycles (95° for 15”, 56° for 30”, 72° for 30”) on a 2720 Thermal Cycler 

(Applied Biosystems, Thermo Fisher Scientific) and PCR products were verified by 2% 

agarose gel electrophoresis. Analysis of bacterial abundance was performed by qPCR. 

Amplification was performed in a 20μl volume containing 10μl SYBR® Select Master Mix 

for CFX (Thermo Fisher Scientific), 2μl forward and reverse primer (end concentration 

1μM), 7μl H2O and 1μl template. Cycle conditions were 95° for 10 min (initial denaturation), 

followed by 40 cycles of (95° for 15”, 56° for 30”, 72° for 30”) and melt curve analysis on 

StepOnePlus real time PCR System (Applied Biosystems). For each bacterium, DNA for 

standard curves was prepared by PCR using DNA isolated from fecal immunochemical 

tests (FITs) as template. PCR products were purified using Invisorb® Fragment CleanUp 

kit (Stratec molecular, Berlin, Germany), DNA concentration was measured and confirmed 

by sanger sequencing. DNA dilutions ranging from 0.0001-10 ng/μl were prepared. The 

amount of DNA in test samples was inferred from their Ct value through calculation of 

standard curves run on each separate plate, and corrected for total amount of DNA present 

in the FIT liquids. Copy number per gram (copy nr./g) PCR product was inferred from the 

weight of one PCR product as calculated by the accumulated weight of the base pairs in 

the product, and results were presented as absolute bacterial content (copy nr./g FIT fluid) 

or as ratio of the total amount of 16S copies/g FIT fluid. Samples in which bacterial DNA 

was undetectable were given a value smaller than the lowest detectable value for that 

PCR product, in order to prevent loss of these samples from group comparisons. 
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Supplementary Table S1 | Primer sequences

Target Sequence (5’-3’) Size (bp) Ref

Universal 16S Forward CGGTGAATACGTTCCCGG 145 1-4

Reverse TACGGCTACCTTGTTACGACTT

F. nucleatum Forward CTTAGGAATGAGACAGAGATG 140 5-6

Reverse TGATGGTAACATACGAAAGG

E. coli Forward CATGCCGCGTGTATGAAGAA 96 7-9

Reverse CGGGTAACGTCAATGAGCAAA

Bacteroidetes Forward GGTGTCGGCTTAAGTGCCAT 140 3, 10-11

Reverse CGGACGTAAGGGCCGTGC

F. prausnitzii Forward GATGGCCTCGCGTCCGATTAG 198 12-13

Reverse CCGAAGACCTTCTTCCTCC

Bacterial abbreviations: F. nucleatum, Fusobacterium nucleatum; E. coli, Escherichia coli; F. prausnitzii, 
Faecalibacterium prausnitzii. Other abbreviations: bp, base pair. 

Supplementary references

1.	 Suzuki MT, Taylor LT and DeLong EF. Quantitative analysis of small-subunit rRNA genes in mixed 

microbial populations via 5’-nuclease assays. Appl Environ Microbiol, 2000. 66(11): p. 4605-14.

2.	 Rodes L, Saha S, Tomaro-Duchesneau C and Prakash S. Microencapsulated Bifidobacterium longum 

subsp. infantis ATCC 15697 favorably modulates gut microbiota and reduces circulating endotoxins in 

F344 rats. Biomed Res Int, 2014. 2014: p. 602832.

3.	 Kabeerdoss J, Ferdous S, Balamurugan R, Mechenro J, Vidya R, Santhanam S et al. Development of the 

gut microbiota in southern Indian infants from birth to 6 months: a molecular analysis. J Nutr Sci, 2013. 

2: p. e18.

4.	 Furet JP, Firmesse O, Gourmelon M, Bridonneau C, Tap J, Mondot S et al. Comparative assessment of 

human and farm animal faecal microbiota using real-time quantitative PCR. FEMS Microbiol Ecol, 2009. 

68(3): p. 351-62.

5.	 Periasamy S, Chalmers NI, Du-Thumm L and Kolenbrander PE. Fusobacterium nucleatum ATCC 10953 

requires Actinomyces naeslundii ATCC 43146 for growth on saliva in a three-species community that 

includes Streptococcus oralis 34. Appl Environ Microbiol, 2009. 75(10): p. 3250-7.

6.	 Borgo PV, Rodrigues VA, Feitosa AC, Xavier KC and Avila-Campos MJ. Association between periodontal 

condition and subgingival microbiota in women during pregnancy: a longitudinal study. J Appl Oral Sci, 

2014. 22(6): p. 528-33.

7.	 Arthur JC, Gharaibeh RZ, Mühlbauer M, Perez-Chanona E, Uronis JM, McCafferty J et al. Microbial 

genomic analysis reveals the essential role of inflammation in bacteria-induced colorectal cancer. Nat 

Commun, 2014. 5: p. 4724.

8.	 Arthur JC, Perez-Chanona E, Mühlbauer M, Tomkovich S, Uronis JM, Fan TJ et al. Intestinal inflammation 

targets cancer-inducing activity of the microbiota. Science, 2012. 338(6103): p. 120-3.



Microbial analysis of FIT content for CRC screening

5

129   

9.	 Huijsdens XW, Linskens RK, Mak M, Meuwissen SG, Vandenbroucke-Grauls CM, and Savelkoul PH. 

Quantification of bacteria adherent to gastrointestinal mucosa by real-time PCR. J Clin Microbiol, 2002. 

40(12): p. 4423-7.

10.	 Rinttilä T, Kassinen A, Malinen E, Krogius L and Palva A. Development of an extensive set of 16S rDNA-

targeted primers for quantification of pathogenic and indigenous bacteria in faecal samples by real-

time PCR. J Appl Microbiol, 2004. 97(6): p. 1166-77.

11.	 Malinen E, Rinttilä T, Kajander K, Mättö J, Kassinen A, Krogius L et al. Analysis of the fecal microbiota of 

irritable bowel syndrome patients and healthy controls with real-time PCR. Am J Gastroenterol, 2005. 

100(2): p. 373-82.

12.	 Ahmed S, Macfarlane GT, Fite A, McBain AJ, Gilbert P, and Macfarlane S. Mucosa-associated bacterial 

diversity in relation to human terminal ileum and colonic biopsy samples. Appl Environ Microbiol, 2007. 

73(22): p. 7435-42.

13.	 Zhang M, Zhou L, Wang Y, Dorfman RG, Tang D, Xu L et al. Faecalibacterium prausnitzii produces butyrate 

to decrease c-Myc-related metabolism and Th17 differentiation by inhibiting histone deacetylase 3. Int 

Immunol, 2019. 31(8): p. 499-514.



Chapter 5

130

▲Supplementary Figure S1 | (a-c) Bacterial copy number per gram (nr./g) fecal immunochemical 
test (FIT) liquid for Fusobacterium nucleatum (a), Bacteroidetes (b) and Faecalibacterium prausnitzii (c) 
for the most advanced colonoscopy finding. Abbreviations: SP, serrated polyp; TA, tubular adenoma; 
TVA, (tubulo)villous adenoma; HGD, high grade dysplasia; CRC, colorectal cancer. 
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▲Supplementary Figure S2 | (a-e) Bacterial copy number per gram (nr./g) fecal immunochemical 
test (FIT) liquid for 16S (a), Escherichia coli (b), Fusobacterium nucleatum (c), Bacteroidetes (d) and 
Faecalibacterium prausnitzii (e) stratified for subjects with and without advanced neoplasia (AN).
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▲Supplementary Figure S3 | (a-d) Absolute copy number (nr.) per 16S for Escherichia coli (a), 
Fusobacterium nucleatum (b), Bacteroidetes (c) and Faecalibacterium prausnitzii (d), stratified for the 
location of the most advanced finding (proximal versus distal colon).
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Samples 1 2 3 4 5 6

Bacteroidetes_Bacteroidia_Bacteroidales_Bacteroidaceae_
Bacteroides

24.03 19.78 28.49 22.38 31.8 38.32

Firmicutes_Clostridia_Clostridiales_Ruminococcaceae_
Faecalibacterium

3.24 1.05 2.54 3.49 3.38 4.41

Proteobacteria_Gammaproteobacteria_Enterobacteriales_
Enterobacteriaceae; other

0.46 0.14 0.49 0.08 0.11 0.00

Fusobacteria_Fusobacteriia_Fusobacteriales_
Fusobacteriaceae_Fusobacterium

0.00 0.03 0.00 0.00 0.00 0.00

▲Supplementary Figure S4 | 16S rRNA gene sequencing pilot with pooled samples. Taxonomic 
classifi cation at genus level is displayed for six pooled samples containing 1) no endoscopic 
fi ndings, 2) tubular adenoma, 3) high grade dysplasia, 4) colorectal cancer, 5) sessile adenoma and 6) 
hyperplastic polyp. The relative abundance of specifi c bacterial genera (%) is given for each pooled 
sample. 
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Abstract
Radiation-induced gastrointestinal toxicity is a significant comorbidity affecting many 

cancer patients. Intestinal microbial changes are observed in patients suffering from 

radiation enteropathy, although a causal relationship with disease activity has yet to be 

proven. Implementation of bacterial profiling in clinical care could improve recognition and 

management of this debilitating disease.    
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In this issue of Clinical Cancer Research, Ferreira and colleagues investigated the 

contribution of bacterial microbes in the complex pathogenesis of radiation enteropathy 

(RE) and suggested that microbial profiles might be relevant in the prediction, prevention 

or treatment of RE in the future [1]. Many cancer patients suffer from gastrointestinal (GI) 

symptoms after radiotherapy treatment, but a better recognition of symptoms as well as 

a better arsenal of treatment modalities is needed to care for these patients. New findings 

in translational microbiome research may serve as a tool in the assessment, identification 

and management of patients at risk of RE. 

Radiation therapy plays a major role in the treatment and survival of oncology patients, but 

is accompanied by severe adverse side-effects. The intestines and the colon in particular 

are affected when the pelvis or the abdomen is included in the radiation field, resulting 

in early (acute) and/or delayed (chronic) RE. While early radiation toxicity generally 

occurs during treatment exposure and subsides thereafter, delayed RE is now stated to 

be one of the most common causes of gastrointestinal complaints, with a prevalence 

reported to exceed even that of inflammatory bowel diseases (IBD) [2]. Clinically, IBD and 

RE share similarities, as both are characterized by bloody stool and diarrhea and both 

are accompanied by mucosal immune cell infiltrate and inflammation, epithelial barrier 

breach (in case of acute RE) and fibrosis (in case of chronic RE), as well as alterations in the 

intestinal microbiota (Figure 1). 

Modulation of IBD disease activity through manipulation of the microbiome is now 

receiving vast attention, and it is therefore only logical that RE should follow suit. The use 

of probiotics, specific diets and fecal microbial transplants (FMT) have all been advocated 

for IBD treatment, and may also hold promise for management of RE. The intestinal 

bacterial community indeed shows clear signs of disbalance post radiation [3-5], although 

it is not fully understood whether radiation-induced GI symptoms are caused by the 

disruption of the microbiota or vice versa. An altered bacterial profile prior to radiotherapy 

was demonstrated in patients who subsequently developed diarrhea, suggesting that 

pre-existing changes in the gut microbiota exist [4]. Croprococcus was evidently enriched 

before radiation in patients at risk of RE and may serve as a potential biomarker [5]. The 

innovative microbiota and radiotherapy-induced gastrointestinal side effects (MARS) study 

of Ferreira et al. expands on findings by investigating both acute and late effects of RE 

by using fecal samples from these cohorts in addition to mucosal biopsies from patients 

with ≥1 year of follow-up [1]. Importantly, this largest clinical study to date confirmed a 

trend for lower fecal bacterial diversity prior to development of acute RE and found a non-

significant pattern in the late RE group. 
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▲Figure 1 | The pathology of radiation enteropathy (RE) and its potential treatment options. The 
healthy epithelium sustains damage upon irradiation, which causes a decrease in barrier function 
and translocation of luminal bacteria. The composition of the bacterial flora is altered in patients 
with acute RE, which may contribute to an inflammatory response which can resolve the bacterial 
influx, but may also cause collateral damage through the production of reactive oxygen species and 
inflammatory cytokines. Ferreira et al. now show that while microbial balance may still exist in chronic 
RE to some extent, there is also an altered immunological state, as evidenced by altered cytokine 
levels in mucosal biopsies from patients with ≥1 year of follow up after radiotherapy. Treatment of RE 
may in future be aimed at modulating all aspects of RE, including the microbiota, its interaction with 
the immune system, and immune-mediated fibrotic responses.  

Mouse models have allowed mechanistic investigation of the microbiota in radiotherapy- 

induced GI toxicity, and potential treatments thereof. A significant shift in gut microbial 

composition restricted to the damaged mucosa was shown in irradiated mice [6]. 

Interestingly, germ free mice that were inoculated with the microbiota of these irradiated 

mice showed more severe pathological features following irradiation, demonstrating that 

bacterial disbalance may drive radiation-induced toxicity. FMT improved GI functionality 

and intestinal integrity after irradiation in a mouse model, suggesting that resetting the 

microbiota may be beneficial for the treatment of RE [7]. In humans, modulation of the 

microbial community for the treatment of RE symptoms has so far predominantly been 

tested with the use of probiotics, which appears to be effective and safe [8]. Furthermore, 

application of low fermentable oligosaccharides, disaccharides, monosaccharides and 

polyols (FODMAP) diet was shown to improve symptoms in a small pilot study in RE patients 

with symptoms of irritable bowel syndrome, but whether the GI microbial community was 

involved was not investigated [9]. Of note, however, Ferreira et al. did not identify any specific 



Commentary - bugs in radiation enteropathy

6

139   

changes in mucosal microbiota in late RE. Furthermore, when investigating specific fecal 

taxa, a link between short-chain fatty acids producing bacteria (e.g. Roseburia, Clostridium 

IV and Phascolarctobacterium) and disease severity was observed, which is surprising 

given that these bacteria are generally associated with a healthy microbiome. Thus, to 

what extent direct modulation of the microbiota in humans may contribute to prevention 

or treatment of RE remains to be seen.   

It is conceivable that restoring the balance between host immunity and the microbiota is 

equally important for resolution of RE symptoms. Similar to IBD [10], Ferreira et al. showed 

a clear relationship between microbial signatures and cytokine patterns, with a depletion 

of cytokines regulating intestinal homeostasis (IL-7, IL-12/IL-23p40, IL-15, IL-16) and an 

inverse correlation of IL-15 with Roseburia and Propionibacterium. These structural and 

functional changes emphasize the complexity of RE, and demonstrate the existence of an 

immunity-microbiome axis in RE. In mice, IL-1β secretion was found to be a major mediator 

in the sequelae of microbial induced radiation damage, suggesting that treatment with 

IL-1 inhibitors might be considered in clinical practice [6]. Furthermore, the mortality of 

gastrointestinal acute radiation syndrome (GIARS) mice treated with 7-9 GY was shown 

to be associated with bacterial translocation, but could be controlled by modulation of 

macrophage polarization using CCL1 antisense oligodeoxynucleotide (ODN) therapy [11]. 

Hydrogen-water therapy similarly improved GI tract function and epithelial integrity, but 

its mechanism of action was via the reduction of the innate immune cell bacterial sensor 

MyD88 in the small intestines [12]. Altogether, these murine studies show that modulation 

of immunity may resolve microbial disbalance and alleviate RE symptoms. Importantly, 

inhibition of immune reactions has also been shown beneficial for prevention of immune-

mediated fibrosis in IBD patients, and may be speculated to also alleviate fibrosis during 

chronic RE. For patients with IBD, many immune modulators are now used in clinical 

practice. For instance, increased levels of IL12/IL23p40 and TNFα are seen in IBD patients, 

and treatment with anti-p40 and anti-TNFα antibodies is now commonly prescribed. 

However, while a non-significant increase in TNFα levels in RE may indicate that some 

patients might benefit from anti-TNFα treatment, RE patients show reduced rather than 

increased mucosal levels of IL12/IL23p40 [1], making anti-p40 treatment obsolete. Thus, 

treatment strategies for RE based on immune modulation need to be carefully tailored. 

The classic ‘target cell theory’ with the epithelium as the only determinant of early 

pathology has currently been abandoned and replaced by the concept that epithelial 

injury, the microvasculature, the immune system, the enteric nervous system, the 

intestinal microbiota and host factors are involved in pathogenesis of RE [2]. It has also 
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been underscored that acute and chronic RE are distinct features, and that delayed 

radiation induced GI toxicity symptoms are not uncommon and often progressive in 

nature. Although the clinical implementation of bacterial microbes in toxicological effects 

of radiation therapy is in its infancy, the findings thus far have been promising. Future work 

needs to combine clinical and laboratory efforts to establish optimal recognition and 

management strategies for patients with RE. A baseline screening tool to predict patient 

responses to cancer therapy and the risk for treatment related toxicity would be beneficial 

for a more personalized treatment approach.
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Fecal testing in general and fecal immunochemical testing (FIT) for hemoglobin in 

particular have become important screening modalities for the prevention and early 

detection of sporadic colorectal cancer (CRC). Constant improvements in feces-based 

screening methodology have now resulted in satisfactory sensitivity and specificity, even 

in population-wide approaches [1]. However, the use of FIT is less suitable for specific 

patient populations at risk for CRC, especially in patients with inflammatory bowel disease 

(IBD) which often display colonic luminal bleeding due to ulceration. In this case, fecal 

hemoglobin is not a reliable marker for the detection of high-grade dysplasia (HGD) or 

neoplastic growth and alternative strategies are needed. 

