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Part I  Final publishable summary report 

1.1 Executive summary 
HeCaTos  (Hepatic and Cardiac Toxicity System modelling, http://www.hecatos.eu) is a five year 
research and development project part of the European Commission’s Seventh Framework 
Programme Health. The HeCaToS consortium, a  private-public partnership composed of 14 
Academics, SMEs and LEs, set out to respond to the challenge posed by Francis Collins et al in Science 
(2008) who proposed the bypassing of animal-based human safety testing, by shifting toxicology to a 
predominantly predictive science focused on broad inclusion of target-specific, mechanism-based, 
biological observations in vitro.  
 
Key is to develop bioactivity profiles that are predictive of human disease phenotypes, by identifying 
signalling pathways which, when perturbed, lead to toxicities. This mechanistic information is then to 
be used for iteratively developing computational models that can simulate the kinetics and dynamics 
of toxic perturbations of pivotal signalling pathways, ultimately leading to systems models which can 
be applied as in silico predictors for human drug safety. Consequently, the main objective of HeCaToS 
has been: to model, by combining recent advances in computational chemistry and systems biology 
and systems toxicology, toxic perturbations in the liver and in the heart across multiple scales, from 
molecular interactions, through macromolecules, to (sub-)cellular functionalities and organ 
physiologies, and even the intact human being. 
For this, advanced human 3D multi-cell-type liver and heart assays have been put in place. In parallel, 
for benchmarking results in vitro against the human situation in vivo, heart resp. liver biopsies have 
been obtained from patient suffering from heart, resp. liver injury because of treatment with 
particular toxic drugs. In vitro assays have been challenged with the same drugs, at physiologically 
relevant (therapeutic and IC20) doses in 14 days repeated dose treatment regimes. Multiple 
analytical ‘omics platforms have been applied to generate epigenomics, transcriptomics, proteomics 
and metabolomics data across dose and time, in combination with functional assays which 
specifically monitored mitochondrial performance during toxic treatment. Cross-omics data were 
integrated using a range of bioinformatics/mathematical/statistical methods, and information on 
perturbed signalling pathways was retrieved using the ConsensusPathdB resource. Results were 
applied to populate computerized models for predicting myocardial dysfunctioning, resp. liver 
necrotic and cholestatic events. 
 
All planned in vitro/in vivo samples have been generated, and all cross-omics and functional analyses 
have been finalized in due time. Using these results, the consortium successfully developed an 
integrated computational approach consisting of dynamic time series analysis, protein network 
propagation and modelling of myocardial, resp. hepatic functions. We were also able to use this 
approach for identifying candidate biomarkers of target organ toxicity in vitro and for demonstrating 
clinical transferability of these biomarkers in drug-treated patients presenting the relevant toxic 
phenotype.  
 
The HeCaToS project has in general been able to accumulate very large data sets which allow for 
multiple innovative data analysis approaches thereby advancing our knowledge on the 
bioinformatics of cross-omics analysis, and consequently, our insights in the complexity of biology. 
Data analysis efforts will therefore be continued in the years to come. 
 
In summary, we present the hitherto most comprehensive study on heart and liver toxicity at multi-
omics levels thereby also showing the relevance of exploiting well-designed human cell models in 
combination with physiological dosing for reliably predicting human toxicity in vivo, along with a 

http://www.hecatos.eu/


reproducible workflow for pre-clinical analysis of adverse drug responses from complex genomic 
data. 
The HeCaToS consortium has managed to share its main findings with representatives from the 
major regulatory authorities, namely the European Medicines Agency, the European Food Safety 
Authority and the OECD. 

