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The Luxembourg Centre for Systems Biomedicine (LCSB) was created within the Health Technologies Initiative from 
the Government of Luxembourg as one of the research priorities of the University of Luxembourg. The LCSB is an 
interdisciplinary centre of the University, independent of the faculties. It combines experimental and computational 
approaches to analyse complex biological systems and disease processes.

The LCSB focuses on neurodegenerative diseases, particularly Parkinson’s disease (PD), with a parallel approach to 
investigating other chronic diseases for their common mechanisms with PD. Its strategy is based on an interdisciplinary 
integrated systems approach, with core competences in the area of functional genomics and genetics, metabolomics, 
imaging, bioinformatics and computational biology, thus combining experimental molecular and cellular neurobiology 
with computational approaches. Through the establishment of research groups led by clinical scientists, the LCSB also 
bridges to the clinic. In addition to patients and family studies, technological platforms and models on different scales, 
covering in silico, in vitro and in vivo models are the essential elements of the LCSB research strategy. Performing systems 
biomedicine on this multi-scale level is key to gain insight into human biology and disease.

The integration of the LCSB in both the Luxembourg research landscape and the international systems biomedicine 
community is a driving force of the centre. The LCSB is forming strategic partnerships with internationally outstanding 
research institutions in order to create a powerful research network. Among those partners for the technological and 
systems biology approach are the Institute for Systems Biology (ISB) in Seattle, the Gladstone Institutes in San Francisco, 
the California Institute of Technology in Pasadena, the University of California in San Diego (UCSD), the Systems Biology 
Institute (SBI) in Tokyo, the Helmholtz Zentrum München, and EMBL in Europe. In addition, high-level clinical partnerships 
have been formed with the Hertie Institute in Tübingen, the Paracelsus-Elena-Clinic in Kassel, and the Oxford Parkinson’s 
Disease Centre (OPDC) who excel through their unique patient cohorts in PD. 

On a national level, the LCSB forms the Personalised Medicine Consortium (PMC), together with the Integrated BioBank 
of Luxembourg (IBBL), the Luxembourg Institute of Health (LIH), the Centre Hospitalier de Luxembourg (CHL), and the 
Laboratoire National de Santé. Within the PMC, they complement each other in the field of biomedicine from basic 
research to translational research into the clinic, creating an excellent basis to obtain competitiveness and critical mass 
in health care research. 

Ultimately, the LCSB will form a bridge between basic research and industry. Collaborations have been initiated with 
various players, from small and medium enterprises to large global companies. The goal of these collaborations is to drive 
an output and product-oriented research in a win-win situation. 

INTRODUCTION
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RESEARCH
Objectives 
The LCSB sees itself as a basic research centre bridging discovery and clinical application. As such, the major focus is on 
the analysis of complex biological systems and disease processes. With the focus on systems biomedicine, the research 
strategy is based on the integration of four major elements: patients, experiments, computation, and technology. Major 
biomedical questions drive the LCSB’s current and future research agenda. This strategy requires a highly interdisciplinary 
research environment, with a strong collaboration amongst computer scientists, engineers, mathematicians, physicists, 
biologists and clinical scientists. The LCSB has also an important role in crossing disciplines of different faculties within 
the University. It is the LCSB’s guiding conviction that the major future challenges of the society will be based at the 
interface of disciplines and that their solutions will require major skills in analysing complex systems. The long-term 
objective of the LCSB is thus to grow into a centre of complex systems analysis by developing tools and getting insight 
into the general principles, which might apply also to other domains such as material sciences, social sciences and 
finance.

Vision
Become a world leading interdisciplinary research centre.

     Enable new ways to cure or prevent human diseases based on the mechanistic understanding of complex biological
 systems and disease processes.

Mission
     Carry out fundamental research in the field of systems biology and biomedicine, including the development of new

models and technologies.

   diseases.

The first years of the LCSB were characterised by the implementation of the research strategy as proposed by the 
founding director in 2009, the recruitment of core scientific personnel and support staff, the establishment of the 
infrastructure on Campus Belval as well as collaborations with regional research institutions and renowned international 
partners. After the first phase of “Building up”, the motto of the current four-year period is “Reaching Out”: the LCSB 
expands the scope of its activities, thus reaching out both scientifically and in terms of partnerships in Luxembourg. 
Leading themes are the transfer from basic research towards actual applications for patients, the building of additional 
bridges across disciplines to connect with other faculties and centres in the University as well as the industry by creating 
spin-offs and valorising the research results.

Research strategy
Diseases can be perceived as perturbations of networks, where genetic defects or environmental influences lead 
to a disturbance that cannot be compensated. Mathematical models are therefore used to describe a network on 
the molecular level that reflects the observations on a cellular or organism level. To gather data for a computational 
hypothesis generation and for the subsequent validation, the LCSB engages in a variety of different models and reaches 
out to the patient. We interpret “multi-scale modelling” in biomedicine: from computer to cells to animals to people to 
families and back.  Based on different model systems we produce feedback loops of hypothesis generation and validation, 
thereby jumping scales from in vitro models to full in vivo organisms like zebrafish or mouse, up to the human being and 
family studies of inherited diseases.

Bioinformatics Core facility
Currently, we are witnessing an explosion in the amount of data derived from biological experiments and clinical research. 
It appears that most academic research units are not sufficiently prepared for the upcoming data explosion. Furthermore, 
it will be very difficult for individual institutes to maintain the fast and expensive cycles of sustaining top infrastructure 
necessary for genomic, proteomic or bioinformatics analysis of biological data. Hence, there is a need for computational 
platforms provided to the scientific community by dedicated research centres. The goal of the LCSB is to offer 
bioinformatics, medical informatics and computational expertise as well as access to high-performance computing and 
large data storage to other research institutes within Luxembourg and beyond.
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Attractive infrastructure
Excellent infrastructure is a key attractor for becoming and staying competitive on an international level. The goal of 
the LCSB is to establish and provide access to important infrastructure for high-throughput biological systems analysis. 
Because a shift from academia to the commercial sector can be observed in many molecular technologies, it is important 
not only to invest in those technologies that are of strategic importance for the research at the LCSB and give it a 
competitive edge, but also to carefully monitor their development and availability in industry. This way, we are able to use 
private services where appropriate rather than invest into such facilities.
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Biological multi-scale modelling: in silico, in vitro, in vivo, patients, families 
The LCSB aims at a multi-scale approach to systems biomedicine. Multi-scale modelling 
is a concept from physics and engineering to solve complex phenomena that are 
influenced by time and spatial dependent factors on different levels. For complex 
diseases, this approach can give new insights and allows a transfer between different 
disease models, thus challenging findings and validating hypotheses. At the LCSB, an 
attempt will be made to investigate questions at different in vitro, in vivo and in silico 
levels, ranging from cell culture to animal models, patient families and cohorts to virtual 
computational models.

Bridging basic and clinical research
The integration of medicine into systems approaches is important for both 
parties: on one hand, medical observations in daily care can give valuable new 
directions to research; on the other hand, a close interaction between basic 
and clinical research helps to feed research results back into the clinic. The 
LCSB supports the training of clinical scientists and provides opportunities for 
“protected time for clinicians”, such that medical doctors who work in the clinic 
are able to work also part-time at the LCSB in research. 
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Computer

Cell

Mouse

Patient

Families

Disease driven research 
Our research is driven by the aim to better understand neurodegeneration and especially Parkinson’s disease. It is a highly 
complex disorder caused by a mixed influence of genetic and environmental factors, thus requiring a systems approach 
to unravel the underlying mechanisms. This research theme is a guidance allowing our research groups to unite in one 
common research goal. 

Mathematical and computational models to understand human diseases
Biology is becoming an extremely data-rich research discipline. In addition to efficient means of data acquisition, data 
storage and high-performance computing, the development of suitable algorithms and mathematical descriptions will 
become a critical and essential component in future research efforts. To this end, the LCSB directs major efforts towards 
the development of computational models, such as kinetic models of ROS-metabolism or spatial models of mitochondrial 
function and dysfunction. 

Interdisciplinarity
Research at the LCSB relies heavily on the interaction between many disciplines. We strive to 
be an interdisciplinary centre where the whole is more than the sum of the parts – we do not 
only pursue research in different areas but tackle questions that can only be answered in a 
collaborative approach involving different disciplines. The LCSB promotes the integration of 
different technologies, models, disciplines and expertise spanning from mathematical theory 
to medical needs in the clinic. Establishing a broad interdisciplinary spectrum of expertise 
was an explicit goal when recruiting the research groups of the LCSB, and is reflected by the 
various professional backgrounds of the different Principal Investigators (PIs) as well as the 
composition of their research groups.
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Research focus
All research programmes at the LCSB focus on biomedical questions. The application of advanced research tools, such as 
mathematical and computational modelling, metabolomics and imaging, as well as the development of new methodologies, 
aim at new findings in biology while at the same time also aim at further development of the technologies and methods 
applied. While each research group pursues also its own research lines, all groups of the centre contribute to the central 
research theme: neurodegenerative diseases with a special focus on Parkinson’s disease (PD). The criteria for the choice 
of this research subject were its potential in terms of scientific novelty, medical relevance and innovation combined with 
the requirement for an interdisciplinary approach.

Although genetic as well as environmental factors are known to contribute to the pathogenesis of neurodegenerative 
diseases, we do not have a thorough understanding of the underlying disease-causing mechanisms. To elucidate 
mechanisms that play a role in disease origin and progression, a systems approach is needed. Therefore, the LCSB 
aims to look at the pathophysiological hallmarks of neurodegenerative diseases, such as mitochondrial dysfunction 
and neuroinflammation, from a systems’ point of view. Besides the genetic factors underlying diseases, the LCSB is 
also interested in understanding the influence of gene-environment interaction. Here, the primary focus is put on 
understanding the role of the gut microbiome. Furthermore, the hallmarks and mechanisms of neurodegenerative 
diseases most likely overlap with those of other diseases and several of them might be present simultaneously in elderly 
patients. Clinical phenotypes alone seem insufficient to provide an understanding of the pathophysiological mechanisms. 
A comparative and integrated analysis of diseases across the traditional clinical boundaries (e.g. neurodegenerative 
diseases versus metabolic diseases) may lead to a redefinition of clinical phenotypes and to new approaches in the 
treatment of neurodegeneration. Therefore, research efforts at the LCSB are also directed towards identifying the 
underlying networks of such co-morbidities. 

Figure: Research programmes at LCSB. 
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Research Groups
Being an interdisciplinary centre, the LCSB was founded as an entity separate from the faculties. The establishment of 
an autonomous structure allows a more flexible operation than is normally possible in the traditional setup of a university 
faculty. From a governance point of view, the LCSB chose research groups as primary unit of organisation. These groups 
are accompanied by research support and management structures to enable them to be competitive in the international 
research community. Each group is led by a Principal Investigator (PI). By now, 16 research groups have been established 
in the LCSB, covering three areas: computational, experimental, and clinically-oriented translational groups. Even 
though listed distinctly below, many of the groups reach across over several disciplines, being not solely experimental or 
computational.

  

Overlapping projects and regular discussions amongst PIs ensure a close cooperation between the different groups and 
build bridges from artificial intelligence over experimental biology to clinical studies. 

Computational focus

• Bioinformatics Core  

• Biomedical Data Science

• Computational Biology

• Molecular Systems 
Physiology 

• Systems Biochemistry

• Systems Control

Experimental focus

• Chemical Biology

• Developmental & Cellular Biology

• Eco-Systems Biology

• Enzymology & Metabolism

• Experimental Neurobiology 

• Integrative Cell Signalling

• Metabolomics

• Molecular and Functional Neurobiology

Translational focus

• Clinical & Experimental 
Neuroscience

• Medical Translational 
Research
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Key projects
Text mining
The goal of text mining tasks is to analyse a wide scope of scientific publications - abstracts as well as full texts - to 
detect factors involved in pathological states. Using statistical and natural language processing techniques we aim at 
getting insight into causal relations between molecular and phenotypic components, enabling better understanding 
of individual diseases as well as comparison between them. Along with the textual knowledge, we want to explore 
experimental results and build on the expert knowledge of clinicians and medical doctors. One conceptual problem is how 
the knowledge obtained from multiple heterogeneous sources can be mapped onto one coherent network. Currently, we 
focus on the text mining enrichment of the Parkinson’s disease map.
Translational Medicine in partnership with the pharmaceutical industry
a) European Translation Information and Knowledge Management Services - eTRIKS 
eTRIKS is a project within the Innovative Medicines Initiative (IMI), Europe’s largest public-private partnership aimed 
at accelerating the development of better and safer medicines for patients. The main goal of eTRIKS is to develop a 
sustainable knowledge management environment for other data intensive translational research projects within IMI, 
to facilitate storage and combination of different data types. This will ultimately result in increased productivity of 
translational research by: (1) enabling cross study analyses, (2) allowing non statisticians to perform exploratory analyses, 
(3) reducing the costs of knowledge management in translational research, (4) selecting existing and defining novel data 
standards to facilitate data curation. Our group is involved in data curation and development of analytics.

b) Organising Knowledge about Neurodegenerative Disease Mechanisms for the Improvement of Drug 
Development and Therapy - AETIONOMY
Current classification of Alzheimer’s and Parkinson’s disease is based on symptoms and severity but not on the many 
different causes which lead to several sub-types of these diseases. The AETIONOMY project will collect all available data 
including clinical, imaging and genetic data, and combine them in an innovative way to look for patterns which could 
identify sub-groups of patients with similar causes of their disease. The project will include a clinical study, which aims at 
validating this novel “mechanism-based taxonomy”.

Whole genome family sequencing
In collaboration with the Family Genomics group at the Institute for Systems Biology, the LCSB uses next-generation 

Bioinformatics Core
Overview
The group manages the efficient data flow between experimental groups and theoretical and medical oriented groups 
and develops algorithms for data mining and visualization. The core facility receives an immense amount of data from 
experimental groups that the scientists have to handle, store, and categorise. Together with the high-performance 
computing (HPC) group of the University, members of the core facility are responsible for setting up and running large 
computer and storage facilities with thousands of processors and an ever-increasing number of hard disks. The LCSB 
hosts the most powerful hardware installation in the Luxembourg’s academic landscape. After scientists have managed 
to physically handle the huge amount of data, they face the next challenge: to deploy and develop techniques to run cost- 
and time efficient data analysis pipelines. Automatic workflows apply a range of prediction, filtering and summarization 
steps so that it is possible to focus on the relevant aspects of the vast data. This typically requires the close collaboration 
of computer scientists and biologists covering a broad spectrum of disciplines. The core facility group also provides 
services for the research activities at the Life Sciences Research Unit (LSRU) of the University and for the LIH and the 
IBBL as part of research collaborations.

Figure: Main objectives of Bioinformatics Core unit.
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whole-genome sequencing to study heritable diseases in the context of family 
pedigrees. Our studies include sporadic cases and multiple pedigrees, and address 
Mendelian and complex neurological diseases like Fanconi anemia and epilepsy or 
Alzheimer’s disease, respectively. We have developed an automated family-based 
variant analysis pipeline including variant annotation, inheritance state analysis, 
indentity by descent sharing, phasing, inheritance mode testing, filtering for rare and/
or functional relevant variants and other gene and variant prioritisation methods. The 
identification of genomic variants and perturbed networks affecting neurobiology 
and brain physiology will lead to early diagnosis, prevention and management of 
neurodegenerative diseases.

