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CHAPTER 12 

Discussion:  
Thesis results, present 
concerns and future 
perspectives
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Research over the past few years has led to a rapid increase in our understanding of 
the molecular mechanisms that underlie gut diseases. In particular, the study of so-
called ‘omics’ layers in these diseases has provided many new insights. Genome-wide 
association studies (GWAS) have delineated the genetic architecture of inflammatory 
bowel diseases and started to unravel that of irritable bowel syndrome.1–4 Epigenome-
wide analyses and transcriptome analyses have started to explain the role of DNA-
methylation and differential mRNA-expression in inflammatory bowel disease (IBD).5,6 
However, studying these human ‘omics’-layers cannot provide a comprehensive 
understanding of gut diseases because the gut is continuously exposed to trillions of 
microbes. The gut microbiome—the collective genomes of the micro-organisms in the 
gut—is a relatively new ‘omics’-layer and its role in gut diseases is the main topic of 
this thesis.
 
Three objectives were set out in the Introduction of this thesis and these were 
addressed in three parts: Part I. To create the cohorts and multi-omics data 
infrastructure necessary to study the role of thee gut microbiome in IBD (Chapters 
2, 3, 4 and 5), Part II. To understand the effects of commonly used medication on the 
gut microbiome (Chapters 6 and 7), and Part III. To better understand the role of the 
microbiome in the gut disorders IBD and IBS (Chapters 8, 9, 10 and 11). This logical 
framework does not, however, fully reflect the actual research process during my PhD. 
While we started with the goal of investigating the gut microbiome of IBD patients and 
the influence of IBD genetic risk variants on their gut microbiome, we soon discovered 
that many other non-disease and non-genetic factors are associated with the gut 
microbiome. Commonly used medication, for instance, has a large impact on the 
microbiome, and this is an important confounder because the use of medication differs 
between IBD patients and controls. Moreover, diet and medication could explain much 
more variance of the microbiome than host genetics, and it was very difficult to find the 
small genome-microbiome signals.7 
 
Therefore, the efforts of our team to investigate the gut microbiome in IBD and the 
relations between the gut microbiome and host genetics were temporarily put on 
hold so we could first investigate the effects of diet and commonly used medication in 
general, and proton pump inhibitors in particular. This lead to the publications on the 
effect of proton pump inhibitors and commonly used medication on the gut microbiome 
(Chapters 6 and 7) as well as a publication on 163 diet, medication, environmental and 
host factors that are related to gut microbiome in Science (not in this thesis).8,9 Once 
we better understood these confounders, the role of the gut microbiome in IBD and IBS 
could be studied (Chapters 8, 9, 10 and 11). Crucial to both these research directions 
was the research infrastructure carefully set-up by our team according to best 
practices in data stewardship (Chapters 2, 3, 4 and 5).
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Thesis results

 
 
In this section, I discuss three findings in more detail: (1) how proton pump inhibitors 
affect the gut microbiome and thereby influence gut health, (2) how the gut microbiome 
in IBD patients contributes to increased intestinal inflammation, and (3) how the 
microbiome differences in healthy individuals with increased genetic risk of Crohn’s 
disease could help us understand the onset of IBD. 
 

Proton pump inhibitors affect the gut microbiome 
 
In the course of our research we discovered a relationship between use of proton pump 
inhibitors (PPIs), one of the top 10 most prescribed drugs, and the gut microbiome 
(Chapters 6 and 7).10 PPIs work by reducing stomach acid, normally an important 
barrier to bacteria entering the intestinal tract.11 We found that PPI users have a 
more pro-inflammatory gut microbiome, showing a decrease in favorable butyrate-
producing bacteria and an increase in the Enterobacteriaceae that can produce toxin. 
These gut microbiome differences could explain the increased susceptibility of PPI 
users to enteric infections, e.g. that caused by Salmonella spp, and to Clostridium 
difficile infections previously found in epidemiological studies.12–14 Another study by 
an independent cohort that was published at the same time also found similar PPI-
microbiome associations15, and a smaller intervention study published two months 
before ours confirmed some of the pro-inflammatory microbiome effects of PPIs.16 

 

We observed that bacteria normally found in the mouth were now present in the 
gut of PPI users. Because of the increased abundance of oral bacteria in the gut, we 
hypothesized that the PPI-associated gut microbiome differences were directly caused 
by the introduction of bacteria that survive the diminished gastric acid barrier in PPI 
users. However, a functional study in which several non-antibiotic drugs were added to 
cultures of commensal bacteria showed that PPIs also exert direct effects by inhibiting 
the growth of several bacteria, including that of Roseburia intestinalis, a species which 
has anti-inflammatory effects.17 Therefore, the pro-inflammatory changes in the gut 
microbiome of PPI-users are probably caused by both the diminished gastric acid 
barrier and the direct effects of PPIs on bacterial growth. 
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The proinflammatory microbial side-effects of PPIs received regional, national and 
international press coverage in media outlets ranging including De Telegraaf, Kassa (tv), 
Scientific American and Reuters. The newly discovered microbial side-effect, together 
with other newly identified side-effects, led to a re-evaluation of the advantages and 
disadvantages of PPI use. The debate that followed contributed to new guidelines 
on how to decrease the use of PPIs.18,19 Government officials in the Netherlands are 
now debating whether PPIs should remain available without a prescription. I think 
they should not, because the side-effects of PPIs can be serious. I think that weighing 
benefits and side-effects of medication requires a discussion between the patient and 
their medical doctor. 
 
