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Summary

This thesis set out to assess innovation drivers in microbiota research & development (R&D) in order to 
advance gut modulation for unmet medical needs. The association between an aberrant intestinal microbiota 
and diseases, advocates for a therapy to modulate and restore the imbalanced intestinal microflora, thereby 
promoting health and well-being. Probiotic administration is deemed a promising therapy in restoring 
the intestinal ecosystem, thereby preventing, alleviating or treating diseases and illnesses. Probiotic 
administration can be beneficial for a wide variety of diseases. For instance, it is associated with a reduced 
risk for necrotizing enterocolitis (NEC), antibiotic-associated diarrhoea (AAD), lactose maldigestion, 
common infectious diseases (including respiratory tract infections), atopic dermatitis, pouchitis, ulcerative 
colitis and travellers’ diarrhoea. Probiotic intake is also associated with treatment of colic, acute infectious 
diarrhoea, IBS symptoms and vaginal infections. Although scientists are conducting research and clinical 
studies with probiotics for over fifteen years now, the evidence is still deemed insufficient to receive a health 
claim or approval by the main regulatory bodies, the European Food Safety Authority and Food and Drug 
Administration.

Furthermore, there are several concerns associated with probiotic administration. The bacteria can become 
opportunistic and translocate through the gastrointestinal barrier, thereby causing invasive infections 
leading to bacteraemia or sepsis. Another concern is the transfer of antibiotic resistant genes from or to a 
pathogen. In addition, metabolic activity of the microbial products might be toxic to the host. In 2008, 
the results of the PROPATRIA-trial were published, in which the investigators found that the mortality 
rate and bowel ischemia in the treatment-arm receiving probiotics was significantly higher compared to the 
placebo. Although the study design was heavily criticized and in the end there was no link found between 
the administered probiotics and the bowel ischemia, the distressing results initiated intense discussions 
regarding the safety of probiotics, especially in vulnerable individuals. 

These issues hamper the progress of innovation in probiotics, thereby preventing several promising beneficial 
innovations to reach the market and fulfil unmet medical needs. Therefore we addressed the following 
research question: 

“How can we drive the innovation process in the field of microbiota research and development?”

To answer this research question an emergent study design was adopted applying a mixed methods approach. 
We used the methods of literature study, intervention study, semi-structured interview and questionnaire.

Initially, as a clear safety profile for infants, children and immune compromised adults was lacking, 
we hypothesized that safety issues concerning probiotics was a major inhibiting factor in innovation 
in microbiota R&D. In a trilogy we assessed the safety of probiotics and synbiotics in these vulnerable 
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populations through systematic review of scientific literature. Data from clinical trials between 2008 and 
2013 suggest that probiotic administration is safe and well tolerated in the setting of controlled trials 
with regard to the evaluated strains, dosages and administration regiment. In total 16,678 participants 
received a probiotic or synbiotic treatment. No increased risk in adverse events was observed, even in 
highly susceptible populations such as very-low-birth-weight (<1500 g) preterm infants and critically ill 
individuals. Nevertheless, conclusions were greatly limited by incomplete reporting of the treatment and 
adverse events.

Subsequently, we contributed to the scientific substantiation of probiotics by demonstrating clinical efficacy 
in elderly individuals through a single-arm open label intervention study. These frail elderly individuals 
are significantly affected by diarrhoea and constipation due to medication and co-morbidity. Probiotic 
administration for three weeks reduced the percentage of diarrhoea and constipation stool types compared 
to the baseline period. Furthermore, the percentage of ideal stool types increased significantly. Nevertheless, 
restraint in drawing conclusions is warranted as the number of participants that could be included in the 
statistical analysis was limited due to drop out. The promising results have to be confirmed in randomised, 
placebo-controlled, (over) powered clinical trials.  

Furthermore we observed that thoroughly studied microorganisms with potential health-promoting effects 
are not evaluated in clinical studies and thereby never become available to consumers and patients. Therefore 
an overview of the potential probiotic properties of a model organism (Lactobacillus plantarum WCFS1) 
was provided through literature study. Investigators can use this information to ensure that good ideas can 
progress through the entire cycle of innovation, and make sure that products are made available for actual 
use instead of sole use in academic setting. 