Genomic studies of epilepsies - EuroEPINOMICS (ESF), EpiPGX,(FP7)
The core facility is providing bioinformatics analytics and research as well as data 
management for several European and international consortia studying the genetics 
and pharmacogenomics of epilepsies. The LCSB is complementing the analysis 
activities by whole genome sequencing.

Reproducible Research Results (R3)
The goal of R3 is to provide solid infrastructures, data processes, data handling and 
methods in order to raise research quality and increase overall reproducibility of 
scientific results. LCSB’s R3 reproducibility layer aims to standardise the classical 
research publication workflow by structuring data, capturing lab protocols and 
experimental methods in electronic lab notebooks, source code versioning, workflow 
management and freezing of project states via virtualization technologies such as 
virtual machines or Linux containers (Docker).

BioCog
For BioCog, a FP7 funded project that establishes biomarker panels for risk and 
clinical outcome prediction of Postoperative Delirium and Postoperative Cognitive 
Dysfunction, the core facility provides data management and analysis for an 
international consortium. The data sample analyzed in this project covers imaging 
data, genomic data as well a multitude of physiological factors in the largest 
collection of cases for this under-researched syndrome.

Development of a Parkinson´s disease map
Information on various aspects of PD pathogenesis is rapidly increasing and needs 
to be efficiently organised, so that the resulting data is available for exploration and 
analysis. We have developed a computationally tractable, comprehensive molecular 

Principal Investigator
Reinhard Schneider
start: April 2011

STAFF 
Postdocs
Peter Banda
Adriano Barbosa de Silva
Maria Biryukov
Piotr Gawron 
Stephan Gebel
Wei Gu
Roland Krause
Patrick May
Ayan Rota

Scientific staff
Sarah Diehl
Valentin Grouès
Sascha Herzinger
Yohan Jarosz
Joachim Kutzera
Jan Martens
Kavita Rege
Kirsten Roomp
Venkata Satagopam
Christophe Trefois
Vasco Verissimo

PhD candidates 
Ganna Androsova
Dheeraj Bobbili
Aishwarya Alex Namasivayam

Key publications
1. Biryukov, M., Antony, P., Krishna, A., May, P., Trefois, P. (2014). Evaluation for Cell Line Suitability for Disease Specific Perturbation 

Experiments. In B. Lausen, S. Krolak-Schwerdt & M. Böhmer (Eds.), Data Science, Learning by Latent Structures, and Knowledge Discovery. 
Heidelberg: Springer, 10.1007/978-3-662-44983-7_26

2. Androsova, G., Krause, R., Winterer, G., Schneider, R. (2015) Biomarkers of postoperative delirium and cognitive dysfunction, Frontiers in Aging 
Neuroscience, 7, doi: 10.3389/fnagi.2015.00112

3. Schubert, J. et al. (2014). Mutations in STX1B, encoding a presynaptic protein, cause fever associated epilepsy syndromes. Nature Genetics, 
46:12, 1327-32, doi:10.1038/ng.3130

4. Hofmann-Apitius, M., Ball, G., Gebel, S., Bagewadi, S., de Bono, B., Schneider, R., Page, M., Kodamullil, A.T., Younesi, E., Ebeling, C., Tegnér, J., 
Canard, L. (2015) Bioinformatics Mining and Modeling Methods for the Identification of Disease Mechanisms in Neurodegenerative Disorders, 
Int J Mol Sci. 2015 Dec 7;16(12):29179-206, doi: 10.3390/ijms161226148.

5. Secrier, M., Schneider, R. (2013) Visualizing time-related data in biology, a review. Briefings in Bioinformatics, April 2013; doi: 10.1093/bib/
bbt021

interaction map of PD. This map integrates pathways implicated in PD pathogenesis such as synaptic and mitochondrial 
dysfunction, impaired protein degradation, alpha-synuclein pathobiology and neuroinflammation. We also develop 
bioinformatics tools for the analysis, enrichment and annotations of the map, allowing the research community to open 
new avenues in PD research. The PD map is freely accessible at http://pdmap.uni.lu/.



8   • • •

Key projects
Gender differences in neurodegenerative diseases (GenderADPD project)
In both PD and AD gender differences in the incidence and phenotypic manifestations of the disorder have been observed. 
Although these differences may result from diverse behaviours and lifestyles, previous studies suggest that the underlying 
causes are more complex and disease-specific, and involve hormonal and genetic influences. In the GenderADPD project, 
we investigate whether specific genetic factors contribute to the observed gender differences. For AD, we are currently 
using cellular and animal models to study a candidate gene derived from the statistical analysis of multiple large-scale 
omics datasets from AD case/control studies. The corresponding sex-linked gene, ubiquitin-specific peptidase 9 (USP9), 
has a gender-biased activity in the human brain and encodes an enzyme reported to regulate the phosphorylation of 
MAPT, a protein thought to play a central role in AD pathogenesis. We could show additionally that the knockdown of USP9 
results in a decreased MAPT gene expression in zebrafish embryos and in the DU145 cell culture model. A research grant 
was obtained for this project after successful participation in the “Geoffrey Beene Alzheimer’s Global NeuroDiscovery 
Challenge”. For PD, a preliminary analysis of gender-linked genes using genome wide association studies (GWAS) and 
microarray data provided 19 candidate disease genes, including a mitochondrial gene encoding a complex I subunit. These 
candidates will be further validated and characterised with regard to their possible functional roles in PD using new omics 
data from collaborating groups. The resulting information on disease-linked gender differences in the brain transcriptome 
can provide new insights to support the development of patient-tailored diagnostic and therapeutic approaches for the 
studied neurodegenerative disorders.

Mitochondrial endophenotypes of Parkinson’s disease (MitoPD project) 
The goal of this multicentre international project, led by Prof. Thomas Gasser from the University of Tübingen in Germany, 
is to integrate genomic, transcriptomic and proteomic data to computationally stratify PD patients in terms of disease-
related pathway and network alterations. We are particularly interested in a putative subgroup of patients with pronounced 
mitochondrial dysfunction, suggested by prior evidence from genetic and biochemical studies. We aim to specify this 
subgroup more precisely by robustly discriminating a postulated “mitochondrial endophenotype” of PD from other cases, 
using both omics data derived from large, carefully phenotyped patient cohorts as well as corresponding animal and cellular 
models, within an integrated computational and experimental approach. A first-stage validation will be performed by testing 
mitochondrial function in biomaterials from subcohorts of patients with predicted mitochondrial phenotypes. Results of 

Biomedical Data Science group
Overview
The research of the Biomedical Data Science group is centred on the development and application of software tools to 
identify diagnostic biomarker signatures, investigate potential molecular drug targets and screen drug-like molecules. 
Our applications focus on the analysis of omics and clinical data for neurodegenerative disorders, primarily for Parkinson’s 
(PD) and Alzheimer’s (AD) disease. In particular, we develop integrative machine learning methods for the joint analysis 
of different types of omics data from patient and control subjects by exploiting prior knowledge from cellular pathways, 
molecular networks and clinical data. Joint analyses of these complementary information sources have the potential to 
provide models with increased robustness for diagnostic specimen classification and patient subgroup stratification. To 
obtain more specific models of disease mechanisms, we also investigate disease-related gender differences and apply 
cross-species analyses. The putative marker signatures and targets derived from our computational approaches are then 
investigated and validated in collaboration with experimental groups at the LCSB and in external partner institutes.

Figure: Overview of the different data sources used for integrative analyses.
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this validation step will be used to improve the machine learning models. The model 
validity will be confirmed in further cohorts of familial and sporadic patients and 
genetically-defined at-risk individuals as well as in animal and cellular models of PD. 
Pathway-specific and magnetic resonance (MR) spectroscopy-based biomarkers 
will then be developed, and stratified sub-cohorts identified for proof-of-concept 
clinical trials. Within the project consortium, the Biomedical Data Science group is 
responsible for the pathway- and network-based machine learning analysis of the 
omics data. We take part in the proposal and design of new validation experiments, 
and iteratively evaluate and improve our models in collaboration with the experimental 
groups.  

Public database of neuroprotective and neurotrophic proteins
(NeuroProDB project)
Current therapeutic approaches for PD help to alleviate some of the major symptoms, 
but can neither halt nor slow the progression of the disease. Since proteins with 
neurotrophic or neuroprotective functions are naturally expressed in the human 
brain (including more than 30 neurotrophins, multiple neurotrophic cytokines, the 
GDNF family of ligands, CDNF and MANF, among others), a possible new treatment 
strategy is to induce the expression of a selected subset of these proteins. However, 
to date, no public and comprehensive database is available that allows researchers to 
group neuroprotective and neurotrophic proteins in terms of published in vitro and/
or in vivo evidence for their protective/trophic actions and the type of their effects 
on dopaminergic and non-dopaminergic neurons (protective, restorative and/or 
stimulatory).
By using literature mining in combination with subsequent manual curation, we are 
building a web-based database of the currently known neuroprotective/-trophic 
proteins. In addition to collecting experimentally validated proteins, we aim to predict 
additional proteins with possible neuroprotective/-trophic functions by integrating 
multiple statistics from relevant data sources.
The new database will be used to screen negative regulators of neuroprotective/-
trophic proteins and evaluate their suitability as potential drug targets. Thus, this 
project will provide a new generic data repository for neuroscience, optimised machine 
learning methods to generate a subset of predicted proteins in the database, and a 
means to prioritise new putative drug targets for a subsequent validation study.

Key publications
1. Glaab, E. (2016). Building a virtual ligand screening pipeline using fre software: a survey. Briefings in Bioinformatis, 17:2, 352-366, doi: 

10.1093/bib/bbv037.
2. Glaab, E., Schneider, R. (2015) Comparative pathway and network analysis of brain transcriptome changes during adult aging and in 

Parkinson’s disease, Neurobiology of Disease, 74, 1-13, doi:10.1016/j.nbd.2014.11.002
3. Glaab, E., Schneider, R. (2015) RepExplore: Addressing technical replicate variance in proteomics and metabolomics data analysis, 

Bioinformatics, 31:13, 2235-7, doi: 10.1093/bioinformatics/btv127
4. Jaeger, C.*, Glaab, E.*, Michelucci, A.*, Binz, T.M., Koeglsberger, S., Garcia, P., Trezzi, J.P., Ghelfi, J., Balling, R., Buttini, M. (2015) The 

Mouse Brain Metabolome: Region-Specific Signatures and Response to Excitotoxic Neuronal Injury, American Journal of Pathology, 185:6, 
1699-1712 (*these authors contributed equally to this work), doi: 10.1016/j.ajpath.2015.02.016

5. Glaab, E., Baudot, A., Krasnogor, N., Schneider, R., Valencia, A. (2012) EnrichNet: network-based gene set enrichment analysis. 
Bioinformatics, 28:18, i451-i457; doi: 10.1093/bioinformatics/BTS389

Principal Investigator
Enrico Glaab
start: June 2015

STAFF
Postdocs
Zhi Zhang

PhD candidates
Amer Ashrafi
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Key projects
Functional validation of disease-associated gene variants and candidate drug targets for neurodegenerative 
disorders
A central aspect of the group’s research is the use of zebrafish models of human CNS disorders. Large-scale genome 
sequencing efforts are identifying numerous disease-associated gene variants that require in vivo validation. Zebrafish 
offer the possibility to rapidly knock down these genes using morpholino oligonucleotides. After an initial phenotypic 
characterisation, a subset of these genes are selected for the generation of stable mutant lines using targeted 
mutagenesis via the CRISPRs/Cas system. These zebrafish lines are then used for in-depth phenotypic characterisation 
and as bioassays for high-throughput in vivo screening of small molecules. A similar strategy is used to functionally 
validate candidate drug targets selected through systems biology analysis (e.g. of differential gene expression data from 
brain samples of both animal models and human patients) with the goal of identifying druggable targets that - when 
inhibited pharmacologically - could contribute to improved disease outcomes.

Elucidation of dynamic microglia activation and function in the epileptic brain
Epilepsy, characterised by unprovoked recurrent seizures, is one of the most common chronic neurological disorders. 
Despite the availability of several antiepileptic drugs, the lack of efficacy in up to 30 percent of patients creates the 
need for a better understanding of disease mechanisms and new drug discovery strategies. Pre-clinical and clinical data 
suggest that neuroinflammation plays a significant role in the pathophysiology of epilepsy. Microglial cells are implicated 
in this process, but it is unclear how microglia sense hyperexcitability in neurons, how this changes their behaviour and 
how, in turn, microglia influence disease progression. In collaboration with the group of Francesca Peri at the European 
Molecular Biology Laboratory in Heidelberg, this project aims to investigate the dynamic behaviour of microglia in the 
epileptic brain, applying both confocal microscopy techniques and cutting-edge SPIM/DSLM (selective plane illumination 
microscopy/digital scanned laser light microscopy) technology for the 3D visualisation of the brain in vivo. Taking 
advantage of both pharmacologically- and genetically-induced zebrafish models of acute seizures, we will track spatio-
temporally the mobility and branching behaviour of the entire microglia network and their correlation with neuronal 
excitability and damage. Our data will give insights into how modulation of microglial activation could be used as novel 
therapeutic approaches for the treatment of drug-resistant epilepsies.

Chemical Biology group
Overview
The primary objective of the Chemical Biology Group is to use small molecules in order to provide novel insights into the 
aetiology and possible future therapy of disorders of the human central nervous system. One of the group’s foci are small 
molecules of natural origin. Such secondary metabolites have evolved over hundreds of millions of years to functionally 
interact with biological macromolecules, and hence occupy a uniquely three-dimensional niche in chemical space. The 
group’s research platform is centred around the use of zebrafish as an in vivo disease model. Zebrafish embryos and larvae 
are microscopically small, optically translucent vertebrates with high genetic, physiologic, and pharmacologic homology to 
humans. Zebrafish are uniquely suited to perform high-throughput, in vivo screens of drug-like, structurally diverse small 
molecules in order to identify compounds capable of modulating pathophysiological parameters associated with disease, 
particularly through the use of novel zebrafish models of human Central Nervous Systems (CNS) disorders. By elucidating 
the mechanism of action of such bioactive small molecules, new disease-relevant signalling pathways and biomolecular 
targets for drug discovery can be found.

Figure: Pharmacological screen using zebrafish as a model organism for CNS diseases. 
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Zebrafish-based identification of neuroactive small molecules
A major focus of the group is the identification of neuroactive small molecules using 
in vivo bioassays. Using zebrafish models of CNS disorders as described above, we 
screen compound libraries of both synthetic and natural origin, with the goal of 
finding and characterising chemical modifiers of disease-associated phenotypes. 
Such neuroactive small molecules have dual applications – as pharmacological 
tools, to help elucidate the molecular mechanisms involved in the aetiology of these 
neurological diseases, and possibly as lead compounds for the development of novel 
therapeutics, ideally with disease-modifying properties. We then rely on a growing 
toolbox of chemical biology methods to help determine the mechanism of action of 
these compounds, using techniques such as behavioural fingerprinting in zebrafish, 
3-hybrid screening in yeast, and electrophysiologicial profiling in Xenopus oocytes.

