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General discussion
Over the past two decades, major advances have been made in unravelling the aetiology of 
inflammatory bowel disease (IBD). IBD has been classified as a complex disease in which 
biological interactions exist between factors such as genes, microbiota, and the environment. 
The aetiology of a complex disease is multifactorial by nature, and it is therefore impossible to 
comprehensively capture all the biological mechanisms that contribute to disease aetiology 
without studying all the contributing factors, or layers of information. There is now also emerging 
evidence that molecular determinants of disease heterogeneity and therapeutic response are 
also multifactorial, and interactions between these different factors may exist[1–3].

In this thesis, we have focused on two layers of molecular information (also referred to as “omics”) 
in relation to clinical data: the genome and the transcriptome. As we will discuss in this chapter, 
interrogating these two layers of information can yield valuable insights for understanding the 
disease mechanisms of IBD. Moreover, genomic information, as a single layer of information, can 
in itself already benefit clinical outcomes for patients with IBD. We acknowledge, however, the 
need for multi-layered studies to comprehensively disentangle molecular interactions between 
different layers, with the ultimate goal being to use this information to improve clinical outcomes 
for patients with IBD. In this section, we will discuss the results obtained in this thesis. We will 
further discuss directions for future IBD research, including the need for multi-layered (or multi-
omics) studies, in the next section (Future perspectives). Results from chapter 9 will also be 
discussed in the next section (Future perspectives).

Aetiology
Genomic studies have been able to identify specific genetic variants within Crohn’s disease (CD) 
genomic risk loci, and these point to a major role for T cells in the pathogenesis of CD[4]. In CD, the 
primary disease site is generally the mucosal layer of the terminal ileum, where mucosal T cells 
are the main effector cells.

In chapter 3, we characterised over 4,000 T cell transcriptomes from paired sets of ileal and 
peripheral blood T cells from CD patients using single cell RNA sequencing (scRNAseq). We show 
differences between the T cell transcriptomes derived from intestinal mucosal T cells and those 
derived from T cells from peripheral blood. Our pathway analysis shows that mucosal T cells are 
enriched for T cell activation and trafficking, while peripheral blood T cells show upregulation of 
more general cell homeostasis pathways.

This tissue-specificity of mucosal T cell transcriptomes is consistent with the current hypothesis 
that human mucosal T cells largely consist of tissue-resident memory T cells and are distinguished 
from circulating T cells in peripheral blood by transcriptional signatures[5–7]. While most cells in 
our body share nearly identical genotypes, transcriptomic information reflects the functional 
characteristics of a given cell. Previous studies interrogating intestinal mucosal T cell transcriptomes 
were either restricted to established antibody panels developed based on prior knowledge, or 
used bulk sequencing, which precluded identification of cell-type-specific transcriptomes[8].
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We have characterised T cell transcriptomes at single-cell resolution and demonstrate that mucosal 
T-helper 17 cells, mucosal cytotoxic T cells, and T regulatory cells are enriched for transcribed CD 
risk genes. CD risk genes are often dysregulated in the intestinal mucosa of patients with CD[9], 
and our study emphasises the cell-type-specific context in which CD risk genes may contribute 
to pathogenesis. This finding is in line with results from recent efforts to map potential causal CD 
genetic risk variants to specific cell types[4].

T cell subtypes known to be involved in CD pathogenesis provide promising targets for future 
cell-type-specific therapies for CD, and it has been estimated that selecting genetically supported 
targets can double the success rates of drug development by prioritising which drugs to advance 
to clinical development phases[10]. We identified potential drug targets for future cell-type-specific 
therapies for CD. In addition, our study may contribute to a better understanding of the working 
mechanisms of currently available drugs such as Ozanimod, which targets S1PR5 in peripheral 
blood cytotoxic T cells, or provide insight into how drugs may be repositioned towards CD.

Expression of drug targets on a transcriptional level should be used merely as a prioritisation 
strategy and is not a guarantee of success. This is illustrated by IL17A, a well-studied drug target for 
Secukinumab that is upregulated in mucosal T-helper 17 cells. Despite this connection, however, 
Secukinumab was shown not to be effective in CD[11]. Fortunately, targeting the IL23/IL17 axis 
in other ways using the drugs Ustekinumab and Mirkizumab has shown clinical success after 
repositioning towards IBD[12,13]. 

Chapter 3 served as a pilot study but is limited by the relatively small number of cells studied, 
which were derived from only three patients, and lacks data derived from healthy controls. Recent 
case–control studies and on-going scRNAseq studies in our department have now been able to 
characterise transcriptional profiles of intestinal mucosal cells from patients with IBD on a larger 
scale[14,15]. These data suggest an important role for colonic mesenchymal cells in the pathogenesis 
of UC, while specific transcriptional profiles have been associated with non-response to TNF-
antagonists in patients with CD[16].

Technologies such as scRNAseq enable us to capture cell-type-specific transcriptional profiles 
that allow us to characterise the genetic basis of each cell’s identity and function. Chapter 3 
provides a location-specific and disease-specific scRNAseq dataset that provides a starting point 
for the integration of other datasets to ultimately capture the full breadth of cell-type-specific 
transcriptional profiles in CD.
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Disease course
The course IBD takes over time is highly unpredictable and heterogeneous, and the molecular 
mechanisms contributing to the heterogeneous character of IBD remain largely unknown.

In chapter 4, we constructed genetic risk scores to uncover genetic determinants of IBD phenotypes. 
We demonstrate that CD genetic risk is associated with a higher risk of fibrostenotic disease in 
patients with CD. Previous genotype–phenotype studies have pointed to genetic variation in 
NOD2 as a predictor of young age at onset, CD disease location, and CD disease behaviour; 
however, these results were inconsistent[1,17,18]. For our study, we used genetic risk scores, which 
aggregate the effects of many individual genetic variants. As opposed to conventional genetic 
association studies, these scores enclose effects of many different genes, thereby increasing the 
statistical power to identify the genetic contributions to disease phenotypes[19].

We validated the association between CD disease location and genetic risk of UC. In line with 
previous studies, we show that genetic variation in MHC is a strong determinant of CD disease 
location and increases the risk of colonic CD. Indeed, both genetic and microbiome studies place 
colonic CD between ileal CD and UC on a spectrum of disease[1,2]. These findings add to the 
hypothesis that IBD is a continuum of traits, rather than two separate entities.

Our findings also show the potential of genetic risk scores to uncover genetic determinants of 
disease phenotypes, which in turn could aid development of targeted therapies. Moreover, such 
scores could aid patient stratification beyond current clinical classification systems. For example, 
patients with outlier scores could be excluded from clinical trials to obtain more homogeneous 
groups of patients[1]. We hypothesise that therapies in development or registered for UC might 
be successfully repurposed to patients with colonic CD, which is genetically associated with UC. 
In a clinical setting, patients with a high genetic risk of fibrostenotic disease might be treated 
more aggressively early in disease course, in particular in the presence of other environmental 
risk factors.