1.2 Summary description of project context and objectives  
 
In analogy with Apollo Hekatos, the never-failing archer whose arrows always hit their target, the 
main goal of the HeCaToS project proposal is the establishment of a new integrative approach 
targeted towards highly predictive human safety assessment. We will generate a flexible prediction 
system, that can make an in silico prediction of xenobiotic metabolism, toxic liabilities and threshold 
doses with regard to liver and heart toxicity. This relates to the idea, expressed in a report by the 
European Partnership for Alternative Approaches to Animal Testing, entitled The Chemistry of Life: 
Revolutionizing Toxicology1, that leading edge computational chemistry/chemoinformatics and 
systems biology, when assembled in properly configured and validated computational systems, can 
revolutionize predictive toxicology and human safety assessment.  
The concept of this proposal is based on toxicity case studies in which a tight interconnection 
between experiment and computational analysis will be implemented in order to develop and 
challenge computational models at different levels of granularity and type for the prediction of toxic 
(sub)cellular responses in two main human organs, liver and heart. The emphasis on these organs is 
based on the fact that a) they appear main target organs for repeated dose toxicity in exposed 
humans, for instance in clinical phase studies during drug development, and even upon market 
introduction of novel drugs (see also Section 3), and b) they enable us to build on existing, solid 
bodies of knowledge, also and most importantly, on human toxicity, and to advance beyond these 
(see Section 1.2). In order to access relevant data on human liver and heart toxicity, we will analyse 
biopsies from particular patient groups treated with drugs with known cardio- or hepatotoxic side 
effects. This is also in line with Sub-activity 1.3. on Suitability, Safety, Efficacy of Therapies of the 
2013 Work Programme on Health which calls for efficiently addressing aspects of toxicology of novel 
medical products, encouraging the employment of novel approaches including modelling, novel 
tests, assays and preclinical models that help to assess earlier, better and more cost-efficiently safety 
of e.g. novel drugs However, the outcome of the work will also be relevant for toxicity prediction of 
other manufactured chemicals, e.g. industrial chemicals (vz. REACH) and cosmetics  
The interconnection between experimental and computational approaches will follow the systems 
biology paradigm (measure-mine-model-modify) and consists of an iteration of the following steps: 
 

 quantitative ‘omics’-based global and targeted evaluation of biological systems upon 
perturbation by toxicants, 

 identification, monitoring and validation of molecular pathways and toxicological endpoints,  

 integration of response data in computational systems toxicity models at various levels of 
biological organisation -from molecular via organelle/cellular to organ level- and phenotypic 
expression. 

 
The effort will be prediction driven. Major strengths of our approach are its emphasis on the 
integration of data from data-dense analytical platforms and the integration of modelling approaches 
from different functional and molecular levels of biological response, which will produce a truly 
mechanistic understanding of the toxicological responses in the human target organs, thus enabling 
to ultimately model the toxicological system.  

                                                           
1 European Partnership for Alternative Approaches to Animal Testing. Workshop Report: the Chemistry of 
Life: revolutionizing toxicology. Brussels, 2010 



Within the context of the systems toxicology concept2, in their seminal 2008 article, Francis Collins et 
al. proposed the bypassing of animal-based human safety testing, by shifting toxicology to a 
predominantly predictive science focused on broad inclusion of target-specific, mechanism-based, 
biological observations in vitro3. Key is to develop bioactivity profiles that are predictive of human 
disease phenotypes, by identifying signaling pathways which, when perturbed, lead to toxicities. This 
mechanistic information is then to be used for iteratively developing computational models that can 
simulate the kinetics and dynamics of toxic perturbations of pivotal signaling pathways, ultimately 
leading to systems models which can be applied as in silico predictors for human drug safety. 
Here, our goal is to create such multi-scaled in silico models for predicting preclinical repeated dose 
toxicity in specific organs. We will thus enrich our established physiological liver and heart models (as 
recognized in the 2010 EPAA report on the Chemistry of Life) with molecular networks, and interface 
these with a computational chemistry-based ligand-target matrix, e.g. ChEMBL, which describes the 
global relationships between chemical structures and biological targets by integrating unique 
canonical chemical structures, protein sequences and disease indications4. These models will then be 
populated with functional and ‘omics-based molecular data on Adverse Outcome Pathways (AOPs) 
generated in vitro from innovative 3D human hepatic and cardiac systems.  
The OECD defines an AOP is a conceptual construct that portrays knowledge concerning the pathway 
of causal linkages between a molecular initiating event and a final adverse effect at a biological level 
of organization that is relevant to a regulatory decision. AOPs are typically represented sequentially, 
moving from one key event to another, as compensatory mechanisms and feedback loops are 
overcome. An AOP can also be used in a ‘top-down approach’, by taking the final adverse outcomes 
produced by well-studied substances and establishing mechanisms of action, then using chemo-
informatics on ligand-target matrices to develop chemical categories5. 
Obviously, the mechanistic relevance and robustness of such adverse responses of signaling 
pathways for human health risks in vivo needs to be validated by appropriate human studies. This 
calls for connecting information on AOP perturbations in vitro to the ever expanding information on 
adverse drug responses in humans and on human diseases6. Generally, little or no information is 
available about clinical phenotypes measured at the molecular, cellular and organ level. We will close 
this gap by investigating molecular and functional responses in organ biopsies from patients treated 
with sets of related drugs, which are well known for inducing toxic reactions in heart or liver; the 
same drugs will be investigated in our in vitro assays. 
We thus foresee that ultimately, the outcome of the work under HeCaTos will enable a researcher to 
feed any chemical structure into our integrated, multi-scaled liver or heart model, to run it, and to 
receive reliable information on whether this compound is a likely liver or heart toxicant in man, 
based on predictions of perturbations of particular Adverse Outcome Pathways by that compound. 
Our general S&T Objective thus is to model, by combining recent advances in computational 
chemistry and systems biology and systems toxicology, toxic perturbations in the liver and in the 
heart across multiple scales, from molecular interactions, through macromolecules, to (sub-
)cellular functionalities and organ physiologies, and even the intact human being. In view of the 
importance of toxic deregulations of mitochondrial oxidation processes and of immunological 
functions, in association with hepatic necrosis, inflammation, steatosis and cholestasis, as well with 