Towards small-molecule therapies for juvenile forms of Batten disease: drug 
screens in yeast and zebrafish models of JNCL
Neuronal ceroid lipofuscinosis (NCL), more commonly known as Batten disease, is 
a group of severe and progressive neurodegenerative disorders in children, in which 
storage material accumulates in lysosomes. Characterised by visual impairment or 
blindness, seizures, psychomotor deterioration and premature death, the juvenile 
neuronal ceroid lipofuscinosis (JNCL) is the most prevalent form for which there is no 
cure. It is most often caused by mutations in the CLN3 or CLN12 genes. Both proteins 
are localised in the lysosome, though their function remains unknown. In collaboration 
with Carole Linster’s group at the LCSB, we develop yeast and zebrafish Batten 
disease models, by deletion of CLN3 and CLN12 genes. In search for a cure, a library 
of over 1200 FDA- and EMA-approved drugs and other bioactive small molecules 
will be screened on these models. Any active compound identified and validated by 
this combinatorial yeast-zebrafish screen will be validated in higher Batten disease 
models.

Key publications
1. Perathoner, S., Cordero-Maldonado, M.L., Crawford, A.D. (2016) Potential of zebrafish as a model for exploring the role of the amygdala 

in emotional memory and motivational behavior. J Neurosci Res. 94(6) 445-462, doi: 10.1002/jnr.23712.
2. Leclercq,  K., Afrikanova, T., Langlois, M., De Prins, A., Buenafe, O.E., Rospo, C.C., Van Eeckhaut, A., de Witte, P.A.M., Crawford, A.D., 

Smolders, I., Esguerra, C.V., Kaminski, R.M. (2015) Cross-species pharmacological characterization of the allylglycine seizure model in 
mice and larval zebrafish. Epilepsy Behav. 45:53-63, doi:10.1016/j.yebeh.2015.03.019

3. Zhang, Y., Kecskés, A., Copmans, D., Langlois, M., Crawford, A.D., Ceulemans, B., Lagae, L., de Witte, P.A.M., Esguerra, C.V. (2015) 
Pharmacological characterization of an antisense knockdown zebrafish model of Dravet syndrome: inhibition of epileptic seizures by 
the serotonin agonist fenfluramine. PLoS ONE, 10:5, e0125898 doi:10:e0125898. 

4. Galizia, E.C., Myers, C.T., Leu, C., de Kovel, C.G.F., Afrikanova, T., Cordero-Maldonado, M.L., Martins, T.G., Jacmin, M., Drury, S., Chinthapalli, 
V.K., Muhle, H., Pendziwiat, M., Sander, T., Ruppert, A.-K., Møller, R.S., Thiele, H., Krause, R., Schubert, J., Lehesjoki, A.-E., Nürnberg, P., 
Lerche, H., EuroEPINOMICS CoGIE Consortium, Palotie, A., Coppola, A., Striano, S., Del Gaudio, L., Boustred, C., Schneider, A.L., Lench, 
N., Jocic-Jakubi, B., Covanis, A., Capovilla, G., Veggotti, P., Piccioli, M., Parisi, P., Cantonetti, L., Sadleir, L.G., Mullen, S.A., Berkovic, S.F., 
Stephani, U., Helbig, I., Crawford, A.D., Esguerra, C.V., Kasteleijn-Nolst Trenité, D.G.A., Koeleman, B.P.C., Mefford, H.C., Scheffer, I.E., 
Sisodiya, S.M. (2015) CHD2 variants are a risk factor for photosensitivity in epilepsy. Brain, 138:5, 1198-1208; doi: 10.1093/brain/awv052.

5. Schubert, S., Siekierska, A., Langlois, M., May, P., Huneau, C., Becker, F., Muhle, H., Suls, A., Lemke, J., de Kovel, C.G.F., Thiele, H., Konrad, 
K., Kawalia A,, Toliat, M., Sander, T., Rüschendorf, F., Caliebe, A., Nagel, I., Kohl, B., Kecskés, A., Jacmin, M., Hardies, K., Weckhuysen, S., 
Riesch, E., Dorn, T., Brilstra, E.H., Baulac, S., Møller, R..S., Hjalgrim, H., Koeleman, B., EuroEPINOMICS RES Consortium, Jurkat-Rott, K., 
Lehmann-Horn, F., Roach, J.C., Glusman, G., Hood, L., Galas, D.J., Martin, B., de Witte, P.A.M., Biskup, S., De Jonghe, P., Helbig, I., Balling, 
R., Nürnberg, P., Crawford, A.D., Esguerra, C.V., Weber, Y.G., Lerche, H. (2014) Mutations in STX1B, encoding a presynaptic protein, cause 
fever-associated epilepsy syndromes. Nat. Genet., 46, 1327–1332, doi:10.1038/ng.3130 27-32.
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Key projects
I. Clinical Research
National Centre of Excellence in Research on Parkinson’s Disease
The research group is strongly involved in the National Centre of Excellence in Research on Parkinson’s Disease (NCER-PD), 
within the cohort programme (Health of the Elderly Luxembourg Population with a Focus on Parkinson’s Disease – HELP-
PD). Patients and healthy subjects are recruited in Luxembourg and the Greater Region. In collaboration with the Centre 
Hospitalier de Luxembourg (CHL), the Luxembourg Institute of Health (LIH) and the Integrated Biobank of Luxembourg 
(IBBL), our team performs a clinical characterisation of PD patients, including state-of-the-art biosampling. The aim of the 
programme is to improve diagnosis and stratification of PD by combining detailed clinical and molecular data of patients in 
view of developing novel disease biomarkers.

Treatment of gait disturbances in Parkinson’s disease
In collaboration with the National Service for Neurosurgery at the CHL, the team participates in a multicentre clinical study 
on the implementation of a novel deep brain stimulation paradigm to treat therapy-resistant freezing of gait in patients 
with advanced PD (Krüger et al., 2015). Here, a novel concept which targets the substantia nigra pars reticulata will be 
applied in a randomized double-blind clinical study to treat this unmet clinical need that impacts patients’ quality of life. 
This study comprises 10 centres in Germany and Luxembourg and is supported by Medtronic.

II. Fundamental Research
Targeting DJ-1 for mechanism-based genetic and pharmacological treatment of PD
Homozygous loss-of-function mutations of DJ-1 affects mitochondrial and lysosomal homeostasis. We have previously 
shown that patient-derived fibroblasts homozygous for the DJ-1 mutation c.192G>C display impaired mitochondrial 
respiration, increased intra-mitochondrial reactive oxygen species, reduced basal autophagy and accumulation of defective 
mitochondria. In order to study the effect of DJ-1 loss-of-function in PD, patient-derived induced pluripotent stem cells 
(iPSCs) are differentiated into small molecule neuronal precursor cells (smNPC) and subsequently into midbrain-specific 
dopaminergic (mDA) neurons. Cellular phenotypes can then be used as readouts for library screens to detect compounds 
that rescue PD phenotypes. In this context, a full automation of the cell culture, including high-content imaging, to perform 
high-throughput screening in our lab has been established.

Pathological role of α-synuclein in PD
We study two point mutations in the α-synuclein encoding gene (SNCA): A30P and G46L. Genome Wide Association Studies 
suggest the SNCA locus as a major risk factor in idiopathic PD. The oligomerisation of the monomeric α-synuclein into toxic 

Clinical & Experimental Neuroscience group
Overview
The group represents a translational platform: it integrates clinical research with basic science. One major focus, supported 
by the PEARL Excellence Award for Research in Luxembourg, is the elucidation of molecular signalling pathways leading 
to neurodegeneration in Parkinson’s disease (PD). The group has identified novel familial PD-related gene mutations and 
deciphered genetic variants in candidate sporadic PD-associated genes. The group studies the functional consequences of 
identified mutations and the molecular signalling cascades in the pathogenesis of PD. 

Figure: Pharmacological screening based on dopaminergic neurons from patient-derived induced pluripotent stem cells. 
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aggregates of amyloid-like fibrils is one of the main pathogenic features of PD and 
is a major constituent of Lewy bodies. The present study involves the differentiation 
of isogenic A30P PD-derived iPSCs and a non-PD familial control into mDA neurons 
to study the link between α-synuclein and mitochondrial dynamics, and the cells’ 
functionality by live cell imaging and real time measurements of the bioenergetic 
status (Barbuti et al., MDS, Berlin, June 19th-26th, 2016).     

The relevance of Miro1 for mitochondrial dynamics in PD 
Previous studies have revealed a loss of function of the proteins PINK1, Parkin and 
DJ-1 in idiopathic PD, causing impairment of mitochondrial quality control. The 
interaction of the mitochondrial transport protein Miro1/RHOT1 with the PINK1/Parkin 
pathway plays a crucial role in lysosomal degradation of dysfunctional mitochondria. 
The aim of this project is to characterise the influence of Miro1 in pathways relevant 
to PD (mitochondrial homoeostasis, function, degradation and transport) in patient-
derived cell models. In addition, a first mutation analysis of the Miro1/RHOT1 gene of 
PD patients will be conducted (Grossmann et al. MDS, Berlin June 19th-26th, 2016). 

GBA mutation as a genetic modifier of familial Parkinson’s disease
Mutations in the GBA gene, encoding beta-glucocerebrosidase, are an important and 
common risk factor for PD. Carriers of one mutated allele have a 5-fold increased 
risk to develop PD and are more likely to experience a detrimental progression 
of associated symptoms. To explore the effects of the GBA mutations, we study 
cellular models derived from fibroblasts of two PD patients harbouring mutations in 
GBA and in a second PD-causing gene. To understand the molecular mechanisms 
underlying GBA-related PD, we study protein expression, lysosomal activity as well 
as mitochondrial morphology and function. This project opens new perspectives in 
the comprehension of additive effects of different PD risk factor genes in the same 
individual.

Cellular endophenotypes of VPS35 mutation in Parkinson’s disease
The VPS35 D620N mutation has been identified as an autosomal-dominant cause 
of familial PD. The VPS35 protein is a component of the retromer complex and is 
implicated in the sorting and trafficking of various proteins from endosomes to the 
trans-Golgi network. The D620N mutation is thought to lead to impaired trafficking of 
proteins, causing dysfunctions in mitochondria and autophagy. The aim of this project 
is to study the phenotype of midbrain dopaminergic neurons derived from patient’s 
fibroblasts carrying the VPS35 D620N mutation. We use live cell imaging techniques, 
biochemical and functional assays to study the impact of the VPS35 D620N mutation 
on mitochondria and autophagy.

Key publications
1. Casadei N et al. (2016). Mitochondrial defects and neurodegeneration in mice overexpressing wild-type or G399S mutant HtrA2. Hum Mol Genet. 

25(3):459-71. doi: 10.1093/hmg/ddv485.
2. Krüger, R., et al. (2014). Advanced stages of PD: interventional therapies and related patient-centered care. J Neural Transm. 23(1):31-43. doi: 10.1007/

s00702-015-1418-0.
3. Sharma, M., Wenning, G., Krüger, R. on behalf of EMSA consortium. (2014). Mutant COQ2 in multiple-system atrophy. N Engl J Med, 371:80-3. doi: 10.1056/

NEJMc1311763.
4. Weiss, D. et al. (2013). Nigral stimulation for resistant axial motor impairment in Parkinson’s disease? A randomized controlled trial. Brain. Jul;136(Pt 

7):2098-108. doi: 10.1093/brain/awt122.
5.  Reinhardt, P. et al. (2013). Genetic correction of a LRRK2 mutation in human iPSCs links parkinsonian neurodegeneration to ERK-dependent changes in 

gene expression. Cell Stem Cell, 12:3, 354-67, doi: 10.1016/j.stem.2013.01.008.

Principal Investigator
Rejko Krüger
start: June 2014

STAFF
Postdocs
Peter Barbuti
Ibrahim Boussaad
Dajana Grossmann

PhD candidates 
Clara Berenguer
Zoé Hanss
Simone Larsen
Bruno Santos

Technicians
Jill Bohler
Gérald Cruciani 
François Massart

Physician Scientists
Pierre Luc Kolber
Christian Stallinger

Neuropsychologists
Géraldine Hipp
Michèle Kerschenmeyer

Study Nurses
Laura Longhino
Alexandra Schweicher

Study secretary
Linda Hansen



14   • • •

Key projects
Modelling mouse neural stem cells differentiation into astrocytes
This project aims to construct a gene regulatory network-based model to describe mouse neural stem cell (NSC) 
differentiation into astrocytes, and their potential ability to dedifferentiate under specific stimuli. The analysis of such a 
network will provide insights about the mechanisms involved in these processes and potential gene candidates to control 
and induce both differentiation and dedifferentiation. This is a collaborative effort of our group, and Prof. Noel J. Buckley 
from the Department of Neuroscience at the Institute of Psychiatry of the King’s College, London. The outcome of this 
project will be an important step towards reliable NSCs to astrocytes differentiation and dedifferentiation models with 
potential application in related brain pathologies.

Differential network-based approach to designing new strategies for cellular reprogramming: application to 
cardiac cells
The goal of this project is to build a computational platform that integrates transcriptomic and epigenetic data, and to 
develop strategies based on differential network analysis for identifying optimal reprogramming determinants triggering 
transitions between specific cell types. This platform will be applied to the differentiation of cardio-progenitor cells into 
different types of cardiomyocytes in order to address relevant questions, such as how to direct differentiation into desired 
cell types in a controlled fashion, and how to increase the efficiency of this process for clinical purposes. This project is 
being carried out in collaboration with Prof. Christine Mummery at Leiden University Medical Centre. The outcome of this 
project shall assist researchers in the field in designing new strategies in regenerative medicine.

Computational Biology group
Overview
The main goal of the Computational Biology Group is to understand how molecular networks (e.g. gene regulatory,  
protein-protein interactions and signalling networks) mediate cellular processes involved in cellular differentiation and 
reprogramming. The group develops mathematical and computational approaches using multiple sources of biological 
information (e.g. transcriptomics, epigenomics, proteomics) in order to build network-based models that consider 
key molecular characteristics underlying these cellular processes. These models, which range from single-cell to cell 
population levels, aim to address relevant questions in the field of stem cell research and regenerative medicine including  
the study of iPSC disease models, increasing efficiency and fidelity of cellular differentiation and reprogramming, and 
modeling cell-environment interactions within the context of tissue regeneration. The development of these models 
is essential in order to gain a better understanding of cellular differentiation and reprogramming, which will enable 
researchers to design novel strategies to guide stem cell experimental research and regenerative medicine approaches. 
In addition, the group also studies how perturbations of molecular networks give rise to phenotypes resulting in human 
disease. These perturbations, which range from the complete loss of a gene product to the specific perturbation of 
a single molecular interaction, may arise from genetic variations, epigenetic modifications, and genome-environment 
interactions. We model disease states as stable equilibrium states of gene regulatory networks, allowing researchers to 
address a number of relevant issues, such as the identification of molecular signatures of disease states and their master 
regulators. These might serve as novel drug targets or diagnosis biomarkers. Thus, diseases can be diagnosed, treated and 
prevented by understanding and intervening in the networks that underlie health and illness. 

Figure: Molecular networks in health and disease. 
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A network-based approach to modelling cell-niche interactions and its 
application to studying salamander limb regeneration
In this project we aim to study the molecular mechanisms of salamander limb 
regeneration. We intend to build a network-based model that integrates signalling 
and gene regulatory networks to identify signalling pathways activated/inhibited in 
progenitor cells due to niche signals. In particular, we will apply this model to detect 
molecular factors that induce salamander limb regeneration. This project will be 
carried out in collaboration with Prof. Elly Tanaka’s lab at the Center for Regenerative 
Therapies TU Dresden, where our predictions will be validated. The outcome of this 
project will be essential for designing tissue regenerative strategies in mammals 
including humans.