Our results indicate that genetic factors affect both disease location and disease behaviour 
in patients with CD. We report significant associations between genetic risk scores and IBD 
phenotypes, which showed positive replication in an independent cohort. Although statistically 
significant, these associations explain only less than 10% of phenotypic variability. This suggests 
that the effects of genetic variants within these genetic risk scores are small, and that genetic 
variants outside these scores may contribute substantially to phenotypic variability. It could also be 
that IBD phenotypes, in contrast to IBD susceptibility, are less dependent on genetic determinants 
and more dependent on environmental or microbial determinants. Predictive power of genetic 
risk scores as such will be limited, but integrating clinical, genetic, environmental, and microbial 
factors into a multifactorial prediction model could significantly improve our power to predict 
IBD phenotypes.
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Most current genetic studies, including the one described in chapter 4, assess phenotypic 
variability in IBD by classifications such as the Montreal classification. Although this classification 
system reliably classifies IBD phenotypes, its ability to predict disease course is limited[20]. A recent 
study focused on CD disease course, which defined poor prognosis by the need for repeated 
surgery or the use of two or more immunosuppressives, found no association between CD 
genetic risk and prognosis. In contrast, novel genetic variants distinct from those that confer 
risk to CD susceptibility were identified as predictors of poor prognosis[21]. In addition, gene 
expression signatures corresponding to T cell exhaustion can reliably predict prognosis in patients 
with IBD[22,23]. These studies suggest that molecular profiling methods might outperform current 
clinical classification systems in their ability to predict disease course in IBD.

Therapy
Therapeutic options for IBD are increasing, but high inter-individual variability in terms of both 
toxicity and efficacy limits therapeutic success rates. Despite the proven efficacy of thiopurines, 
which are commonly prescribed immunosuppressive agents for the treatment of IBD, up to a 
quarter of patients using thiopurines develop adverse events that necessitate drug withdrawal[24]. 
Genomic information may be used to better stratify patients by predicted therapeutic response.

Genetic determinants of thiopurine-induced myelosuppression
In chapter 6, we present our large-scale international collaborative study driven by the Exeter IBD 
and Pharmacogenetics Research Group. We identify genetic variation in NUDT15 as a determinant 
of thiopurine-induced myelosuppression (TIM) in patients of European ancestry with IBD. Using 
exome sequencing studies, we identify three coding  NUDT15 variants associated with TIM. We 
also confirm the well-established association of genetic variation in TPMT with TIM and show 
that TPMT, NUDT15, and thiopurine dose are all independent predictors of TIM. Although NUDT15 
genetic variation had already been identified as a predictor of TIM in Asian populations, the 
significance of NUDT15 in European populations with IBD remained unknown. We show that 
patients with genetic variants in either NUDT15 or TPMT had faster onset of TIM, more severe TIM, 
and a greater need for granulocyte colony-stimulating factor rescue therapy.

Exome sequencing, which targets the protein coding parts of the genome, makes understanding 
functional consequences of genetic variants much more straightforward. NUDT15 catalyses 
the conversion of cytotoxic thioguanine metabolites to non-toxic thioguanine metabolites. 
Functional experiments confirm that NUDT15 variants result in lower NUDT15 enzymatic activity, 
leading to higher levels of thiopurine-active metabolites and a greater risk of TIM[25]. Similarly, 
genetic variation in TPMT may lead to reduced TPMT enzyme activity levels, which in turn also 
lead to high levels of cytotoxic thioguanine metabolites[26].
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The identification of NUDT15 as a genetic predictor of TIM highlights that there may be population-
specific effects of pharmacogenetic interactions. TIM occurs in 4% of European individuals and 
in up to 15% of individuals of Asian ancestry, despite the absence of TPMT genetic variation in 
Asian populations[27]. Up to a third of patients of Asian ancestry, however, carry variant NUDT15 
haplotypes, compared to less than 2% of European populations. This difference may contribute 
to the relatively high frequency of TIM in Asian populations. Low frequencies of genetic variants 
in specific populations, however, do not obviate the need to test for such variants in these 
populations. As shown in chapter 6, low frequency variants in NUDT15 have large effects sizes 
and put individuals at extreme risk of TIM.

Therapeutic drug monitoring (TDM) is used to optimise the use of thiopurines in the treatment 
of IBD. With TDM, circulating 6-thioguanine nucleotides (6-TGN) and 6-methylmercaptopurin 
(6-MMP) metabolites are monitored and related to therapeutic response and adverse events, 
respectively. Reduced TPMT enzyme activity may lead to higher levels of 6-TGN, which may be 
detected by TDM. NUDT15, however, acts downstream of 6-TGN in the thiopurine metabolic 
pathway, limiting the value of TDM in relation to NUDT15. Since genetic factors still only explain a 
minority of TIM cases, low genetic risk of TIM does not obviate the need for regular haematological 
monitoring. However, in patients at low genetic risk of TIM with prolonged stable white cells 
counts, the interval of monitoring may be safely extended[28].

Genetic determinants of other thiopurine-induced adverse events
Genetic variation in relation to TIM is the most-studied pharmacogenetic interaction in the 
context of IBD. In addition to TIM, the use of thiopurines can also be complicated by adverse 
responses such as thiopurine-induced pancreatitis, hepatotoxicity, and flu-like illness, which are 
all potentially life-threatening[24].

In chapter 7, we describe our efforts to comprehensively assess genetic predictors of these four 
clinically relevant thiopurine-induced adverse events. We meta-analysed all the available exome 
data in relation to these adverse events using cohorts from different medical centres around 
the world. With an increased number of patients compared to previous studies, we validate 
TPMT and NUDT15 as genetic determinants of TIM. Despite the increased number of samples, we 
could not identify additional genetic predictors of TIM. Outside of genomic factors, gut microbial 
features may contribute to the risk of TIM. Indeed, specific gut bacteria metabolise thiopurines 
into cytotoxic 6-TGN, which in turn may increase risk of TIM[29].

Our exome-wide analyses identified an association of ZNF516 with the development of thiopurine-
induced hepatotoxicity. The exact role of ZNF516 remains unknown, but ZNF516 seems to be a 
transcriptional regulator of immunological responses[30–32]. We hypothesise that genetic variants in 
ZNF516 confer risk of an exaggerated immunological response to thiopurine metabolites, leading 
to hepatotoxicity. However, genetic variation in ZNF516 should first be validated with methods 
like Sanger sequencing, and its association with thiopurine-induced hepatotoxicity should be 
replicated in an independent cohort. In our study, we defined hepatotoxicity as a significant rise 
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in either alanine aminotransferase or bilirubin upon thiopurine exposure. Thiopurine-induced 
hepatotoxicity, however, may be grouped into three different syndromes (hypersensitivity, 
idiosyncratic cholestatic reaction, and endothelial cell injury)[33], and our umbrella definition may 
have precluded identification of genetic variants specific to any of the hepatotoxicity syndromes.