 

The role of the gut microbiome in the pathogenesis 
of established IBD
 
In Chapters 8, 9 and 11, the composition, function, virulence and antibiotic resistance 
of the gut microbiome in IBD patients are described. Beneficial commensal bacteria, 
with known anti-inflammatory properties belonging to Clostridium clusters IV and 
XIVa are decreased in IBD patients. These bacteria can produce butyrate, induce the 
anti-inflammatory cytokine IL-10 and induce T regulatory cells, and decreased amounts 
of these bacteria contribute to intestinal inflammation.20,21 The function of the gut 
microbiome is also changed in pro-inflammatory manner in IBD patients. The microbial 
production of short-chain fatty acids is decreased in the IBD gut while the production 
of LPS is increased. We also see decreases in the biosynthesis of vitamins that can act 
as antioxidants to ameliorate oxidative stress. During Crohn’s disease exacerbations, 
the anti-inflammatory microbial pathways further decrease, leading to a more pro-
inflammatory state during flares (Chapter 11). The virulence of the gut microbiome is 
enhanced in IBD and genes encoding toxins that have previously been characterized 
in pathogens like Clostridium difficile and Escherichia/Shigella and Yersinia species are 
more abundant (Chapter 9). Taking all these features together, the gut microbiome 
of IBD patients contains more pro-inflammatory features, and these contribute to 
gastrointestinal inflammation. 
 
To best describe the interaction between the gut microbiome and the host immune 
system, I propose the positive feedback loop model depicted in Figure 1. In this 
model, the host immune response enhances the pro-inflammatory features of the gut 
microbiome, which in turn elicit a stronger inflammatory response. 
 
Current IBD therapy is only aimed at the intestine/host immune system side of this 
positive feedback loop. There are, however, multiple possibilities for therapeutic 
opportunities on the microbiome side of this loop that are discussed below in ‘Future 
directions’.
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The effect of Crohn’s disease risk variants on  
the gut microbiome

Our research on host genetics and the gut microbiome in IBD showed that the gut 
microbiome of healthy individuals with an increased Crohn’s disease genetic burden 
in functional variants in genes involved in bacterial handling (NOD2, IRGM, ATG16L1, 
CARD9 and FUT2) is associated with a decrease of the anti-inflammatory acetate-to-
butyrate converter Roseburia spp. This finding indicates that a shift towards a pro-
inflammatory gut microbiome could precede the onset of IBD and is not merely an 
effect of the intestinal inflammation. Recently, it was hypothesized that the gut immune 
system does not merely ‘attack’ pathogens but can also ‘farm’ good bacteria in order 
to maintain immune–microbe homeostasis.22 We hypothesize that genetic risk factors 
of the gut immune system lead to a disruption in the ‘farming’ of a favorable gut 
microbiome, leading to increased susceptibility to IBD. Subsequent unfavorable microbial 
perturbations due to known (and presumed) epidemiological risk factors for developing 
IBD—such as mode of birth (vaginal vs. caesarean section), whether the individual was 
breast fed or not, smoking, hygiene, infections, antibiotic use, diet, stress and sleep 
pattern—could further disturb the immune-microbe homeostasis in the gut, eventually 
leading to IBD.23 

 

Gene-microbiome links are hard to discover and, due to the large number of genomic 
markers and microbiome features, stringent multiple testing correction is required. 
Our finding is exciting because it’s one of the few studies to show that gut microbiome 
changes can precede the onset of IBD and are perhaps part of the cause of IBD. However, 
our finding still needs to be replicated.  
 
 

 Figure 1. Pathophysiological model of established IBD. 
 
Positive feedback loop of intestinal inflammation and pro-inflammatory gut microbiome 
changes. Pro-inflammatory gut microbiome changes aggravate intestinal inflammation, while 
intestinal inflammation leads to a more pro-inflammatory gut microbiome.   
*result in this thesis

More pro-inflammatory gut microbiota
• Decreace in beneficial anaerobic bacteria*
• Increase in harmful aerobic bacteria*
• Increase in virulence*
• Increase in antibiotic resistance*
• Increased invasion into the gut
• Increase presentation of bacterial antigens

More intestinal inflammation
• Increase in oxygen radicals production
• Increase in permeability
• Decrease in muscus layer thickness
• Increase in recognition of bacterial antigens
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Present concerns 
 
 
While I believe much more exciting microbiome research is still to come, the “hotness” 
of the field has its drawbacks, and I’d like to take this rare opportunity to reflect on some 
of these issues in this section of my discussion.24 The decreased cost of sequencing 
and the increased interest of high-impact journals in this field created a boom in gut 
microbiome research. In response, researchers started to correlate the gut microbiome 
to a large number of diseases in all organs in the human body. However, the further 
away a studied tissue lies from the gut microbes, the more intermediate mechanisms 
there are between the microbe and the disease, and the greater the chance that the 
results are confounded by these other mechanisms. In my view, three major problems 
persist in microbiome research and need to be addressed: a lack of reproducibility, a 
hype in research, and exaggeration of the results in the media. 
 