The cancer process is characterized by alternative epigenetic modification of DNA and 

testing for alternative methylation in stool DNA has been proposed as a screening strategy 

for CRC development [2]. This has not been translated in specific protocols suitable for 

clinical implementation for the monitoring of potential cancer development in patients with 

IBD. Therefore, we have read with great interest the article “Analysis of DNA Methylation 

at Specific Loci in Stool Samples Detects Colorectal Cancer and High-Grade Dysplasia 

in Patients With Inflammatory Bowel Disease” by Kisiel et al. which has appeared in the 

April 2019 issue of your journal. This study has greatly documented the usefulness of 

determining methylated levels of the BMP3 and VAV3 genes in a multitarget stool DNA test 

[3]. Although this study represents an important breakthrough as it allows for non-invasive 

screening of HGD and CRC in the high-risk group of IBD patients, the manuscript does 

not address the potential mechanistic basis of the observations made and the possible 

relation of this mechanistic basis for the clinical presentation of screening results.

The bone morphogenetic protein (BMP) family represents an important family of tumor 

suppressive morphogens in the colon (e.g. development of juvenile polyposis is associated 

with mutations in the BMP pathway [4] and the association of differential BMP family 

orthologue methylation with the presence of HGD is not surprising. VAV3 is a guanine 

nucleotide exchange factor and involved in GTP loading of p21RAC, an event linked 

with local disease activity in IBD, which can be clinically targeted by thiopurine therapy 

[5]. The study of Kisiel et al. does not provide information on the thiopurine-treatment 

history of the patients involved. In the presence of thiopurine treatment, p21RAC will be 

pharmacologically inactivated and under these conditions there should be no competitive 

advantage for lesions with altered VAV3 methylation. Therefore, we feel that value of VAV3 

methylation for monitoring progression towards HGD and cancer, as identified by Kisiel et 

al., is likely to be restricted to the non-thiopurine-treated fraction of IBD patients.
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Abstract
Background: The simultaneous occurrence of gut and skin diseases has led to the 

postulation of a gut-skin axis in which the gut microbiota are thought to be involved. 

Although dysbiosis of the cutaneous microbiome is observed in the chronic inflammatory 

skin disease hidradenitis suppurativa (HS), it remains unknown whether gastrointestinal 

microbial disturbances are engaged in the complex pathogenesis.

Objectives: This exploratory 16S ribosomal RNA (rRNA) amplicon sequencing study 

investigates fecal microbiome signatures in HS. 

Methods: 17 HS and 20 healthy subjects were recruited to donate feces for bacterial DNA 

isolation and 16S rRNA amplicon sequencing. A subset provided an axillary skin sample 

for concurrent analysis.

Results: The fecal microbiome in HS and healthy subjects did not show differences 

in biodiversity (bacterial richness [P=0.483], Shannon [P=0.821] and inverse Simpson 

[P=0.916] indices), nor in community structure (Bray-Curtis [P=0.106] and Jaccard [P=0.103] 

metrics). Nevertheless, several bacterial taxa were differentially abundant in feces of 

patients and healthy controls, including the enrichment of Robinsoniella and depletion of 

Christensenellaceae in HS. The cutaneous microbiome in HS did not differ from controls. 

Conclusion: Microbial differences in the overall composition of the fecal microbiome were 

not apparent in HS, but individual taxonomic bacterial differences were found. Future 

studies are warranted to elucidate the role of the microbiota as potential part of the gut-

skin axis. 

Keywords: 

Gastrointestinal microbiome; hidradenitis suppurativa; gut; skin; gut-skin axis.
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1 Introduction 
The epithelial barrier of the human body is the first line of defence against microbial 

invasion. Whereas the inner surface is largely lined by epithelium of the gastrointestinal (GI) 

tract, the skin forms the protective outer layer. Both the gut and skin are home to a diverse 

range of bacterial microbes as well as viruses, fungi and yeasts, the dynamics of which 

are normally kept in balance to maintain homeostasis. Phyla Firmicutes and Bacteroidetes 

are the major bacterial representatives of the gut [1], but also constitute a part of the skin 

microbiome, which is predominated by Actinobacteria [1-5]. While the skin microbiome is 

further shaped by physiological microenvironments at sebaceous, moist and dry skin sites 

[1-6], it has become evident that gut and skin bacterial communities constitute distinct 

ecosystems [1]. Nevertheless, the concurrent existence of gut and skin diseases has led 

to the postulation of a gut-skin axis, in which gut microbiota are believed to be important 

contributors to skin pathologies [7-10].

Hidradenitis suppurativa (HS) is a chronic recurrent inflammatory disease of the hair follicle 

which mainly affects the intertriginous skin areas by the formation of nodules, sinus tracts 

and abscesses. The underlying mechanism of this debilitating disease is complex and not 

fully understood, but the inflammatory nature of cutaneous manifestations has led to the 

investigation of microbial factors using culture based approaches [11-14], in addition to high 

throughput sequencing [12-17]. The skin microbiome of healthy and HS subjects differs 

[14-16], but also lesional and non-lesional skin sites in HS appear to cluster separately [13]. 

Large bacterial aggregates have been demonstrated in HS lesions [18], and more in depth 

investigation indicated the predominance of anaerobic bacteria (Porphyromonas spp. and 

Prevotella spp.) in these lesions [13, 16, 17]. While dysbiosis of the cutaneous microbiome is 

apparent in HS, it remains unknown whether the gut microbiota are altered in this chronic 

disease. Metabolic by-products of bacteria might enter the systemic circulation and 

influence skin physiology, but also the immune and neuroendocrine system are thought 

to be part of this complex communication between the gut and skin [7-9].

Considering the potential systemic effects of the gut, perturbation of the microbiota might 

exert negative effects at distant skin sites. A role for the microbes in a gut-skin axis is widely 

postulated and microbial alterations have been demonstrated in the stool of psoriasis 

patients [19-22]. However, the fecal bacteria have not been fully explored in HS. Previously, 

we did not found differences between patients and healthy controls for fecal bacterial 

markers Faecalibacterium prausnitzii and Escherichia coli [23]. Here, we performed a more 

in depth analysis of the fecal microbiome using 16S ribosomal RNA (rRNA) amplicon 

sequencing.
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2 Material and methods 

2.1 Study population 

A total of 17 HS patients and 20 healthy controls were enrolled in this exploratory study 

(Table 1). Patients were recruited after verification of the diagnosis by an experienced 

dermatologist at the department of Dermatology of the Erasmus MC University Medical 

Center Rotterdam, the Netherlands. No oral antibiotics and no topical treatment with 

antibiotics/steroids were allowed in respectively eight weeks and seven days before 

sampling. Other exclusion criteria were inflammatory bowel disease (IBD), active infection, 

malignancy and pregnancy. Clinical data collection included age, gender, ethnicity, body 

mass index (BMI), smoking and disease activity according to the Hurley clinical staging 

system. The control group consisted of healthy subjects without any cutaneous and GI 

manifestations. Informed consent was obtained from all study subjects and the study was 

approved by the medical ethical committee of the Erasmus MC University Medical Center 

Rotterdam (METC number MEC-2014-371). More details of individual study subjects are 

described in Supplementary Table S1. 

2.2 Sample collection 

Fecal samples were collected from all study subjects (n=37) and stored at -80˚C within 48 

hours of collection (Table 1). A subset of healthy controls (n=7) and HS patients (n=6) also 

provided an axillary skin sample, resulting in 7 healthy skin swabs, 6 HS lesional swabs and 

3 paired non-lesional swabs (Supplementary Table S1). Since both armpits were affected 

in 3 out of 6 HS subjects, a non-lesional axillary sample could not be obtained from these 

patients. Sterile cotton swabs were applied for 30 seconds of rubbing of the skin without 

opening/manipulating of HS lesions and directly preserved in a solution containing 

phosphate buffered saline (PBS) and cell lysis buffer (Life Technologies, Carlsbad, CA) at a 

1:1 ratio for storage at -20˚C. 

2.3 Bacterial DNA extraction and 16S rRNA amplicon sequencing  

Bacterial DNA was isolated from fecal specimens (20mg) as previously described [23].  In 

short, 1ml of cell lysis buffer (Life Technologies) was added to the sample, the suspension 

vortexed and incubated for 15 minutes at room temperature. After three times 30 seconds 

of bead-beating, samples were centrifuged, whereupon protein precipitation buffer was 

added at a 3:1 ratio. Following centrifugation, DNA was precipitated from the supernatant 

sing 100% isopropanol at 1:1 ratio, the pellet washed with 100μl 70% ethanol and the DNA 

udissolved in 50μl Tris-EDTA (TE) buffer. All  skin  samples  were  concordantly  processed 
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Table 1 | Baseline characteristics of hidradenitis suppurativa (HS) patients and healthy controls

HS Healthy P-value

General demographics 

Total 17 20 -

Age, median (range), y 47.0 (25-60) 29.5 (22-63) 0.0531

Female, n (%) 11 (64.7) 13 (65.0) 1.0002

Smoking, n (%) 11 (64.7) 1 (5.0) 0.0002

BMI, median (range), y 27.1 (22.7-36.4) 22.9 (20.4-37.2) 0.0111

Caucasian, n (%) 13 (76.5) 15 (75.0) 1.0002

HS characteristics

Age at diagnosis, median (range), y 29 (15-55) - -

Disease duration, mean (SD), y 14.1 (8.9) - -

Therapy

Topical, n (%)a 9 (52.9) - -

Anti-TNFα, n (%) 1 (5.9) - -

HS severity b

Hurley score, n (%) 

I 2 (11.8) - -

II 14 (82.4) - -

III 1 (5.9) - -

Sample collection

Feces, n (%) 17 (100) 20 (100) -

Skin swab, n (%) 

Non-lesion, n (%) 3 (17.6) - -

HS lesion, n (%) 6 (35.3) - -

Healthy skin, n (%) - 7 (35.0) -

a Topical medication was not applied seven days before sample collection 
b Disease severity scores using the Hurley clinical staging system (I, II, III) 
1 Mann-Whitney U test. 
2  Fisher exact test. 

Abbreviations: BMI, body mass; n, number; SD, standard deviation; TNF, tumor necrosis factor; y, years.

and stored at -20˚C until further downstream analysis. 16S rRNA amplicon sequencing was 

performed at the Macrogen Institute in Seoul, Korea. The hyper variable region V3-V4 of 

the 16S rRNA gene was amplified using the Bakt_341 and Bakt_805R primers (forward: 5’- 

CCTACGGGNGGCWGCAG-3’, reverse: 5’- GACTACHVGGGTATCTAATCC-3’) and amplicons 

sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA). 
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2.4 Analysis of clinical data 

Baseline characteristics were reported using frequency (percentage) for categorical 

variables and mean (standard deviation) or median (range) for continuous variables. All 

analyses were performed with SPSS statistics Version 24.0 (IBM, Armonk, NY, USA). Fisher 

exact or Mann-Whitney U tests were applied for the comparison of respectively categorical 

and continuous variables. The threshold of significance was set at a P-value of <0.05. 

2.5 Analysis of 16S rRNA amplicon sequences  

The 16S rRNA amplicon sequences have been deposited in the NCBI SRA database under 

the BioProject ID: PRJNA687260. The raw data was processed to filter out low quality reads, 

to merge read pairs and to remove chimeras. Non-chimeric reads were clustered into 

operational taxonomic units (OTUs) using a 97% similarity cut-off. Taxonomy assignment 

was conducted using the 16S rRNA gene reference of the SILVA database (version 128) 

[24] and RDP classifier (version 2.12) [25]. To control for differences in sequencing depth 

between samples, rarefaction at a depth of 11.500 reads was applied to the dataset. Bar 

plots were used to display the relative abundance of individual samples and sample 

groups at phylum and genus levels. Alpha diversity was assessed by calculation of the 

bacterial richness, Shannon Index and inverse Simpson Index at genus level. Group results 

were visualized in boxplots and statistical differences between groups tested using the 

Wilcoxon test with a P-value of <0.05 as cut-off. Multidimensional scaling (MDS) plots 

were constructed using Bray-Curtis and Jaccard metrics for group comparison based on 

bacterial community composition at genus level. Statistical differences were tested with 

permutational multivariate analysis of variance (PERMANOVA), the ‘adonis’ function of the 

vegan package [26] in R. To compare differential abundance of taxa between groups, linear 

discriminant analysis (LDA) scores were calculated using the linear discriminant analysis 

effect size (LEfSe) tool (with α parameter set to 0.05 and logarithmic LDA score set to 4.0) 

[27]. Considering potential confounding effects of body weight (BMI≤25 versus BMI>25) and 

smoking status (smokers versus non-smokers) on the fecal microbiota, α- and β diversity 

were investigated in a sensitivity analysis for HS subjects. LEfSe analysis permitted the 

comparison of fecal samples of HS and healthy subjects with respect to subclasses BMI 

and smoking status. 

3 Results 

3.1 Patient characteristics

The fecal microbiome was characterized in 17 HS patients and 20 healthy controls, while 
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the cutaneous microbiome was studied in a subset (Supplementary Table S1). Overall, 

HS patients were slightly older (median age 47.0 (range 25–60) vs 29.5 (range 22–63) 

years, P = 0.053), were more frequently smokers (64.7 vs 5.0 %, P = 0.000) and had a higher 

median BMI (27.1 vs 22.9, P = 0.011) in comparison to healthy controls (Table 1).    

3.2 Fecal bacterial taxonomic differences between HS patients 
and controls

Microbial characterization confirmed that the gut and skin are home to distinct bacterial 

communities (Supplementary Figure S1). The fecal microbiome of both HS and controls 

was predominated by Firmicutes (55.3% and 56.0%, respectively) at phylum level, with 

Bacteroides (15.6% and 14.9%) presenting the most abundant genus (Figure 1a). There were 

no differences between HS patients and controls in bacterial richness (P=0.483), Shannon 

(P=0.821) and inverse Simpson (P=0.916) indices (Figure 1b), nor in bacterial community 

structure based on Bray-Curtis (R2=0.042, P=0.106) or Jaccard (R2=0.039, P=0.103) metrics 

(Figure 1c). In addition, subjects when  stratified  by smoking  status  or  BMI (Supplementary 

Figure S2).  

LEfSe analysis indicated considerable taxonomic differences between feces of HS 

patients and healthy controls (Figure 1d). From 17 taxa that were more abundant in HS 

(Supplementary Figure S3), genus Robinsoniella was observed in HS patients (n=10; 59%) 

while it was absent in all healthy controls tested. Remarkably, Robinsoniella was not found 

in the patient with Hurley class III in contrast to Barnesiella which was particularly abundant 

(19.4%) in this individual. While the majority of taxa were present at different abundance in 

both HS and healthy control groups, Sellimonas was more commonly found in patients 

(n=13; 76%) than controls (n=5; 25%). In contrast, a member of the Christensenellaceae 

family was depleted in HS patients in comparison to healthy controls (Supplementary 

Figure S4). Another 8 taxa that were also depleted in HS included several representatives 

of family Lachnospiraceae. Moreover, the majority of differentially abundant bacterial 

taxa were also found when accounted for subclasses smoking status and BMI but not 

Barnesiella (Figure 1d and Supplementary Figure S3-4). 

3.3 Skin microbiome alterations observed in a subset of HS patients

Characterization of the cutaneous microbiome in healthy (n=7) and HS (n=9) skin 

samples showed relative abundance profiles dominated by Firmicutes, Bacteroidetes, 

Proteobacteria and Actinobacteria (Figure 2a). Although inter-individual differences were 

apparent at genus level, the lesional skin samples from two HS patients (subjects 14 and 
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◀Figure 1 | Fecal microbial composition and individual bacterial differences between hidradenitis 
suppurativa (HS) patients and controls. 16S rRNA amplicon sequencing results comparing fecal 
samples from HS patients (n=17) and healthy controls (n=20). (a) Bar plots showing the relative 
abundance of HS and healthy control groups at phylum and genus level. (b) Boxplots showing the 
fecal bacterial biodiversity measured by richness, Shannon index and the inverse Simpson index at 
genus level. Each plot represents the 25-75% interquartile range and the median. (c) Multidimensional 
scaling (MDS) plots illustrate the fecal bacterial composition of HS patients and healthy controls using 
Bray-Curtis and Jaccard metrics at genus level. (d) Results of linear discriminant analysis (LDA) effect 
size (LEfSe) analysis for fecal samples. The histogram plot shows the differentially abundant taxa in 
fecal samples of HS patients and healthy controls. The asterisks (*) mark the taxa that are differently 
abundant among the two groups irrespective of smoking habits and body mass index (BMI).