Targeting epigenetic dysregulation in the brainstem in Alzheimer’s disease
The goal of this project is to study epigenetic dysregulation in the brainstem that 
plays a critical role in the early pathogenesis of Alzheimer’s disease (AD) and whose 
knowledge is crucial for the development of effective treatments and improved 
definition of at-risk groups. In order to accomplish this goal we will integrate different 
regulatory layers namely signalling, transcriptional and epigenetic, by utilizing the 
transcriptomic and methylation data of post-mortem brain samples of AD patients 
and age-matched controls, to infer the differentially active network in the two 
conditions. This project is part of a European research project on neurodegenerative 
diseases (JPND Research). The outcome of this project will be the identification 
of novel targets to better diagnose, prevent, attenuate or possibly reverse the 
pathophysiology of AD.

Key publications
1. Zickenrott S, Angarica VE, Upadhyaya BB, del Sol A (2016) Prediction of disease-gene-drug relationships following a differential network 

analysis.  Cell Death Dis.; 7:e2040. doi: 10.1038/cddis.2015.393
2. van den Berg CW, Okawa S, Chuva de Sousa Lopes SM, van Iperen L, Passier R, Braam SR, Tertoolen LG, del Sol A, Davis RP, Mummery 

CL (2015) Transcriptome of human foetal heart compared with cardiomyocytes from pluripotent stem cells. Development; 142(18): 
3231-8. doi: 10.1242/dev.123810

3. Crespo, I., Del Sol, A (2013) A general strategy for cellular reprogramming: the importance of transcription factor cross-repression. 
Stem Cells, 31(10): 2127-35. doi: 10.1002/stem.1473. 

4. Crespo I, Krishna A, Le Béchec A, del Sol A (2013) Predicting missing expression values in gene regulatory networks using a discrete 
logic modeling optimization guided by network stable states. Nucleic Acids Res. 7; 41(1): e8. doi: 10.1093/nar/gks785.
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Key projects
Utilisation of stem cells to model and treat Parkinson’s disease
Pluripotent human embryonic stem cells have been successfully generated from early stage human embryos and can 
differentiate into various cell types. However, to develop cellular models of human disease, it is necessary to generate cell 
lines with genomes predisposed to diseases (carrying the involved mutations). Recently, the reprogramming of somatic 
cells to a pluripotent state (induced pluripotent stem cells, iPSCs) by overexpression of specific genes has been carried 
out successfully (Nobel Prize in Physiology/Medicine in 2012). We use this technology to generate iPSCs from PD patients. 
Currently we use self-replicating mRNAs to generate integration-free human iPSC cultures. 
In our in vitro disease modelling approaches, we use these PD patient-specific iPSCs to generate neural stem cells,  
dopaminergic neurons and astrocytes. We not only include patients with mutations in classically known PD-associated 
genes (e.g., LRRK2, Parkin, PINK1, VPS35, ATP13A2 and SNCA) but we also include patients with novel mutations as 
well as idiopathic patients. Additionally, we identify novel modulators of PD associated genes, like the protein TRIM32. 
iPSCs from healthy individuals as well as engineered isogenic control cells are used as controls. In these cells, we define 
PD-associated cellular phenotypes (e.g., neurite complexity, neuronal differentiation, cell death, stress resistance, 
mitochondria activity, lysosome function etc.) to unravel mechanisms underlying PD. In addition, these cellular models are 
excellent for screening for new genetic modifiers or small molecule drugs addressing PD-associated motor symptoms and 
non-motor symptoms.
Genetic engineering in human induced pluripotent stem cells with the CRISPR/Cas9 system
Personalised PD patient-specific iPSCs, that carry the disease-inducing mutations, have extremely diverse genetic 
backgrounds. Therefore, it is not easy to compare phenotypes observed in cells from different patients. Nevertheless, 
they are valuable because only these patient-specific cells fully represent the conditions leading to the disease. In order 
to overcome the limitations caused by the variable genetic background, we use the CRISPR/Cas9 system to generate 
isogenic iPSC lines, where the disease causing mutation is either corrected or introduced. The comparison of personalised 
cells with isogenic cells allows us to deduce phenotypes and mechanisms that are disease-specific as well as specific for a 
certain mutation. Additionally, this approach allows us to define unifying themes of PD.

Developmental & Cellular Biology group
Overview
Parkinson’s disease (PD) is described as an age-associated progressive neurodegenerative disease. Degeneration and 
subsequent loss of dopaminergic neurons in the substantia nigra lead to well-described motor symptoms such as tremor, 
bradykinesia and rigidity in PD patients. Often a decade or more before these motor symptoms are diagnosed, non-motor 
PD symptoms like hyposmia, anhedonia, lack of novelty seeking behaviour, depression and anxiety occur. We hypothesize 
that PD actually is a neurodevelopmental disorder, where the susceptibility to develop PD is already pre-determined during 
embryonic brain development. The aim of our research is to understand, model and treat Parkinson’s disease. Stem cells, 
either neural stem cells or pluripotent stem cells, are in the centre of most of our research approaches. In particular, we 
investigate the link between molecular processes like cell fate determination, microRNA activity, cell cycle progression 
and neuronal degeneration. Our research projects are entirely based on human patient material. We use patient-specific 
induced pluripotent stem cells (iPSCs) to obtain cultures of neurons or astrocytes and to generate complex brain like 
organoids. Additionally, we use the CRISPR/Cas9 system for gene editing, systems biology tools, advanced imaging 
methods as well as classical biochemistry and molecular biology methods. 

Figure: Utilisation of stem cells to model Parkinson’s disease.
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Human brain organoids and brain-on-a-chip technology
The human brain is an immensely complex structure, therefore the investigation of 
its development as well as modelling of disease processes in lower animal models 
and traditional cell cultures have clear limitations. We use human induced pluripotent 
stem cells to generate several millimetre larger, three-dimensional human brain 
organoids, collectively called mini-brains. In many aspects, these organoids resemble 
the developing human brain. They contain all relevant cell types (neurons, astrocytes 
and oligodendrocytes), have functional synapses as well as axon myelination. Most 
importantly they show a spatial organisation and asymmetry that resembles the 
developing human brain. A particular feature of our mini-brains is their specificity 
for the human midbrain, which makes them highly relevant for Parkinson’s disease. 
To achieve a higher degree of automation and parallelization, we cultivate iPSC-
derived midbrain specific organoids in three-dimensional microfluidics devices. This 
microfluidics-based brain-on-a-chip approach has several advantages. Because 
only small volumes of media are used, the whole approach is rather cost-efficient. 
Additionally, the multiplexing of several bioreactors in 96-well-plate format allows 
to work with high throughputs and a high degree of standardisation. All in all, this 
brain on a chip approach is developing rapidly and will represent a major focus of our 
research activities in the coming years.
With both approaches (microfluidics-based and free floating brain organoids) we are 
currently developing more advanced protocols and models to obtain complex brain 
organoids. In the next steps, this will allow us to study human brain development as 
well as neurodegenerative processes in complex human systems.
Molecular functions of Parkinson’s disease associated mutations
Currently, 15 gene loci have been linked to PD, that account for up to 50% of the 
early onset and 3% of the late onset PD forms. Among these genes, LRRK2 is special 
because mutations have been described not only in familial forms of Parkinson’s 
disease, but also in sporadic cases. LRRK2 is strongly expressed in neural stem cells 
(NSCs), but its exact molecular function remains unknown. Systemic analysis of the 
gene expression profile of LRRK2-deficient NSCs showed that the expression of 
several PD-associated genes, that play a role in mitochondria, are deregulated upon 
LRRK2 absence. We are currently aiming at using systems biology approaches to 
understand the interaction of the various PD-associated genes/proteins with each 
other. Additionally, we are very interested in the molecular and cellular connection of 
these genes to cell fate specification-associated processes and microRNA activity 
regulation. A more detailed understanding will reveal new modifiers of Parkinson’s 
disease and will lead to the identification of new drug targets.

Key publications
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Key projects
Integrated omics
High-resolution molecular biology approaches are vital for discovering and characterising microbial consortia, and 
understanding the interaction of microbial communities with biotic and abiotic environmental factors. Integrated omics, 
comprising of community genomics, transcriptomics, proteomics and metabolomics, are able to reveal the links between 
genetic potential and functionality in a truly systematic fashion. However, mixed microbial communities are complex, 
dynamic and heterogeneous, and it is therefore essential that omics data can be meaningfully integrated, analysed and 
modelled. Our recently developed methods range from a patented comprehensive biomolecular extraction method called 
BioMolXtract, yielding high-quality DNA, RNA, protein and metabolite extracts, to new bioinformatic analysis tools. These 
are now routinely being applied to mixed microbial communities including those of human health interest. For example, we 
have obtained new insights into functional changes within the gut microbiota in the context of type 1 diabetes.

Microfluidics-based human-microbial co-culture devices
Recent scientific evidence suggests that a range of human diseases may result from microbial dysbiosis. Causal links 
are however difficult to ascertain because of a distinct lack of representative experimental models. Therefore, we 
have recently developed a microfluidics-based in vitro model, named HuMiX, which allows the prolonged co-culture of 
differentiated human epithelial cell lines and human microbiota under biomimetic conditions. The device is particularly 
well-suited for investigating the nature and impact of molecular crosstalk between human and microbial contingents and 
how imbalances therein may be involved in disease pathogenesis. In this context, we are specifically investigating how the 
presence and activity of certain microbial species affect human gene expression and how the administration of certain 
diet-related food components as well as pro-, pre- and anti-biotics affects human-microbial molecular interactions. 
Furthermore, by exploiting the device’s modular design, we are constructing an in vitro model of the entire human 
gastrointestinal tract, termed μGUT, which will be suited to study the pharmacokinetics of drugs.

Eco-Systems Biology group
Overview
The key goal of the Eco-Systems Biology group is to develop and apply molecular systems biology approaches to obtain 
unprecedented understandings of mixed microbial communities (e.g. gastrointestinal microbiota), their interactions with 
the environment (e.g. the human host), and how certain microbial community compositions lead to certain outcomes 
(e.g. pathogenesis). Aberrations in the human microbiome (microbial dysbiosis) have been linked to a number of human 
diseases including cancer, metabolic and neurodegenerative diseases. The group is currently involved in research projects 
investigating these diseases using its high-resolution molecular approaches. To develop the field of Eco-Systems Biology, 
the group has pioneered a number of key methodologies and technologies that allow the systematic and high-resolution 
study of microbial community-driven processes. These range from wet lab techniques and microfluidics-based in vitro 
co-culture systems to downstream bioinformatic analysis methods for the integration of high-resolution molecular data 
(“integrated omics”), in accordance with a discovery-driven planning approach. The overall vision of the group is to use 
high-resolution molecular data, obtained from microbial consortia, including those established in human-microbial co-
culture models, to construct in silico models. These will highlight key processes governing microbial community structure 
and function, and may inform control strategies for microbial communities in the future.

Figure: Systems biology approach to study mixed microbial communities in unprecedented detail.
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The characterisation of exogenous RNA in human blood
Using the standardised extraction workflow on human gastrointestinal samples 
revealed an apparent enrichment of microbial small RNAs (sRNAs) in the human 
gastrointestinal tract. In collaboration with Prof. David Galas’ group at the Pacific 
Northwest Diabetes Research Institute in Seattle, USA, we found that these sRNAs 
are mirrored in and form part of the exogenous RNA pool in human blood plasma 
and the sRNAs may be involved in human-microbe interactions. We are currently 
pursuing large cohort studies aimed at identifying specific human microbiome-derived 
sRNAs involved in human-microbe interactions, which may have important immuno-
modulatory functions. Furthermore, we have recently demonstrated that we are 
able to identify abundant and representative sRNAs that reflect the faeces-based 
biomarkers using newly developed bioinformatic approaches. This opens up exciting 
prospects for blood-borne microbiome-enabled human diagnostics.  

Systems biology of natural microbial assemblages
We are investigating specific lipid accumulating microbial (LAM) communities which 
are found at the air-water interface of certain wastewater treatment plants and 
whose phenotypes may be harnessed for the concomitant treatment of wastewater 
and production of biofuel. By using a time-resolved integrated omics approach, 
we aim to reconstruct the community-wide gene regulatory as well as metabolic 
networks and understand the key processes involved in lipid processing, assimilation 
and storage by LAM communities. We are specifically investigating what impact the 
extensive population-level genetic heterogeneity has on gene regulation and overall 
community metabolism. Furthermore, the LAM communities allow us to address other 
fundamental questions in microbial ecology, for example the evolutionary arms race 
between virus infectibility and host defense. 

The human microbiome and its potential role in Parkinson’s disease
Parkinson’s disease (PD) is thought to start in the enteric nervous system and 
the olfactory bulb, potentially triggered by a so far unknown pathogenic agent. 
Aberrations within the gastrointestinal and nasal microbiomes may play a role in 
the initiation of this process. Using our high-resolution molecular methods, we are 
investigating whether changes in microbial community structure and function in 
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the gastrointestinal tract as well as the nasal cavity accompany PD onset, its progression and its prodromal REM sleep 
behaviour disorder (RBD). We are collaborating with Prof. Wolfgang Oertel from the University of Marburg and Prof. Brit 
Mollenhauer from the University of Göttingen. The project has the potential for discovery of microbiome signatures as 
early progression and risk biomarker for PD and for contributing to our understanding of disease development. 
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Key projects
Study of NADHX formation and repair in eukaryotic cells
We have recently discovered a widely conserved enzymatic repair mechanism for hydrated forms of NADH and NADPH, 
two central cofactors of cell metabolism. The hydration of NAD(P)H can be catalysed as a side reaction of GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase) or can proceed spontaneously at elevated temperatures, leading to the 
formation of two epimers of NAD(P)H hydrates designated S-NAD(P)HX and R-NAD(P)HX. Those hydrated derivatives 
cannot act as enzyme cofactors and have been shown to inhibit dehydrogenases. The repair system comprises of an 
ATP-dependent S-NAD(P)HX dehydratase and an NAD(P)HX epimerase. A genetic defect in this repair system has very 
recently been shown to lead to a lethal form of infantile leukoencephalopathy. The objectives of this project are to better 
understand how and under which circumstances NAD(P)HX is formed in the cell and what cellular functions are affected 
by the presence of NAD(P)HX. We are therefore investigating the effect of a deficiency of the NAD(P)HX repair system 
in yeast and mammalian cells on various molecular and physiological levels. These studies include transcriptomics and 
metabolomics analyses, growth rate determination in multiple environments, and lifespan assays of the repair deficient 
cells. The central roles of NAD(P)H in living cells, the conservation of the NAD(P)HX repair system across all kingdoms of 
life and its causal association with neurodegeneration in humans suggest that a better understanding of this system will 
reveal new fundamental aspects of cell metabolism as well as preservation of neuronal health.

2-Hydroxyglutarate metabolism and its role in disease
D-2-hydroxyglutarate (D-2HG) and L-2-hydroxyglutarate (L-2HG) are metabolites that accumulate in several types of 
inherited neurometabolic diseases and certain forms of cancer, such as glioblastomas and acute myeloid leukaemia. In 
each of these diseases, mutations in specific dehydrogenases for L-2HG, D-2HG, or isocitrate have been shown to cause 
2HG accumulation. However, the intracellular pathways leading to 2HG formation and the roles of 2HG in disease are still 
unclear.  We recently filled a prominent gap in yeast metabolism by discovering the enzymes responsible for the formation 
and degradation of D-2HG in this organism. Our results suggest that in yeast, D-2HG metabolism can be coupled to the 
shuttling of cytosolic reducing equivalents from NADH to the mitochondrial respiratory chain. This work could lead to 
the establishment of new disease models for 2HG-associated diseases and the identification of molecular drug target 
candidates that could be tested for the treatment of certain forms of cancer and severe neurometabolic diseases.