Reproducibility 
 
Many researchers are concerned about the lack of reproducibility in gut microbiome 
research.25,26 Although there is substantial overlap in the microbial associations 
of conditions that have a large effect on the gut microbiome, like IBD27–32 or PPI 
use15,16,33,34, smaller effects such as host genetic variation often do not replicate.35–37 
However, this lack of reproducibility is not confined to gut microbiome research. A 
reproducibility project examining psychological experiments published in Science38 and 
one examining cancer biology experiments published in eLife39 both indicated that lack 
of reproducibility could be ubiquitous. Of the 100 previously published psychological 
experiments re-conducted in the Science project, only 39% could be replicated.38 Of the 
five cancer studies re-conducted by eLife, two could be replicated, one could not and 
two were uninterpretetable.39 Does this mean that scholarly literature is littered with 
unreliable results?40 Renowned epidemiologist John Ioannidis of Stanford University 
has even suggested that most published findings are false.41 While this extreme level 
of skepticism is not the mainstream, researchers are definitely concerned about 
reproducibility. In 2016, Nature surveyed 1,576 researchers to investigate their opinions 
on reproducibility. The majority were concerned and agreed there was crisis: 52% 
answered that there was a significant reproducibility crisis and 38% that there was a 
slight reproducibility crisis.42 More than 70% of the researchers also reported having 
failed to reproduce another scientist’s experiment, and 50% reported they had failed to 
reproduce their own experiments.42  
 
The improper use of statistics, specifically P-values, is often blamed as one of the 
major causal factors in the reproducibility crisis. P-values, introduced by Ronald Fisher 
in the 1920’s, are not as reliable as many scientists assume.41 They were designed to 
indicate whether a result was worthy of a second look, not to make a final judgement. 
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A re-consideration of the use of P-values is now taking place. In 2015, one journal in 
psychology decided to ban P-values43. In 2017, “big names in statistics were trying to 
shake up the much-maligned P-value” by proposing lowering the significance threshold 
from 0.05 to 0.005 in the social and biomedical sciences in order to reduce false positive 
results.40 This is something geneticists had already addressed ten year’s earlier by 
establishing a significance threshold of P<5x10-8 for genome-wide association studies. 
 
I think we should not be unnecessarily skeptical of statistics, but rather view it as 
the tool it is. We should also look at a mix of factors: the likelihood of our hypotheses 
being true, our assumptions about distributions, the presence of the effects, the actual 
sizes of the effects41, and the trade-off between false positives and true positives, 
false negatives and true negatives, and the positive and negative predictive values.44 
Statistical significance isn’t the same as biological truth. Or as John Ioannidis put it, 
“The numbers are where the scientific discussion should start, not end.”41 

 

In my view, expectations should be better managed. We should expect less and be more 
aware of the limitations of a single study. New high-impact findings are not necessarily 
correct, even when published in high-impact journals. Meanwhile, it is disturbing that 
publishing a positive or negative replication study is very hard in high-impact journals, 
which almost always prioritize novelty over replication.  
 
While some researchers have proposed radical changes such as the abolishment of 
P-values, the elimination of scientific journals, a shift to a Wikipedia-like publishing 
structure, or the complete overhaul of peer review, in my opinion we should shy away 
from such big statements as they are unlikely to become reality. Rather than extreme 
measures, there are simpler steps that can quickly lead to great improvement. I 
think that every journal should have a Replication Section in each issue that contains 
one or two positive or negative replication studies of results previously published 
in the journal. These sections should be allowed to use both the same and different 
techniques and different statistics to question whether the original finding was 
significant. An invited editorial by experts as well as responses of the authors of the 
original study and the replication study could be added to this section. This would lead 
to livelier debates and would therefore be a compelling read. Moreover, it could increase 
acceptance that sometimes the lack of replication of a single study is part of science not 
an indication that ‘the system is rigged’. 
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Hype 
 
In parallel with rising disappointment, criticism and disbelief in science, the 
overstatement of scientific results—the hype45—is also on the rise. Scientists 
and scientific journals can contribute to hype by stating theories, hypotheses and 
possibilities without data or results to back these claims up. The formula below,  
which indicates whether there is a hype, is meant as a joke, but has a serious 
undertone: there need to be more original studies than reviews. 
 
 
 
 
 

 
Definition of a hype. Adapted from a model presented in a talk by Dr. Cyriel Ponsioen, 
gastroenterologist AMC, and adapted to include basic science experiments,  
observational studies and editorials.

 
To check whether there is a gut microbiome hype according to this formula, I read 
the abstracts of the first 100 of the 7,149 results in PubMed delivered using the text 
search term “gut microbiome” on August 11, 2017. For each I determined whether it 
was a review, editorial, basic science experiment, observational study or clinical trial. 
What I found was that 49 of the first 100 PubMed articles were reviews and editorials, 
whereas only 2 were placebo-controlled clinical trials and 49 were observational 
studies or basic science experiments. The outcome of the formula is thus 0.96, which 
is not quite a hype but awfully close to one. To move forward, I think the field needs 
more new data, more clinical trials and fewer literature reviews and editorials.