Previous GWAS have identified that carriage of the HLA-DQA1*02:01-HLA-DRB1*07:01 haplotype is 
associated with an increased risk of thiopurine-induced pancreatitis[34,35], although the mechanism 
of this idiosyncratic reaction remains unclear. In our present study, we could not identify exonic 
variants associated with either thiopurine-induced pancreatitis or flu-like illness. The largely 
unexplained variation in thiopurine-induced adverse events suggests the existence of additional 
(genetic) determinants. Current IIBDGC exome sequencing efforts are on-going, and the numbers 
of patients with IBD for whom we have exome sequencing data are rapidly expanding. We expect 
to at least double the number of patients with exome sequencing data and data on adverse drug 
reactions, which will hopefully provide enough statistical power to identify additional genetic 
variants predictive of adverse responses to thiopurines.

Clinical implementation of pre-treatment genetic testing
Patients with genetic variants in TPMT and NUDT15 that lead to deficient enzymes are at extreme 
risk of TIM. Carriage of HLA-DQA1*02:01-HLA-DRB1*07:01 increases risk of thiopurine-induced 
pancreatitis, and carriage of HLA-DQA1*05 has been recently associated with an increased risk 
of immunogenicity to TNF-antagonists[36,37]. Despite this compelling rationale for pre-treatment 
genetic testing in the context of IBD management, and the falling costs of genetic tests, 
insufficient evidence to support clinical efficacy have so far prevented pre-treatment genetic 
testing from being widely implemented into clinical care.

In chapter 8, we designed an “IBD pharmacogenetic passport” based on well-established 
pharmacogenetic interactions. We combined multiple pharmacogenetic interactions relevant 
for the management of IBD into clinical efficacy estimates. For a scenario in which patients 
with IBD would be genotyped prior to initiation of thiopurine or TNF-antagonist therapy, such 
a pharmacogenetic passport would offer personalised therapeutic recommendations based on 
patient genotype. In turn, this would lead to a significant reduction in adverse events and would 
reduce treatment failures. We show that only 24 patients need to be genotyped to prevent one 
adverse drug response.

Thiopurine-induced adverse events are associated with a substantial financial burden[38]. Moreover, 
TNF-antagonist therapy has become the largest contributor to IBD healthcare expenditure, but 
immunogenicity causes therapeutic failure in approximately one-third of patients[39]. We estimate 
the costs of a genome-wide genotyping array designed to specifically tag pharmacogenetic 
predictors to be approximately €50 per individual. Based on a ‘number needed to genotype’ of 
24, the costs to prevent one adverse drug response will be €1,200. Although we did not perform 
comprehensive cost-effectiveness analyses, given these numbers an IBD pharmacogenetic 
passport should be considered cost-effective for optimizing IBD treatment. In addition, an 
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increasing number of clinically relevant pharmacogenetic interactions are being identified 
outside the context of IBD, in fields like oncology and psychiatry[40,41]. Individuals would only need 
to be genotyped once to allow for life-long genomic-based therapeutic recommendations across 
healthcare disciplines, which will further increase the cost-effectiveness of a pharmacogenetic 
passport. Given the current exponential growth in IBD healthcare expenditure, clinical 
implementation of an IBD pharmacogenetic passport could guide responsible decisions for both 
patients and healthcare budgets.
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Future perspectives
Genomic medicine is coming close to directly improving clinical outcomes for patients with 
IBD. From a historical perspective, the timing of the translation of genomic information into 
clinical care is not surprising. The Human Genome Project (HGP), which aimed for a complete 
mapping and understanding of all genes in human beings, was completed in 2001[42]. Francis 
Collins, then director of the HGP and now director of the United States National Institutes of 
Health, discussed the advances that would derive from the HGP when it was completed. He 
projected the development of targeted drugs based on a genomic approach to disease-specific 
molecular pathways and expected that genetic prediction of an individual’s risk of disease and 
responsiveness to drugs would be standard practice by 2020[43].

Despite important breakthroughs in the past two decades, IBD genomic research has only partially 
met these expectations. Targeted therapies based on genomic knowledge are in development, 
and the field is on the edge of implementation of pharmacogenomic-based therapeutic 
recommendations. In the final part of this thesis, I discuss future directions for both IBD research 
and clinical care. Given the direct benefit for patients with IBD, I put special emphasis on the 
clinical implementation of pharmacogenomic-guided treatment.

Towards better understanding of individual cells
Better understanding of the exaggerated immune response that contributes to IBD demands in-
depth characterisation of the molecular processes that regulate these responses at a single-cell 
level. The immune system harbours a wealth of different cell types and states, at different stages 
of differentiation or response to environmental triggers such as intestinal pathogens. Because 
of the constant interaction between intestinal immune cells and luminal microbes, intestinal 
immune cells are modified by adaptations that reflect a unique niche and the functional demand 
of the intestinal environment[44]. A more precise understanding of the transcriptome in individual 
intestinal cells will be essential for elucidating cellular function and understanding how gene 
expression can promote beneficial or harmful states of the gut immune system. 

Immunological studies have historically relied on an extensive taxonomy of cells based on tools 
such as microscopy and flow cytometry. Although cells may appear to be highly similar based 
on traditional cell-type classifications, both intrinsic and extrinsic stimuli may cause significant 
cellular heterogeneity. Advances in single-cell RNA sequencing (scRNAseq) technologies have 
enabled unbiased analyses of transcriptomes in thousands of individual cells, and scRNAseq is 
now the leading technique for characterising molecular properties of individual cells. Different 
protocols for scRNAseq are currently being deployed, but, in order to compare different scRNAseq 
datasets, emphasis should be given to standardisation of the methodology used to study cellular 
heterogeneity[45].
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The majority of immune cells contributing to the pathogenesis of IBD are localised in lymphoid 
and mucosal barrier tissues and do not recirculate throughout the body[46,47]. High-dimensional 
dissection of this tissue-specific cellular heterogeneity will be key to furthering our understanding 
of the biological mechanisms that lead to mucosal inflammation in IBD. In order to define 
dysregulated and pathological cellular functions in diseases such as IBD, in-depth characterisation 
of cells in healthy human tissue is essential. International collaborative efforts have led to 
the recent development of the single-cell atlas[48], which provides a comprehensive cellular 
characterisation of all major human organs using scRNAseq, and this will be of tremendous value 
for future scRNAseq studies[44].

While scRNAseq has revolutionised the study of human cells, measurement of mRNA expression 
does not allow interrogation of protein abundance nor post-translational modifications. Protein 
and mRNA measurements could be combined through index sorting, followed by scRNAseq, 
as in chapter 3 of this thesis, although such approaches are often low-throughput. Novel 
technologies such as PLAYR[49], based on a combination of flow and mass cytometry, or CITE-
seq[50], where proteins are first DNA-barcoded prior to scRNAseq, allow for high-throughput 
combined measurement of protein and mRNA transcripts. Simultaneous quantification of both 
mRNA transcripts and proteins opens a new avenue for characterisation of functional properties 
of individual cells.