15) exhibited a clearly different bacterial profile (Supplementary Figure S5). No differences 

in bacterial richness (P=0.791), Shannon (P=0.758) and inverse Simpson (P=0.536) indices 

were observed between healthy controls and HS patients (Figure 2b). While the two HS-

lesional samples mentioned above separated from other samples, overall community 

composition did not differ between two groups based on Bray-Curtis (R2=0.055, P=0.507) 

and Jaccard (R2=0.047, P=0.680)  metrics  (Figure 2c). Further stratification  into  healthy 

skin, HS lesion and HS non-lesion groups did not show additional differences in α-diversity 

or β-diversity (not shown). Due to the small sample size, both lesion and non-lesion of the 

HS group combined were contrasted against the healthy skin group by LEfSe analysis 

(Figure 2d). Several features were found to be differentially abundant between these two 

groups. Mesorhizobium presented in all HS skin samples and in particular the lesional 

(8.4%) compared to the non-lesional (0.3%) skin site of subject 14, but the relevance and 

robustness of this genus remains uncertain. 

4 Discussion 

This exploratory 16S rRNA amplicon sequencing study investigated microbial signatures 

in the chronic inflammatory skin disease HS by characterization of the fecal microbiome, 

in addition to the cutaneous microbiome within a smaller subset. Previous findings of a 

distinct microbiome at the gut and the skin were confirmed [1], and in depth investigation 

of the fecal and cutaneous microbiome did not show overall differences in bacterial 

biodiversity or community composition between patients and healthy controls. However, 

we have found interesting alterations in the relative abundance of several individual 

bacterial taxa in HS. Although previous studies reported on the bacterial taxa changes of 

the skin in HS [13, 15], we are among the first that report various feature differences in fecal 

samples of HS patients. 

While in health, the gut microbial community is in homeostasis with the host, bacterial 

perturbations have been associated with many diseases. The most striking finding  in  our 
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▲Figure 2 | Comparison of microbial composition of skin samples from hidradenitis suppurativa 
(HS) patients and controls. 16S rRNA amplicon sequencing results of skin samples from HS patients 
(n=6) and healthy controls (n=7). Samples are divided in two groups: healthy skin (n=7) and HS skin 
(n=9), the latter consisting of lesions (n=6) and non-lesions (n=3). (a) Bar plots showing the relative 
abundance of skin samples at phylum and genus level. (b) Boxplots showing the cutaneous bacterial 
biodiversity measured by richness, Shannon index and the inverse Simpson index at genus level. 
Each plot represents the 25-75% interquartile range and the median. (c) Multidimensional scaling 
(MDS) plots illustrate the bacterial composition of healthy and HS skin groups using Bray-Curtis and 
Jaccard metrics at genus level. (d) Results of linear discriminant analysis (LDA) effect size (LEfSe) 
analysis. The histogram plot shows the differentially abundant bacterial taxa in healthy and HS skin 
groups. 
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study was the overrepresentation of genus Robinsoniella in feces of HS patients. 

Robinsoniella peoriensis is the only species in this genus and has been detected in many 

different biological samples, including blood [28, 29], abdominal fluid aspirate [29] and 

(surgical) wounds [29, 30]. With the report that this anaerobic bacterium was found in 

the fecal content of premature neonates [31], a role of as a potential invader of the gut 

and pathogen in HS might be speculated. Another feature over-represented in HS was 

Sellimonas. The overabundance was demonstrated in fecal samples from patients with 

rheumatoid arthritis (RA) [32] and ankylosing spondylitis (AS) [33], suggesting a role of 

intestinal microbiota beyond the gut. The co-existence of RA, AS, psoriasis and IBD has 

been reported [34-38], indicating a common etiological overlap between such chronic 

inflammatory conditions. Indeed, alterations in intestinal bacterial features are commonly 

shared among patients with IBD, RA and spondyloarthritis, and include a decrease of 

Faecalibacterium [39]. Despite the fact that HS has also been reported to co-occur with IBD 

[40-46], an IBD-like microbial signature with a decrease of Faecalibacterium prausnitzii was 

not found in our previous study using quantitative polymerase chain reaction [23], and also 

not here. Since not all HS patients suffer from IBD (and indeed none of the patients in our 

cohort did), other specific bacterial taxa might be relevant in the complex pathogenesis 

of HS. 

The most abundant taxon associated with HS was Barnesiella, but not when stratified for 

subclasses smoking or BMI status. This genus was previously reported to be protective 

against vancomycin-resistant Enterococcus (VRE) colonisation [47], and correlated to the 

healthy individuals in meta-analysis of 1252 controls and 1796 patients with intestinal 

disease (IBD, colorectal cancer and Clostridium difficile infection) [48]. Therefore, the 

association of Barnesiella with HS seems counterintuitive, but might be explained by the 

overrepresentation of this genus (19.4%) in the stool of the Hurley class III patient. One 

potentially beneficial feature that was underrepresented in HS is the Christensenellaceae 

R-7 group. Christensenellaceae is reported to be more abundant in healthy controls without 

gut diseases [48], and linked to human health in general [49]. While an association with 

lower BMI has been suggested [49, 50], this taxon was depleted in feces of HS patients 

compared to healthy controls irrespective of BMI in the current study. 

This study has several limitations that need to be addressed. First, the collection of fecal 

samples as a proxy for the gut microbiota may have underrepresented the microbial 

communities at the epithelial barrier. Nevertheless, the fecal content still represents the 

luminal bacteria within the gut and is less invasive to collect. The same holds true for 

collection of skin swabs compared to biopsies, as the latter might provide more insight 
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into the bacteria of deeper cutaneous layers. Secondly, the low number of skin samples 

did not allow replication of previous findings of a distinct cutaneous microbiome in HS [13, 

15] and precluded an investigation of the full spectrum of clinical HS patients. The inclusion 

of other predilection sites would have been informative, but was beyond the scope of 

this study. Third, 16S rRNA amplicon sequencing did not allow taxonomic classification to 

species level, but that was accepted in this exploratory study which allowed more insight 

into the fecal bacteria in HS. To date, only one small study reported on the fecal microbiome 

[51]. No differences in community structure were found between HS patients (n=3) and 

controls (n=3), but four genera (Bilophila, Holdemania, Lachnobacterium, Veillonella) were 

differently abundant. To confirm their and our findings, future studies are necessary. 

In conclusion, individual bacterial taxa in fecal samples from HS patients support the 

possibility of a role for intestinal microbial alterations in this chronic inflammatory skin 

disease. Future studies are necessary to further investigate the gut microbiota as potential 

part of the gut-skin axis in HS. The inclusion of patients with different disease severity 

and the exploration of diet and lifestyle effects on the microbiota is warranted to better 

understand the aetiology of HS. 
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Supplementary information 

Supplementary Table S1 | Characteristics of hidradenitis suppurativa (HS) patients and healthy 
controls  

na Gender Age (y) Ethnicity Smoker BMI HS disease (y)b Skin swabc

Age Duration Hurley
1 Female 25 Caucasian Yes 36.4 16 9 I Yes; lesion
2 Female 41 Caucasian Yes 25.9 19 22 II Yes; lesion
3 Female 55 Caucasian Yes 31.1 29 26 II No
4 Male 45 Arab-Berber No 27.4 17 28 II No
5 Female 51 Caucasian Yes 26.0 38 13 I No
6 Male 59 Caucasian Yes 36.0 48 11 II No

7 Male 45 Indian descent No 25.8 23 22 II No
8 Female 56 Caucasian No 35.3 53 3 II No

9 Female 44 Indian descent No 22.9 39 5 II No
10 Female 30 Caucasian Yes 32.0 20 10 II No
11 Female 47 Caucasian Yes 23.2 15 32 II No
12 Female 58 Caucasian Yes 27.1 48 10 II No
13 Male 60 Caucasian Yes 31.7 55 5 II Yes; lesion
14 Female 53 Afro-Caribbean No 26.0 38 15 II Yes; both
15 Male 32 Caucasian Yes 22.7 18 14 III Yes; both
16 Male 55 Caucasian Yes 23.9 45 10 II Yes; both
17 Female 25 Caucasian No 28.0 21 4 II No
H1 Female 25 Caucasian No 22.6 - - - No
H2 Female 29 Caucasian No 22.4 - - - Yes
H3 Female 29 Asian No 22.4 - - - Yes
H4 Male 24 Asian No 30.1 - - - Yes
H5 Female 29 Caucasian No 20.4 - - - No
H6 Male 30 Mixed No 23.1 - - - Yes
H7 Female 22 Asian No 22.3 - - - No
H8 Male 23 Caucasian No 20.5 - - - Yes
H9 Female 27 Mixed No 37.2 - - - Yes
H10 Female 27 Caucasian No 22.8 - - - Yes
H11 Female 26 Caucasian No 21.5 - - - No
H12 Female 53 Caucasian No 25.8 - - - No
H13 Female 52 Caucasian No 22.4 - - - No
H14 Male 52 Caucasian No 28.1 - - - No
H15 Male 54 Caucasian Yes 28.4 - - - No
H16 Female 53 Caucasian No 29.1 - - - No
H17 Male 63 Caucasian No 25.1 - - - No
H18 Female 51 Caucasian No 23.6 - - - No
H19 Female 45 Caucasian No 28.7 - - - No
H20 Male 44 Caucasian No 20.8 - - - No

a HS subjects are annotated as 1-17 and healthy subjects as H1-20.
b Age at diagnosis HS, disease duration and disease severity scores based on Hurley clinical staging 
system (I, II, III) 
c Axillary skin swab collection: no or yes (HS lesion only or both HS lesion and HS non-lesion).
Abbreviations: BMI, body mass index; n, number; y, years.
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▲Supplementary Figure S1 | Characterization of the skin and fecal microbiome from hidradenitis 
suppurativa (HS) patients and healthy controls. 16S rRNA amplicon sequencing results comparing 
fecal (n=37) and skin (n=16) samples that were collected from HS patients and healthy controls. (a) 
Bar plots showing the relative abundance of individual fecal and skin samples at phylum and genus 
level. Healthy subjects are annotated as H1-20 and HS subjects as 1-17. The asterisks (*) mark the 
non-lesional samples of HS patients. (b) Boxplots showing the bacterial biodiversity of fecal and skin 
samples measured by richness, Shannon index and the inverse Simpson index at genus level. Each 
plot represents the 25-75% interquartile range and the median. (c) Multidimensional scaling (MDS) 
plots illustrate the bacterial composition of fecal and skin samples using Bray-Curtis and Jaccard 
metrics at genus level. 
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▲Supplementary Figure S2 | Comparison of microbial composition of fecal samples from 
hidradenitis suppurativa (HS) patients stratified for smoking status and body mass index (BMI). 
16S rRNA amplicon sequencing results comparing fecal samples from HS patients (n=17) based on 
smoking status (smoking [n=11] versus non-smoking [n=6]) and BMI (≤25 [n=4] versus >25 [n=13]). (a) 
Boxplots showing the fecal bacterial biodiversity measured by richness, Shannon index and the 
inverse Simpson index at genus level. Each plot represents the 25-75% interquartile range and the 
median. (b) Multidimensional scaling (MDS) plots illustrate the fecal bacterial composition of smokers 
versus non-smokers (upper panels) and BMI≤25 versus BMI>25 (lower panels) using Bray-Curtis and 
Jaccard metrics at genus level. 
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▲Supplementary Figure S3 | Linear discriminant analysis (LDA) effect size (LEfSe) analysis results 
of taxa enriched in feces of hidradenitis suppurativa (HS) patients. The histogram depicts the 
relative abundance of 17 taxa that were differentially more abundant in fecal samples of HS patients 
(n=17) in comparison to healthy controls (n=20) at genus level. The horizontal solid line represents the 
group mean and the dashed line the group median. The asterisks (*) mark the taxa that are differently 
abundant among the two groups irrespective of smoking habits and body mass index (BMI). 
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▲Supplementary Figure S4 | Linear discriminant analysis (LDA) effect size (LEfSe) analysis results 
of taxa depleted in feces of hidradenitis suppurativa (HS) patients. The histogram depicts the 
relative abundance of 9 taxa that were depleted in fecal samples of HS patients (n=17) in comparison 
to healthy controls (n=20) at genus level. The horizontal solid line represents the group mean and the 
dashed line the group median. The asterisks (*) mark the taxa that are differently abundant among the 
two groups irrespective of smoking habits and body mass index (BMI).
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▲Supplementary Figure S5 | The 16S rRNA amplicon sequencing results of skin samples from 
hidradenitis suppurativa (HS) patients (n=6) and healthy controls (n=7). Bar plots showing the 
relative abundance of individual skin samples at genus level. Healthy subjects are annotated as H2, 3, 
4, 6, 8, 9 or 10, and HS subjects as 1, 2, 13, 14, 15 or 16. The asterisks (*) mark the non-lesional samples 
of HS patients. 
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Abstract
Background: Paneth cells are essential for gut homeostasis and involved in Crohn’s 

disease (CD) pathology. Markers of Paneth cell dysfunction may predict an unfavourable 

postoperative CD course. This study aims to explore the predictive value of markers of 

Paneth cell dysfunction for the risk of re-resection in CD patients. 

Methods: In this single center case-control study, adult CD patients with intestinal re-

resection (n=25) and without re-resection (n=25) during at least 10 years of follow-up 

were included. The proximal resection margin was processed for genotyping of Paneth 

cell-associated IBD risk loci, assessment of ER stress, quantification of Paneth cell-

specific lysozyme, the total bacterial load and presence of Faecalibacterium prausnitzii (F. 

prausnitzii) and adherent-invasive Escherichia coli (AIEC). 

Results: The majority (n=39) of patients carried either one or two ATG16L1 risk alleles. The 

median number of GRP78 positive crypts was 8 (24%) in patients with re-resection and 14 

(20%) in patients without re-resection (P=0.799). No difference was found in mean intensity, 

distribution or quantity of lysozyme staining. Total bacterial load and levels of AIEC were 

similar in both groups. Levels of F. prausnitzii appeared to be lower in patients with re-

resection during follow-up, although not statistically significant. 

Conclusion: In this explorative study, ER stress levels, lysozyme expression and genetic 

polymorphisms affecting Paneth cell function as well as bacterial markers AIEC or F. 

prausnitzii in resection specimens were not associated with re-resection. Thus, this study 

was unable to identify markers of Paneth cell function in resection specimens as predictors 

for postoperative surgical recurrence. 
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1 Introduction
Crohn’s disease (CD) is a multifactorial disease in which genetic susceptibility contributes 

to altered immunological responses associated with a dysbiotic intestinal microbiome, 

resulting in chronic intestinal inflammation. Despite considerable advances in inflammatory 

bowel disease (IBD) management, with new diagnostic, treatment and monitoring 

strategies, up to 50% of patients will require intestinal resection during the disease course 

[1,2]. The prediction of the postoperative disease course in CD patients is challenging. A 

wide range of clinical and surgical predictors have been studied, often with contradicting 

results. Smoking, penetrating disease behaviour and a history of prior intestinal resection 

have been previously identified as individual predictors of postoperative recurrence [3]. 

However, even in the absence of such clinical risk factors, postoperative endoscopic 

recurrence rates are estimated to be as high as 50% within 18 months [4, 5]. Overall, 

approximately 30% of patients will require a re-resection of affected regions [6].

As prediction of the postoperative CD course with clinical markers thus far appears to be 

unsatisfactory, recent studies have also focused on histologic features in the ileocolonic 

resection specimen for the prediction of disease recurrence [7]. Clonal T cell expansions in 

the ileal mucosa are suggested to be associated with smoking and disease recurrence [8]. 

Furthermore, the presence of granulomas, (sub)mucosal lymphatic vessel density and plexitis 

have previously been associated with recurrence or reoperation. While in particular myenteric 

plexitis shows promise for the prediction of postoperative disease course [9,10], other studies 

were unable to validate these results and additional markers are still needed [11,12]. 

One such histologic element with potentially predictive potential is the Paneth cell, a 

specialized secretory cell in the small bowel, at the bases of the crypts of Lieberkühn. 

Paneth cells control microbial invasion in the intestine and help to protect the barrier 

function by secreting antimicrobial proteins, including α-defensins and lysozyme. Several 

lines of evidence have suggested a role for these cells in CD pathology. Mouse models have 

demonstrated that loss of Paneth cell function is associated with microbiome-dependent 

susceptibility to intestinal inflammation [13,14]. In human CD patients, reduced levels of 

α-defensins and morphological Paneth cell defects are seen, which are associated with 

microbial dysbiosis [15,16]. Genetic susceptibility appears to play a role in the contribution 

of Paneth cells to disease pathology as morphological Paneth cell aberrations were found 

to be more pronounced in patients carrying a single nucleotide polymorphism (SNP) in the 

autophagy gene ATG16L1 [17]. ATG16L1 plays a physiological role in protein turnover, and 

loss of this gene in mice results in the accumulation of endoplasmic reticulum (ER) stress 
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sensors [18]. Consistently, sustained ER stress levels as well as mucosal bacterial changes 

are observed in Paneth cells from patients carrying the ATG16L1 risk allele [19].