HYPE = >1
Reviews / Editorials

Basic science experiments + Observational studies + Clinicals trails
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Media impact

While scientists are often part of a hype, it is also common to blame media outlets 
for sensationalizing and exaggerating the results of scientifi c research.46 An elegant 
retrospective study in the BMJ in 2014 investigated 462 press releases as well as the 
accompanying peer reviewed research papers and news stories.46 They uncovered that 
it’s not the press who exaggerated the results of scientifi c research, but rather that 
the distortions and exaggerations were mostly caused by the scientists and scientifi c 
institutions themselves. Most of the exaggeration in the health-related science news, as 
compared to the content of the scientifi c article it was based on, was already present 
in the academic press releases. The press was unlikely to be able to fi lter out these 
exaggerations. Meanwhile, exaggeration was not signifi cantly associated with increased 
news coverage, indicating that exaggeration is not a valuable strategy for scientists.46

 

 Figure 2. News coverage of our study by De Telegraaf: Proton pump inhibitors 

 aff ect the gut microbiome. 

Translation article title in the Telegraaf: “Antacids drastically change the gut fl ora.” (Chapter 5) Some 

media articles discussed whether patients should immediately quit their PPIs without consulting 

a medical doctor. I was surprised how easily journalists changed the story without consulting us. 

After sending a press release, it is mostly out of your hands.
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Future perspectives
 
 
In this last section, I would like to discuss the larger goals behind my thesis 
objectives: to work towards better research data and a better understanding the gut 
microbiome, to facilitate microbiome-based diagnostics for gut diseases and to work 
towards microbiome-based therapeutics for gut diseases.  
 

Towards better research data  
 
“Garbage-in, garbage-out” is a commonly heard commentary on research data, 
meaning that if the quality of the collected research data is poor, the study 
conclusions will also be of poor quality. Good research data collections are 
therefore paramount. All the research in this thesis relied upon large research data 
infrastructures: 1000IBD, the Dutch IBD Biobank (or IBD Parel, part of Parelsnoer47) 
and Lifelines DEEP48 (part of Lifelines49), all of which are part of BBMRI-NL (Chapter 
2 and 3). I am grateful for being able to use these large biobanks, as collecting 
and processing the entire amount of data and samples used in this thesis would 
never be possible during a four-year PhD. Nevertheless, using these large research 
infrastructures can be difficult for a researcher to use. Complex procedures and 
errors sometimes get in the way of efficient research, while promises of FAIR data 
(Findable, Accessible, Interoperable, Reproducible) are being made easily.50 Therefore, 
I recommend several ways to work towards better research data. 

Give the patient a more active role  
(and give them an app!!!)

In electronic health records and clinical databases that investigate chronic diseases, 
research data is entered mainly by doctors, nurses and, sometimes, a little bit by the 
patient. Patient-reported outcomes are now gradually being introduced, and the first 
apps to fill in questionnaires are starting to appear.51 Nevertheless, progress in this 
quarter is too slow: patients could contribute much more to data collections if given 
the opportunity and means to do so. A model in which nurses fill in an extensive 
inclusion dataset, patients then regularly fill in questionnaires at fixed intervals, and 
doctors only add additional medical information during hospital visits would, in my 
view, be much better than having doctors fill in extensive forms during patient visits 
(Figure 3). All University Medical Center patients (and participants of large biobanks 
such as LifeLines) should have one app in which they can fill in short standardized 
questionnaires on complaints, disease activity, quality of life and quality of care. This 
centralized way of gathering research data is much cheaper and much more efficient 
than all the local initiatives combined. Commercial companies like 23andMe already 
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offer elegant apps for asking questions and presenting results.52 For 1000IBD and IBD 
clinical care, the first apps and websites are now in place.51 However, for cohorts as 
large as Lifelines it is quite remarkable that there is still no app for participants.

 

Figure 3. A cooperative data collection model. In this model, the patient regularly enters a  

small amount of disease activity and quality of life data, doctors contribute less often but add  

a larger set of clinical parameters, and nurses fill in the largest inclusion dataset for new patients.

ONLINE
by the patient

every 3 months

DURING PATIENT VISITS 
by the doctor
on demand

AT INCLUSION 
by the nurse

once
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Make asking questions predictable with a release cycle and a 
subscription service 

Updates of software programs often come at set dates. Apple, for example, updates 
its two most important operating systems, iOS and macOS, once a year in the fall53, 
while Microsoft updates Windows 10 twice a year.54 Releasing new software at fixed 
intervals this way is called the release cycle, and I think it would be a good model for 
how we collect data from patients. In contrast to having a fixed release cycle where 
customers know what to expect, patients and medical study participants often receive 
questionnaires at random intervals and via multiple ways, all depending on whether 
PhD students and the PIs decide to send another questionnaire on paper, via an e-mail 
with a link to website, etc. Multiple questionnaires are sometimes sent at the same time 
via different routes. In consequence, patients and participants are becoming tired of 
filling in questionnaires. Similar to the software industry, research data infrastructure 
should have a fixed release cycle (e.g. every 3 months or every month) in which very 
brief questionnaires can be filled in on a tablet or mobile phone. Patients could use 
these questionnaires to monitor their health. Similar to a subscription service, both 
patients and study participants should have the opportunity to switch this service on 
and off depending on their willingness to fill in questionnaires every so often. Offering 
these solutions would empower patients and study participants, and make information 
gathering supple and less intrusive. 
 