Enzymology and Metabolism group
Overview
Several observations clearly indicate that our understanding of cellular metabolic networks, and the regulation thereof, 
is far from being complete. The main objective of our group is to exploit genomic and post-genomic data to discover new 
enzyme functions relevant to human disease or ageing. Our research is currently focusing on (1) better understanding 
the physiological role of recently identified protein and metabolite repair mechanisms, (2) characterising poorly studied 
enzymes involved in rare diseases, and (3) developing strategies for accelerating enzyme function discovery. Comparative 
genomics-based bioinformatics tools are used for in silico predictions of gene functions. On the experimental level, we 
use liquid chromatography and mass spectrometry-based (LC-MS) metabolomics methodologies and the model organism 
Saccharomyces cerevisiae as central tools. In addition, the production of recombinant proteins, protein purification and 
setting up of enzymatic assays are important for biochemical validation and characterisation of predicted gene functions. 
Follow-up studies in human cell lines are performed to investigate the function of human homologs of genes of interest 
by using the CRISPR/Cas9 method and overexpression techniques. In collaboration with the Chemical Biology group, yeast 
and zebrafish are also used for modelling rare metabolic diseases and performing small molecule screens to find potential 
drug candidates. Our research is intended to impact fields ranging from fundamental biochemistry to metabolic modelling, 
metabolic engineering and medicine.

Figure: Principles of enzymatic metabolite repair mechanisms. 
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Comparative genomics- and metabolomics-based strategies for enzyme 
function discovery
This project aims at interrogating the function of poorly annotated genes in the 
Saccharomyces cerevisiae and Homo sapiens genomes. In collaboration with the 
Bioinformatics Core group, we identified about 600 and 2900 putative enzyme 
genes among the more than 1500 and 6500 genes of unknown function in yeast 
and human, respectively. Currently, we are investigating the function of a putative 
carbohydrate kinase and a mysterious lyase, both of which are conserved from 
bacteria to humans. We use targeted and non-targeted LC-MS-based approaches 
to compare metabolite profiles in cells where our gene is present and where it has 
been ablated. Metabolites whose levels differ significantly between these cells help to 
predict endogenous reactions catalysed by the enzymes of interest. Those predictions 
can then be validated on recombinant protein level through appropriate enzymatic 
assays. With this project, we aim to address a major postgenomic challenge that 
can only be tackled by a community-wide effort: progress from knowing the code to 
understanding the message by decreasing the number of genes of unknown function.

Crosstalk between a protein repair methyltransferase and growth signalling 
pathways 
PCMT1 is a highly conserved repair enzyme that recognizes spontaneously formed 
isoaspartate residues in proteins and, through methylation, facilitates their 
reconversion back into the normal aspartate precursor. PCMT1 deficiency leads to 
accumulation of high levels of damaged proteins, especially in the brain, and massive 
seizures in a knockout mouse model. In addition, PCMT1 overexpression leads to 
a longer life span in worms and flies. Other studies suggest roles for PCMT1 also 
in neurodegenerative disease and cancer. Interestingly, PCMT1 deficiency highly 
activates insulin/IGF-1 signalling, a pathway that is known to play an important 
role in the regulation of the ageing process. The main objectives of this project 
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are to understand the molecular mechanism that links PCMT1 and phosphorylation cascades (particularly insulin/IGF-
1 signalling), and to establish and phenotype a zebrafish model with PCMT1 deficiency. This should lead to a better 
understanding of this intriguing protein repair enzyme that seems to play a negative role in cancer and a positive role in 
ageing.

Using the ‘awesome’ power of yeast to investigate complex traits and human neurodegenerative diseases
As part of our group’s effort to develop a yeast platform at the LCSB, we have launched two projects based on 
Quantitative Trait Loci (QTL) analyses. In the first project, we used our recently developed experimental pipeline for high-
throughput ageing phenotyping in two distinct segregating populations obtained by crossing short- and long-lived natural 
Saccharomyces cerevisiae isolates. QTL analysis done in collaboration with the Bioinformatics Core group revealed major 
genetic loci associated with ageing that are currently being investigated in more detail. In a second project, we collaborate 
with Lars Steinmetz’s group at the EMBL in Heidelberg on another yeast mapping population to identify genetic loci 
causing variations at different ‘omics’ levels (transcriptomic, proteomic and metabolomic) and growth in order to predict 
molecular intervention points that can be targeted to modulate the genotype-phenotype relationship. In addition, we 
use a yeast model for the juvenile form of Batten disease to screen for small molecules with potential disease-modifying 
properties. Juvenile Batten disease is the most common neurodegenerative disease found in children. Efficient treatment 
options for this fatal disease are currently not available.
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Key projects
Functional analysis of PD-associated genes
Parkinson´s disease is most likely caused by a complex interplay between genetic and environmental factors. Many of 
the genes causing familial forms of PD have been identified. However, the molecular and cellular mechanisms leading to 
the specific hallmarks of this neurodegenerative disease remain unknown. As mitochondrial dysfunction is a common 
feature of both familial and idiopathic forms of PD, we carry out functional analysis of genes underlying mitochondrial 
dysfunction in PD. Single and combinatorial gene perturbations are applied via gene knockdown and gene overexpression 
methods in neuronal cell culture models. The resulting phenotypes are characterised by live cell imaging experiments and 
subsequent automated image analysis leading to a wide range of features such as mitochondrial membrane potential that 
give insights into cellular and organelle function. This deep phenotyping will potentially help to stratify PD into specific 
mechanism-based subtypes and identify new therapeutic targets.

Mouse models of Parkinson’s disease
Mouse models are an essential tool in biomedical research to study disease mechanisms and to develop new therapeutic 
strategies. In the field of PD, existing models, whether transgenic or toxin-induced, reflect only limited aspects of the 
disease. By combining different PD-relevant genetic challenges into new mouse models, we try to generate loss-of-
function and gain-of-function animal models that better reflect the multifactorial nature of this disease. In addition, 
we study differences in PD-related phenotypic traits between different inbred strains of mice to dissect the multigenic 
nature of PD pathogenesis. A particular emphasis is put on the analysis of dopamine metabolism in the nigrostriatal 
system of mice using a range of behavioural, neuropathological and systems biology methods. So far, we have setup and 
validated a set of PD-toxin-induced and alpha-synuclein fibril injection models that we are using to validate targets for 
PD-related neuroprotection.

Analysis of critical transitions as early warning signals for chronic diseases
Ecological and biological systems are complex and characterised by emerging behaviour, often obeying nonlinear 
dynamics. Chronic diseases can also be seen as complex systems exhibiting patterns of nonlinearity in their response 
to perturbations. This suggests that the concept of critical transitions and tipping points might be applied to clinical 
questions and systems medicine. We are trying to identify, classify and characterise early warning signals, which could 
predict upcoming critical transitions during disease progression. These might eventually serve as a new generation of 
biomarkers for the early diagnosis of chronic diseases. 

Experimental Neurobiology group
Overview
The research focus of the group is the analysis of genetic and environmental factors that lead to neurodegenerative 
diseases. Systematic perturbation, high-throughput and high-content imaging methods are employed in order to study 
the role of mitochondrial, proteasome and immune system dysfunction in the pathogenesis of Parkinson´s disease (PD). 
Bioinformatics and systems biology approaches are used to reconstruct regulatory and metabolic disease networks and 
to identify new targets for the development of specific preventive and therapeutic strategies of PD. Research projects 
involve studies on PD patients, animal models of PD and cell culture of dopaminergic neurons - the cell type most severely 
affected in PD-patients.

Figure: Multifaceted approach to understand the underlying mechanisms of neurodegeneration. 

new insights 
into signalling 

pathways
&

discovery of 
new drug targets

mitochondrial 
dysfunction

gene-environment
 interaction

neuro-
inflammation

common 
mechanisms

neuro-
degeneration



 • • •   23      

Key publications
1. Trefois, C., Antony, MA P., Goncalves, J., Skupin, A., Balling, B. (2015) Critical transitions in 

chronic disease: transferring concepts from ecology to systems medicine. Current Opinion in 
Biotechnology, August 2015; doi:10.1016/j.copbio.2014.11.020

2. Fujita, K., Ostaszewski, M., Matsuoka, Y., Ghosh, S., Glaab, E., Trefois, C., Crespo, I., Perumal, 
T., M., Jurkowski, W., Antony, P., M.A., Diederich, N., Buttini, M, Kodama, A., Satagopam, V., 
P., Eifes, S., del Sol, A., Schneider, R., Kitano, H., Balling, R. (2013) Integrating pathways of 
Parkinson’s disease in a molecular interaction map. Molecular Neurobiology, July 2013; doi: 
10.1007/s12035-013-8489-4

3. Antony, P., Diederich, N., Krüger, R., Balling, R. (2013) The hallmarks of Parkinson´s disease. 
FEBS Journal, Feb 2013; doi: 10.1111/febs.12335

4. Michelucci, A., Cordes, T., Ghelfi, J., Pailot, A., Goldmann, O., Binz, T., Wegner, A., Tallam, A., 
Rausell, A., Buttini, M., Linster, C. L., Medina, E., Balling, R., Hiller, K. (2013) Immune response 
gene 1 links metabolism to immunity by catalyzing itaconic acid production. PNAS, July 2013; 
doi: 10.1073/pnas.1218599110

5. Auffrey, C., Balling, R., Barroso, I., Bencze, L., Benson, M., Bergeron, J., Bernal-Delgado, E., 
Blomberg, N., Bock, C., Conesa, A., et al. (in press) Making sense of big data in health: towards 
and European Union action plan. Genome Medicine, doi: 10.1186/s13073-016-0323-y

Principal Investigator
Rudi Balling
start: September 2009

STAFF
Scientists
Paul Antony 
Manuel Buttini 
Pierre Garcia
Mona Karout
Marek Ostaszewski
Suresh Kumar Poovathingal 
Wiebke Wemheuer

PhD candidates
Amer Ashrafi
Egle Danileviciute 
Julia Forster

Technicians
Annegrät Daujeumont
Sandra Köglsberger



24   • • •

National Centre of Excellence in Research on Parkinson’s Disease 
Programme coordinators: Rudi Balling, Rejko Krüger

Figure: NCER-PD is an international cross-disciplinary research initiative on Parkinson’s disease centred in Luxembourg, 
combining clinical, biomedical, and computational efforts for personalised medicine.

Flagship projects
Two pioneering research programmes provide a central anchor for LCSB’s research on Parkinson’s disease: the National 
Centre of Excellence in Research on Parkinson’s Disease (NCER-PD) and the Parkinson’s disease map. Both projects are 
highly interdisciplinary and integrate computational, experimental and clinical research. 

NCER-PD (www.ncer-pd.lu) unites the trinity of clinical, biomedical, 
and computational research in Luxembourg. The aim is to pave the 
way for personalised medicine for Parkinson’s disease, including early 
diagnosis, patient stratification, and customised treatments.

The clinical part of NCER-PD is establishing a well-characterised 
cohort including all PD patients in Luxembourg and the corresponding control subjects. Physicians and nurses at the 
specifically established Parkinson’s Research Clinic are collecting detailed clinical and neuropsychological data, as well as 
biosamples such as blood and saliva. These data and samples are then stored, curated, and integrated in state-of-the-art 
data and biobank facilities for further processing within the NCER-PD programme and beyond.

With the quest to determine PD biomarker signatures, biological samples, also from other high-quality cohorts, are 
subjected to multi-omic analyses, including metabolomics, transcriptomics, and proteomics. These data will then be further 
processed using sophisticated computational modelling, machine learning, and network analyses to develop a mechanistic 
understanding of the disease. 

Building on Luxembourg’s capabilities in data management of integrated clinical and molecular data, NCER-PD also 
develops a data hub to host and analyse PD data. The platform aims to provide a single entry point for access, curation, and 
analysis of PD data, including clinical, neuropsychological, and biomedical data. It serves both as the national PD research 
database and as an international repository for genome data as central community repository for PD research. 

The multi-faceted nature of NCER-PD is also reflected by the combined expertise of major stakeholders in the 
Luxembourgish research landscape: the Luxembourg Centre for Systems Biomedicine, the Centre Hospitalier du 
Luxembourg, the Luxembourg Institute of Health, and the Integrated Biobank of Luxembourg. In addition, NCER-PD is 
privileged to collaborate with partners based in Oxford, Tübingen, and Kassel.

NCER-PD is providing momentum to attract complementary PD research initiatives, such as the international Parkinson’s 
Genome Sequencing Consortium (PDGSC) and the Genetic Epidemiology of Parkinson’s Disease (GEoPD, www.geopd.org) 
consortium, making Luxembourg an attractive hub for PD research, and providing a basis for further large-scale cutting-
edge research programmes in the future.
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Parkinson’s disease map 
Project team:  Piotr Gawron, Stephan Gebel, Marek Ostaszewski

Parkinson’s Disease (PD) is the second most prevalent neurodegenerative disease. 
Although many genetic and environmental factors contributing to the risk of 
PD have been identified, no unique causal mechanism is defined. Information on 
various aspects of PD pathogenesis is rapidly increasing and needs to be efficiently 
organised, so that the resulting data is available for exploration and analysis. To 
that end, the LCSB, in collaboration with the Systems Biology Institute in Tokyo, has 
developed the Parkinson’s disease map (PD map), the first freely accessible and high 
quality knowledge repository of molecular mechanisms contributing to the complex 
aetiology of PD. 

The PD map is a manually curated knowledge repository established to describe 
molecular mechanisms of PD. Cellular processes implicated in PD pathogenesis 
such as synaptic and mitochondrial dysfunction, impaired protein degradation, and 
neuroinflammation have been thoroughly integrated. The map compiles information 
from more than one thousand research articles into an easy to explore molecular 
interaction map that can be used on PC, tablets and smartphones. In addition, 
it offers research-facilitating tools such as the overlay of experimental data and 
identification of drug targets.

We envision the PD map as a hub for the PD community, constantly organising 
the increasing information on PD. We encourage researchers to support us to 

Key publication
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Figure: (A) Biological overview of the cellular environment of a neuron. (B) Pathways and compartments view of the PD map. (C) 
Detailed view of molecular pathways related to dopamine secretion/recycling. Exemplified with the dopamine receptor protein 
DRD2, integrated information on interacting drugs and chemicals as well as on the gene expression of DRD2 in different tissues 
of PD patients is displayed.

continuously refine and expand the knowledge within the PD map. Therefore, we organise regular hands-on workshops with 
experts. Moreover, a built-in commenting function allows any user to provide feedback to PD map moderators.