Towards more successful drug development in IBD
High inter-individual variability in drug response remains an important challenge in IBD, and it is 
likely that different biological mechanisms may contribute to mucosal inflammation in subgroups 
of patients. Moreover, a shift in disease mechanism from a TNF-mediated pathway to other 
cytokines may contribute to loss of therapeutic response over time[51]. Identification of specific 
molecular pathways that contribute to disease may identify novel drug targets for specific groups 
of patients. Recently, scRNAseq studies have identified a subset of intestinal mucosal immune 
cells, including plasma cells, mononuclear phagocytes, T cells, and stromal cells, which correlates 
with nonresponse to TNF-antagonist therapy[16]. Strikingly, this subset comprised several different 
cell types and states that would not have been captured with traditional diagnostic assays.

The traditional process of drug development initially involves target discovery and selection, 
followed by biological confirmation in cellular and animal models, and then testing in clinical 
trials. However, this process is intrinsically biased because it relies on a priori subjective choices 
about what is important[52]. Given the incompletely understood aetiology of IBD, certain important 
pathogenic factors are still to be discovered, and known pathogenic factors may interact in ways 
we do not yet know.
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Novel technologies such as scRNAseq enable unbiased identification of the specific molecular 
pathways that lead to mucosal inflammation, and computational methods can prioritise 
cell types and markers for therapeutic targeting. Prioritised marker genes could be aligned to 
databases such as DrugBank, which combine drug target information with detailed drug data[53]. 
Drugs can interfere with any of the macromolecules in the human body, but almost all currently 
approved drugs are directed against protein targets[53,54]. Integration of genomic, transcriptomic, 
and proteomic studies could bridge the gap between identification of dysregulated molecular 
pathways and identification of therapeutic protein targets. Subsequent analyses of protein 
sequence properties, structural folds, and biochemical aspects should guide development of the 
eventual drug.

Advances in genomic technologies facilitate identification of potential drug targets and may 
accelerate clinical drug development for IBD. However, given the complex aetiology of IBD, it is 
unlikely that targeting just the human immune system will lead to complete long-lasting disease 
remission of IBD. Factors such as the gut microbiome or the environment may also provide 
targets for future therapies[55]. Microbial or dietary interventions focused on enhancing the anti-
inflammatory features of the gut microbiome and reducing its pro-inflammatory features will 
probably soon be added as therapeutic options for the management of IBD[56]. Nevertheless, 
because no single molecule controls all the relevant molecular networks in IBD, an unbiased 
approach integrating genomic, microbial, and environmental factors is needed to create a truly 
comprehensive approach to drug development.

Once a drug target has advanced into clinical drug development, inter-individual differences 
in the biological mechanisms leading to inflammation make it unlikely that this drug will show 
efficacy in all patients. Comprehensive molecular profiling of patients should guide clinical trials 
to obtain more homogeneous groups of patients in order to assess the efficacy of novel drugs. 
Moreover, different molecular mechanisms leading to mucosal inflammation may evolve during 
the course of the disease, a phenomenon referred to as “escape mechanisms”, thereby rendering 
specific drugs efficacious only at certain time points in the course of the disease. Molecular 
imaging techniques based on fluorescent-labelled antibodies may provide real-time patient- 
specific information about these molecular mechanisms during endoscopy[57].

Towards better classification of IBD
Traditionally, IBD has been divided into CD and UC on the basis of descriptive clinical 
characteristics, while indeterminate colitis or IBD unclassified are used when distinction between 
CD and UC is not possible. The Montreal classification has been developed to systematically 
group heterogeneous IBD disease phenotypes, such as age at onset and disease location, 
behaviour, extent, and severity, into simple categories[20,58]. However, to comprehensively classify 
IBD, factors such as disease complications, response to therapy, and need for surgery should also 
be taken into account. Current symptom-led clinical classification systems fail to reliably predict 
the heterogeneous course IBD may take over time and, despite the increased number of available 
therapeutic agents to treat IBD, clinicians are still faced with the puzzle of determining which 
patient to treat with which therapeutic intervention at which time point.
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Currently identified genomic, microbial, and environmental determinants explain only a minority 
of the disease heterogeneity in IBD. Well-characterised multi-omics datasets of patients with 
IBD have been able to identify interactions between genomic, environmental, and microbial 
factors in relation to IBD[2,59]. Approaches to better classify IBD disease heterogeneity require 
implementation of a systems biology approach that integrates multi-omics-derived data. Our 
field should invest in prospective collection of the biological samples required for generation of 
high-quality multi-omics datasets, both within and outside academia.

A paradigm shift should be made from traditional classification systems, such as the Montreal 
classification, to unbiased classification on the basis of available omics profiles that can predict 
disease course or therapeutic response. Studies using such methods have been able to 
successfully define distinct groups of patients in the fields of oncology and cardiology[60,61]. In 
the context of IBD, hypothesis-free machine learning algorithms using laboratory values and 
clinical characteristics have been able to predict remission in patients treated with thiopurines 
better than circulating levels of thiopurine metabolites[62]. Better classification of IBD into distinct 
phenotypes will not only lead to better understanding of the disease, it may also help identify 
subgroups of patients who would benefit from particular interventions.

Technological advances facilitate detailed interrogation of multi-omics-derived biological 
data in relation to disease heterogeneity. With the wider availability of sequencing techniques, 
future studies may be limited by the availability of detailed clinical characteristics rather than 
by the availability of molecular sequence data. For example, defining the clinical drug-response 
phenotype has become the more difficult component of pharmacogenomic research[63]. 
Predictive models integrating different omics profiles rely on detailed clinical information. Since 
genomic studies often require large cohorts of patients, originating from different medical 
centres, emphasis should be given to collection of standardised clinical phenotypes. The criteria 
to assess adverse response to thiopurines used in this thesis are an example of such standardised 
clinical phenotypes. Although defining these criteria was challenging due to differences in clinical 
practice among different centres, these strict criteria were paramount for the identification of 
genetic determinants of TIM.

Towards better understanding of therapeutic response in IBD
Pharmacogenomic studies have identified genomic factors predictive of therapeutic response, 
and pre-treatment genotyping should be used to better stratify patients by predicted therapeutic 
response. However, known genomic factors still explain only a minority of the variability in 
therapeutic response. Future large-scale genomic studies using strict clinical phenotypes have 
the potential to identify additional genetic variants predictive of response, but it is unlikely that 
genomic factors alone will explain all variability in therapeutic response.

Indeed, intestinal microbiota have been shown to contribute to the metabolism of several drugs 
and have been linked to therapeutic response[3,55]. For example, gut microbiota metabolise 
thioguanine into 6-TGN[29], and presence of these microbiota may increase risk of TIM. In order 
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to use both genomic and microbial features to predict therapeutic response, the relative 
contributions of each factor should be known. Recent studies have been able to disentangle 
host and microbial contributions to drug metabolism for several drugs[3]. It is likely that these 
approaches will soon also clarify how additional factors, such as dietary components or altered 
drug absorption, will impact drug metabolism[64]. Integration of genomic and microbial features 
will lead to improved patient stratification based on predicted therapeutic response. In addition, 
beyond patient stratification, and in contrast to the genome, the microbiome is a potential 
target for improving drug efficacy and safety due because it may be possible to manipulate its 
composition.