Balance information security and privacy 
 
The three most important concepts of information security are 1. data availability: 
whether the data can be accessed, 2. data confidentiality: whether the data can be 
shielded from those who should not have access to it, and 3. data integrity: whether the 
data is correct.55,56 Good information security policy takes all these aspects into account 
while acknowledging the inherent tension that exists between them. Extreme examples 
illustrate this tension clearly. Encasing a paper medical record in concrete and 
throwing it into the middle of the ocean ensures perfect confidentiality but eliminates 
the opportunity for a medical doctor to access the data in a medical emergency 
(availability) or to check whether the data is correct (integrity). In contrast, putting a 
medical record on a public website ensures perfect availability (everyone can access it) 
and integrity (everyone can check it), but no confidentiality.  
 
Balancing data availability, data confidentiality and data integrity is therefore what the 
privacy and information security debate should be about, not about whether privacy 
is important or not (because it definitely is). Better balancing these aspects in future 
research data collection designs and biobanks would lead to better research. The 
value of data availability and integrity should be acknowledged and projects should 
not overcomplicate access and pseudo-anonymization procedures, since poor data 
availability and data integrity prevents proper scientific research and patient care. 
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Give researchers more incentives for and  
fewer barriers to using biobanks 

Biobanks in the Netherlands were recently criticized for their lack of output.57 The 
primary user or costumer of these biobanks is the scientist. Unfortunately, the customer 
is always right, and not buying or using a product is the clearest signal there is that 
the supplier is not meeting user needs. Not enough use by researchers means that 
there are not enough incentives and too many barriers to using the extensive and 
great biobanks we have. The two most important barriers are the complexity of the 
procedures required to acquire data and the fee researchers have to pay for the data. 
These two barriers should be addressed and, in my opinion, researchers should not be 
charged for acquiring data from a publicly funded resource. 
 

Most importantly: simplify 
 
The over-complication of many research data systems is holding research back. My 
most important recommendation is therefore to simplify. Create a single system instead 
of multiple systems linked and mapped to each other. Create a single questionnaire 
with the same questions instead of creating multiple questionnaires asking comparable 
questions and try to link these. Create shorter questionnaires. Create a single app for 
patients and participants. Don’t make the acquisition of data so difficult for researchers. 
These simplifications would push the field towards better research data.  
 

Towards better understanding the gut microbiome 
 
A large part of the gut microbiome still needs to be unraveled. While analyzing the 
metagenome became more common during my PhD, the metatranscriptome58,59, the 
metaproteome and the fecal metabolome have not yet been analyzed on such a large 
scale. These additional molecular layers are needed to refine many of the metagenomic 
findings in this thesis, especially to reveal which metagenomic changes actually lead to 
differences in RNA expression or amounts of protein or metabolites.59 Identification of 
the non-bacterial microbiome, comprising fungi and viruses (including phages), requires 
different DNA-isolation techniques.60,61 While incredibly interesting, the other meta-omics 
layers and the non-bacterial microbiome are beyond the scope of this thesis. 
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Detectable microbiome

Bacteria you can sequenceBacteria you can culture

UnculturablesUnsequencables

Sequencing, our reference, and “unculturables” 
versus “unsequencables”

The taxonomy, function, antibiotic resistance and virulence factor fi ndings in this 
thesis were all based on the amount of microbial DNA reads that could be mapped 
to a reference database, meaning that our results are only as good as our reference. 
Improving the reference databases is required to improve the understanding of the gut 
microbiome. Thus far, the most common way to do so is to culture a microbial isolate, 
extract DNA and sequence it. There are, however, a number of challenges still to be 
faced in this process. Some microbes are very hard to culture—they are even referred 
to as “unculturable”—and major eff orts to improve culturing techniques are ongoing.62,63 
In addition, the diffi  culty of isolating microbial DNA varies for each type of bacterium. 
Bacteria of the common phylum Firmicutes, for example, have a strong cell wall that is 
not easily broken down during DNA isolation. (It’s all in the name. Firmicutes: fi rmus = 
strong, cutis = skin, with the skin in this case being the cell wall.) Although we can detect 
many Firmicutes in our samples, there are large diff erences between the abundances 
of Firmicutes and Bacteroides seen in diff erent studies.9,64 If there is no DNA isolated, 
microbes cannot be detected using sequencing techniques (Figure 4). 

Figure 4: The detectable microbiome using reference databases. Thus far, not all microbes 

can be cultured and sequenced, leading to an incomplete picture of the gut microbiome when 

using sequencing and reference databases.

BACTERIA YOU CAN CULTURE

Unsequencables UnculturablesDetectable microbiome

BACTERIA YOU CAN SEQUENCE
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A new strategy to identify unculturables could be very deep sequencing of 
metagenomes (e.g. 100 or 200 gigabases per sample) followed by assembly to discover 
unknown genomes. Since large quantities of DNA can be retrieved from a single stool 
sample, such a strategy is feasible. In addition, single-cell metagenomic sequencing, a 
technique that is already applied to liquid samples such as the microbiome of seawater, 
could also yield more detailed results.65 Stool and biopsy sample preparation will be 
more challenging than for seawater, but single-cell sequencing of human gut biopsies 
has already been performed successfully in a number of laboratories, including ours.66 
(Uniken-Venema et al. Submitted) The above-mentioned strategies would lead to 
improved reference databases that would benefit future microbiome studies. Moreover, 
the reanalysis of previously collected microbial DNA sequencing data, including the 
1000IBD dataset, could also yield new results using improved reference databases. 