Finally, additional barriers in the process of probiotic innovation were identified by a key-opinion-leader 
analysis. Key-opinion-leaders (KOLs) included individuals with extensive knowledge in the field of 
probiotics (research, market or clinical development) from an industry, academic or regulatory perspective. 
Data, collected through semi-structured interviews and questionnaires, suggest that the innovation process 
is seriously hampered in all steps of the innovation cycle due to specific barriers and bypasses. Difficulty 
in demonstrating clinical efficacy was ranked as the most significant inhibiting factor in the innovation 
process. Other barriers could be classified as fundamental research barriers, clinical research barriers, 
financial barriers, regulatory barriers, collaboration barriers, marketing barriers and product barriers. Using 
this barrier approach, inhibiting factors are identified which allows subsequent action to be taken. In order 
to provide guidance in this innovation process and future probiotic research, KOLs prioritized clinical 
indications for probiotics that deserve more research attention in order to meet the unmet medical needs 
in society. By increasing the collaboration between KOLs and industry, research agendas in industry R&D 
processes can be better aligned to fulfil unmet patients’ needs. 

This thesis assessed several innovation drivers in microbiota R&D, and our data contributes in driving this 
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innovation process. In summary, the following main conclusions can be drawn:

•	 Probiotic and synbiotic administration in patients with an immature or compromised immune system 
is safe in a controlled setting with regard to the evaluated strains, dosages and administration regiment. 
These conclusions can however not be generalized, and are only applicable for the specific evaluated 
target groups (infants, young children and adults), applied probiotic strains, dosage and duration. 

•	 Although investigator should remain cautious when evaluating new probiotics strains, higher dosages or 
long-term administration, data encourages investigators to continue their research in these vulnerable 
populations. Especially as the beneficial effects might be most profound in these individuals. 

•	 There is a serious issue in reporting of clinical studies; adverse events, applied strains and dosages are 
often incomplete or lacking. We urge for standardized reporting in probiotic/food studies.

•	 Probiotic fermented milk (containing Lactobacillus casei Shirota) is effective in reducing constipation 
and diarrhoea stool types, and increasing the percentage of ideal stool types in frail elderly residents of 
a nursing home. Although a pilot study, these data are encouraging and urge for a confirmatory study 
to improve the quality of life of these individuals and reduce a significant burden of the healthcare.

•	 It is essential for investigators and researchers to conduct well-designed (over)powered clinical trials, 
and prevent subjection to “pilotitis”, as poorly designed studies do not sufficiently support a health or 
medical claim.   

•	 There is a substantial amount of work performed on the model strain L. plantarum WCSF1. In contrast, 
only one clinical trial has been conducted with this strain. L. plantarum WCFS1 potentially exerts 
several beneficial immunological, physiologic and metabolic effects in humans. Whether L. plantarum 
WCFS1 can be developed into a successful probiotic remains to be determined. However, we advocate 
for human clinical trials, thereby allowing good ideas to reach patients and consumers.

•	 The current innovation cycle of probiotics is hampered in all phases of the innovation process. However 
by identifying these inhibiting factors, it allows subsequent action to be taken to improve the innovation 
cycle.

•	 As research in the field of probiotics is diluted, focus is provided to ensure unmet medical needs are 
met. This is for infants, diarrhoea, AAD and NEC; for children, obesity, AAD and diarrhoea; and for 
adults, AAD, irritable bowel syndrome and Alzheimer’s disease.

•	 The innovation cycle of probiotics and microbiota is substantially different from that of other industries. 
The complex nature of the product and lack of harmonization in the regulation imposes a significant 
risk. Furthermore it became evident that well studied probiotic strains never reach the market. It 
seems that segments in the innovation cycle do not collaborate, and that industry adamantly conducts 
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underpowered clinical studies.     

•	 The future in gut modulation needs to move more towards microbial ecosystem therapeutics, and step 
away from administration of single or several probiotic strains. The overwhelming results achieved by 
fecal microbiota transplantation urge for further research for the development of synthetic microbial 
ecosystems.   