Multi-omics data to study COVID-19 in the context of IBD
In the previous sections, I have emphasised the importance of multi-omics datasets to further 
our understanding of IBD. At time of writing of this section Coronavirus disease 2019 (COVID-19), 
caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, has become 
pandemic[65]. Currently, there is very limited experience on how COVID-19 affects patients with 
IBD[66–68], but prelimary studies suggest that patients with active IBD may be at increased risk of 
poor outcomes[69]. Indeed, altered intestinal expression of ACE2 and TMPRSS2, and the frequent 
use of immunosuppressive drugs could render patients with IBD particularly susceptible to 
COVID-19[67,70]. The work presented in chapter 9 illustrates the advantage of established multi-
omics datasets when rapid interrogation of available data is needed. We demonstrate that TNFα-
antagonist use and mucosal inflammation are associated with increased intestinal expression 
of SARS-CoV-2 host protease TMPRSS2 in patients with IBD. These results may help to better 
understand COVID-19 in the context of IBD.

Multi-omics data requires multidisciplinary research
With intensive technological scientific advances driving multi-omics research, multidisciplinary 
interactions (or simply put – teamwork) are a critical component for success. New technologies 
have transformed biomedical science into big data-driven science. Large amounts of data 
need to be curated, analysed, and interpreted, for which most medical doctors or traditional 
biologists have not had sufficient training. This transformation of biomedical science demands 
not only the technical infrastructure to handle these data (such as high-performance-computing 
environments), but also properly trained computational biologists, or data scientists.

To accelerate translation of research findings into clinical care, biomedical science requires 
partnerships between basic wet lab researchers, computational biologists, statisticians, clinical 
researchers, and clinicians. Although personal incentives for research may differ between, for 
example, computational biologists and clinicians, failure to interact with each other will inevitably 
cause delay in translation of research finding into clinical practice. Traditional analytical tools and 
experimental designs are often not sufficiently well-suited to permit analyses across multiple 
omics disciplines, and computational biologists can aid clinicians in designing novel analytical 
methods. However, challenges faced in clinical care should still be driving the biological question 
to be addressed, since this will increase the likelihood of clinical implementation of research 
findings.
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Investigator-initiated research projects are often focused on better understanding of biological 
mechanisms. After publication of research results in a scientific journal or completion of a thesis, 
many scientific innovations never advance into clinical development. In contrast, scientific 
programs in the biomedical industry focus on development of products. Innovative academic 
groups can aid industry in achieving this goal, while industry can aid academia with tangible 
deliverables. Partnerships between academia and industry, although often feared by academia, 
may bridge the gap between the biomedical discoveries and advance into clinical development. 
The TIMID consortium, an example of such partnerships, consists of six Dutch academic 
institutions and five biomedical companies and aims to unravel the dysregulated anti-microbial 
immune response in several immune mediated inflammatory disorders, including IBD[71]. Such 
partnerships will accelerate translation of innovative approaches to diagnosing and treating 
diseases such as IBD.

A wider implementation of multi-omics data into IBD research will disentangle interactions 
between molecular mechanisms and uncover how they contribute to IBD. However, before these 
discoveries may advance into clinical studies, they do require functional confirmation. Animal 
models, but preferably human organoid models, provide excellent opportunities to dissect and 
manipulate biological pathways and allow for early therapeutic intervention. For example, human 
intestinal organoids carrying specific genetic variants may be exposed to novel therapeutic 
agents in co-existence with specific microbiota.

Towards pharmacogenomic-guided treatment in IBD
Pre-treatment genetic testing has the potential to be the first application of genomic-based 
personalised medicine for patients with IBD. Pharmacogenetic interactions of TPMT and NUDT15 
with thiopurine-induced myelosuppression have been validated in independent cohorts, 
and the underlying mechanisms by which genetic variation alters drug metabolism have 
been elucidated[25,26,72]. Pharmacogenomic predictors of thiopurine-induced pancreatitis and 
immunogenicity to TNF-antagonists have been replicated in independent cohorts, but the 
mechanisms underlying these interactions remain unknown[34,35]. Given the increasing availability 
and decreasing costs associated with genotyping and the ever-increasing number of identified 
pharmacogenomic interactions, now is the time for implementation of pharmacogenomic 
testing in IBD management. This will demand a paradigm shift. This shift should be away from 
debating whether we should test for genetic variants predictive of therapeutic responses, and 
towards a debate on how to use and interpret pharmacogenetic test results.

Scope of pharmacogenomics
Large population-based studies show that >99% of individuals carry one or more genetic variants 
associated with therapeutic responses[73]. It is estimated that implementation of genomic-based 
therapeutic recommendations affects at least 50 daily drug doses per 1,000 inhabitants. These 
population-based studies exemplify the wider scope at which pharmacogenetic testing could 
benefit patients and society. Indeed, multiple agencies are calling for pharmacogenomics to be 
part of curricula of medical educational programmes[74].
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Ethical considerations
Ethical concerns have limited progress in genomic-based medicine. Because genotyping 
identifies an individual’s genetic risk of several diseases, it raises concerns regarding privacy, 
genetic discrimination, and eligibility for health insurance or employment. Legislation such 
as the genetic information nondiscrimation act (GINA) has been designed to facilitate clinical 
implementation of genetic testing in the United States[75]. GINA prevents employers from making 
hiring decisions based on genetic data and prevents insurers from requiring applicants to 
submit genetic information. The European Union lacks a concrete legislative position in this area, 
and member states have a patchwork of diverging legislative approaches[76]. Ethical concerns 
related to pre-treatment genetic testing are of utmost importance and should be appropriately 
addressed. A comprehensive regulatory framework, preferably uniform at European Union level, is 
needed to create clarity and consistency in this area prior to widespread clinical implementation 
of pharmacogenetic testing. Noteworthy, however, is that only two actionable pharmacogenes 
are currently associated to disease risk (UGTIA1 with Gilbert’s disease and G6PD with haemolytic 
anaemia)[77,78].

Genotyping
Pharmacological effects of many drugs are determined by many different gene products. A striking 
example is thiopurine toxicity, which is influenced by NUDT15, TPMT, and HLA-DQA1*02:01-HLA-
DRB1*07:01. Repeated single gene pharmacogenetic tests should be replaced by a single test 
that genotypes multiple genes because this would be more cost effective, make better use of 
DNA, and allow for pre-emptive availability of genetic test information for multiple drugs that 
could be necessary in the future[63]. Preferably, the entire genome should be genotyped at once. 
Interestingly, custom genotyping arrays, in contrast to more expensive genome sequencing, 
were found to be a cost-effective solution for creating automated pharmacogenomic decision 
support tools for clinicians[73]. Ideally, individuals would be genotyped early in life to allow for life-
long genomic-based therapeutic recommendations.