From association to causation: the need for functional proof

The case-control analyses of the microbiome in gut disorders resulted in the discovery 
of many associations between gut microbiome features and gut diseases using 
comparisons to population controls. However, these associations have been generated 
at a much greater pace than the follow-up studies needed to explain what they actually 
mean. To find out what significant associations mean, much more effort needs to be put 
into in vitro and in vivo experiments, e.g. culturing single organisms, co-culturing single 
organisms with epithelial cell layers or intestinal organoids, and transferring single 
organisms or artificial mixtures to lab animals67,68. 
 

From cross-sectional to time-series and interventions

In contrast to host genetics, the gut microbiome changes over time. This usually occurs 
gradually, but changes can sometimes be very abrupt. This means there is only so much 
you can learn from a cross-sectional microbiome cohort. Gut microbiome research 
in chronic diseases like IBD should therefore move from cross-sectional cohorts to 
time-series and interventions. The first time-series results are already there59,69, but 
much more insight into the dynamics of the microbiome in IBD needs to obtained. 
Together with the MIT Centre for Microbiome Informatics and Therapeutics and the 
Massachusetts General Hospital in Boston, the UMCG will soon start IBD-Tracker, an IBD 
cohort with a weekly stool sampling regime aimed at the discovery of biomarkers and 
microbial changes that can predict IBD exacerbations. 
 



274

Most importantly: diversify and try in humans 
 
Results of gut microbiome research are hard to replicate, leading to urgent calls to 
standardize. However, in contrast to what is often presented in microbiome meetings, 
I think that methods should be diversified and we should definitely not standardize all 
microbiome methodology. Real effects that are large enough to impact human health 
can be uncovered using various methods, and these will show up under different 
circumstances using different techniques. Naturally, within a single experiment, 
methods should be standardized to avoid batch effects between, e.g. cases and 
controls. But using only one DNA isolation technique and one sequencing technique 
narrows our view and limits our capacity to detect technical differences. Experimental 
designs should also be diversified. It is still unclear whether a single in vitro “bug-drug” 
interaction seen in a petri dish or the effects of a specific fiber-diet fed to mouse with 
an artificial gut microbiome comprising eight bacteria will replicate in the complex 
human gut microbiome influenced by hundreds of environmental factors, and this needs 
to be investigated in humans if we want the gut microbiome research to have clinical 
applications. 

Towards microbiome-based diagnostics  
for gut diseases

In the field of gastroenterology, patients often experience similar complaints: changes 
in stool frequency and consistency, diarrhea and constipation, abdominal pain, 
abdominal discomfort, and/or bloating. These overlapping symptoms sometimes 
complicate the diagnostic process. As a consequence, general practitioners (GPs) 
and gastroenterologists face a diagnostic dilemma: how to diagnose gastrointestinal 
disorders like IBD, colorectal cancer, celiac disease, IBS, and enteric infections, while 
only using invasive, burdensome and costly diagnostic endoscopy when necessary. 
A single diagnostic microbiome-based stool test able to distinguish between these 
common gut disorders would be of great help. In recent years, gut microbiome 
signatures of the most common disorders in gastroenterology—IBD29,32, IBS70,71, celiac 
disease72, colorectal cancer73, and enteric infections74,75 (both viral, bacterial and 
parasitic)—have been discovered. Using these different gut microbiome signatures, a 
non-invasive stool test could be designed. This test would not replace the entire current 
diagnostic process. Rather, by using this test, gastroenterologists and GPs would 
be better able to select which patients need to undergo endoscopies. Our team has 
acquired the MLDS Diagnostic Grant “Optimizing the diagnostic process for inflammatory 
bowel disease and irritable bowel syndrome using non-invasive fecal biomarkers” to 
develop advanced gut-microbiome-based bioinformatic models using additional the 
novel fecal biomarkers chromogranin A and beta-defensin 2 to distinguish between 
IBD and IBS.9 Using only metagenomic sequencing data of IBD and IBS cohorts, the gut 
microbiome was able to differentiate between IBD and IBS more reliably and accurately 
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than the currently used biomarker, fecal calprotectin (this thesis, chapter 9). However, 
to make these tests clinically relevant, we need a different type of study. To develop truly 
accurate diagnostic tests, we need to collect large numbers of new-onset, treatment-
naïve stool samples from undiagnosed patients who report gastrointestinal complaints. 
While we sequence these samples, the patients need to undergo the current diagnostic 
trajectory—often including the golden standard of a colonoscopy—to acquire the 
diagnosis. Using the data of the stool samples and the final diagnosis, a new test can 
be developed. Subsequently, clinical trials using this new test in the diagnostic process 
versus the standard care need to be done, and positive and negative predictive values 
need to be reported in order to establish whether this microbiome-test is useful in the 
clinic. This is the only way to work towards reliable reproducible microbiome-based 
diagnostics for gut diseases. The cost of sequencing is decreasing rapidly, meaning 
that 16S sequencing will soon be performed for less than €40 and metagenomic 
sequencing for less than €100, while a colonoscopy currently costs approximately €800 
and determining the fecal calprotectin approximately €40. This means that microbiome-
based diagnostics could rapidly become cost-effective. 