With the continuous development of dedicated tools and the curation of content with the help of the scientific community, 
the PD map opens new avenues in research on neurodegenerative diseases. In addition, the technology will be used as a 
blueprint for the generation of other disease maps. To learn more about the PD map project visit http://pdmap.uni.lu
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Key projects
Brain energy metabolism in Parkinson’s disease
Brain energy metabolism is based on the fine-tuned interplay of glycolysis and mitochondrial activity, as the energy 
providing pathways, and intercellular energy transfer. It represents a promising unifying perspective for PD and 
neurodegenerative diseases because mitochondrial dysfunction, as a common hallmark, interrelates several known 
pathological processes including dopamine synthesis, oxidative stress and proteostasis. To account for the complex 
interplay of different cell types in brain energy metabolism, we combine high-resolution imaging and mechanistic spatial 
modelling of metabolic neuron-astrocyte interactions and analyse the impact of mitochondrial dysfunction on neuronal 
functionality. Astrocytes fulfill an important metabolic support function to neurons and exhibit a complex, extremely 
ramified morphology. In collaboration with Mark Ellisman at the National Center of Microscopy and Imaging Research 
(NCMIR) at La Jolla, we use super-resolution 3D electron microscopy (EM) to image astrocytic morphologies and 
mitochondria to develop spatiotemporal in silico models of intracellular energy metabolism that allow us to investigate the 
dynamic consequences of potentially disease related morphological and molecular impairments.

Mitochondrial dynamics
Mitochondrial dysfunction plays an important role in the aetiology of PD. To elucidate the underlying mechanisms, we study 
mitochondrial dynamics at different levels. First, we analyse the crosstalk between Ca2+ signalling and mitochondrial activity 
by live cell fluorescent imaging and dynamic modelling, and show how the coupling can increase robustness of energy 
homeostasis within cells. Second, we use PD-related pharmacological and genetic perturbations together with multi-
scale modelling to study mitochondrial transport and its impact on mitochondrial turnover. This fission- and fusion-based 
processes ultimately determine the energy profiles along neurites and their functionality. Therefore, live cell imaging data 
is analysed using methods developed in collaboration with the Gladstone Institutes in San Francisco, to set parameters for 
computational models that can quantify disease-specific scenarios and may indicate new therapeutic interventions. Third, 
the molecular mechanism of mitophagy in PD is studied by correlative EM-light microscopy together with the NCMIR, where 
the stress-induced localisation of PD gene-associated Pink and Parkin proteins towards mitochondria is characterised.

Integrative Cell Signalling group
Overview
The general approach of the group is to combine state-of-the-art imaging and single cell techniques with mechanistic 
modelling and bioinformatics analyses to investigate how the emergent behaviour of cells, organs and organisms 
originates from molecular entities. To understand the underlying cell signalling mechanisms, we focus on live cell imaging 
and multi-scale simulations with consideration of (epi)genetic constrains. Our major interests are signalling pathways 
related to Parkinson’s disease (PD) with a particular focus on mitochondrial dysfunction and dynamic coupling between 
energy metabolism and cell signalling such as Ca2+ dynamics. Therefore, we use diverse cell lines and phenotyping assays 
including sophisticated image analysis and information theory-based methods to reveal the dynamic consequences of 
disease-related perturbations at single cell resolution.

Figure: Integrative approach to understand underlying signalling mechanisms in health and disease. 



 • • •   27      

Principal Investigator
Alexander Skupin
start: October 2014

STAFF
Postdocs
David Bouvier
Aymeric Fouquier D’Hérouël 
Tomasz Ignac 
Felix Kleine-Borgman
Alexey Kolodkin
Niko Komin
Gabriela Novak
Luis Salamanca

PhD candidates
Guadalupe Garcia
Kamil Grzyb
Mahsa Moein 

Technicians
Olga Boyd

Key publications
1. Thurley, K., Tovey, S.C., Moenke, G., Thomas, A., Skupin, A., Taylor, C.W., Falcke, M. (2014) Reliable encoding of stimulus intensities within 

random sequences of intracellular Ca2+ spikes. Science Signaling, 7:331, ra59, doi: 10.1126/scisignal.2005237 7.
2. Trefois, C., Antony, P., Gonçalves, J., Skupin, A., Balling, R. (2015). Critical transitions in chronic disease: transferring concepts from 

ecology to systems medicine, Curr Opin Biotechnol, 34: 48-55, doi:10.1016/j.copbio.2014.11.020
3. Komin, N., Moein, M., Ellisman, M., Skupin, A. (2015). Multiscale modeling indicates that temperature dependent [Ca2+]i spiking in 

astrocytes is quantitatively consistent with modulated SERCA activity. Neural Plasticity, doi:10.1155/2015/683490.
4. Kartal, Ö., Mahlow, S., Skupin, A., Ebenhöh, O. (2011) Carbohydrate-active enzymes exemplify entropic principles in metabolism. Mol Syst 

Biol. 7, 542, doi: 10.1038/msb.2011.76
5. Skupin, A.., Kettenmann, H., Falcke, M. (2010) Ca2+ signals driven by single channel noise. PLoS Computational Biology. 6:8, e1000870, 

doi:10.1371/journal.pcbi.1000870 

Dissecting dynamic cell population heterogeneity
Cell fate commitment is the key process for understanding how a multicellular 
organism’s genotype gives rise to phenotypic traits including disease development 
and progression. To understand the role of epigenetically-induced cell heterogeneity 
and its importance for development and pathogenesis, we analyse population 
dynamics of hematopoietic stem and human breast cancer cells at single cell 
resolution, in collaboration with the Huang lab at the Institute for Systems Biology in 
Seattle. We quantify cellular heterogeneity dynamics by combining flux cytometry, 
microarray, single cell qPCR and RNAseq approaches including the recently 
established Drop-Seq platform with microscopy and bioinformatics analyses. The 
resulting multi-scale data enables a comprehensive picture of cell fate dynamics and 
is integrated into a developmental modelling framework. The methods developed to 
characterise critical transition of cell states in this project are also applied to changes 
of mitochondrial dynamics in collaboration with the Experimental Neurobiology group. 

Identifying genetic interactions
Phenotypic variations, including those that underlie health and disease in humans, 
result from multiple genetic variations and environmental factors and combinations 
thereof. Detecting these potentially non-additive genetic interactions is key to 
understand complex diseases like PD and other neurodegenerative diseases. In 
collaboration with the Galas and Dudley groups at the Pacific Northwest Diabetes 
Research Institute in Seattle, we are developing information theory-based methods to 
detect pairwise effects of genetic markers on phenotypic traits that have negligible 
effect when considered alone. Accuracy and computational efficiency of our recent 
interaction distance approach is validated in large datasets of yeast, mouse and 
synthetic human data. The method will help study genetic interactions in patient 
cohorts and can even be used to optimise the composition of case and control groups 
depending on expected allele frequencies.
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Key projects
Family sequencing projects
The decline in cost for high-throughput methodologies such as next generation sequencing (NGS) and powerful computing 
allows the researchers to obtain genetic information from the entire genome. The availability of such methodologies 
requires high sensitivity to ethical aspects. Such methodologies have to be developed further before they can enter 
clinical practice, and experiences with NGS in clinical settings also have to be acquired. We choose to investigate the 
genetics of diseases by employing family sequencing. This offers significant benefits over sequencing cohorts of unrelated 
individuals, because it allows a more accurate construction of the inheritance of genetic information on every part of the 
chromosomes. There are four family sequencing projects being currently processed at the LCSB:
1) Alzheimer’s disease
Alzheimer’s disease (AD) is the most common form of dementia. It is described as a progressive loss of cognitive function 
accompanied by severe neurodegeneration. The majority of cases are sporadically found in the elderly population, but 
there are cases of autosomal dominantly inherited familial forms of AD with an earlier onset of the disease (FAD). 
Knowledge about causative genes or potential disease modifiers is currently incomplete. With our collaborators at 
Saarland University in Homburg/Saar, we aim to further elucidate the pathophysiology of this disease by means of NGS of 
discordant siblings in FAD, other high-throughput methodology in post-mortem brain tissue and genome-wide association 
studies (GWAS) using Alzheimer’s disease cohorts and centenarians as controls. 
2) Cushing’s syndrome
Cushing’s syndrome is a metabolic disease caused by increased circulating cortisol levels. The syndrome is typically 
caused by glucocorticoid drugs or tumors that produce cortisol or adrenocorticotropic hormones (CRH, ACTH). There are 
few publications reporting the existence of genetic causes of adrenal gland hormone excesses (Choi et al. Science 331, 
2011). With our partners from Charité Berlin, and the University Hospital in Würzburg, we have identified a family with a 
suspected inherited genetic cause of macronodular adrenal tumor producing cortisol. We aim to sequence the family in 
order to identify the genetic cause/modifier of the disease to discover new drug targets in cortisol regulation. 
3) Conn syndrome
Conn syndrome is an aldosterone-producing adenoma which may result in hypertension, muscle cramps and weaknesses 
as well as chronic headaches. With our partners from Alicante, and Munich, we have identified a family with a suspected 
inherited genetic cause of Conn syndrome. We aim to sequence the family in order to identify the genetic causes and 
modifiers of the disease to discover new drug tartets in aldosterone regulation.

Medical Translational Research group
Overview
‘Discover, educate, care’ is the motto of the translational and experimental medicine group. The group aims to perform 
interdisciplinary discovery research in the medical context, and to translate basic research into clinically relevant 
information. They conduct basic or clinical research from the explorative phase through clinical trials and work in close 
collaboration with the Bioinformatics Core facility. The team also provides education about medical knowledge and 
disease-related context to biologists and computational researchers at the LCSB. Another focus is to emphasise research 
activities among physicians in Luxembourg, and collaborating universities and hospitals within the Greater Region (UniGR). 
All the physicians of the group are actively involved in the clinical care of patients.

Figure: Principles of family sequencing projects.
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4) Diabetes mellitus
The MUST (multiplex family study) comprises a selection of families with diabetes 
mellitus (type 1 and later type 2) in Luxembourg. The study is initiated by Dr Carine 
de Beaufort and aims to find a missing link between the genetic information in the 
families and the gut flora (i.e. the human microbiome). In that study, not only NGS is 
performed on the genome, but also the meta-genomics and meta-transcriptomics 
of all the participants and data from discordant siblings will be compared to identify 
disease causing or modifying pathways.

Inflammatory vascular disease
Normal physiology, but also diseases processes require an intense level of 
communication between the extracellular environment and intracellular signalling 
pathways. This interaction is mediated by integrins, heteromeric cell surface proteins 
that provide a structural connection between the cell and the extracellular matrix 
(ECM). They also transduce a variety of signals from the ECM to intracellular signalling 
pathways, thereby influencing gene expression, protein synthesis, cell survival and 
differentiation. β3 integrin has shown to be involved in various pathophysiologic 
processes such as cancer/neoangiogenesis, platelet aggregation, inflammation, bone 
resorption, and vascular disease. We further elucidate the role of β3 integrin in a 
cell-specific fashion using Cre/Lox technology in vivo, in conditional β3 deletion in 
vitro models as well as in silico utilising high-throughput data acquisition followed by 
modelling of the signalling pathway based on experimental data.

Omics analysis of metabolic diseases
Obesity is increasing worldwide, even in the younger population. This leads to major co-morbidities such as type 2 diabetes 
mellitus, dyslipidaemia, hypertension, non-alcoholic fatty liver disease (NAFLD), and sleep apnoea syndrome. All these 
symptoms are characteristics of the so-called metabolic syndrome, a poorly understood condition associated with 
cardiovascular complications, a burden for patient, family and society. It is hypothesized that insulin resistance could link 
the metabolic syndrome with vascular disease and that a genetic predisposition in combination with environmental factors 
will lead to progressive obesity and its co-morbidities. 
So far, no treatment is available that effectively reduces morbidity and mortality. We aim to explore the nature of the 
disease by employing NGS methods to sample material from cell culture, mouse models and human clinical trials. In the 
DIABOWLT trial, in collaboration with the University of Magdeburg, we investigate the dynamic change in transcription in 
adipose tissue and macrophages of subjects that undergo an intense conventional weight loss program. In the BEARIT 
trial we aim to extend the mechanistic understanding of the beneficial effects of bariatric surgery in humans by studying 
bile acid composition and related signalling. We also apply transcriptomics methodology to mouse models of non-alcoholic 
fatty liver disease as well as diabetic kidney disease to find novel targets for treatment and prevention.
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Key projects
Cellular metabolism of catecholamine-producing neuronal cells in the context of Parkinson’s disease 
This project intends to study the metabolism of catecholamine-producing cells such as dopaminergic neurons. During 
Parkinson’s disease (PD) these neurons degenerate, finally resulting in decreased dopamine levels in the striatum and the 
typical PD symptoms. Impairment of cellular metabolism could be a cause for subsequent death of dopaminergic neurons 
due to improper ROS detoxification. Catecholamine metabolism produces a high level of oxidative stress. Therefore, the 
rate-limiting enzyme tyrosine hydroxylase (TH) is strictly regulated to avoid excessive oxidative stress that is damaging 
to the cell. Although few human dopaminergic cell models are available, none of these produce detectable levels of 
catecholamines. The first objective of this project is to establish a human dopamine-producing cell culture model. It is of 
special importance to study human systems because the regulation of TH between human and other mammals differs 
significantly. 
The second objective of this project is to better understand the effects of oxidative stress pathways on cellular 
metabolism and detoxification of such. Therefore, we aim to shed light on cellular metabolism of dopaminergic neurons. 
Genetic and chemical perturbations are used to apply stress to the cells and to identify critical metabolic changes that 
can lead to increased cell death. We apply a combined strategy, consisting of cutting edge GC/MS metabolomics and 
fluxomics technologies as well as high-content imaging and gene expression analysis to characterise the perturbed cells. 
To decipher cellular metabolism, targeted and non-targeted metabolomic approaches are used. This allows us to inspect 
how the cell generates reducing potential to cope with oxidative stress conditions, and how this could be impaired in 
genetically perturbed cells. 

Discovery of a metabolic pathway in immune cells for the production of an antimicrobial metabolite
The application of the metabolomics platform in the context of (neuro)inflammation revealed a yet unknown metabolic 
pathway for the production of an antimicrobial compound. The initial intention of this project was to detect metabolic 
alterations in mammalian cells caused by inflammation. Having profiled the metabolome of microglial cells and 
macrophages with and without LPS treatment, we identified a highly abundant intracellular metabolite synthesised only 
under inflammatory conditions: itaconic acid. Through stable-isotope labelling experiments, we could demonstrate that 
this metabolite is produced in the TCA cycle from cis-aconitate. Further work of our group, in collaboration with the 
Experimental Neurobiology group, identified the immune response gene 1 (IRG1) as the mammalian gene coding for an 
enzyme catalysing the decarboxylation of cis-aconitate to produce itaconic acid. Although itaconic acid has not been 
known to participate in mammalian metabolism, an antibiotic function of this metabolite has been described: it inhibits 
the glyoxylate shunt needed by many bacteria to survive during infection. We could confirm the antimicrobial activity of 
itaconic acid in Salmonella typhimurium. 

Metabolomics group
Overview
The Metabolomics group focuses on deciphering the details of cellular metabolism. We are interested in identifying 
new metabolic pathways and understanding their functions. Combining wet-lab experiments with bioinformatics and 
software development, we established a state-of-the-art mass-spectrometry-based metabolomics platform. Standard 
metabolomics analyses only provide information about metabolite amounts, but do not consider metabolic dynamics 
like metabolic fluxes or enzyme activities. To overcome these limitations, we developed specific stable-isotope-based 
technologies including algorithms and software for the analysis of the dynamics of cellular metabolism.