What we repeatedly see in the field of probiotics, is that initial evidence for clinical indications seems 
promising, however several key factors remain undetermined: (i) the superior probiotic strain, or mixture 
of probiotic strains, (ii) the optimal dose-response, (iii) the optimal duration of treatment, and (iv) the 
window of opportunity. It is essential that these factors are elucidated to really allow progress in the field of 
microbiota R&D. 
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Abbreviations

5-ASA 5-Aminosalicylic Acid   LPS Lipopolysaccharide

AGR Accessory Gene Regulation  LTA Lipoteichoic Acid

AE Adverse Event   MgO Magnesium Oxide

APF Aggregation Promotion Factor  MIC Minimal Inhibitory Concentration

ARV Anti Retroviral    MSA Mannose Specific Adhesion

AAD Antibiotic-asscociated Diarrhoea  mMCP-1 Mast cell Protease

AD Atopic Dermatitis   MET Microbial Ecosystem Therapautics 

AIP Autoinduced Peptide   MUB Mucus Binding Domain

BSH Bile Salt Hydrolase   MS Multiple Sclerosis

CMC Chemistry, Manufacturing and Controls ACM N-Acetylglucosaminidase

CDI Clostridium Difficile Infection  NK-cell Natural Killer-cell

CFU Colony Forming Units   NEC Necrotizing Enterocolitis

CRC Colorectal Cancer   NDA New Drug Application

CTCAE Common Terminology Clinical Adverse Events NFLD Non-alcoholic Fatty Liver Disease

CIM Cyclic Innovation Model   ND Not Detected

DC Dendritic Cell   PE Peanut Extract

EFSA European Food Safety Authority  PGH Peptidoglycan Hydrolase

EMA European Medicines Agency  PP Per Protocol

EU  European Union   PDBu Phorbol 12,13-dibutyrate

EPS Extracellular Polymeric Substance  Pln Plantaricin

FMT Fecal Microbiota Transplantation  Pnba P-Nitrobenzoate reductase

FE Feruloyl Esterase   QPS Qualified Presumption of Safety

FAO Food and Agricultural Organization  QoL Quality of Life

FDA Food and Drug Administration  QQ Quantile-Quantile

FDCA Food Drug and Cosmetic Act  QS Quorum Sensing

FOS Fructo-Oligosaccharide   RCT Randomised Controlled Trial

GI Gastrointestinal   ROS Reactive Oxygen Species

GIT Gastrointestinal Tract   R&D Research & Development

GRAS Generally Recognized As Safe  RR Response Regulator

GMO Genetic Modified Organism  RA Rheumatoid Arthritis 

GF Germ-Free    SBS Short-Bowel Syndrome

GMP Good Manufacturing Practices  SCFA Short-Chain Fatty Acids

GvHD Graft versus Host Disease   SNP Single Nucleotide Polymorphism 

GALT Gut Associated Lymphoid Tissue  SPS Surface Polysaccharide 

HAART Highly Active Antiretroviral Therapy  TRX Thioredoxin

HPK Histidine Protein Kinase   TR Thioredoxin Reductase

HMP Human Microbiome Project  TJ Tight-Junction

IgA Immunoglobulin-A   TLR Toll-Like Receptor

IVET In vivo Expression Technology  TER Transepithelial Electric Resistance
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IBD Inflammatory Bowel disease   TNF Tumor Necrosis Factor

ICU Intensive Care Unit    TCS Two-component System

IL  Interleukin     UC Ulcerative Colitis

ISAPP International Scientific Association for Prebiotics and Probiotics UV Ultra Violet 

IECs Intestinal Epithelial Cells    US United Sates

IBS  Irritable Bowel Syndrome    URTI Upper Respiratory Tract Infection

KOL Key opinion Leader    VAP Ventilator-associated Pneumonia

LAB Lactic Acid Bacteria    WTA Wall Teichoic Acid

LcS Lactobacillus casei Shorita    WHO World Health Organization

      YOR Yakult Original

      ZO Zonulin
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Willem de Vos mij kritische feedback gegeven. Verder wil ik Linda van de Burgwal en Pamela Browne 
bedanken voor de hulp die ze mij bij de laatste twee artikelen hebben geboden. Dat heeft zijn vruchten 
afgeworpen; beide artikelen werden snel geaccepteerd! Ook mogen Kenneth Fernald en Steven van Huiden 
niet vergeten worden, aangezien zij mij geholpen hebben met het interview designs en het opzetten van de 
eerste interviews en Mark van der Waal voor het helpen met de opmaak van mijn thesis.

Graag bedank ik Olaf Larsen en Lidwien Franke voor de prettige samenwerking. Onder andere met jullie 
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