Considering their role in gut homeostasis and CD pathology, markers of Paneth cell 

dysfunction might be considered as predictors for an unfavourable postoperative CD 

disease course. Indeed, a retrospective analysis of 102 ileocolonic CD resection specimens 

indicated a shorter time to postoperative disease recurrence in patients with abnormal 

Paneth cell granule morphology [20]. However, confirmation of these data is lacking. This 

study aims to explore the predictive value of markers of Paneth cell dysfunction for the risk 

of re-resection in CD patients, as a robust marker of CD prognosis. 

2 Methods

2.1 Study design 

In this explorative single center study, patients who underwent ileocecal resection for the 

indication of CD were identified from the hospital endoscopy registry system, Endobase 

(Olympus Medical Systems Europe, Hamburg, Germany). Patients ≥16 years old who 

were in surgical remission after ileocecal resection, and had at least 10 years of follow-

up after resection were included. Demographics, disease characteristics and surgical 

characteristics were extracted from electronic patient files. The study population was 

divided into 2 groups, consisting of patients with and without re-resection during follow-

up, indicating an unfavourable and favourable postoperative disease course, respectively.

For this study, formalin fixed paraffin embedded (FFPE) tissue resection specimens 

were obtained from the department of Pathology at the Erasmus MC University Medical 

Center Rotterdam. A total of 50 FFPE samples were available from CD patients (25 with 

re-resection and 25 without re-resection during the follow up). Serial 5μm and 10μm FFPE 

sections from the non-inflamed proximal resection margin of the ileocolonic resection 

specimen were prepared using a microtome. 

This study was conducted in accordance with the protocol and the principles of the 

Declaration of Helsinki. Informed consent was not obtained considering the retrospective 

and anonymised character of the dataset. The protocol was approved by the Medical 

Ethical Review Committee of the Erasmus MC University Medical Center on the 29th of 

March 2017. 
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2.2 DNA isolation 

DNA was isolated from five 10μm FFPE tissue sections using the QIAamp DNA FFPE Tissue 

Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. DNA concentration 

was measured using Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA). All samples were stored at -20˚C until further downstream analyses. 

2.3 ER-stress and lysozyme quantification

FFPE tissue sections (5μm) were stained with antibodies against GRP78, a marker of ER 

stress [18]. In short, slides were deparaffinised, endogenous peroxidases were blocked 

with 3% H2O2, and blocked with normal goat serum. Staining was performed with anti-

BiP antibody (GRP78 1:400, Cell Signaling Technology, Leiden, the Netherlands) or anti-

lysozyme (1:800 DAKO, Glostrup, Denmark) overnight at 4°C followed by DAKO Envision + 

system-HRP (DAKO, Glostrup, Denmark) at room temperature for 1h, after which antibody 

binding was detected by 3-amino-9-ethylcarbazol (DAB, Sigma-Aldrich, St Louis, MO). 

Staining intensity was scored, blinded, using images obtained by 40x light microscopy 

(Zeiss, Axioskop, Oberkochen, Germany). GRP78 staining was scored based on the numbers 

of GRP78-positive Paneth cells in the crypts. Furthermore, intensity of GRP78 staining was 

scored on a scale from 0-2, 2 being the highest intensity. Representative examples of ER-

stress positive and negative samples are provided in Supplementary Figure S1. 

Previously, Paneth cell morphology as assessed by lysozyme staining of sections has 

been associated with Paneth cell defects and IBD [20]. Therefore, we chose to determine 

the immune reactivity intensity of lysozyme as a specific marker for Paneth cells. At 

least 100 well defined crypts per slide were assessed. A minimum of 100 Paneth cells 

per section were scored to quantify the overall intensity for lysozyme staining using the 

ImageJ software with the immunohistochemistry toolbox plugin [21]. Intensity of the 

staining is described as a number from 0-255 where 255 represents the lowest intensity 

(Supplementary Figure S2).

2.4 Genotyping of single nucleotide polymorphisms (SNPs)

Polymerase chain reaction-restriction fragment length polymorphism (PCR-

RFLP) analysis was conducted for SNP ATG16L1 (rs2241880) using forward primer 

5’-GCTCTGTCACCATATCAAGCG-3’ and reverse primer: 5’-AGGAGACGCTCTGCT CTTC-

3’ [19]. The reaction mixture contained colorless GoTaq® buffer (Promega, Maddison, 

WI), 1.25mM MgCl2 (Promega), 0.167mM (each) deoxynucleotides (Roche Diagnostics, 
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Mannheim, Germany), 2.5U GoTaq®polymerase (Promega),  333nM of each primer (Sigma-

Aldrich, St Louis, MO), 4µl DNA and water for a final volume of 30µl. Amplification was 

performed using the Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, 

Waltham, MA) under the following conditions: initial denaturation of 7 minutes at 95˚C, 40 

cycles consisting of 30 seconds denaturation at 95˚C, 30 seconds of annealing at 55˚C and 

1 min of elongation at 72˚C, and final extension for 10 minutes at 72˚C. The amplification 

products were subjected to gel electrophoresis using 2% agarose gel in 1x TBE buffer 

containing Serva DNA stain G (Promega), and after confirmation used in a second reaction 

mixture together with 2μl 10x Buffer Bful (Thermofisher), 1μl restriction endonuclease Bful 

(Thermofisher) and 18μl water for a total volume of 31μl. Following overnight incubation 

of 10 hours at 37˚C, the enzyme was inactivated after 20 minutes at 80˚C. The digestion 

profiles were then viewed on gel to determine ATG16L1 genotype status (GG, GA or AA) 

(Supplementary Figure S3).

In a subset of patients, additional genotyping was performed at KBioscience Ltd 

(Hertfordshire, UK) for CD-associated SNPs in XBP1 (rs35873774), NOD2 (rs2066844, 

rs2066845, rs2066847), IRGM (rs13361189), STAT3 (rs744166), NCF4 (rs4821544), CCR6 

(rs2301436) and IL23 (rs11465804) [22,23].  

2.5 Quantitative polymerase chain reaction (qPCR) for microbial 
analysis

To investigate the role of bacterial microbes in the disease course after ileocecal resection, 

the commensal Faecalibacterium prausnitzii (F. prausnitzii) and pathogenic adherent-invasive 

Escherichia coli (AIEC) were selected for qPCR analyses using the StepOnePlus Real-Time 

PCR system (Applied Biosystems). To control for the size of the resection specimen from 

which DNA was isolated, human genomic DNA present was quantified by measuring ACTB 

gene levels. Each qPCR reaction contained 10μl of SYBR® Select Master Mix (Applied 

Biosystems), 1μl of each forward and reverse primer (end concentration 0.5μM), 6μl of water 

and 2μl of non-normalized template for a total volume of 20μl. Each reaction mixture was 

subsequently subjected to the following PCR conditions: 4 minutes at 95˚C and 40 cycles of 

15 seconds denaturation at 95˚C, 30 seconds annealing and 30 seconds elongation at 72˚C. 

The annealing temperatures for F. prausnitzii (forward: 5’- GATGGCCTCGCGTCCGATTAG-3’, 

reverse: 5’-CCGAAGACCTTCTTCCTCC-3) [24-27], AIEC (forward: 5’-CCATTCATG 

CAGCAGCTCTTT-3’, reverse: 5’- ATCGGACAACATTAGCGGTGT-3’) [28,29] and ACTB gene 

(forward 5’-CTGGAACGGTGAAGGTGACA-3’, reverse: 5’-AAGGGACTTCCTGTAACAATGCA-3’) 

[30] primer sets (Sigma-Aldrich, St Louis, MO) were 58˚C, 60˚C and 60.5˚C respectively.     
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2.6 Data analysis

Statistical analysis of clinical data was performed using IBM SPSS for windows, version 24.0 

(IBM Corp., Armonk, NY). Non-normally distributed variables are displayed as medians with 

range or interquartile range (IQR). Outcome data were compared between patient groups with 

and without re-resection using Mann-Whitney U test, Chi-square test or Fisher’s exact test. 

For the qPCR data analysis of bacterial markers, the 2-ΔΔCT method was used for calculation 

of the fold change. First, ΔCTsample (= CTbacterial target – CTACTB target) was obtained for each 

sample by normalization to the amount of total human DNA. The average CTsample of the 

group without re-resection (control group) was then used to calculate ΔΔCT (= ΔCTsample 

– average ΔCTcontrol group), after which the fold change derived from 2-ΔΔCT.  Differences  

between  groups  were  measured  using  the  Mann-Whitney U test. A p-value <0.05 was 

considered statistically significant.

3 Results

3.1 Study population

The study population comprised 50 patients (male/female 19/31; median age 26.6 years 

[IQR 21.1 – 35.8]), who underwent ileocecal resection between 1987 and 2007. Median 

follow-up time after resection was 17.7 years (IQR 14.4 – 21.41). During follow-up, 25 patients 

underwent a re-resection after a median of 8.0 years (IQR 3.8 – 14.6). 

Ileocecal resection was performed for the indication of isolated ileal disease in 32 (64%) 

patients, whereas 18 (36%) patients also had colonic (limited to cecum or ascending 

colon) involvement. Half of patients (n=25) had stricturing disease, and 15 (30%) patients 

had penetrating disease. Twelve patients (24%) were active smokers at baseline. Ileocecal 

resection was performed early after CD diagnosis in a majority of patients, median disease 

duration was 1.9 years (IQR 0.4 – 5.7) and previous thiopurine and anti-TNFα use were 7 

(14%) and 5 (10%), respectively. Patients in the group without re-resection during follow-up 

were significantly younger at the time of ileocecal resection (22.2 years [IQR 19.0 – 35.7]) as 

compared to patients with re-resection (29.0 years [IQR 24.5 – 37.0]), P=0.03. No differences 

in disease behaviour, disease localisation or smoking status were observed between the 

re-resection and no re-resection group (Table 1).  

3.2 Lysozyme quantification

Staining for lysozyme was performed in 31 sections, of which 9 sections did not stain 

sufficiently. Therefore, 22 sections were included in the analysis, of which 10 (46%) with 
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Table 1 | Baseline clinical characteristics of study subjects

No re-resection  (n=25) Re-resection (n=25) P-value

Male gender, n (%) 11 (44) 8 (32) 0.38

Age (y), median (IQR) 22.2 (19.0 – 35.7) 29.0 (24.5 – 37.0) 0.03

Disease duration (y), median (IQR) 1.1 (0.1 – 6.6) 2.2 (0.9 – 5.8) 0.35

Montreal A, n (%)
A1 < 17 y
A2 17-40 y
A3 > 40 y

6 (24)
11 (44)
4 (16)

2 (8)
20 (80)

2 (8)

0.08

Missing 4 (16) 1 (4)

Montreal L, n (%)
L1 Ileal
L3 Ileocolonic

17 (68)
8 (32)

15 (60)
10 (40)

0.56

Montreal B, n (%)
B1 Luminal
B2 Stricturing
B3 Penetrating

4 (16)
12 (48)
9 (36)

6 (24)
13 (52)
6 (24)

0.60

Perianal disease, n (%) 4 (16) 5 (20) 1.00

Active smoker, n (%) 5 (20) 7 (28) 0.16

Missing 6 (24) 11 (44)

Medication prior to resection
Thiopurine, n (%) 5 (20) 2 (8) 0.42

Anti-TNFα, n (%) 5 (20) 0 (0) 0.05

Abbreviations: anti-TNF, anti tumor necrosis factor; IQR, interquartile range; n, number; y, years.

and 12 (54%) without re-resection during follow-up. Per section, a median of 174.5 Paneth 

cells (IQR 157.8 – 202.0) were scored. A median of 7.8 (IQR 4.5 – 11.5) lysozyme positive 

Paneth cells per crypt were detected, 7.0 (IQR 6.1 – 8.5) in patients without re-resection, 

9.5 (IQR 7.2 – 10.2) in patients with re-resection, P=0.08. Median of the measured lysozyme 

staining intensity was 85.7 (IQR 79.4 – 93.0) for the no re-resection group as compared to 

95.0 (IQR 83.8 – 107.3) for the re-resection group, P=0.254 (Figure 1). No differences in the 

number or distribution of lysozyme positive granules in the Paneth cells was noted. Thus, 

these results indicate that based on lysozyme staining no numerical or morphological 

aberrations are present in patients requiring a re-resection.   

3.3 Genotyping of risk genes in Crohn’s disease (CD) 

Multiple risk alleles have been identified for CD, some of which may also affect postoperative 

complications [31, 32]. In light of its importance for Paneth cell function, we determined the



Biomarkers as predictors for re-resection in CD

9

177   

▲Figure 1 | Median and range of lysozyme staining intensity in patients with and without re-resection 
during follow-up

ATG16L1 rs2241880 SNP status in a total of 44 CD patients. The majority (n=39) of patients 

carried either one or two ATG16L1 risk alleles (GA or GG), but no differences were found 

between the patient groups with and without re-resection (Figure 2A). For a total of 26 

patients, the SNP status was also performed for other CD risk genes associated with 

innate immune function [22]. Interestingly, more patients in the re-resection group (n=5; 

19%) carried the protective C allele of XBP1, an ER stress regulator known to affect Paneth 

cell function [13], compared to patients without re-resection (n=1; 4%), but this did not reach 

statistical significance (P=0.09) (Figure 2B). No differences were found between the re-

resection and no re-resection group for NOD2, STAT3, NCF4, CCR5 and IL23 risk alleles. 

3.4 Paneth cell ER-stress

As ER stress appears to be intrinsically linked to Paneth cell function in CD patients, we 

next investigated the levels of GRP78, a hallmark of ER stress, in resection specimens. 

FFPE sections of 37 patients, 18 with re-resection during follow-up and 19 without, were 

successfully analyzed for ER stress by GRP78 staining. A median of 66.0 (range 5 - 245) 

crypts were scored per section, and GRP78 staining intensity was scored. Overall, the 

median percentage of GRP78 positive crypts per section was 20.0 (IQR 3.6 – 41.0). The 

median number of GRP78 positive crypts did not differ between the re-resection (8 [IQR 

4-31], median 24% of crypts per patient) and no  re-resection  group  (14 [IQR 0-30],  median 

20% of crypts per patient), P=0.799 (Figure 3A). In addition, the intensity of the GRP78 

staining did not differ between both groups. Median intensity was 0.5 (IQR 0.25 – 0.75) 

in the re-resection group versus 0.4 (IQR 0.00 – 0.81) in the group without re-resection, 

P=0.904 (Figure 3B). 
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▲Figure 2 | Number of patients carrying one or two (GA or GG) of the risk alleles for ATG16L1 (A) and 
the number of patients carrying the protective C allele for XBP1 (B) are presented for the groups with 
and without re-resection during follow-up. 

▲Figure 3 | The number of GRP78 positive crypts (A) and the GRP78 intensity from 0-2 (B) in patients 
with and without re-resection. 

3.5 Microbial analysis

The fold change levels of F. prausnitzii appeared to be lower in patients with re-resection 

in comparison to those without surgery during follow-up, although not statistically 

significant (P=0.72) (Figure 4A). In addition, no differences were detected between  the  

groups for AIEC (P=0.77) or total bacterial load as determined by 16S (Figure 4B). Although 

only minor bacterial changes were found here, these findings might be a part of larger 

shifts at community level which warrants further exploration.
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▲Figure 4 | Quantitative analysis of bacterial markers in Crohn’s disease patients with and 
without re-resection during follow-up. The relative amount of each sample is normalized to human 
genomic DNA and is expressed in terms of fold change (2^-ΔΔCT) for bacterial markers Faecalibacterium 
prausnitzii and the adherence-invasive Escherichia coli (AIEC) (A), in addition to the total bacterial load 
which is expressed by 16S (B).

4 Discussion
In this study, we investigated the potential of Paneth cell defects to act as a marker of 

surgical recurrence after intestinal resection for CD. We found that neither Paneth cell 

numbers, lysozyme expression levels nor distribution were associated with requirement of 

re-resection for CD. Genetic polymorphisms affecting Paneth cell function, ER stress levels 

and levels of F. prausnitzii or AIEC were also not predictive of re-resection. Thus, this study 

was unable to identify Paneth cell aberrations as either cause or marker for recurrent surgery. 