Towards microbiota-based therapeutics for  
inflammatory bowel disease

During the first decade of modern gut microbiome research (2007-2017), a picture 
of the gut microbiome emerged. Now, in the second decade (2017-2027), it’s time 
to develop the microbiome-based therapeutics that will benefit large groups of 
gastroenterology patients in the third microbiome decade (2027-2037). Thus far, results 
for gut-microbiome-based interventions have been disappointing. Modifying the gut 
microbiota has proven difficult: the gut microbiome has a resilience that allows it to 
withstand all sorts of interventions and dysbiosis, once established, easily persists. 
The only established success thus far is that of fecal transplantation in treating 
Clostridium difficile infections.76,77 Nevertheless, development and testing of microbiota-
based therapeutics is progressing rapidly. Of the 1,504 gut microbiome trials listed on 
clinicaltrials.gov, only 580 have been completed (search term: gut microbiome, search 
performed June 27, 2018). Meanwhile microbiome therapeutics companies are testing 
several new products (Table 1), and I’m optimistic about the therapeutic potential of the 
gut microbiome.78 The positive feedback loop model of the role of gut microbiome in IBD 
provides many opportunities for microbial interventions (Figure 1). Below I will discuss 
the most important therapeutic options. 
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Fecal transplantation in IBD 
 
The easiest to develop, most radical, and least elegant microbial intervention is fecal 
transplantation. A few fecal transplantation studies in IBD have been conducted, with 
mixed results.79–81 Although remission in ulcerative colitis could be achieved in some 
studies, one of the successful studies showed that 200 fecal transplants were needed 
to achieve one remission (±20% extra remission in fecal transplantation compared to 
controls, 40-day daily fecal transplant regime for each patient).81 Other microbiome-
based interventions for IBD have not produced succesful results thus far, meaning 
that optimizations of fecal transplantation using donor selection and/or the addition of 
supplements to the donor feces are still a worthwhile pursuit. In the Amsterdam UMC, 
the UMC Utrecht and the UMCG, a trial is being designed that will do just that. 

Dietary interventions in IBD 
 
Whether diet can ameliorate inflammation in patients with IBD is a question that has 
attracted a lot of attention in the literature82–84 and is one of the top-10 questions on 
the Dutch gastroenterology knowledge agenda (Kennisagenda NVMDL).85 Patients 
often request dietary advice, but there is little evidence to support a specific diet in 
IBD. Previous research suggests a high-fiber, high plant-oil, low red meat diet could 
ameliorate intestinal inflammation, and our team is currently conducting a study to link 
the features of the microbiome to consumption of whole foods in population controls, 
IBD patients and IBS patients. Our results show that plant-based proteins, plant-oils, 
fibers, vegetables and fruits are linked to anti-inflammatory microbial features, possibly 
explaining the favorable effects of these foods (Bolte et al. Manuscript in preparation, not 
in this thesis). However, we also know that the habitual diet of our 1000IBD patients in 
Groningen differs from that of the general population: IBD patients eat more fat, meat, 
and sugar/sweets and males with IBD eat less fruit and fewer nuts, which is hardly the 
recommended diet (Peters et al. Submitted).  
 
Whether an anti-inflammatory diet actually works still needs to be investigated in a 
large, well-designed randomized controlled trial. This trial is currently being designed 
in the UMCG and will, following the model of companies like Hello Fresh, include 
the delivery of food boxes containing the recipes and ingredients to prepare anti-
inflammatory meals to ensure that study participants adhere to the diet. In the end, I 
expect the effects of diet on inflammation in IBD to be modest. I think the Mediterranean 
diet could ameliorate low-grade intestinal inflammation by inducing pro-inflammatory 
changes in the gut microbiome, thus prolonging the periods of remission in IBD, but that 
it cannot treat an IBD exacerbation. 
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Company Microbiota product and indication Development stage Pharmaceutical 
partner/s 

AvidBiotics Targeted antibacterial bacteriocins (Avidocin/
Purocin) 

Preclinical DuPont Nutrition 
& Health 

CIPAC Standardized approach to FMT for CDI and IBD 
(Full-Spectrum Microbiota) 

Undisclosed – 

Enterome Anti-Escherichia coli small molecule for IBD (EB-
8018; EB110) 

Phase I Takeda, Janssen, 
Bristol-Myers 
Squibb, Nestlé 

4D Pharma Therapies from microbiome-based molecules 
for IBS and IBD indication (Blautix; Thetanix) 

Phase I Publicly traded 

Rebiotix Inc Prescreened stool offered to health providers 
for FMT (microbiota restoration therapy for 
recurrent CDI; RBX2660) 

Phase III (FDA 
breakthrough 
therapy designation 
for CDI); phase I 
(pediatric UC) 

Private 

Osel Inc Single strains of native and genetically 
engineered bacteria for urogenital and 
gastrointestinal disease indications (Lactin V; 
CBM588) 

Phase II Private 

Second Genome Application of microbiome science for discovery 
of new therapies (eg, IBD; SGM-1019) 

Phase I Janssen, Pfizer, 
Roche, Monsanto 

Seres Health Therapeutics to catalyze restoration of healthy 
microbiome in CDI (SER-109) and UC (SER-287) 