Figure: GC/MS-based metabolomics platform. 
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Non-targeted metabolic network construction
This project aims to construct metabolic networks based on non-targeted and 
stable-isotope-assisted metabolomics measurements. Most of today’s studies on 
metabolic networks focus mainly on known parts of the metabolism. However, to 
detect yet unknown metabolic pathways, non-targeted methods are preferred. We 
use the Non-targeted Tracer Fate Detection (NTFD) system to detect the metabolic 
fate of various stable-isotope labelled tracers like sugars and amino acids. Based on 
the determined labelling patterns (mass isotopomer distribution (MID)) we perform a 
pathway reconstruction for every tracer. Assuming that closely connected compounds 
in a metabolic network exhibit similar MID patterns, a pathway reconstruction based 
on MID similarity would become feasible. In contrast to targeted methods that make 
use of conventional biochemical or genomic knowledge, NTFD-based analyses will fit 
the network to experimentally-observed data in a non-targeted manner, not requiring 
any a priori knowledge about the interconnectivity of the network. Furthermore, we 
developed the mass isotopolome analyzer (MIA) to profile stable-isotope enricher 
mass-spectrometric data in a non-targeted and systematic way. In this way, NTFD-
based pathway reconstruction will not miss unknown or unanticipated reactions 
or metabolites because of limited biochemical knowledge. This is of particular 
importance in cases where such information regarding the metabolism of metabolites 
or drugs is incomplete or totally unavailable. 

Metabolic biomarker profiles for disease classification
Metabolic biomarkers are defined as features that can be objectively measured and 
evaluated. They are used as surrogates of biological processes or pharmacological 
responses to therapeutic intervention. We develop disease-specific diagnosis/
prognosis prediction models based on powerful mathematical modelling approaches, 
such as logistic regression. Currently, there are no adequate metabolic classification 
models for many diseases including Parkinson’s disease. With high-throughput 
mass spectrometry and sophisticated in-house algorithms, we identify a disease-
specific biosignature at the metabolite level. Such a biomarker pattern can also 
integrate different biomarkers derived from genes and/or proteins. As metabolomics 
is studying the final phenotype of a cell, it is the optimal tool to build mathematical 
classification and prediction models. The challenge of every metabolomics- and 
mass spectrometry-based study is data robustness and reproducibility. Thus, there 
is an urgent need for high-quality samples. We tackle this problem by combining 
metabolomics and biobanking, by developing standardised collection, processing and 
metabolomics analysis protocols. In close collaboration with the Integrated Biobank 
of Luxembourg (IBBL), we develop quality control tools optimising biomarker discovery 
studies.
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Key projects
The role of the mitochondrial genome in idiopathic Parkinson’s disease 
One of the cellular hallmarks of PD is mitochondrial dysfunction due to respiratory chain complex deficiencies and, hence, 
disturbance of the neuronal energy metabolism in the dopaminergic neurons of the substantia nigra. However, the factors 
causing respiratory chain complex impairment and the mechanisms leading from these deficiencies to neurodegeneration 
remain unknown. Moreover, no treatment preventing or delaying the demise of dopaminergic neurons in PD is currently 
available, in part due to the lack of a suitable experimental system.
In IPD, neurohistology studies have linked respiratory chain dysfunction to somatic deletions in the mitochondrial DNA 
(mtDNA) (Bender et al. Nat Genet 2006). In collaboration with the Wellcome Trust Centre for Mitochondrial Research 
at Newcastle University, we could now show that disturbances in the transcription and replication machinery of the 
mitochondrial genome are also causative of respiratory chain deficiencies in single substantia nigra neurons of IPD 
patients. This observation links mitochondrial dysfunction in IPD back to impaired nuclear signaling (Grünewald et al. J 
Neurosci Meth 2014, Grünewald et al. Ann Neurol 2016).
In a next step, the Molecular and Functional Neurobiology group aims to identify the nuclear factors that cause the newly 
described mitochondrial genome phenotype in IPD. For this purpose, we will develop an iPSC-based model system of 
IPD to perform longitudinal studies in addition to analyses in postmortem brain tissue. In patient-derived dopaminergic 
neurons, we will explore the disease mechanisms underlying IPD by exploiting the natural heterogeneity of mitochondrial 
phenotypes, such as respiratory chain complex I deficiency, and follow the occurrence of somatic mtDNA changes over 
time. This study will shed light on the link between the mtDNA and respiratory chain deficiency in IPD. It will clarify whether 
respiratory chain dysfunction is critical for the degeneration of dopaminergic neurons and it aims to identify the molecular 
pathways and potential therapeutic candidates. 

Patient-derived cortical neurons as a model system to study the disease mechanisms underlying Myoclonus-
Dystonia
This project aims to elucidate the mechanisms underlying Myoclonus-dystonia (M-D) - a movement disorder characterized 
by dystonic features and myoclonic jerks - through the development of a suitable cellular model systems. M-D can be 

Molecular & Functional Neurobiology group
Overview
The main goal of the Molecular and Functional Neurobiology group is to understand the mechanisms that underlie 
movement disorders, such as Parkinson’s disease (PD) or Myclonus Dystonia (M-D). We apply molecular, ‘omics’ and 
single-cell approaches to postmortem brain tissue and iPSC-derived neuronal cultures to decipher genetic and non-
genetic origins of such diseases. For PD, in the majority of patients, no genetic cause can be identified. We therefore 
explore the role of the mitochondrial genome in the pathogenesis of these so-called idiopathic PD (IPD) cases using 
postmortem and iPSC-derived tissues. We aim to identify novel cellular pathways which may be the targets for therapeutic 
intervention in the future. For those cases of PD that have a genetic origin, we are targeting cellular factors that are 
associated with penetrance, i.e. that determine the likelihood that an individual carrying a certain gene variant also 
develops the disease. These biomarkers may either serve to indicate advanced disease progression or they may, ideally, 
also direct us to cellular processes that can be modulated by drugs to delay the onset of PD. Beyond PD, the Molecular 
and Functional Neurobiology group is also studying the cellular mechanisms underlying M-D using iPSC-derived patient 
neurons. This work is performed in close collaboration with the Institute of Neurogenetics at the University of Lübeck.

Figure: Analysis of mitochondrial phenotypes in cell culture models and post mortem tissues of neurodegenerative diseases. 
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caused by mutations in ɛ-sarcoglycan (SGCE) (Grünewald et al. Hum Mut 2008). 
SGCE-associated M-D is autosomal-dominantly inherited with reduced penetrance 
due to maternal imprinting. Previously it has been shown that SGCE is differentially 
methylated on CpG dinucleotides in the promoter region, which is a characteristic 
feature of imprinted genes (Müller et al. Am J Hum Genet 2002). 
In collaboration with the Institute of Neurogenetics at the University of Lübeck, we 
explore the methylation status of the promoter region and the expression of SGCE 
during the reprogramming process. Moreover, we will employ patient-derived cortical 
neurons using iPSC-based technology to study the impact of mutations on the 
cellular abundance and location of the endogenous SGCE protein. In light of reports 
of aberrant epigenetic changes during reprogramming of donor cells to induced 
pluripotent stem cells (iPSC), we are carefully investigating the potential of iPSC-
derived cortical neurons from M-D patients as a cellular disease model (Grütz et al., 
under review).

Markers and mechanisms of reduced penetrance in LRRK2 mutation carriers 
of Parkinson’s Disease
While known PD genes are commonly grouped by mode of transmission as ‘dominant’ 
or ‘recessive’, actual patterns of inheritance and boundaries between dominant 
and recessive modes are much less well defined than previously thought. Although 
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individuals may harbor an identical mutation for instance in the LRRK2 gene, their disease manifestation and age at 
onset vary considerably. So far only few factors have emerged, which impact on disease penetrance or constitute signs 
of advanced progression in LRRK2-PD. These biomarkers, i.e. LRRK2 autophosphorylation (Fraser et al., Neurology 2016, 
Grünewald et al., Neurology 2016), UCP2 (Grünewald et al., Antioxid Redox Signal 2014), or DNM3 gene (and protein) 
expression (Trinh et al., under review), are localized in different cellular compartments. It remains elusive whether they are 
functionally interlinked and how central to the disease mechanism they are. 
To this end, we will determine the urinary LRRK2 phosphorylation status as a measure of kinase activity from our cohort 
of LRRK2 G2019S mutation carriers that are affected or unaffected from PD so far. Furthermore, we will also study 
UCP2 gene expression in fibroblasts and investigate associated mitochondria and autophagy phenotypes under basal and 
mitochondrial stress conditions. Next, we will correlate individual cellular LRRK2 phosphorylation and mitochondrial data 
and define extreme cases (n=5 at each end) for each biomarker, which serve for the development of iPSC-based cellular 
models. In these neurons, we will follow up on the confirmed biomarkers and study neuron-specific phenotypes that have 
been linked to LRRK2-PD penetrance such as electrophysiological behavior and endo-/exocytosis capacity. 
This study aims to establish biomarkers that allow reliable prediction of disease onset in mutation carriers that do not 
yet manifest PD symptoms. The research project is part of a collaborative effort between the Universities of Lübeck, 
Luxembourg, Kiel, Rostock, British Columbia and the European Academy Bolzano. Within the framework of a Research Unit 
co-funded by the DFG and the FNR, the involved partners explore molecular mechanisms accelerating or delaying disease 
onset in various movement disorders.  
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Key projects
Reconstruction of biochemical reaction networks
Genome-scale reconstructions of biochemical reaction networks capture currently available biochemical knowledge 
about a target organism and/or cell in a structured manner. They are manually assembled and highly curated against 
experimental data, mostly derived from published biochemical data. Such reconstructions can be readily converted into 
computational models and their in silico phenotypes can be interrogated using the constraint-based modelling approach. 
We are continuously constructing, refining, and analysing biochemical reaction networks for human and human-associated 
microbes. For instance, we created a global reconstruction of human metabolism. It is the most comprehensive, manually 
curated reconstruction currently available, and has been constructed in a community-driven manner. Here, we also 
assigned reaction directionality based on thermodynamic data and investigated systematically missing knowledge 
of human metabolism. Furthermore we generated reconstructions of human small intestinal epithelial cells, the 
cardiomyocyte mitochondrion, as well as the global metabolism of mice and several bacterial strains. 

Creation of metabolic models for human gut microbes, modelling of microbial communities and their 
interactions with the human host 
The creation of high-quality metabolic reconstructions relies heavily on the availability of high-quality genome annotations 
as well as biochemical and phenotypic data. As many gut microbes are either only poorly studied or not studied at all, 
the use of automated reconstruction tools becomes increasingly important. Our efforts have therefore focused on 
assessing how well those automated methods perform by developing metabolic reconstructions for medium well studied 
gut microbes and performing subsequent manual curation. Based on this experience, we are now expanding genome 
annotations to generate semi-automated metabolic reconstructions for numerous important gut microbes. In addition, we 
are developing computational approaches to integratively investigate the metabolic crosstalk between these microbes and 
their role within the gut microbial community using the constraint-based modelling approach. With such novel microbial or 
community metabolic reconstructions at hand, we can now start to address the question of their metabolic interactions 
with the human host. Furthermore, the gut microbiota plays an essential role in studying the effect of different diets on 
human metabolism. We use our models to address which microbes can breakdown which dietary nutrients and produce 
which important metabolites (e.g. short chain fatty acids) for the host. We aim to elucidate how to use such insights to 
design (personalised) functional food or propose probiotics. 

Molecular Systems Physiology group
Overview
The Molecular Systems Physiology group aims to improve our understanding of how diet influences human health. We 
use a computational modelling approach, termed constraint-based modelling, which has gained increasing importance 
in systems biology. In this approach, comprehensive computational models are assembled in a bottom-up manner 
from literature and genomic information. These models describe in a stoichiometric accurate format biochemical 
transformations occurring in a target organism. Once assembled, various omics data sets can be integrated and analysed 
with these models, expanding currently available analysis tools and providing mechanistically based insight into complex 
multi-dimensional data sets. Moreover, these models can be used to predict the impact of genetic alterations (e.g. 
enzyme deficiencies) and of changed environmental conditions (e.g. changes in diet composition) on the metabolic state 
of the target organism. The group builds comprehensive models of human cells and human-associated microbes, then 
employs them together with experimental data to investigate how nutrition and genetic predisposition can affect one’s 
health. In particular, we are interested in applying our computational modelling approach to understand better inherited 
and neurodegenerative diseases.

Figure: Metabolic reconstruction of human host and microbiome in health and disease.
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Creation and analysis of predictive multi-scale models of human metabolism
We aim to continuously refine and expand the human metabolic reconstruction 
by incorporating missing information and reactions and making them available 
to the research community via the website http://www.humanmetabolism.org. To 
this end, we develop computational methods to analyse various omics, particularly 
metabolomic data with the human metabolic models. These methods result in 
personalised computational models. These models allow us to predict the metabolic 
status of an individual and to compare it with other individuals using state-of-the-
art machine learning approaches. With personalised metabolic models at hand, 
one can now envision proposing dietary supplements or drugs that would move a 
disease-perturbed metabolic model into a healthier state. We are closely working with 
clinicians to ensure that our methods for personalised nutrition-based therapeutics 
are of biomedical relevance and could be translated into clinical practice. To overcome 
the network limitation in global network reconstructions caused by variations in 
metabolism between cells, we are working on organ- and cell-type specific metabolic 
reconstructions. 

Development of computational tools and methods for multi-scale systems 
biology
We are actively developing methods and tools for multi-scale modelling in systems 
biology. Our tools are mostly encoded in the Matlab programming environment and 
are freely available to the research community. With our tools, we aim to increase the 
usability of constraint-based models and methods for users with limited programming 
experiences. We actively support and contribute to the openCOBRA project. Our 
repertoire includes:

   directionality to network reactions based on thermodynamic principles;

   computationally efficient and tractable manner, for both large-scale and multi-   
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Key projects
Automated microfluidic cell culture and imaging of dopaminergic neurons
In order to create an accurate computational model of dopaminergic neuronal metabolism, quantitative data is required 
to set the boundary conditions for the corresponding model. Microfluidic cell culture chips can be designed with 
various advantages over macroscopic cell culture, including increased precision and automation of various experimental 
conditions, ease of conducting perfusion culture, coupling to downstream analysis, and the potential for real time on-
chip analyses. Experiments are also cost-efficient due to reduced reagent consumption in comparison with macroscopic 
culture.
We have established a state of the art microfluidic cell culture system at the LCSB. The system is based on a microfluidic 
chip purposefully designed for versatile 3D cell culture experiments where the cells are continuously monitored using 
microscopic imaging and spent culture medium is retrieved for further analyses. The microfluidic chip is mounted on 
the motorised stage of a fluorescent microscope, equipped with an incubation system for live cell imaging and a digital 
camera for automatic recording of cell density, morphology and viability. With cell culture in microfluidic chambers, we 
can increase the theoretical sensitivity to concentration changes in the culture medium as it decreases the ratio of intra/
extracellular volume compared to traditional cell culture. The microscopic imaging protocol is fully automated, allowing 
for increased throughput, accuracy and reproducibility of results. We are able to use the microfluidic system to provide 
fresh medium that more closely matches plasma concentration, offering the capacity to modulate each metabolite 
concentration between physiologically realistic bounds. In collaboration with the Developmental and Cellular Biology 
group, we have successfully developed a protocol to differentiate neural stem cells, derived from healthy subjects skin 
cells as well as those of PD patients, into midbrain specific dopaminergic neurons, a cell type especially vulnerable to 
degeneration in PD. The quantitative experimental data derived from this microfluidic cell culture system is used to refine 
our computational models of healthy and diseased dopaminergic neurons.