ER-stress-induced Paneth cell dysfunction exacerbates disease in mice [14], potentially via 

modulation of the intestinal microbiota. Upon stimulation with Interferon gamma, Paneth 

cells release various anti-microbial compounds [33], which alter the intestinal microbial 



Chapter 9

180

composition. Microbial dysbalance is commonly observed in IBD patients, and in CD 

patients previous research showed an association with Paneth cell defects [16]. Here, we 

selected two bacterial features previously associated with Paneth cell alterations [16, 19, 

34]. F. prausnitzii is a commensal butyrate producing, anti-inflammatory bacterium, which 

is reported to be decreased in CD patients. Interestingly, a higher risk of postoperative 

recurrence was observed in CD patients with low mucosal F. prausnitzii levels [35]. In our 

cohort, a reduced presence of this bacterium was also seen, although this did not reach 

statistical significance. Secondly, we investigated AIEC, a mucosal pathogen with an 

increased prevalence in ileal mucosa in CD patients [36]. The presence of this bacterium 

has previously been shown to be associated with postoperative endoscopic recurrence 

of disease [37, 38].  However, we were unable to replicate these findings. This may be due 

to the lower numbers in our study, or because our study used re-resection rather than 

endoscopic lesions as measure for recurrence.   

In contrast to previous data, in this study genetic polymorphisms affecting Paneth cell 

function were not associated with re-resection.  Previous data have suggested that IBD 

genetic risk factors are associated with altered Paneth cell function as well as microbial 

composition. In particular SNPs in the bacterial sensor NOD2, the ER stress regulator XBP1, 

and the autophagy genes IRGM and ATG16L1, are associated with microbial composition 

in ileal CD patients [39-41]. Genetic contribution to recurrence of disease after IBD surgery 

has also been investigated. Recently, a SNP in NOD2 was linked to a shorter time to 

recurrent ileocolectomy in CD [42]. However, another recent study showed that SNPs in 

SMAD3 but not NOD2, IRGM or ATG16L1 were associated with surgical recurrence. A larger 

study investigating 200 genetic IBD risk variants only found CARD8 variants to be a risk 

factor for recurrent surgery [44]. It is conceivable that genetic risk factors should not be 

investigated individually, but as a whole, as the number of risk alleles is associated with 

both increased microbial alterations and odds ratios for individual risk alleles is low [45, 

46]. Interestingly, Gathungu et al. showed GM-CSF cytokine and antibody levels at time of 

first surgery, but not ATG16L1 status, were predictive of time to second surgery. However, 

when investigating the interaction between these markers, they observed that patients 

with the protective ATG16L1 allele as well as low GM-CSF levels had significantly longer 

intervals to the second surgery [47]. GM-CSF signaling in general appears important in 

IBD, and several genetic polymorphisms are associated with impaired GM-CSF-mediated 

innate immune responses [23, 48]. These data would suggest that multiple genetic risk 

variants associated with IBD combine to affect severity of disease. Indeed, molecular 

classification of IBD disease groups on genetic rather than clinical parameters has been 
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proposed [49].  IBD is a multifactorial disease, in which immunity, microbiome and genetics 

affect each other reciprocally and cause and effect are not easily distinguished. Genetic 

risk alleles affect multiple cell types, and while we investigated the role of Paneth cells 

here, monocytes from patients with the ATG16L1 risk allele also show impaired killing of 

AIEC [50]. Thus, investigation of multiple cell types, microbes and their interactions may 

yield better models to predict recurrence of disease after CD surgery.  

One of the strengths of this study is the broad, extensive approach in analysis of markers 

for Paneth cell function. However, some limitations of this study need to be considered. 

The small population size might have contributed to the inability of reproducing Paneth 

cell markers as predictors for CD recurrence. In addition, in this study, in order to reliably 

assess Paneth cell lysozymes and ER stress, we collected ileal tissue free of inflammation. 

Therefore, other histologic factors that might be of influence e.g. (transmural) inflammation 

or granulomas were not assessed [12]. Submucosal or myenteric plexitis were not taken 

into account because current available studies show contradicting results [10, 12, 50] and 

considering the small, explorative character of this study, we chose to focus on thoroughly 

assessing one aspect of the resection specimen. Furthermore, the choice of re-resection 

as endpoint rather than endoscopic recurrence could be of influence. However, we 

chose the robust endpoint re-resection and long-term follow-up of more than 10 years, 

to form two distinct study groups in terms of postoperative prognosis. Furthermore, in a 

retrospective analysis like the present study, endoscopies might have been performed 

on different time points and for different indications, thereby excluding endoscopy as a 

reliable outcome to compare between study groups. 

In this study, Paneth cell morphology in the resection specimen and factors known to 

modulate or be modulated by these cells were not associated with the risk of intestinal re-

resection after ileocecal resection in CD. Therefore, markers of Paneth cell function in the 

resection specimen are currently not validated to predict postoperative recurrence after 

ileocecal resection in CD. 
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Supplementary information

▲Supplementary Figure S1 | ER-stress positive crypts (left and middle) and ER-stress negative 
crypts (right) assessed using GRP78 staining

▲Supplementary Figure S2 | Lysozyme staining under light microscopy (40x)

▲Supplementary Figure S3 | Gel electrophoresis following polymerase chain reaction-restriction 
fragment length polymorphism (PCR-RFLP). Representative examples of ATG16L1 genotype status 
GG, AA GA.
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Abstract
Background: A genome-wide significant association between anti-Helicobacter pylori 

(H. pylori) IgG titers and the Toll-like receptor 1 (TLR1) locus on 4p14 was demonstrated 

for individuals of European ancestry, but not uniformly replicated. We re-investigate this 

association in an updated genome-wide association study (GWAS) meta-analysis, address 

potential causes of heterogeneity across cohorts and explore functional implications of 

genetic variation at the TLR1 locus.

Methods: The dichotomous GWAS (25% individuals exhibiting highest anti-H. pylori IgG 

titers versus remaining 75%) included a discovery sample of n=15,685 and a replication 

sample of n=9,676, all of European ancestry. Longitudinal analysis of serological data 

was performed on H. pylori-eradicated subjects (n=132) and patients under surveillance 

for premalignant gastric lesions (n=107). TLR1 surface expression, TLR1 messenger RNA 

(mRNA) and cytokine levels were measured in leukocyte subsets of healthy subjects 

(n=26) genotyped for TLR1 variants. 

Results: The association of the TLR1 locus with anti-H. pylori IgG titers (rs12233670; β=-0.267 

SE±0.034; P=4.42x10-15) presented with high heterogeneity and failed replication. Anti-H. 

pylori IgG titers declined within 2-4 years following eradication treatment (P=0.004), and 

decreased over time in patients with premalignant gastric lesions (P<0.001). Variation at 

the TLR1 locus affected TLR1-mediated cytokine production and TLR1-surface expression 

on monocytes (P=0.016) and neutrophils (P=0.030), but not mRNA levels. 

Conclusion: The association between anti-H. pylori IgG titers and TLR1 locus was not 

replicated across cohorts, possibly due to dependency of anti-H. pylori IgG titers on 

therapy, clearance and antibody decay. H. pylori-mediated immune cell activation is partly 

mediated via TLR1 signaling, which in turn is affected by genetic variation. 

Keywords:  

Polymorphism, Single Nucleotide; serology; immunity; bacteria. 
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1 Introduction
The discovery of Helicobacter pylori (H. pylori) at the epithelial surface of the human 

stomach as late as 1983 represented a major breakthrough in gastric microbiology [1]. This 

flagellated bacterium has since been implicated in the etiology of atrophic gastritis and 

gastroduodenal ulcerative disease [2], identified as a class 1 carcinogen for gastric cancer 

[3-5] and ranked as the most important contributor to infection-attributable cancers in 2018 

[6]. With estimates indicating that more than half of the world’s population is colonized by 

H. pylori, the size of this global health problem is further emphasized [7]. Since H. pylori 

gastric presence has been linked to early stages of gastric carcinogenesis according to 

the Correa model [8], eradication strategies have been implemented to prevent gastric 

cancer development [9-12]. However, global resistance of H. pylori to antibiotics is reaching 

alarming levels [13], which puts further pressure on the H. pylori-related health burden and 

warrants new strategies to prevent colonization and infection-related consequences. It is 

generally accepted that H. pylori infection is acquired during early childhood [14-17], but 

the overall rate of infection is reported to be much higher in developing countries [18], 

Although socioeconomic and environmental factors likely explain the wide variation in H. 

pylori prevalence between regions and countries [7], genetic predisposition also needs 

to be considered. It has been shown that the same rearing environment contributes to a 

familial tendency to acquire H. pylori infection, but higher similarities in monozygotic than 

dizygotic twin pairs indicates that genetic factors account for a large part of the variation 

[19]. Some individuals are never infected by H. pylori, while others are able to clear the 

infection spontaneously when colonized [14, 16]. Moreover, only a small proportion of the 

H. pylori colonized population will develop gastric cancer [20], indicating that host-specific 

factors governing the host-pathogen interactions are involved in disease risk [21]. Since 

the host genetic background is suggested to be involved in the clinical outcome of H. 

pylori infection [22], a better understanding of the genetic contributions to the interaction 

between host and H. pylori may improve our insight into this complex relationship.

An increasing number of genomic association studies (GWAS) have linked single nucleotide 

polymorphisms (SNPs) to gastroduodenal ulcer disease [23, 24], gastric premalignant 

lesions [25-29], as well as gastric cancer [24, 27-39]. Interestingly, some of the associations 

found in these studies seem to be influenced by the presence of H. pylori infection [25, 29-

33], suggesting that genomic variants might be involved in H. pylori colonization as well. 

The first and largest GWAS on H. pylori to date has combined data of Dutch and German 

population-based cohorts in a meta-analysis of anti-H. pylori IgG titers using a dichotomic 

study design that compared the 25% individuals exhibiting the highest anti-H. pylori IgG 
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titers versus the remaining 75% [40]. Two loci, namely the Toll-like receptor 1 (TLR1) locus 

on 4p14 (lead SNP rs10004195) and the Fc gamma receptor 2A (FCGR2A) locus on 1q23.3 

(lead SNP rs368433), were identified to be associated with increased anti-H. pylori IgG titers 

[40]. A GWAS among Finnish male smokers (n=1402) confirmed the lead SNP rs10004195 

to be associated with the height of IgG titer rather than a seropositive status itself [41]. 

However, no further replication of these findings have been reported so far, and in contrast 

to these European studies, no genome-wide significant associations of H. pylori serology 

with any loci were found in a Mexican-American population (n=1931) [42]. Since the main 

findings of the first GWAS study have not been uniformly confirmed to date [40], this study 

aimed to update the original meta-analysis using a larger sample size and to investigate 

the functional relevance of variation at the TLR1 locus in H. pylori colonization.

2 Material and methods 

2.1 Study cohorts 

The discovery GWAS was conducted in subjects of European ancestry from population-

based cohorts in Europe and the United States to re-investigate the previous association 

between TLR1 and anti-H. pylori IgG levels, and to explore the possibility of new genetic 

associations. A total of seven cohorts were included and consisted of 15,685 participants 

(Supplementary Table S1). The replication was conducted in two independent European 

cohorts with a total of 9,676 participants with GWAS or de novo genotyping data. In all 

cohorts, serological measurements of anti-H. pylori IgG were performed by either a 

commercial or customized enzyme linked immunosorbent assay (ELISA) (Supplementary 

Table S1). As in the initial study, subjects with the highest 25% anti-H. pylori IgG values 

were compared with the remaining 75% in a dichotomous study design [40]. Informed 

consent for participation was obtained for all study subjects and approval was given by 

the Institutional Review Boards. More details concerning individual cohorts are described 

in the Supplementary methods.

2.2 Discovery 

Genome-wide genotyping, imputation to 1kgP1v3 and genome wide association analyses 

were conducted separately by the discovery cohorts (Supplementary methods). EasyQC 

using standard settings was applied for quality control of individual cohort summary 

statistics [43]. The inverse-variance weighted fixed-effects model approach was employed 

for meta-analysis using METAL [44]. A quantile-quantile plot of observed compared to 

expected –log10 (P-value) was computed to investigate genome-wide distribution of 
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P-values and a Manhattan plot to illustrate genome-wide P-values. A regional plot was 

generated to show the genomic regions within 100kb of top hits. Genome wide significance 

was set at a threshold with P-value <5.0 x 10-8. 

2.3 Replication 

Eight top SNPs with the lowest association P-values from the discovery phase were 

selected for replication, in particular rs12233670 within the TLR1 locus. The ESTHER cohort 

achieved in silico replication of seven out of eight SNPs (excluding rs147174426) and 

the Latvian cohort performed de novo genotyping for four individual SNPs (rs12233670, 

rs147174426, rs6107461, rs147900026) (Supplementary methods). Replication was 

considered successful with a P-value <0.05 for individual cohorts and a P-value <5.0 x 10-8 

for the combined analysis.

2.4 Longitudinal analysis of serological data from H. pylori 
positive subsets

To determine whether the timing of anti-H. pylori IgG testing may influence serological 

outcomes relevant for genetic association studies, two different serological data subsets 

were analyzed. The first subset consisted of RS cohort study participants with pharmacy 

records of H. pylori eradication treatment prior to serology (n=132), allowing analysis of anti-H. 

pylori IgG titers in relation to time following eradication. The second subset consisted of 

patients from an ongoing prospective study aimed at the surveillance of atrophic gastritis, 

intestinal metaplasia (IM) and dysplasia in the Netherlands and Norway [45]. Anti-H. pylori 

antibodies were measured as part of the GastroPanel test (Biohit, Helsinki, Finland) using 

serum samples collected during clinical follow-up. Patients with elevated anti-H. pylori 

IgG levels (>30 enzyme immunoassay units) at baseline in addition to consecutive serum 

measurements (n=107) were included to explore fluctuation of the titers over time.  

2.5 Restriction fragment length polymorphism polymerase chain 
reaction (RFLP-PCR) assay 

Human genomic DNA was isolated from EDTA whole blood using the Kleargene Blood DNA 

isolation kit (LGC Ltd, Teddington, UK). RFLP-PCR could not be designed for rs10004195, 

but TLR variant rs28393318 is in complete linkage disequilibrium (LD) (r2=1 among CEU) and 

was therefore used as proxy. For genotyping of rs28393318, 35 cycles of PCR amplification 

were performed with custom designed primers (forward: 5’-TAGCTCAGTGTAGGTGGTCT-3’, 

reverse: 5’-ATGATTAGTGACCTTGGGGC-3’) at an annealing temperature of 53°C. PCR 
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products were confirmed on 2% Tris-Borate-EDTA agarose gel and 10μl of amplicons were 

subjected to 5 international units of Hin1II restriction enzyme (Thermofischer, Waltham, MA) 

for 2.5 hours at 37°C. After 20 minutes of enzyme inactivation at 80°C, digestion products 

were visualized on agarose gel, showing one band of 433 base pair (bp) for genotype GG, 

two bands of 311 and 122 bp for AA and three bands for GA.

2.6 Functional analysis 

2.6.1 Flow cytometry 

Whole blood samples from non-H. pylori-infected individuals without significant 

comorbidities (n=26) taken after informed consent were treated with eBioscience 1-step Fix/

Lyse Solution (Thermofischer) to lyse red blood cells. Monocytes and polymorphonuclear 

cells (PMNs) were incubated with antibodies specific for CD14 (APC-cy7, cat # A15453), 

CD66B (APC, cat# 17-0666-42), and TLR1 (PE, Cat #12-9911-42) (all from Thermofischer), 

respectively, or mouse IgG1κ isotype control (PE) (BD Biosciences, Franklin Lakes, NJ, Cat # 

554121) for 15 minutes on ice. Since the genes encoding TLR6 (PE, Cat # MA5-16177) and 

TLR10 (PE, Cat #12-2909-42) reside within the same genetic locus with as rs28393318, their 

surface expression was also measured. Flow cytometry was performed on the MACSQuant 

Flow Cytometer (Miltenyi biotec, Gladbach, Germany) and analysis conducted with FlowJo 

V10 (BD Biosciences). Monocytes and PMNs were identified on the basis of the forward/

sideward scatter and further gating on CD14 and CD66b, respectively. TLR positivity was 

measured with gating based on the isotype control of the same sample.

2.6.2 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

analysis of TLR1 transcript levels

Total RNA was isolated from peripheral blood mononuclear cells (PBMCs) of non-H. pylori-

infected individuals without significant comorbidities (n=22) with the column-based NucleoSpin 

RNA kit (Macherey-Nagel GmbH & Co., Düren, Germany) and reversely transcribed into 

complementary DNA (cDNA) using PrimeScript RT (Takara, Kusastsu, Shiga, Japan). A qPCR 

assay of 40 cycles was performed on the StepOnePlus Real-Time PCR system (Thermofischer) 

using SYBR Select Master Mix (Thermofischer) and custom designed TLR1 gene primers 

(forward: 5’-TGCCAAATGGAACAGACAAGCAG-3’, reverse: 5’-ACAGATTCCTTTTGTAGGGG 

TGCC-3’) and RP2 housekeeping gene primers (forward: 5’-AAGCTGAGGATGCTCA AAGG-

3’, reverse: 5’-CCCATTAAACTCCAAGGCAA-3’). The annealing temperature was 61°C for both 

primer sets. The delta-delta cycle threshold (∆∆Ct) method was applied for data analysis. 