Phase III (FDA 
orphan drug 
designation for 
SER-109); phase I 
(SER-287) 

Nestlé Health 
Science, publicly 
traded 

Symbiotix Bacteroides fragilis derived polysaccharide A for 
IBD and multiple sclerosis 

Preclinical 

Vedanta 
Biosciences 

Human microbiome consortia (Clostridia cocktail 
for IBD/allergy indications; VE-202) 

Phase I/II Janssen 

Table 1. Pipeline on microbiome-derived therapeutics in IBD and systemic autoimmunity  

(copied from Clemente et al. BMJ January 2018)78
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Antibiotics, prebiotics, probiotics and  
synbiotics to modify the microbiome

Precision editing of the gut microbiome to ameliorate IBD is more complex than fecal 
transplantation or dietary interventions because it requires a very precise understanding 
of the clinically relevant molecular mechanisms. These mechanisms are becoming 
increasingly clear and in vitro and animal studies have uncovered novel potential 
therapeutics. These include tungstate to limit the Enterobacteriaceae family, which 
contains well-known gut pathogens86, and polysaccharide A derived from Bacteroides 
fragilis, which ameliorates NOD2- and ATG16L1-mediated IBD (Symbiotix in Table 1).87 
Individual probiotic strains such as Faecalibacterium prausnitzii A2-165 and molecules 
derived from probiotics have also been developed.88–92 A probiotic mixture of Clostridium 
clusters IV and XIVa with anti-inflammatory effects in functional and animal studies is the 
basis of a novel IBD-drug by Vedanta (Table 1).20,21  
 
Engraftment of these probiotics in the hostile pro-inflammatory environment of the IBD 
gut will be challenging and will require the right supportive substances. Prebiotic fibers 
and other nutrients to feed the probiotic bacteria, anti-oxidant vitamins to protect against 
oxidative stress produced by the inflamed gut, and novel targeted antibiotic drugs that 
help against competing microbes should be added to probiotics to enhance their survival. 
These combinations of probiotics and prebiotics that act synergistically to confer health 
benefits to the host are called synbiotics.93 Orally administered synbiotics have already 
been tested and have proven effective in sepsis in a large trial and well-designed trial.94 
IBD-specific synbiotics could be interesting anti-inflammatory treatments. Many more 
novel substances that could be added to synbiotics, including vitamins and amino acids, 
are presented in this thesis (Chapters 9, 11). Novel synbiotics should thus contain 
antibiotics, prebiotics, probiotics, vitamins, amino-acids and other molecules to precisely 
edit the gut microbiome and reduce its pro-inflammatory features in IBD.  
 

Antibodies against microbes and microbial toxins

In this thesis, we have shown that the virulence of the gut microbiome in IBD is increased 
(Chapter 9). The microbial virulence factors are interesting targets for translational IBD 
research that require much more in vitro and in vivo follow-up. They are also a target 
for therapeutics. Several monoclonal antibodies against bacterial toxins have already 
been developed and tested95, including urtoxazumab against Shiga-like toxin 2 produced 
by Escherichia/Shigella spp96, edobacomab against endotoxin97, and actoxumab and 
bezlotoxumab against Clostridium difficile toxins.98 The antibodies against endotoxin 
proved ineffective in sepsis patients, but bezlotoxumab was recently proven to be 
effective in preventing recurrent Clostridium difficile infections.97,98 Novel therapeutic 
monoclonal antibodies against harmful microbes, and existing antibodies against 
microbes, e.g. against adherent-invasive E. coli, are definitely worth investigating as 
future IBD treatment. 
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The future of IBD medication: the mixed approach 
 
The current treatment regime of IBD could be much improved. The discovery of the 
pro- and anti-inflammatory features of the gut microbiome in IBD patients led to many 
new targets for microbiome-based drug discovery. However, I do not believe that the 
inflamed gut in IBD can be treated using only microbial interventions. Host genetics 
research has shown that both defects in the immune system (shared with immune-
mediated diseases such as rheumatoid arthritis and psoriasis) and impaired microbial 
recognition are part of the pathophysiology of IBD.3 Treatment should therefore be 
directed towards both ameliorating the immune response and improving the gut 
microbiome. That way the detrimental positive feedback loop in which inflammation 
enhances dysbiosis, which then enhances inflammation, can be broken on both sides, 
which will be more effective (Figure 1). A future IBD treatment regime could, for 
example, comprise a novel synbiotic pill containing not only anti-inflammatory probiotic 
microbes and prebiotic fibers to feed these microbes, but also anti-oxidant vitamins 
that protect the anaerobic probiotics from oxidative stress, amino-acids that nurture 
the gut and support wound healing, and precision antibiotics that limit the expansion of 
pro-inflammatory microbes. It could be supported by moderate immune suppression 
and perhaps a healthy Mediterranean diet, while exacerbations and more severe IBD 
could be treated with additional anti-inflammatory and anti-microbial biologicals. These 
treatments could be monitored using microbiome-based tests and microbial healing 
could be a new treat-to-target endpoint alongside mucosal healing.  
 
I expect that combining and balancing both immune-based therapies and microbiome-
based therapies with microbiome monitoring will lead to better outcomes, fewer side 
effects and increased quality of life for IBD patients.
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