Annotation
Novel genetic variants predictive of therapeutic responses will be identified at a rapid pace. 
The volume and evolving and enduring nature of pharmacogenomic information comes with 
challenges, and without standardised, reproducible annotation software, the field risks erroneous 
and irreproducible results[79]. In chapter 8, we developed an in-house computational pipeline 
to annotate pharmacogenetic variants and translate these into genomic-based therapeutic 
recommendations for drugs used in the management of IBD. Collaborative efforts between CPIC 
(Clinical Pharmacogenetics Implementation Consortium) and PharmGKB (PharmacoGenomics 
Knowledge Base) have led to the recent development of PharmCAT (Pharmacogenomics Clinical 
Annotation Tool). PharmCAT is an automated clinical decision tool that translates genotype data 
into a report containing genomic-based therapeutic recommendations[80]. This tool makes use of 
online CPIC databases, which contain regularly updated and curated genomic-based therapeutic 
recommendations. In this way, clinical decision tools can be automatically updated and modified 
when new clinically actionable evidence emerges.
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Data infrastructure
Implementation of clinical decision tools, such as PharmCAT, into the patient’s electronic health 
record (EHR) is essential to disseminate patient-specific information at the point of care. The large 
volumes of genomic datasets, and the fact that these data should be stored for a patient’s lifetime, 
make it unlikely that these data could be stored in the EHR. This requires development of a data 
infrastructure in which genomic data is stored remotely and can be accessed via the EHR. Such 
an infrastructure may be largely similar to what has already been in practice for radiology. In many 
EHRs, radiological data is stored outside of the EHR in the picture archiving and communications 
system (PACS), with only summary information readily available in the EHR. It should be clear who 
will take responsibility for interpretation of on-going updates of pharmacogenomic data.

Data display
Clinicians may not be interested in the intricate details of pharmacogenetic test results, but 
they need evidence-based therapeutic recommendations in line with guidelines and policies[63]. 
Pharmacogenetic test results should be displayed as simply as possible, since many clinicians 
find interpretation of pharmacogenetic results rather complex[81]. Given the enduring nature of 
pharmacogenomic data, results should be displayed in a time-independent manner. Display in 
the regular laboratory section of the EHR, which is often sorted by date, might therefore not be 
sufficient. Pharmacogenomic data must the displayed in a location commonly assessed in the 
clinician’s routine workflow. For example, pharmacogenetic results may appear as drug safety 
alerts prior to drug prescription. The majority of drug safety alerts, however, are overridden by 
clinicians[82]. Special attention should therefore be given to ‘alert fatigue’, where clinicians may 
ignore important messages due to the large number of alerts presented to them. Customised 
alerts, based on the clinician’s preference or experience and the patient’s risk, could address this 
issue.

Personalised medicine
Clinicians already seek to combine patient-specific information to optimise pharmacotherapy 
when they assess laboratory values such as those describing renal and liver function. 
Pharmacogenomic information just adds an extra layer of patient-specific information to aid 
clinical decision making. Pharmacogenomic-guided therapy will soon be implemented into 
clinical care of IBD, and will probably be the first application of genomic-based personalised 
medicine in this field. However, the concept of personalised medicine goes well beyond an 
individual’s genotype. To fully embrace personalised medicine in IBD, an individual’s genotype, 
microbial signature, environmental exposures, lifestyle, and many other factors should be 
integrated to optimise therapeutic outcomes.

Acknowledgements
This manuscript was edited for language and formatting by Kate Mc Intyre, Scientific Editor in the 
Department of Genetics, University Medical Center Groningen.

General discussion and future perspectives

11



 212  

Conflicts of interest
The author has no (potential) financial relationships with any organisations that might have an 
interest with the work and no other relationships or activities that could appear to have influenced 
the work.

Chapter 11



213  

References
1

2

3

4

5

6

7

8

9

10

11

12

Cleynen I, Boucher G, Jostins L, et al. Inherited 
determinants of Crohn’s disease and ulcerative colitis 
phenotypes: A genetic association study. Lancet. 
2016;387(10014):156-167.
Imhann F, Vich Vila A, Bonder MJ, et al. Interplay of host 
genetics and gut microbiota underlying the onset and 
clinical presentation of inflammatory bowel disease. 
Gut. 2018;67(1):108-119.
Zimmermann M, Zimmermann-Kogadeeva M, 
Wegmann R, Goodman AL. Separating host and 
microbiome contributions to drug pharmacokinetics 
and toxicity. Science. 2019;363(6427).
Farh KKH, Marson A, Zhu J, et al. Genetic and epigenetic 
fine mapping of causal autoimmune disease variants. 
Nature. 2015;518(7539):337-343.
Kumar B V., Ma W, Miron M, et al. Human Tissue-Resident 
Memory T Cells Are Defined by Core Transcriptional 
and Functional Signatures in Lymphoid and Mucosal 
Sites. Cell Rep. 2017;20(12):2921-2934.
Kumar B V., Connors TJ, Farber DL. Human T Cell 
Development, Localization, and Function throughout 
Life. Immunity. 2018;48(2):202-213.
Hombrink P, Helbig C, Backer RA, et al. Programs 
for the persistence, vigilance and control of human 
CD8 + lung-resident memory T cells. Nat Immunol. 
2016;17(12):1467-1478.
Raine T, Liu JZ, Anderson CA, Parkes M, Kaser A. 
Generation of primary human intestinal T cell 
transcriptomes reveals differential expression at 
genetic risk loci for immune-mediated disease. Gut. 
2015;64(2):250-259.
Holgersen K, Kutlu B, Fox B, et al. High-Resolution Gene 
Expression Profiling Using RNA Sequencing in Patients 
With Inflammatory Bowel Disease and in Mouse 
Models of Colitis. J Crohn’s Colitis. 2015;9(6):492-506.
Nelson MR, Tipney H, Painter JL, et al. The support 
of human genetic evidence for approved drug 
indications. Nat Genet. 2015;47(8):856-860.
Hueber W, Sands BE, Lewitzky S, et al. Secukinumab, a 
human anti-IL-17A monoclonal antibody, for moderate 
to severe Crohn’s disease: unexpected results of a 
randomised, double-blind placebo-controlled trial. 
Gut. 2012;61(12):1693-1700.
Feagan B, Sandborn W, Gasink C, et al. Ustekinumab 
as Induction and Maintenance Therapy for Crohn’s 
Disease. N Engl J Med. 2016;375(20):1946-1960.