TLR1 locus re-examined in a GWAS update on H. pylori

10

193   

2.6.3 Enzyme linked immunosorbent assay (ELISA) for cytokine analysis upon TLR1 

stimulation

PBMCs from non-H. pylori-infected individuals (n=22) were isolated from heparinized blood 

as described [46]. In brief, phosphate buffered saline (PBS) diluted blood was layered onto 

Ficoll (Amersham, Upsala, Sweden) and PBMCs harvested after centrifugation, washed 

in PBS and plated in Roswell Park Memorial Institute medium (Lonza, Basel, Switzerland) 

containing 10% fetal bovine serum (FBS) and penicillin/streptomycin (Lonza). Adherent 

PBMCs were stimulated with 1e6 CFU of heat-killed H. pylori (strain ATCC-43504 [cagA+, 

vacA(s1/m1), iceA+, babA2+], Manassas, VA) grown on Trypticase Soy Agar (Oxoid, Hampshire, 

UK) that was supplemented with 5% defibrinated sheep blood (VWR, Radnor, PA) and 

DENT selective medium (Oxoid). Other stimuli used were TLR1 inhibitor CU-CPT-22 (5µM) 

(Tocris Bioscience, Bristol, UK) and TLR1 agonist Pam3Cys4 (300ng/ml) (InvivoGen, San 

Diego, CA) [47]. Supernatants were harvested after eight hours of stimulation for ELISA 

experiments unless otherwise specified to measure tumor necrosis factor alpha (TNFα), 

interleukin 8 (IL-8) and IL-10 (eBioscience, San Diego, CA) as described previously [48]. All 

samples were tested in duplicate. 

2.6.4 Statistical analysis of serological and functional data

Statistical differences among three groups were determined with the one-way analysis 

of variance or Kruskal-Wallis tests for unpaired data and repeated measures analysis 

of variance or Friedman tests for paired data and was followed by post-hoc analysis 

for selected pairs with adjustment for multiple testing. The two-sample t-test or Mann-

Whitney test were applied to compare two groups with unpaired data. GraphPad 

Prism  software  version  5.01 (GraphPad  Software Inc,  San Diego,  CA) were applied for 

calculations and graphical representation.

3 Results

3.1 TLR1 SNP and other genomic variants associated with anti-H. 
pylori IgG titers in an updated GWAS

We performed a GWAS meta-analysis based on seven independent European 

epidemiological cohorts. The quantile-quantile (QQ) plot showed a clear deviation from 

the null-distribution at the tail (Figure 1A). A genome-wide significant association for the 

TLR1 locus on chromosome 4p14 was found with top SNP rs12233670 carrying the lowest 

P-value (β=-0.267 SE ±0.034 for minor allele T; P=4.42x10-15; MAF=25%) (Figure 1B,C), albeit 

with statistical heterogeneity (Table 1). The association between top SNP rs12233670 and
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▲Figure 2 | Anti-Helicobacter pylori (H. pylori) IgG levels over time in two subsets. (A) IgG levels 
of Rotterdam Study subjects (n=132) that received eradication therapy prior to serological testing. 
The measurements of subjects are divided in three groups based on the time between treatment 
and H. pylori serology: 0-2 (n=48), 2-4 (n=53) and >4 (n=31) years (y). (B) IgG levels of H. pylori-positive 
patients with premalignant gastric lesions (n=107) at baseline (time point 0 with IgG titers >30 enzyme 
immunoassay units) and during serological follow-up at <4 (n=104) and/or >4 (n=25) years (y). In both 
plots, the mean ±SEM and the manufacturer’s test cut-off (red horizontal line) are shown.

anti-H. pylori IgG titers was not significant in either ESTHER (β=0.041 SE ± 0.050 for the minor 

allele; P=0.41) or Latvia (β=0.017 SE ±0.079 for the minor allele; P=0.83) cohorts, resulting in 

a failed replication (β=0.034 SE ± 0.042 for minor allele; P=0.42) (Table 1).  Consequently, 

the level of genome-wide significance decreased in the combined analysis (β=-0.149 SE ± 

0.027 for the minor allele; P=1.97 x 10-08) (Table 1).

Seven other promising SNPs were identified, but did not reach genome wide significance, 

including the FCGR locus (1q23.3; top-ranked SNP rs147174426, β=0.480 SE ±0.094 for major 

allele A; P=2.89 x 10-07; MAF=7%). Similar results were obtained using a sensitivity model 

including adult participants only (data not shown). None of these selected SNPs reached 

genome-wide significance in the combined analysis with discovery and replication cohorts 

(Supplementary Table S2).

3.2 Anti-H. pylori antibody decay in H. pylori-infected subjects 

We considered that antibody decay and timing of sampling for H. pylori serology may 

contribute to cohort heterogeneity. To investigate the serological course of H. pylori-

infected subjects, anti-H. pylori IgG data were studied in two settings. In a subset of RS 

study participants that received H. pylori eradication treatment at some point prior to the 

measurement of IgG antibodies (n=132), titers were significantly higher in individuals tested 
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▲Figure 3  | Measurement of Toll-like receptor 1 (TLR1) positive cells by flow cytometry. Dot plots 
illustrating the percentage of TLR1 positive cells in healthy subjects genotyped for rs28393318. 
The mean ±SEM and statistical significance between three genotypes is shown. (A) TLR1 positivity 
of monocytes in AA (n=12), GA (n=9) and GG (n=5) carriers. (B) TLR1 positivity of polymorphonuclear 
neutrophils in AA (n=9), GA (n=6) and GG (n=5) carriers. 

within 0-2 (n=48) years after receiving eradication therapy than in those tested 2-4 (n=53) 

or >4 (n=31) years (P=0.004) post-treatment (Figure 2A). When analyzing sequential anti-H. 

pylori IgG titers from patients with gastric premalignant lesions with positive H. pylori 

serology (n=107), a significant decline between baseline measurement (time point 0) and 

retesting at <4 (n=104) or >4 (n=25) years of medical follow-up (P<0.001) was seen (Figure 

2B). Together these data indicate anti-H. pylori antibody decay occurs within 2 years after 

treatment or clearance of H. pylori.  

3.3 Higher TLR1 surface protein, but not intracellular mRNA 
expression levels in leukocytes of G allele carriers of rs28393318 

To investigate potential functional consequences of variation at the 4q14 locus, expression 

of the TLR encoding genes within this locus was investigated in healthy subjects (n=26) 

genotyped for rs28393318. A significant difference in the percentage of TLR1-positive 

monocytes (P=0.016) and PMNs (P=0.030) was observed between AA, GA and GG 

genotype carriers (Figure 3A-B). Post-hoc analysis revealed significantly higher TLR1 

surface expression on monocytes for carriers of the minor rs28393318 allele (G) and on 

PMNs in subjects homozygous for the G allele compared to A allele carriers. Variation at 

rs28393318 did not influence TLR6 and TLR10 surface expression on either monocytes or 

PMNs (Supplementary Figure S1). Unlike  previous  RNAseq-based  findings  of  reduced  

TLR1   mRNA   levels   for  minor rs10004195  A  allele  carriers  [40],  our  RT-qPCR  findings 
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▲Figure 4  | Cytokine production by peripheral blood mononuclear cells (PBMCs) upon stimulation 
with Helicobacter pylori (H. pylori). (A-C) Interleukin 8 (IL-8) (A), interleukin 10 (IL-10) (B) and tumor 
necrosis factor alfa (TNFα) (C) levels in picogram per milliliter (pg/ml) by PMCBs of healthy subjects 
(n=22). Cytokine levels were measured at baseline without stimulation and following H. pylori exposure 
in the absence and presence of TLR1 inhibitor CU-CPT-22.

showed no differences in TLR1 transcript levels in PBMCs between healthy subjects (n=22) 

with different genotypes of rs28393318 (Supplementary Figure S2), which is in line with 

previous reports demonstrating no differences in mRNA and total cellular TLR1 protein 

levels among other TLR1 variants (in high LD with rs28393318 and rs10004195 among CEU) 

tested [49-52]. 

 3.4 TLR1 rs28393318 affects immune cell cytokine production 

To first confirm TLR1 involvement in H. pylori pathogenesis, PBMCs from healthy subjects 

(n=22) were treated with H. pylori in the presence of selective TLR1 inhibitor CU-CPT-22 

or vehicle control. H. pylori significantly stimulated IL-8, IL-10 and TNFα production (all 

P<0.001), which was significantly but not fully abrogated upon treatment of cells with the 

TLR1 inhibitor CU-CPT-22 (P=0.005 for IL8, P<0.001 for IL10 and P=0.001 for TNFα) (Figure 

4). These findings suggest that H. pylori-related cytokine signalling is partly mediated via 

TLR1. 

We next explored TLR1-mediated differences in cytokine production between healthy 

subjects with rs28393318 genotypes AA (n=12) and GG (n=8). PBMCs were stimulated with 

the specific TLR1 agonist Pam3Cys4 or with H. pylori, where after cytokine levels were 

measured at different time points (¼, ½, 1, 2, 6 and 20 hour(s)). Pam3Cys4  stimulation  

resulted  in  higher  IL-8 (P=0.010), IL-10 (P=0.003)  and  TNFα (P=0.014) production at 6 

hours and also higher IL-10 levels at 20 hours (P=0.001) in GG carriers compared to AA 

carriers. Cytokine production upon H. pylori treatment was considerably higher than upon 

Pam3Cys4 stimulation, but no differences among genotypes were observed (Figure 5). 
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▲Figure 5 | Time course of cytokine production by peripheral blood mononuclear cells (PBMCs) 
upon stimulation with TLR1 ligand Pam3Cys4 or Helicobacter pylori (H. pylori) in AA and GG carriers 
of rs28393318. (A-F) Interleukin 8 (IL-8), interleukin 10 (IL-10) and tumor necrosis factor alpha (TNFα) 
levels in picogram per milliter (pg/ml) measured at different time points following stimulation with 
TLR1 agonist Pam3Cys4 (A-C) or H. pylori (D-F). The results are stratified for AA (n=12) and GG (n=8) 
carriers of rs28393318. The mean ±SEM and statistical significance between genotypes is shown. 
Abbreviations: CFU, colony forming unit; h, hour; m, minutes. 

4 Discussion
This study aimed to better understand the genome-wide association between the TLR1 

locus and H. pylori. We extended on the original work of Mayerle et al. [40] by the inclusion 

of an additional 4,747 subjects of European ancestry in an updated GWAS meta-analysis. 

An association between anti-H. pylori IgG titers and the TLR1 locus with top SNP rs12233670 

was demonstrated in the discovery phase, but replication proved to be challenging. 

Significant heterogeneity for our top association was observed across cohorts, with SHIP-

TREND and both replication cohorts showing association in the opposite direction. The 

interpretation of these findings remains complex, but might be partially explained by 

methodological differences that are inherent in the inclusion of longitudinally population 

cohorts, including time of recruitment (e.g. SHIP versus SHIP-TREND) and employment of 

non-uniform serological assays. The concession of accounting for false positive assignment 

of cases by using the 25% highest versus 75% lowest of IgG distribution might be another 

explanation. The allocation of truly H. pylori-infected subjects into the control group could 
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have possibly limited the detection and replication of promising SNPs, in particular for 

high endemic regions such as the republic of Latvia [53]. Furthermore, studying two 

different serological datasets we demonstrated that anti-H. pylori IgG antibody decay over 

time occurs relatively quickly, as was also previously observed upon H. pylori eradication 

treatment [54]. Knowing that antibody decay takes place, it is imperative to know the time 

of collection in relation to H. pylori infection. Different rates of spontaneous clearance, re-

infection and H. pylori eradication might have contributed to study heterogeneity, but this 

information was unfortunately not routinely collected. Lastly, various H. pylori strains with 

varying virulence may interact differently with their human host, influencing the clinical 

outcome [55]. 

Despite technical challenges preventing a clear replication, several studies do point 

towards a role of the TLR1 locus in H. pylori infectivity [40, 41]. Since the data of the discovery 

phase showed an association for H. pylori in the same direction as the original report, the 

relevance of the TLR1 locus in relation to H. pylori pathology was indicated. Our functional 

experiments demonstrate that variation at the TLR1 locus indeed has functional implications 

as shown by a higher TLR1 surface expression and higher cytokine production in minor 

allele G carriers of rs28393318 (which is in complete LD with our top SNP rs12233670 and 

rs10004195 among CEU). This might be explained by two non-synonymous TLR1 variants 

affecting intracellular-to-cell surface trafficking (rs5743618; r2=0.86 with rs28393318 among 

CEU) and transportation of the receptor to the cell membrane (rs4833095; r2=0.97 with 

rs28393318 among CEU) [49-52, 56, 57]. Minor allele carriers of these TLR1 genetic variants 

displayed higher cytokine responses upon targeted TLR1 stimulation (i.e. Pam3Cys4) which 

was attributed to increased TLR1 surface expression rather than changes in total protein 

or mRNA levels measured in cells [49-52], which is in line with our findings. While H. pylori 

mediates IL-8, IL-10 and TNFα production at least partially via TLR1 signaling in PBMCs, 

H. pylori-mediated cytokine production was not affected by rs28393318 status of carriers. 

It is likely that rs28393318 variation effects are masked by other components of the host 

immune system triggered by H. pylori [58]. Similarly, the effect of rs28393318 variation on 

serological titers induced by H. pylori infection may be masked by additional H. pylori-

induced host-specific immune responses.

This study has two major limitations that need to be addressed. First, the identification 

of new genetic variants and replication of promising candidates for anti-H. pylori IgG 

titers in this study may have been hampered by the chosen definition of seropositivity 

for H. pylori antibodies. Future studies might have to reconsider the phenotype definition 

as the interpretation of H. pylori serological determination is not straightforward. Anti-H. 
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pylori IgG levels are more likely to represent a combination of the host ability to mount an 

immunological response to infection as well as antibody clearance, than actual H. pylori 

incidence. It should also be noted that H. pylori infection involves an interplay of factors 

(host, bacterial and environmental). Many genetic variants have been identified for H. 

pylori-related conditions such as ulcerative and (pre)malignant gastric lesions in different 

ethnic populations [23-25, 27-32, 38], and therefore it seems plausible that other genetic 

variants are relevant in H. pylori pathogenesis besides the TLR locus. Secondly, we have 

tested a selective cytokine panel in our functional analysis as a proof of concept. To better 

understand the immune response with regard to H. pylori susceptibility, future experiments 

with different H. pylori strains in different ethnic populations would be of interest.  

In summary, the previously observed association between the TLR1 locus and H. pylori 

was not uniformly confirmed across cohorts in this study. The interpretation of H. pylori 

serology is complex and subject to alterations in response to therapy and over time. While 

variation at the TLR1 locus regulates surface expression and cytokine production upon 

stimulation, further efforts are required to better understand the clinical relevance of TLR1 

variants and other loci in their complex interaction with H. pylori. 
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Supplementary information

Supplementary methods

1 Discovery cohorts

The genome-wide association study (GWAS) of Mayerle et al. was comprised of data from 

the Rotterdam Study (RS) and the Study of Health in Pomerania (SHIP) with a total of 10,938 

participants [1]. For our current meta-analysis, a total of 15,685 participants of European 

ancestry with GWAS data and H. pylori serology measurements were included from RS-I 

(n=4771), RS-II (n=2112), SHIP (n=3830), SHIP-TREND (n=983), Framingham Heart Study (FHS) 

(n=3141), Multi-Ethnic Study of Atherosclerosis (MESA) (n=447) and Generation R (GenR) 

study (n=401) cohorts. 

RS-I and RS-II 

The RS study is an ongoing prospective Dutch study in which participants of the well-

defined district Ommoord in Rotterdam were enrolled in sequential cohorts over time 

to investigate a variety of diseases commonly in the elderly [2-4]. Baseline recruitment 

of the first three cohorts (RS-I, RS II, RS-III) dated from respectively 1990-1993 (n=7983), 

2000-2001 (n=3011) and 2006-2008 (n=3932), and was extended with a fourth cohort that 

started in 2016 (RS-IV). All participants were interviewed and underwent an extensive 

set of examinations focusing on possible causes of invalidating diseases in the elderly. 

Examinations were repeated every 3-4 years in sequential examination cycles, with the 

emphasis on imaging and the collection of biological specimens. 

SHIP and SHIP-TREND

SHIP is a population-based study which was set up in the North-East of Germany to 

investigate a wide range of health-related conditions [5, 6]. The main objectives of the 

study were to assess the prevalence and incidence of common risk factors, subclinical 

disorders and clinical diseases, and to investigate the complex associations among them. 

It comprised of two independent cohorts including 20-79 year old participants during 1997-

2001 (n=6265) and 2008-2012 (n=8016) for SHIP and SHIP-TREND, respectively. Baseline data 

collection were obtained from a health-related interview, a health- and risk questionnaire 

and a medical examination during which biological samples were taken. Further information 

was collected during follow-up, including morbidity and mortality data.  