Systems Biochemistry group
Overview
The mission of the Systems Biochemistry group is to conduct fundamental research on systems of biochemical 
reactions in general, with particular application to Parkinson’s disease (PD). Systems biochemistry is the application of a 
systems approach to understand biochemistry. A systems approach consists of an iterative cycle of mathematical and 
computational modelling and quantitative experimental measurements. Mathematical and computational models are 
formal representations of biochemical knowledge that are used to propose hypotheses, design experiments and interpret 
experimental results. Quantitative experimental measurements are used to test hypotheses generated by the model and 
generate data used to refine the model. The synergistic and interdiciplinary objectives of the group are:

to develop generally applicable mathematical optimisation algorithms and software for variational kinetic modelling of 
genome-scale biochemical reaction systems;
to iteratively improve the predictive capacity of computational models by development of generally applicable 
algorithms and software for integration of such models with experimental data;
to develop computational models of dopaminergic neurons which are applied to optimally design in vitro experiments 
with dopaminergic neurons, to understand the aetiopathogenesis of Parkinson’s disease and to develop new 
approaches for early diagnosis and treatment;
to develop an automated microfluidic cell culture and imaging platform for experimental characterisation of 
dopaminergic neurons in vitro.

Figure: Interplay between experimental and computational dopaminergic models. 
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Reconstruction and computational modelling of dopaminergic neurons
We are reconstructing dopaminergic neuronal metabolism as a first step toward 
development of a whole cell dopaminergic neuronal model. Omics data are combined 
with published algorithms to generate a draft dopaminergic specific reconstruction, 
to obtain a subset of reactions in the cell type unspecific reconstruction of human 
metabolism, Recon2. Extensive manual curation of literature is used to reconcile 
the draft reconstruction with known biochemical features of normal dopaminergic 
neurons. Thermochemical calculations are used to predict the direction of net flux 
within each metabolic reaction. The reconstruction is converted into a constraint-
based computational model of dopaminergic metabolism. Iterative rounds of 
reconstruction, model prediction and reconciliation with existing experimental data 
is used to develop a computational model which is a formal synthesis of current 
knowledge on dopaminergic neuronal metabolic function. We test the accuracy of 
the dopaminergic neuronal metabolic model by comparing predicted active pathways 
with pathways established experimentally as active. The computational model of 
dopaminergic neuronal metabolism is used as an aid to interpret and design in vitro 
experiments to understand the aetiopathogenesis and to develop new approaches for 
early diagnosis and treatment of Parkinson’s disease.

Optimisation algorithms and software for variational kinetic modelling
In experimental systems biology, the majority of high-throughput experimental 
data is of molecular abundance and the minority is of reaction rates. We seek 
a modelling framework flexible enough to integrate experimental data on both 
rates and abundance. We are developing a novel Variational Kinetic approach to 
model stationary state reaction kinetics for large systems of reactions based on 
nonlinear continuous optimisation algorithms. These variational kinetic models aim 
to preserve the computational tractablity associated with numerical optimisation 
and add the biochemical realism typical of kinetic models. Building on our previous 
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development of a globally convergent algorithm for the forward problem (computing reaction rates and molecular 
abundance given parameters), we aim to develop a globally convergent algorithm for the corresponding inverse problem 
(computing parameters given reaction rates and molecular abundance), via gradient-based search of kinetic parameters 
that optimally fit experimental data. Our general approach is to focus on the development of biochemically tailored 
polynomial-time optimisation algorithms with guaranteed convergence properties. This effort requires the development 
and application of mathematical concepts at the intersection of Variational Analysis, Continuous Nonlinear Optimization, 
Generalised Convexity and Numerical Analysis. In tandem with mathematical algorithm development, we prototype 
numerical analysis software (e.g. MATLAB) then test its performance when applied to a set of low-, medium-, and 
high-dimensional biochemically relevant modelling problems. When mature, the software is reimplemented in low-level 
languages, e.g. FORTRAN, tailored to run on high-performance computing architectures.
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Key projects
Network inference
The aim of this project is to understand how networks of genes and other molecules interact over time to produce disease-
related phenotypic behaviours. Constructing predictable models of these regulatory networks allows us to simulate 
hypotheses that can be used to guide experimental testing, thus helping scientists to accelerate their understanding 
of how diseases function. Our current focus is PD, where we work to identify the key sensitive regulators that cause PD 
symptoms and to map this network to phenotypic behaviours. When developing these models, we first address the question 
of whether the available data contains sufficient information for network inference. We refine and develop various methods 
to infer detailed causal network relationships between key molecules in the system. We then use the model to simulate the 
network’s behaviours, focusing on how perturbations in the network might lead to disease-related phenotypes. This project 
also contributes to broader theoretical research into mathematical, algorithmic and software tools for understanding causal 
dynamic network structures.

Circadian rhythms in plants
The objectives of this project are (1) to develop linear and non-linear modelling tools as a resource for biologists to identify 
causal changes in biological networks, and (2) to apply these tools to identify the regulatory architecture of circadian 
systems in model and crop plants. The tools identify biological network structures with dynamic models. This enables 
simulation and identification of causal changes that occur when a system is perturbed in responses to stimulation, 
pharmacological intervention or genetic mutation. There are two main advantages to using this compared to statistical 

Systems Control group
Overview
The Systems Control Group collaborates with biologists and clinicians to find new therapies and cures. Our goal is to 
produce theoretical and computational methods that help identify how diseases arise and how they might be mitigated. 
This is accomplished by building mathematical models that help pinpoint the locations and underlying mechanisms 
of diseases. The models are simple yet powerful. They capture the most important feature of biological systems: the 
fact that they change over time in response to internal or external stimuli. The group focuses on developing methods 
for working with time-series data, as we predict it will become increasingly significant in future biomedical research. 
While time-series data is more expensive to produce than steady-state data, tracing a system’s transient behaviour 
provides essential information about how different molecules interact with each other. Bringing diverse backgrounds in 
mathematics and computational sciences, the members of the group engage with this overall problem from different 
perspectives. Current initiatives include developing methods for inferring causal and sparse networks between 
measurements, finding differential expressed systems, as well as developing tools for synthetic biology design. While 
much of the group’s resources are dedicated to system identification problems, we also develop methods for analysing 
real life systems. This includes investigations into synchronisation of matrices, shape models, stability theory for nonlinear 
systems, and the dynamics of multi-agent systems. The group collaborates closely with biologists and clinicians to develop 
mathematical models with key predictive powers that are subsequently experimentally validated. This ensures that the 
group’s research has broad-ranging applications within biology and biomedicine, including Parkinson’s disease (PD), neural 
prosthesis (DBS), the mechanisms of circadian rhythms, and stem cell differentiation.

Figure: Modelling and prediction of dynamic systems and their applications for synthetic biology.
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and correlative approaches: (1) dynamical descriptions of transcriptional networks 
are generated instead of static connectivity maps, and (2) the causality between 
components can be identified with high confidence. Since the overall goal is to 
identify changes in interactions between components, the project uses control 
system tools, such as the gap metric, to identify a variety of systems changes (e.g. 
transcript abundance). While this approach is suited to any time series data, we focus 
on circadian systems because this is an important topic within biology and an area 
where the group has extensive experience. This project involves a collaboration with 
the Dept. of Plant Sciences, University of Cambridge.

Developing the next generation of deep brain stimulation (DBS)
DBS is an effective treatment for relieving the symptoms of PD and other neurological 
conditions. Patients receiving DBS have electrodes implanted into specific structures 
in the deep brain regions. Once in place, the electrodes provide stimulation that 
modulates neuronal activity to suppress disease symptoms. There are two research 
areas: 1) Current DBS devices provide a steady rate of stimulation that does not 
change in response to the patient’s needs. We aim to deliver electrical stimulation 
that adapts to patient needs in real time, therefore providing greater symptom 
reduction. 2) Current DBS procedures are planned using low-contrast neural imaging, 
leading to a high degree of variability in surgery. We are developing methods for 
generating computerised individual 3D models of specific cerebral structures from 
patient images acquired in a clinical setting, to be made available during surgical 
procedures to improve accuracy. These projects involve collaborations with the Centre 
Hospitalier de Luxembourg (CHL) and Trier University of Applied Sciences.

Predicting the Progression of Parkinson’s Disease (PPPD)
A key aim in neurodegenerative disease research is to gain understanding of clinical 
disease progression. This is particularly complex in the case of PD because both 
clinical presentation and rate of progression vary considerably between patients. 
Our understanding of this heterogeneity is still very limited, preventing clinicians 
from making accurate predictions. These predictions will become of paramount 
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importance as advances in molecular biology (e.g. stem-cell technologies) bring us closer to a new era of personalised PD 
treatment. In the proposed study, we will longitudinally model PD in individual patients to develop methods for predicting 
disease trajectory. We aim to use time-series clustering analysis to (re)define the various subtypes of PD based on 
individual patient progression patterns. Our goals are to 1) improve accuracy of prognosis; 2) define a baseline against 
which treatment success can be evaluated; and 3) identify relevant outcome measures for therapy trials. In the future, the 
methods we develop could also be extrapolated for other neurodegenerative disorders. This project involves a collaboration 
with clinicians from the CHL and the universities of Cambridge, Amsterdam and Newcastle.
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INFRASTRUCTURE
Research in Life Sciences has undergone a dramatic change within the last decade. Collaboration and resource sharing, 
as well as automation and miniaturisation, have become important elements not only in the design and implementation of 
the experiments per se, but also in the establishment of large scale, capital and human resource rich infrastructure. Top-
notch infrastructure is a key attractor to become and stay competitive on an international level. 

The goal of the LCSB is to establish and provide access to important infrastructure for high-throughput biological 
systems, as well as to use the best suitable model organism for a given study. Cutting across disciplines in systems 
biomedicine, the integration of different technologies, models, and expertise, from mathematical theory to practical 
medical requirements of the clinic, adapts the LCSB in the best possible way to the challenges of modern biomedical 
research. So far the LCSB has invested in the following specific technological platforms: 

High-Content Cell Culture Screening and Imaging Facility
The facility offers of a broad palette of imaging techniques (wide field microscopes, 
spinning-disk and laser scanning confocal microscopes, high-content and high-
throughput screening instruments) for fixed and living cells and tissues with genetic 
or pharmacological perturbation, followed by sophisticated image analysis of cell 
morphology, topology and cellular dynamics. Currently, we are finalising setting up a 
laser micro-dissection platform and a selective plane illumination microscope (SPIM). 
Furthermore, the facility comprises a flow cytometry branch enabling the use of 
technologies including cell sorting and single cell quantification, to perform for a 
variety of high-througput assays and phenotypic selections.

Neuropathology platform
The Neuropathology Platform provides in vivo murine model development and 
assessment for a variety of neurodegenerative diseases. Histology, immunostaining, 
modern microscopy and digital imaging techniques are used to describe and quantify 
the degeneration of neurons as well as the glial and inflammatory responses typical 
of Parkinson’s (PD) and Alzheimer’s disease (AD). Together with its partners, the 
Neuropathology Platform aims at identifying pathological processes in PD and AD, 
pointing out novel ways for therapeutic interventions, and working out procedures to 
test such interventions preclinically.

Zebrafish facility
For over two decades, zebrafish (Danio rerio) have been considered an important 
vertebrate model organism in life sciences research. At the LCSB, the zebrafish core 
facility consists of a modern, semi-automated platform that provides husbandry and 
embryo production services to support biomedical research and teaching activities 
at the University of Luxembourg. Zebrafish embryos and larvae are microscopically 
small, optically translucent and show high degree of genetic, physiological, and 
pharmacological homology to humans. The ability to quickly generate transgenic 
and mutant models makes the zebrafish an important tool to perform gene-
function analysis. In addition, zebrafish are well suited to perform high-throughput, 
in vivo screens of small molecules to identify compounds capable of modulating 
pathophysiological processes associated with diseases, particularly human CNS 
disorders. 

Mouse facility  
The mouse facility is a shared resource of the LCSB and the Life Science Research 
Unit at the University. Because of the availability of transgenic models and the wealth 
of well-established experimental procedures, this facility is an inevitable resource 
for research on neurodegenerative diseases and cancer. The facility offers a rodent 
breeding service, including the management of the mouse colony. It uses sterile 
food and water as well as irradiated bedding and cages of the ivc type. In the future, 
additional services like the generation of transgenic animal models and small rodents 
imaging will be provided.
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Metabolomics and Mass Spectrometry platform
The goal of metabolomics is the comprehensive and quantitative analysis of all 
metabolites (metabolome) for a detailed overview of the current physiological state 
of a cell. However, the chemical variability and the highly dynamic metabolic profiles 
pose a challenge in research, and single analytical techniques are insufficient for a 
comprehensive analysis. Therefore, the LCSB has established a reliable analytical 
platform to strategically address this complexity. The Metabolomics Platform offers 
both GC-MS and LC-MS services, access to equipment for sample preparation and a 
comprehensive set of tools for reliable data analysis based on a statistical evaluation. 
Moreover, to address the needs in this fast changing field, the Metabolomics 
Platform continuously develops new analytical and tailor-made methods to address 
upcoming biological and biomedical questions.

Bioinformatics platform
The LCSB Bioinformatics Core facility has access to the High Performance Computing 
platform of the University and offers large data storage as well as bioinformatics 
expertise for most of the routine demands of a biomedical research centre. This 
includes state-of-the-art workflows for data capture and data analysis. In addition, 
support is provided for the analysis and interpretation of large data sets. Technical 
support, embedded in an efficient and reliable information management system, is 
part of this Bioinformatics Core facility. During 2013, the facility provided substantial 
funding to increase the computing and storage capacity of the existing high-
performance equipment. In 2015, together with other stakeholders at the University, 
the storage capacity was increased by more than a PetaByte. Among the new 
computing capabilities added was a new large memory machine of 4TB.

Yeast platform 
Yeast (Saccharomyces cerevisiae) is well suited as a model organism for functional 
genomics and human disease modelling. The LCSB implemented a platform that 
offers various cultivation modes (from microcultivations in 384-well plates to 
controlled bioreactor cultivations), yeast-specific metabolomics analyses and high-
throughput phenotypic screens. Genome-wide gene deletion collections, natural 
strain collections, and segregant collections generated by various crosses are 
available at the platform. Deletion mutants in other genetic backgrounds, double 
mutants, and overexpressor strains can be created on demand. All these tools are 
or will be used in projects involving detailed functional analyses of genes of interest, 
QTL-type analyses, disease modelling, small molecule screens, genetic interaction 
studies, and metabolic modelling.

Platform for induced pluripotent stem cells 
Induced pluripotent stem cells (iPSCs) have biological properties comparable to 
embryonic stem cells. iPSCs can be generated from somatic tissue such as skin 
fibroblasts using a combination of transcription factors (Yamanaka factors). Since 
iPSCs are pluripotent, they can be differentiated into any cell type and hence 
represent a unique tool to understand complex genetic diseases and for the 
development of new drug screening approaches. As iPSCs are specific to the donor, 
they also form an attractive tool for cell replacement approaches in regenerative or 
personalised medicine. The iPSCs facility at the LCSB offers the reprogramming of 
mouse and human cells as well as their differentiation into various cell types from the 
neural lineage.

Infrastructure available through collaboration 
Additional infrastructure is accessible to the LCSB through strategic partnerships inside and outside Luxembourg. This 
includes clinical proteomics, DNA sequencing as well as state-of-the-art biobanking.
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