Sandborn WJ, Ferrante M, Bhandari BR, et al. 
Efficacy and Safety of Mirikizumab in a Randomized 
Phase 2 Study of Patients With Ulcerative Colitis. 
Gastroenterology. 2020;158(3):537-549.
Smillie CS, Biton M, Ordovas-Montanes J, et al. Intra- 
and Inter-cellular Rewiring of the Human Colon during 
Ulcerative Colitis. Cell. 2019;178(3):714-730.
Parikh K, Antanaviciute A, Fawkner-Corbett D, 
et al. Colonic epithelial cell diversity in health 
and inflammatory bowel disease. Nature. 
2019;567(7746):49-55.
Martin JC, Chang C, Boschetti G, et al. Single-
Cell Analysis of Crohn’s Disease Lesions Identifies 
a Pathogenic Cellular Module Associated with 
Resistance to Anti-TNF Therapy. Cell. 2019;178(6):1493-
1508.
Cleynen I, González JR, Figueroa C, et al. Genetic factors 
conferring an increased susceptibility to develop 
Crohn’s disease also influence disease phenotype: 
Results from the IBDchip European project. Gut. 
2013;62(11):1556-1565.
Cuthbert AP, Fisher SA, Mirza MM, et al. The contribution 
of NOD2 gene mutations to the risk and site of disease 
in inflammatory bowel disease. Gastroenterology. 
2002;122(4):867-874.
Dudbridge F. Power and Predictive Accuracy of 
Polygenic Risk Scores. PLoS Genet. 2013;9(3):e1003348.
Satsangi J, Silverberg MS, Vermeire S, Colombel JF. The 
Montreal classification of inflammatory bowel disease: 
Controversies, consensus, and implications. Gut. 
2006;55(6):749-753.
Lee JC, Biasci D, Roberts R, et al. Genome-wide 
association study identifies distinct genetic 
contributions to prognosis and susceptibility in 
Crohn’s disease. Nat Genet. 2017;49(2):262-268.
Lee JC, Lyons PA, McKinney EF, et al. Gene expression 
profiling of CD8 + T cells predicts prognosis in patients 
with Crohn disease and ulcerative colitis. J Clin Invest. 
2011;121(10):4170-4179.
Biasci D, Lee JC, Noor NM, et al. A blood-based 
prognostic biomarker in IBD. Gut. 2019;68(8):1386-
1395.
Chaparro M, Ordás I, Cabré E, et al. Safety of thiopurine 
therapy in inflammatory bowel disease: Long-term 
follow-up study of 3931 patients. Inflamm Bowel Dis. 
2013;19(7):1404-1410.

13

14

15

16

17

18

19

20

21

22

23

24

General discussion and future perspectives

11



 214  

25

26

27

28

29

30

31

32

33

34

35

Moriyama T, Nishii R, Perez-Andreu V, et al. NUDT15 
polymorphisms alter thiopurine metabolism and 
hematopoietic toxicity. Nat Genet. 2016;48(4):367-373.
Gisbert JP, Gomollón F. Thiopurine-induced 
myelotoxicity in patients with inflammatory 
bowel disease: A Review. Am J Gastroenterol. 
2008;103(7):1783-1800.
Relling M V, Schwab M, Whirl-Carrillo M, et al. Clinical 
Pharmacogenetics Implementation Consortium 
Guideline for Thiopurine Dosing Based on TPMT and 
NUDT15 Genotypes: 2018 Update. Clin Pharmacol 
Ther. 2019;105(5):1095-1105.
Kreijne JE, de Vries AC, de Veer RC, et al. Limited 
added value of laboratory monitoring in thiopurine 
maintenance monotherapy in inflammatory bowel 
disease patients. Aliment Pharmacol Ther. Published 
Online First: April 2020. doi:10.1111/apt.15734
Oancea I, Movva R, Das I, et al. Colonic microbiota can 
promote rapid local improvement of murine colitis by 
thioguanine independently of T lymphocytes and host 
metabolism. Gut. 2017;66(1):59-69.
Razin SV., Borunova VV., Maksimenko OG, Kantidze 
OL. Cys2his2 zinc finger protein family: Classification, 
functions, and major members. Biochemistry. 
2012;77(3):217-226.
Dempersmier J, Sambeat A, Gulyaeva O, et al. Cold-
inducible Zfp516 activates UCP1 transcription to 
promote browning of white fat and development of 
brown fat. Mol Cell. 2015;57(2):235-246.
Sambeat A, Gulyaeva O, Dempersmier J, et al. LSD1 
Interacts with Zfp516 to Promote UCP1 Transcription 
and Brown Fat Program. Cell Rep. 2016;15(11):2536-
2549.
Gisbert JP, González-Lama Y, Maté J. Thiopurine- 
induced liver injury in patients with inflammatory 
bowel disease: A systematic review. Am J Gastroenterol. 
2007;102(7):1518-1527.
Heap GA, Weedon MN, Bewshea CM, et al. HLA-DQA1-
HLA-DRB1 variants confer susceptibility to pancreatitis 
induced by thiopurine immunosuppressants. Nat 
Genet. 2014;46(10):1131-1134.
Wilson A, Jansen LE, Rose R V., et al. HLA-DQA1- 
HLA-DRB1 polymorphism is a major predictor of 
azathioprine-induced pancreatitis in patients with 
inflammatory bowel disease. Aliment Pharmacol Ther. 
2018;47(5):615-620..

Sazonovs A, Kennedy NA, Moutsianas L, et al. HLA-
DQA1*05 Carriage Associated With Development of 
Anti-Drug Antibodies to Infliximab and Adalimumab 
in Patients With Crohn’s Disease. Gastroenterology. 
2020;158(1):189-199.
Wilson A, Peel C, Wang Q, Pananos AD, Kim RB. 
HLADQA1*05 genotype predicts anti-drug antibody 
formation and loss of response during infliximab 
therapy for inflammatory bowel disease. Aliment 
Pharmacol Ther. 2020;51(3):356-363.
Chan SL, Ng HY, Sung C, et al. Economic burden 
of adverse drug reactions and potential for 
pharmacogenomic testing in Singaporean adults. 
Pharmacogenomics J. 2019;19(4):401-410.
van der Valk ME, Mangen MJJ, Leenders M, et al. 
Healthcare costs of inflammatory bowel disease have 
shifted from hospitalisation and surgery towards 
anti-TNFα therapy: Results from the COIN study. Gut. 
2014;63(1):72-79.
Amstutz U, Henricks LM, Offer SM, et al. Clinical 
Pharmacogenetics Implementation Consortium (CPIC) 
Guideline for Dihydropyrimidine Dehydrogenase 
Genotype and Fluoropyrimidine Dosing: 2017 Update. 
Clin Pharmacol Ther. 2018;103(2):210-216.
Phillips EJ, Sukasem C, Whirl-Carrillo M, et al. Clinical 
Pharmacogenetics Implementation Consortium 
Guideline for HLA Genotype and Use of Carbamazepine 
and Oxcarbazepine: 2017 Update. Clin Pharmacol Ther. 
2018;103(4):574-581. 
Lander ES, Linton LM, Birren B, et al. Initial sequencing 
and analysis of the human genome. Nature. 
2001;409(6822):860-921.
Collins FS, McKusick VA. Implications of the human 
genome project for medical science. J Am Med Assoc. 
2001;285(5):540-544.
Stubbington MJT, Rozenblatt-Rosen O, Regev A, 
Teichmann SA. Single-cell transcriptomics to explore 
the immune system in health and disease. Science. 
2017;358(6359):58-63.
Mereu E, Lafzi A, Moutinho C, et al. Benchmarking 
single-cell RNA-sequencing protocols for cell atlas 
projects. Nat Biotechnol. Published Online First: April 
2020. doi:10.1038/s41587-020-0469-4
Ganusov VV, De Boer RJ.  Do most lymphocytes in 
humans really reside in the gut? Trends Immunol. 
2007;28(12):514-518.