FHS

FHS is a longitudinal multigenerational study which was originally set up to investigate the 

epidemiology of cardiovascular diseases in the residents of Framingham, as described 
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previously [7-11]. After completion of the baseline recruitment of the Original cohort in 

1953 (n=5209), the process was repeated for the Offspring and Spouses cohort in 1971-1975 

(n=5124), the Third Generation cohort in 2002-2005 (n=4095) and the Offspring Spouses 

cohort during 2003-2005 (n=103). While these subjects were predominantly of Western-

European descent, the Omni 1 (n=507) and 2 (n=410) cohorts represent the multi-ethnic 

society in Framingham [11]. Examinations cycles were performed every 2-6 years and 

included the collection of biological samples.

MESA

MESA is large population-based study in the United States designed to study factors 

influencing the conversion of subclinical cardiovascular disease to overt disease in four 

different ethnic groups (Caucasian-, African-, Hispanic-, and Asian- American) [12-14]. Study 

subjects were 48-84 years old and free of overt signs of cardiovascular disease at baseline 

enrolment in 2000-2002 (n=6814) and recruited from six field centers across the United 

States. At baseline, extensive data was obtained from comprehensive questionnaires, the 

collection of biological samples and physical assessments incorporating various imaging 

technologies. Follow-up examinations were conducted at ~18 month intervals in MESA.

GenR Study

The Gen R Study is a population-based prospective cohort study from fetal life to young 

adulthood and was conducted in the city of Rotterdam, the Netherlands [15-18]. Gen R was 

designed for the long-term follow-up of a prenatally recruited multi-ethnic birth cohort to 

identify early environmental and genetic causes and also pathways leading to normal and 

abnormal growth, development and health in children The first ‘Generation R’ cohort is still 

ongoing after recruitment in 2001 (n=9749) and ‘Generation R Next’ has been launched in 

2017 as the second cohort of the Gen R study. 

2 Replication cohorts

The replication was performed in participants of European ancestry from the 

epidemiological investigations on chances of preventing recognizing early and optimally 

treating chronic diseases in an elderly population (ESTHER) study and the Latvia cohort 

with respectively 6112 and 3564 subjects. 

ESTHER

The German ESTHER study is a population-based cohort study aimed at the prevention, 

early detection and optimized treatment of chronic diseases [19-21]. This ongoing study 

in the federal State of Saarland was conducted for the longitudinal follow up of residents 
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which were recruited at the age of 50-74 years during medical check-up in 2000-2002 

(n=9940). A health check-up documentation was provided by the general practitioner and 

a standardized questionnaire regarding sociodemographic, lifestyle factors and medical 

history was collected from the study participant. Biological samples were obtained at 

baseline and follow-ups after 5, 8, 11, 14 and 17 years. 

Latvia cohort

The Latvia cohort consists of a cross-sectional subset of adults from the National Latvian 

population in the period of 2008-2009 to study cardiovascular risk factors [22, 23]. A total 

of 4198 subjects agreed on participation, 4022 came for a visit, and 3807 completed the 

interview and allowed blood collection for biochemical and genetic analysis. Phenotypic 

data was stored in the Institute of Cardiology at the University of Latvia and genotyping 

data at the Latvian Biomedical Research and Study Centre (BMC). The latter maintains 

the Genome Database of the Latvian Population (LDGB), a national biobank that provides 

biologic specimens and associated phenotypic and clinical data for genetic and 

biomolecular research purposes [24]. 

3 Ethics

Informed consent for participation was obtained for all study subjects and approval 

was given by the Institutional Review Boards of the Erasmus University Medical Center 

Rotterdam (RS-I, RS-II, Gen R and healthy controls), University Medicine Greifswald (SHIP, 

SHIP-TREND), Boston University Medical Center (FHS), Johns Hopkins University (MESA), 

Northwestern University (MESA), Wake Forest University (MESA), University of California 

at Los Angeles (MESA), Columbia University (MESA), University of Minnesota (MESA), 

University of Heidelberg (ESTHER), Medical Association of Saarland (ESTHER) and the 

University of Latvia (Latvia cohort). 

4 Stage 1: discovery 

Different platforms for genome-wide genotyping were employed by discovery cohorts 

using standard procedures of the manufacturer. The Illumina platform was used by 

RS-I (HumanHap 550K (V.3) single and duo arrays), RS-II (HumanHap 550K (V.3) duo and 

Human 610K Quad arrays), SHIP-TREND (HumanOmni2.5-Quad array) and the GenR study 

(HumanHap 610K and 660K Quad arrays). The Affymetrix platform was employed by SHIP 

and MESA (both Genome-Wide Human SNP array 6.0) in addition to FHS (Human Mapping 

500K plus 50K supplemental arrays). To aid meta-analysis, all datasets were imputed to 

the 1000 genome (1KG) dataset version 1v3 (with 30 million resulting SNP genotypes). 
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Genome-wide association analyses were performed in individual cohorts with adjustment 

for sex, age and study specific covariates.  

5 Stage 2: replication 

Genotyping data of the ESTHER cohort was generated on the Illumina platform (Infinium 

OncoArray-500K BeadChip) and imputed with 1000 genome (1KG) dataset version 1v3. In 

silico data for replication in the ESTHER cohort was available for seven out of eight SNPs 

including rs12233670, rs12985060, rs6107461, rs79710468, rs138776142, rs147900026, 

rs3905275, but not rs147174426. Individual SNP genotyping for four SNPs was applied in 

the Latvian cohort using a TagMan probe-based assay (Life Technologies, Carlsbad, CA). 

A total of four SNPs were available for replication (rs12233670, rs147174426, rs6107461 and 

rs147900026). The analyses were adjusted for age, sex and study specific covariates, and 

the replication results were included in the combined meta-analysis.
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Supplementary Table S1 | Characteristics of discovery and replication cohorts  

Study a Country Cohort Total b H. pylori IgG serology with cut-off c

RSI The Netherlands Discovery 4771 Pyloriset EIA-G III1 ≥20 U/mL

RSII The Netherlands Discovery 2112 Pyloriset EIA-G III1 ≥20 U/mL

SHIP Germany Discovery 3830 Pyloriset EIA-G III1 ≥20 U/mL

SHIP-TREND Germany Discovery 983 Pyloriset EIA-G III1 ≥20 U/mL

FHS United States Discovery 3141 HM-CAP EIA2 EV > 2.2 

MESA United states Discovery 447 Is-H.pylori IgG EIA3 IV ≥1.1 

Gen R The Netherlands Discovery 401 Customized EIA4 ODR ≥1 

ESTHER Germany Replication 6112 H.pylori Screening EIA5 >7.5 U

Latvia Latvia Replication 3564 recomWell Helicobacter IgG EIA6  >24 U/mL

a Study cohorts: Rotterdam Study I and II (RSI and II); Study of Health in Pomerania that consist of 
SHIP and SHIP-TREND; Framingham Heart Study (FHS); Multi-Ethnic Study of Atherosclerosis (MESA); 
Generation R study (GenR); Epidemiological investigations on chances of preventing recognizing 
early and optimally treating chronic diseases in an elderly population (ESTHER); Latvia cohort. 
b Number of participants with Helicobacter pylori serology data combined with either GWAS or 
genotyping data 
c Enzyme-linked immunosorbent assay used to measure IgG antibodies against Helicobacter pylori 
1 Orion Diagnostica, Espoo, Finland; expressed as units per milliliter (U/mL) 
2 Enteric Products Inc., Wesbury, NY; expressed as EIA value (EV)
3 Diamedix Corporation, Miami, FL; expressed as index value (IV)
4 Customized; expressed as optimal density ratio (ODR)
5 Ravo Diagnostika, Freiburg, Germany, expressed as units (U)
6 Mikrogen Diagnostik, Neuried, Germany, expressed in units per milliliter (U/mL)
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▲Supplementary Figure S1 | Measurement of Toll-like receptor 6 (TLR6)- and TLR10- positive cells 
by flow cytometry. (A-D) Dot plots illustrating the percentage of monocytes and polymorphonuclear 
neutrophils positive for TLR6 (A-B) or TLR10 (C-D) in healthy subjects (n=26) genotyped for rs28393318: 
AA (n=12), GA (n=9) and GG (n=5). The mean ±SEM is shown. Dots indicate individual measurements. 
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▲Supplementary Figure S2 | Measurement of Toll-like receptor 6 (TLR6)- and TLR10- positive cells 
by flow cytometry. (A-D) Dot plots illustrating the percentage of monocytes and polymorphonuclear 
neutrophils positive for TLR6 (A-B) or TLR10 (C-D) in healthy subjects (n=26) genotyped for rs28393318: 
AA (n=12), GA (n=9) and GG (n=5). The mean ±SEM is shown. Dots indicate individual measurements. 
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This thesis covers different topics regarding the gastro-intestinal (GI) microbiota in human 

health and disease. We have provided an overview of the bacteria in health and its role in 

oncogenesis in Chapter 2, underscoring the fine balance of the highly complex system of 

microbes. In contrast to the identification of Helicobacter pylori (H. pylori) as a well-known 

singe bacterial carcinogen for gastric cancer, multiple bacterial candidates have been 

proposed for other GI cancers in accumulating reports. Nevertheless, the International 

Cancer Microbiome Consortium stated that there is no direct proof for the human 

commensal microbiota as key drivers in the etiology of cancer in 2019 [1], besides the 

causal association between H. pylori and gastric cancer. The development of cancer and 

other diseases is indeed complex and multifactorial, but more insight into the microbial 

communities might bring us one step closer to unravelling their role in disease pathogenesis 

and to improvement of current diagnostic and treatment strategies. To comprehend the 

significance of microbial disturbances (dysbiosis) observed in GI diseases, it is paramount 

to map the microbial dynamics in the healthy state for comparison. In contrast to previous 

microbiome studies that collectively contributed to our knowledge of the GI microbiota 

within specific niches, our aim of Chapter 3 was to characterize the mucosal microbiome 

along the entire human GI tract within the same subjects. Patients undergoing double-

balloon enteroscopy provided the best opportunity to gain concurrent access to nine 

different GI sites for downstream molecular analysis. We confirmed that the mucosal 

bacterial diversity and composition change along the GI tract and demonstrated a distinct 

bacterial profile in a subject diagnosed with a cecum tumor, reflecting the presence of 

bacterial dysbiosis in colorectal cancer (CRC). While disease status can significantly 

impact the GI microbial composition, also other factors (e.g. medication, diet, smoking 

habits) need to be considered as and collected as part of the metadata.

Mucosal biopsies are considered to be most representative for the microbiota at the 

human epithelium, but other resources might also be valuable for microbial research. In 

Chapters 4-5, we performed bacterial analyses using formalin-fixed paraffin embedded 

(FFPE) tissues from pathology archives and fecal immunochemical tests (FITs) from the 

CRC screening program, respectively. Despite these samples having a relatively low 

bacterial biomass and are more likely to be affected by bacterial contamination, the 

detection of specific bacterial markers was feasible using quantitative polymerase chain 

reaction (qPCR) analysis. On the other hand, we experienced that 16S rRNA amplicon 

sequencing of FFPE tissues remains difficult due to the extraction of deoxyribonucleic acid 

(DNA) of questionable quality in addition to the presence of bacterial contaminants. While 

a recent study declared that microbial analysis of FFPE tissues could be accomplished 
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by shotgun metagenomics, it should be underscored that microbial read counts were low 

after discarding human genomic reads [2]. Moreover, phylum Proteobacteria made up a 

substantial part of the bacterial microbiota (>25%) detected in FFPE colonic tissues [2], 

which was also noted in our 16S rRNA amplicon sequencing study. Since both Firmicutes 

and Bacteroidetes generally dominate the adult gut, these observations together suggest 

that the formalin fixation and embedding process might influence the microbiome profile 

of tissues [3]. Formalin causes crosslinking and chemical modifications of nucleic acids that 

limits the use of archived paraffin embedded tissue specimens for downstream molecular 

analysis in medical practice and research. On the other hand, it was reported that the 

application of formalin-free fixatives (i.e. PAXgene Tissue system, a non-crosslinking 

alcohol based tissue fixation and stabilization system) combined with storage at lower 

temperatures (4˚C or -20˚C) improves the retrieval and amplification of human genomic 

DNA and ribonucleic acids (RNA) from tissues that were paraffin embedded and stored 

up to nine years, and that results closely resembled those achieved with cryo-preserved 

samples irrespective from the amplicon length [4]. Histomorphology features of PAXgene 

fixed paraffin embedded (PFPE) tissues were essentially comparable to FFPE tissues [5, 

6], suggesting that diagnostic assessment can still be performed without carcinogenic 

formalin for tissue fixation. The adaptation of current preservation and storage operations in 

pathology archives might not be logistically feasible in the short term, but high throughput 

sequencing projects including microbiome studies might still benefit from prospective 

PFPE tissue biobanks. Nevertheless, microbial DNA comprises only a small fraction of 

the total DNA extracted from paraffin embedded tissues and therefore we believe that 

molecular analysis of these and other low bacterial biomass sources requires critical 

appraisal of laboratory procedures and the inclusion of positive and negative controls for 

quality control. 

The investigation of affordable and disease-specific biomarkers is vital to recognize 

(early) changes that influence our health, but the success of their application in clinical 

practice depends on the accuracy of the test as well as the ease to collect and analyze 

bio-samples. Stool-based testing of bacterial microbes is feasible using FITs from the 

CRC screening program (Chapter 5) and seems promising for the prediction of radiation 

enteropathy in future efforts [7] as described (Chapter 6). However, it should be noted that 

non-bacterial microbes have gained more attention in these recent years. With regard 

to CRC research, fecal shotgun metagenomics has provided new insights showing that 

tumors are characterized by a discriminating virome profile that also differs between 

early and late stages [8], a distinct mycobiome profile with higher Basidiomycota : 
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Ascomycota ratio (i.e. fugal dysbiosis) [9], as well as an altered gut archaea profile with 

the enrichment of halophiles and depletion of methanogens [10]. The diagnostic potential 

of the newly identified fecal metagenomic biomarkers is promising for the detection of 

CRC, but the overall performance to discriminate precancerous colorectal adenomas 

from healthy controls was less accurate. Although the diagnostic ability of the bacterial 

marker Lachnoclostridium M3 was previously shown to be more convincing for colorectal 

adenoma detection [11], future studies might combine both bacterial and non-bacterial 

biomarkers to select the best panel for the targeted analysis of (pre)malignant lesions. 

Since stool samples have been replaced in current screening strategies, additional efforts 

are needed to validate the utility of candidate microbial biomarkers in FITs from subjects 

with different ethnic backgrounds. With regard to CRC screening in inflammatory bowel 

disease (IBD), the measurement of methylation levels of specific loci in stool was proposed 

by Kisiel et al. to identify patients at risk of cancer and high-grade dysplasia [12], as briefly 

discussed in Chapter 7. Perhaps the application of complementary biomarkers will aid the 

screening of specific patient groups at risk of cancer. While stool-based tests are more 

commonly employed to assess different aspects of GI health, it depends on accurate 

sampling of stool by patients, which could possibly influence microbial analysis. The fecal 

content within stool and in particular FIT containers represents only a minor part of a whole 

stool specimen, nevertheless it was previously shown that the degree of homogenization 

of stool did not alter the microbiome community composition [13]. A previous 16S rRNA 

amplicon study using the microbial content within FIT containers also determined that the 

bacterial community structure and membership is recapitulated when compared to stool 

[14]. Whether other lower abundant non-bacterial biomarkers are readily detectable in FIT 

fluids, remains to be investigated.

Meanwhile, the characterization of the GI microbiome and the search for biomarkers also 

continues for other diseases. 16S rRNA amplicon sequencing may show a glimpse of the 

individual members within bacterial communities, despite its accuracy of relying on the 

variable region of the 16S rRNA gene amplified, the sequencing depth and the bioinformatic 

analysis workflow (e.g. pre-processing of data, operational taxonomic unit (OTU) picking, the 

reference database). In Chapter 8, we have demonstrated some interesting fecal bacterial 

microbes that were differentially abundant in the chronic inflammatory skin disease 

hidradenitis suppurativa (HS) using 16S rRNA amplicon sequencing. The enrichment of 

genus Robinsoniella in HS patients was an interesting finding, which may be relatively easily 

validated in a larger cohort using specific primers described in literature [15]. With only one 

small study reporting on the fecal microbiota in HS to date [16], future efforts are necessary 
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to investigate the role of the gut microbiota in HS and the possibility of a gut-skin axis in 

more depth. While HS could be part of the extra-intestinal manifestations observed in IBD, 

the common denominator attributing to these chronic inflammatory conditions is not fully 

understood. Whether the gut microbiota and/or byproducts trigger the immune system 

to cause inflammation or vice versa is an important question that is left to be answered. 

Microbial dysbiosis has been reported in IBD, including the depletion of Faecalibacterium 

prausnitzii and the enrichment of adherent-invasive Escherichia coli (AIEC) [17], but were 

not apparent in HS. In Chapter 9, we demonstrated that these bacterial markers as well as 

Paneth cell-related histological and genetic (i.e. ATG16L1 single nucleotide polymorphism) 

markers were not able to distinguish Crohn’s disease patients at risk of surgical recurrence 

following ileocecal resection. With the significant need to monitor disease activity and 

assist treatment strategies in the individual IBD patient [18], there is an urgent need for 

additional non-invasive biomarkers besides the commonly used C-reactive protein 

and fecal calprotectin. The selection of blood markers based on transcriptomic and 

proteomic analyses is promising, as shown by the development of a whole blood qPCR 

based classifier to predict the prognosis in newly diagnosed IBD patients [19], and the 

identification of protein markers associated with mid/long-term relapse in Crohn’s disease 

patients following infliximab withdrawal [20]. However, none of these have made it to 

clinical practice yet. In the course of time, microbiome-based biomarkers might also serve 

as prediction tools for specific IBD subgroups. 

In Chapter 10, we return to the most investigated microbe of the human GI tract, H. pylori. 

The association between the Toll-like receptor 1 (TLR1) locus and anti-H. pylori IgG titers 

was re-assessed in an updated genome-wide association study (GWAS), but not uniformly 

replicated across the individual cohorts included in this study. Although the serological 

interpretation of IgG levels is complex and their correlation with GWAS results is not easy 

to unravel, we do believe that H. pylori-mediated immune cell activation is at least partly 

mediated via TLR1, the surface expression of which is influenced by genetic variation. While 

it is conceivable that other host genetic factors are involved in the biological processes 

triggered when H. pylori is encountered, much is yet to be learned about this bacterium, 

which is notorious for escaping the human immune system. Whether other, non-H. pylori 

residents of the stomach are involved in the initiation and progression of H. pylori-related 

diseases is a topic that has gained interest. As detailed in Chapter 2, microbial dysbiosis 

was previously described across different stages of gastric carcinogenesis (i.e. gastritis, 

intestinal metaplasia, gastric cancer) [21, 22], but a recent report also indicated considerable 

differences in microbial diversity and composition among gastric cancer microhabitats 
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(tumor, peritumor and normal tissues) [23]. While the higher presence of H. pylori significantly 

influenced the overall population structure within normal and peritumoral microhabitats, 

there is accumulating evidence that this bacterium disappears from the tumorigenic 

environment [23, 24]. These findings suggest that H. pylori seems to be involved in early 

pathogenic processes, potentially enabling other microbial candidates to thrive and take 

over in the changing gastric microenvironment. Meanwhile, the role of H. pylori in health 

seems controversial with paradoxical effects observed in extra-gastric diseases [25, 26]. 

H. pylori colonization was shown to reduce the risk of esophageal cancer [27-29], and 

additionally a negative association has been observed between H. pylori infection and both 

Crohn’s disease and ulcerative colitis [30-32]. Although Helicobacteraceae species are 

detected in non-gastric parts of the GI tract as demonstrated in Chapter 3, it is thought that 

the protective effect in IBD is due to the immune tolerance-inducing properties of H. pylori, 

which favours gastric mucosal colonization and regulates systemic immune responses by 

inducing dendritic cells with tolerogenic phenotype and immunosuppressive regulatory 

T cells (Tregs) [33]. When taking the potential beneficial effects of this bacterium in mind, 

it was suggested that H. pylori eradication therapy on population-wide scale should be 

carefully reconsidered [30, 33].

Technological innovations in biomedical research have and will continue to provide us the 

opportunity to learn more about the significance of the GI microbiota in human health and 

disease. During the establishment of this thesis, scientific literature has been supplemented 

with numerous publications describing microbial signatures related to changes in our 

health. With the large amount of data available from high throughput sequencing, there is a 

need to translate this information for usage in medical practice. While relative abundances 

are generally reported in microbiome studies, quantifying absolute abundances of the 

microbiota enables the detection of potential drivers of changes in microbial dynamics 

over time [34]. Alpha- and β diversity metrics are also commonly computed to describe 

the microbial diversity within- and between samples, but are less practical to apply in 

diagnostic, prediction and monitoring strategies for individual patients. Biomarker discovery 

enables the identification of metagenomic markers that are possibly relevant in disease 

pathogenesis and offers an opportunity to establish a distinctive panel of metagenomic 

markers to measure with less complex technologies. A (q)PCR based approach could ease 

the concurrent assessment of samples at large scale, but the clinical cut-off needs to be 

carefully defined for individual candidate biomarkers. A multiplex (q)PCR assay might be 

convenient to detect several microbial targets within one single run, but the amplification 

efficacy and the reproducibility needs to be considered when choosing targets of varying 
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microbial abundance. Although microbial dysbiosis is commonly characterized by both 

the enrichment and depletion of individual microbes, it is still uncertain whether repeated 

targeted analysis of these biomarkers allow monitoring of health changes over time. The 

collection of longitudinal samples and functional experiments remain necessary to proof 

causality in disease pathogenesis and to unravel the molecular mechanisms involved, 

although functional profiles could be predicted using shotgun metagenomics. With the 

trend to simplify the sample collection method to comply for patient convenience, it could 

be more challenging to conduct comprehensive analyses with less material as exemplified 

by the substitution of stool for FIT specimens. 

While the restoration of microbial dysbiosis seems an attractive strategy to change the 

disease course in patients, it will be challenging to set up personalized treatments in future 

therapeutic efforts. The administration of probiotics to supplement of depleted microbiota 

might be helpful to restore homeostasis, but also a change in dietary habits and the use of 

prebiotics might be helpful to promote the growth of beneficial microbiota. The targeted 

elimination of potentially harmful agents is more complex with anti-microbial treatments 

such as antibiotics that are not selective. Fecal microbiota transplantation (FMT) with healthy 

donor stool has been applied in patients with Clostridium difficile infection, but it remains 

to be determined whether this therapy is beneficial for other GI conditions. Its potential 

role in IBD treatment is currently much explored, but mixed results are obtained, and may 

depend on stool quality, disease entity and severity of disease [35]. Since the efficacy of 

FMT seems inherent to the ability of the donor’s stool to restore the state of dysbiosis, 

the adjustment of therapy regimens for the individual patient has been advocated. With 

the scientific community so highly committed to unravel the role of microbiota in disease 

pathogenesis, it is likely that patients will benefit from these efforts in the future practice by 

personalized medicine. The administration of stool from the most compatible donor or the 

treatment with selected microbiota might be possible for the individual patient. For future 

perspectives, the integration of data from metagenomics, metabolomics, transcriptomics 

and proteomics is promising to develop new diagnostic, prediction, treatment and 

prevention strategies. A close collaboration between different disciplines together with 

the implementation of artificial intelligence might overcome the challenges in health care 

for the best interest of the patient. The identification of specific biological patterns based 

on big data profiles enables the recognition of patients at risk for disease development or 

progression and guide treatment strategies more efficiently. Moreover, the application of 

genetic data could allow the identification of genetically predisposed subjects. Despite 

the complexity of big data driven science, it is a very important tool to aid personalized 
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medicine. The investigation and incorporation of microbial profiles might contribute to 

individualized strategies for clinical conditions such as metabolic syndrome [36], but the 

inclusion of different data types and points might be even more promising. For instance, 

personized therapy (diet) based on an machine-learning algorithm has previously shown 

to improve multiple aspects of glucose metabolism by integrating different parameters 

including blood, dietary habits, anthropometrics besides the gut microbiota [37]. With the 

growing collection of personalized data on large scale, the interpretation and translation 

of this valuable information will eventually allow to the best care for the individual 

patient. Since big data is making its way into clinical practice, physicians and biomedical 

researchers have to work more closely together in the near future.    
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Nederlandse samenvatting 
Technologische ontwikkelingen binnen het microbiologisch onderzoek hebben het 

mogelijk gemaakt om de gastro-intestinale (GI) micro-organismen (microbiota) en 

hun genoom (microbioom) te onderzoeken in ziekte en gezondheid. Hoewel virussen, 

schimmels en archaea onderdeel zijn van het complexe netwerk van microben, vormen 

de bacteriën de grootste groep microben binnen het maag-darm kanaal en staan derhalve 

centraal in veel studies. Metagenoom en 16S rRNA amplicon sequencing hebben geleid 

toch meer inzicht in de microbiële samenstelling van het maag-darm kanaal, maar de 

betekenis van microbiële verstoringen (dysbiosis) dient verder te worden onderzocht. 

Hoewel een samenspel van microben aannemelijk is in de verschillende fasen van de 

pathogenese, dient de individuele bijdrage te worden vastgesteld. Aangezien de GI 

microbiota potentieel betrokken zijn bij processen buiten het maag-darm kanaal, mogelijk 

indirect via microbiële producten, is verdere evaluatie uiterst interessant. 

Voor het onderzoek naar de GI microbiota wordt veelal gebruik gemaakt van verse of 

ingevroren biopten en feces monsters. Hoewel de mucosale microben een nauwere 

interactie hebben met humane epitheelcellen, is feces makkelijker te verkrijgen 

dan biopten, en derhalve biedt feces bij uitstek een mogelijkheid om niet-invasieve 

microbiële biomarkers te identificeren. Feces immunochemische testen (FITs) worden 

heden toegepast in het bevolkingsonderzoek naar darmkanker, maar niet alle individuen 

met (pre)maligne afwijkingen worden hiermee opgespoord. De toepassing van het 

microbioom als additionele non-invasieve biomarker is veelbelovend, maar het gebruik 

van hoogwaardige sequencing technieken is arbeidsintensief en niet kosteneffectief 

voor screening op grote schaal. Daarentegen is het doelgericht analyseren van selecte 

metagenoom markers in feces monsters technisch eenvoudiger uitvoerbaar, maar is het 

de vraag of dit op termijn kan plaats vinden in FIT monsters in plaats van feces. De zoektocht 

naar de meest geschikte microbiële taxonomische markers voor de verschillende stadia 

van ziekte is gaande en behoeft validatie in studiepopulaties die verschillen in etnische 

achtergrond en comorbiditeit. Aangezien omgevingsinvloeden en genetische factoren 

mede bijdragen aan de vatbaarheid voor ziekten, zullen ook deze componenten relevant 

zijn voor toekomstige onderzoeksprojecten  

Het belang van de GI microbiota in ziekte en gezondheid is in de afgelopen jaren 

evident geworden en heden zijn er veel verschillende aandoeningen geassocieerd met 

veranderingen in de microbiële samenstelling. In hoofdstuk 2 geven wij een uitgebreide 

beschrijving van de GI microbiota in relatie tot gezondheid en haar rol in oncogenese. 

Ons literatuuroverzicht laat zien dat verschillende studies tezamen een bijdrage hebben 
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geleverd aan onze kennis omtrent de bacteriële microben in de gezonde populatie, maar 

veelal richtten studies zich slechts op één segment van het maag-darmkanaal. In hoofdstuk 

3 onderzoeken wij de bacteriële dynamiek tussen negen mucosale locaties binnen het 

maag-darm kanaal van veertien individuen middels 16S rRNA amplicon sequencing van 

biopten die verkregen waren bij dubbel ballon endoscopie. Wij tonen aan dat in het onderste 

deel van het maag-darm kanaal zowel de bacteriële dichtheid als microbiële diversiteit per 

locatie hoger is dan in het bovenste deel, en dat de bacteriële compositie verschilt van het 

bovenste deel van het maag-darmkanaal. Hoewel vers of ingevroren materiaal (biopten 

en feces) doorgaans gebruikt wordt om microbe-gerelateerde gezondheidsvraagstukken 

te beantwoorden, kan het pathologisch-anatomisch archief een uitkomst bieden voor 

onderzoek dat specifieke anatomische locaties, zeldzame ziektebeelden of longitudinale 

follow-up vereist. Het gebruik van formaline-gefixeerd en in paraffine ingebed (FFPE) 

weefsel is niet eenvoudig doordat het desoxyribonucleïnezuur (DNA) in dit materiaal 

doorgaans van slechtere kwaliteit is en doordat de bacteriële biomassa relatief laag is 

in dit type monsters. Echter, in sommige gevallen is dit het enig beschikbare materiaal 

voor microbieel onderzoek. In hoofdstuk 4 demonstreren wij dat bacteriële analyse 

van FFPE monsters onder specifieke omstandigheden mogelijk is, maar dat 16S rRNA 

amplicon sequencing voor alsnog uitdagend blijft. Onze aanbevelingen om de kwaliteit 

te waarborgen en bacteriële contaminatie te onderkennen kunnen van belang zijn voor 

toekomstig onderzoek met lage biomassa monsters. In hoofdstuk 5 tonen wij aan dat 

specifieke bacteriële markers ook betrouwbaar gemeten kunnen worden in FITs afkomstig 

uit het bevolkingsonderzoek naar darmkanker, en dat bacteriële contaminatie minimaal 

lijkt te zijn zoals blijkt uit kwantitatieve polymerase ketting reactie (PCR) bepalingen. 

Daarmee is de toepassing van FITs voor het analyseren van het GI microbioom en detectie 

van (pre)maligne afwijkingen veelbelovend. Daarnaast is de klinische toepassing van het 

microbioom tevens hoopgevend in radiatie-enteritis (RE) volgens de studie van Ferreira 

en collega’s (Clin Cancer Res, 2019). In hoofdstuk 6 bespreken wij hun bevindingen in het 

licht van recente literatuur en beschrijven wij de parallellen met inflammatoire darmziekte 

(IBD), welke geassocieerd is met een veranderde microbiële compositie alsook een 

verhoogd risico op darmkanker. Naast de mogelijkheid om microbieel DNA uit feces te 

isoleren, blijkt ook humaan DNA bruikbaar voor de meting van specifieke genetische 

loci (zoals BMP3 en VAV3 genen). Deze ontwikkeling is gunstig voor de screening van 

hooggradige dysplasie en darmkanker in IBD patiënten, maar in hoofdstuk 7 bespreken 

wij dat het effect van medicatie op dergelijke diagnostische metingen in acht moet 

worden genomen. IBD is geassocieerd met extra-intestinale ongemakken, zoals psoriasis 

en hidradenitis suppurativa (HS), en recente hypotheses suggereren dat de GI microbiota 
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ook een bijdrage kunnen leveren aan processen buiten het maag-darm kanaal. Gezien de 

mogelijkheid dat de GI microbiota binnen het concept van een darm-huid-as (i.e. gut-skin 

axis) een rol zouden kunnen vervullen in dermatologische aandoeningen, onderzoeken 

wij als één van de eersten het fecale microbioom in HS en demonsteren wij in hoofdstuk 8 

een aantal interessante bacteriële veranderingen in patiënten ten op zichte van gezonde 

individuen. In hoofdstuk 9 richten wij ons verder op het intestinale microbioom bij patiënten 

met IBD. Voor de IBD-subgroep met de ziekte van Crohn (CD) kan het verwijderen van 

de ontstoken darm middels een ileocoecaal resectie een succesvolle therapie zijn, maar 

bestaat er alsnog de kans op een recidief. In hoofdstuk 9 gebruiken wij FFPE weefsel 

resectie preparaten om te onderzoeken of microbiële biomarkers kunnen bijdragen aan 

de predictie van CD patiënten die risico lopen op een postoperatief recidief. Wij laten zien 

dat de bacteriële markers (Faecalibacterium prausnitzii en adherent invasieve Escherichia 

coli [AIEC]) niet in staat zijn om individuen met en zonder re-resectie retrospectief te 

onderscheiden. Genetische factoren (i.e. genetische varianten in het autofagie gen 

ATG16L1) kunnen middels hun effect op de Paneth cel functie de capaciteit van de gastheer 

om bacteriën te verwerken beïnvloeden. Desondanks waren zowel histopathologische 

markers voor Paneth cel functie als de ATG16L1 status niet voorspellend voor een 

recidief en derhalve zal de zoektocht naar geschikte biomarkers verder moeten worden 

doorgezet. In hoofdstuk 10 verplaatsen wij onze aandacht naar de rol van genetische 

factoren in de interactie tussen het human afweersysteem en Helicobacter pylori (H. pylori), 

een welbekende risicofactor voor maagkanker. Wij onderzochten de associatie tussen 

de genetische variatie van het Toll-Like receptor 1 (TLR1) gen en anti-H. pylori antilichaam 

spiegels, welke tot heden niet uniform bevestigd kon worden na de initiële rapportage 

door Mayerle en collega’s (JAMA, 2013). Wij concluderen dat antilichaam verval en TLR1-

onafhankelijke effecten van H. pylori mogelijk genetische associatie studies kunnen 

bemoeilijken. Samenvattend laten de studies in dit proefschrift zien dat de interactie 

tussen het humane lichaam en bacteriën mogelijk een rol kan spelen in het ontstaan 

van intra en extra-intestinale ziektebeelden, dat er verschillende biomaterialen zijn die 

mogelijk gebruikt kunnen worden in het onderzoek naar deze associaties, maar dat 

technische limitaties dit type onderzoek kunnen bemoeilijken. Hoewel standaardisering 

van onderzoeksmethoden dus essentieel is, blijft het interessant om de rol van microben 

in diagnostiek en behandeling van verschillende ziektebeelden verder te onderzoeken. 
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