36

37

38

39

40

41

42

43

44

45

46

Chapter 11



215  

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Carpenter DJ, Granot T, Matsuoka N, et al. Human 
immunology studies using organ donors: Impact of 
clinical variations on immune parameters in tissues 
and circulation. Am J Transplant. 2018;18(1):74-88.
Regev A, Teichmann SA, Lander ES, et al. The human 
cell atlas. Elife. 2017;6.
Frei AP, Bava FA, Zunder ER, et al. Highly multiplexed 
simultaneous detection of RNAs and proteins in single 
cells. Nat Methods. 2016;13(3):269-275.
Stoeckius M, Hafemeister C, Stephenson W, et 
al. Simultaneous epitope and transcriptome 
measurement in single cells. Nat Methods. 
2017;14(9):865-868.
Ben-Horin S, Chowers Y. Review article: Loss of 
response to anti-TNF treatments in Crohn’s disease. 
Aliment Pharmacol Ther. 2011;33(9):987-995.
Danese S, Fiocchi C, Panés J. Drug development in IBD: 
From novel target identification to early clinical trials. 
Gut. 2016;65(8):1233-1239.
Wishart DS, Knox C, Guo AC, et al. DrugBank: a 
comprehensive resource for in silico drug discovery 
and exploration. Nucleid Acids Res. 2006;34(Database 
Issue):D668-72.
Uhlén M, Fagerberg L, Hallström BM, et al. Tissue-
based map of the human proteome. Science. 
2015;347(6220):1260419.
Doestzada M, Vila AV, Zhernakova A, et al. 
Pharmacomicrobiomics: a novel route towards 
personalized medicine? Protein Cell. 2018;9(5):432-
445.
Imhann F. The gut microbiome in intestinal diseases: 
and the infrastructure to investigate it. [Groningen]: 
Rijksuniversiteit Groningen, 2019.
Atreya R, Neumann H, Neufert C, et al. In vivo imaging 
using fluorescent antibodies to tumor necrosis factor 
predicts therapeutic response in Crohn’s disease. Nat 
Med. 2014;20(3):313-318.
Silverberg M, Satsangi J, Ahmad T, et al. Toward 
an Integrated Clinical, Molecular and Serological 
Classification of Inflammatory Bowel Disease: Report 
of a Working Party of the 2005 Montreal World 
Congress of Gastroenterology. Can J Gastroenterol. 
2005;19(Suppl A):5A-36A.
Imhann F, Bonder MJ, Vila AV, et al. Proton pump 
inhibitors affect the gut microbiome. Gut. 
2016;65(5):740-748.
Shah SJ, Katz DH, Selvaraj S, et al. Phenomapping for 
novel classification of heart failure with preserved 
ejection fraction. Circulation. 2015;131(3):269-279.

Shivade C, Raghavan P, Fosler-Lussier E, et al. A review 
of approaches to identifying patient phenotype 
cohorts using electronic health records. J Am Med 
Informatics Assoc. 2014;21(2):221-230.
Waljee AK, Sauder K, Patel A, et al. Machine learning 
algorithms for objective remission and clinical 
outcomes with thiopurines. J Crohn’s Colitis. 
2017;11(7):801-810.
Relling M V., Evans WE. Pharmacogenomics in the 
clinic. Nature. 2015;526(7573):343-350.
Zimmermann-Kogadeeva M, Zimmermann M, 
Goodman AL. Insights from pharmacokinetic 
models of host-microbiome drug metabolism. Gut 
Microbes. Published Online First: September 2019. doi: 
10.1080/19490976.2019.1667724
Wu F, Zhao S, Yu B, et al. A new coronavirus associated 
with human respiratory disease in China. Nature. 
2020;579(7798):265-269.
Schett G, Sticherling M, Neurath MF. COVID-19: risk for 
cytokine targeting in chronic inflammatory diseases? 
Nat Rev Immunol. 2020;20(5):271-272.
Neurath MF. Covid-19 and immunomodulation in IBD. 
Gut. Published Online First: April 2020. doi:10.1136/
gutjnl-2020-321269
An P, Ji M, Ren H, et al. Prevention of COVID-19 in 
patients with inflammatory bowel disease in Wuhan, 
China. Lancet Gastroenterol Hepatol. Published Online 
First: April 2020. doi:10.1016/S2468-1253(20)30121-7
Bezzio C, Saibeni S, Variola A, et al. Outcomes of 
COVID-19 in 79 patients with IBD in Italy : an IG- 
IBD study. Gut. Published Online First: April 2020. 
doi:10.1136/gutjnl-2020-321411
Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-
CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and 
Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 
2020;181(2):271-280.
TIMID Consortium. Available at: https://www.health- 
holland.com/project/2018/the-common-disease- 
mechanisms-of-immune-mediated-inflammatory-
diseases [Accessed May 1, 2020].
Walker GJ, Harrison JW, Heap GA, et al. Association of 
Genetic Variants in NUDT15 with Thiopurine-Induced 
Myelosuppression in Patients with Inflammatory 
Bowel Disease. JAMA. 2019;321(8):753-761.
Reisberg S, Krebs K, Lepamets M, et al. Translating 
genotype data of 44,000 biobank participants 
into clinical pharmacogenetic recommendations: 
challenges and solutions. Genet Med. 2019;21(6):1345-
1354.

61

62

63

64

65

66

67

68

69

70

71

72

73

General discussion and future perspectives

11



 216  

74

75

76

77

78

79

80

81

82

Manolio TA, Green ED. Leading the way to genomic 
medicine. Am J Med Genet Part C Semin Med Genet. 
2014;166(1):1-7.
Genetic Information Nondiscrimination Act of 2008, 
Pub. L. No. 110-223, 122 Stat. 881 (2008) (GINA).
De Paor A. Genetic Discrimination: A Case for a 
European Legislative Response? Eur J Health Law. 
2017;24(2):135-159.
Bosma PJ, Chowdhury JR, Bakker C, et al. The genetic 
basis of the reduced expression of bilirubin udp-
glucuronosyltransferase 1 in gilbert’s syndrome. N Engl 
J Med. 1995;333(18):1171-1175.
Beutler E. G6DP deficiency. Blood. 1994;84(11):3613-
3636.
Klein TE, Ritchie MD. PharmCAT: A Pharmacogenomics 
Clinical Annotation Tool. Clin Pharmacol Ther. 
2018;104(1):19-22.
Sangkuhl K, Whirl-Carrillo M, Whaley RM, et al. 
Pharmacogenomics Clinical Annotation Tool 
(PharmCAT). Clin Pharmacol Ther. 2020;107(1):203-210.
Unertl KM, Field JR, Price L, Peterson JF. Clinician 
perspectives on using pharmacogenomics in clinical 
practice. Per Med. 2015;12(4):339-347.
van der Sijs H, Aarts J, Vulto A, Berg M. Overriding of 
drug safety alerts in computerized physician order 
entry. J Am Med Informatics Assoc. 2006;13(2):138-147.

Chapter 11


	Chapter 11