                                                           
2 MD Waters and JM Fostel. Toxicogenomics and systems toxicology. Nature Rev Gen 5 (2004) 936-948 
3 FS Collins, GM Gray, JR Bucher. Transforming Environmental Health Protection. Science 319 (2008) 906-
907 
4 Paolini, G. V., Shapland, R. H. B., van Hoorn, W. P., Mason, J. S. & Hopkins, A. L. Global 
mapping of pharmacological space. Nature Biotechnol. 24, 805–815 (2006). 
5 Joint Meeting of the Chemicals Committee and the Working Party on Chemicals, Pesticides and 
Biotechnology of the OECD. Guidance Document on Developing and Assessing Adverse Outcme Pathways. 
Paris (2o13). 
6 J Lamb, TR Golub et al.  The Connectivity Map: Using Gene-Expression Signatures to Connect Small 
Molecules, Genes, and Disease. Science 313 (2006) 1929-1935. 



cardiac inflammation, myocyte dysfunction and fibrosis, we will focus on modelling those pivotal 
AOPs. 
 

The next Table presents our specific S&T Objectives, relevant to the topics addressed by the Call: 
 

Topics  addressed by the Call Specific S&T Objectives 

Identifying metabolites (and 
metabolites of metabolites) and their 
reactivity, through a  
combination  of  computational  
chemistry, in  vitro  experimentation  
and  enzyme  expression profiling 

Advancing metabolomics methodologies for analyzing in 
vitro vs, patient samples; identifying enzymes involved in 
metabolism, as well secondary drug metabolism by 
quantitative proteomics; investigate phase I and possibly 
phase II/III metabolism where specific need arises using 
GC-MS and LC-MS; developing in silico models of the 
formation of reactive and/or toxic metabolites from 
compound structure; advancing state-of-the-art 3D in vitro 
systems for heart and liver. 

Identifying  the  proteins  and  
potentially  other  intracellular  
targets,  affected  by  each metabolite, 
through computational chemistry and 
in vitro work 

From the ChEMBL database, developing predictive drug 
(and metabolite)-target and pathway/phenotype-related 
models that are validated in experimental in vitro 
approaches and patient studies; integrating metabolism 
models with validated target, pathway and physiological 
models; performing quantitative (phospho-)proteomics on 
in vitro/patient samples. 

Identifying  pathways  affected  by  
these  proteins,  through  in  vitro  cell  
assays  and systems biology 

Integrative statistics, mapping of proteins and network 
analysis using the ConsensusPathDB interaction network 
resource: populating these models with ‘omics and 
functional data from in vitro heart and liver assays, 
validated against data from patient samples 

Identifying pathway-affected cell  
functions by  defining  the  boundaries  
of  normal function, and 
understanding of the physiology and 
systems biology 

Performing  functional assays in vitro and integrating with 
large scale ‘omics data to model molecular signatures with 
phenotypic changes 

Taking account of mechanistic 
understandings of toxic responses in 
specific organs 

Identifying and modelling of AOPs for hepatic and cardiac 
toxicity, confirmed by translational research in drug-
treated patients. 

Modelling transport and interactions 
from molecular to cellular/organelle 
levels 

Exploring ordinary differential equations (ODEs) and 
discrete modelling approaches at a (sub)cellular level 

Integrating  with  in  vitro  
experimentation  designed  
specifically  to  inform  this  modelling  
activity 

Testing model prediction by functionalities, ‘omics and 
targeted approaches; adapting the models accordingly 

Coupling directly to systems modelling 
from cellular to organ level 

Vertically integrating computational models from different 
scales of cardiac and hepatic organisation. 

Using existing and appropriate 
infrastructure for computation data 
basing and sharing 

Advancing existing ChEMBL (bioactivity) and diXa (‘omics) 
infrastructures for the gathering, storage and analysis of 
HeCaToS data.  



1.3 Description of the main S&T results/foregrounds per WP 

WP1 - Computational chemistry 

WP LEADER: P14 Optibrium Limited 

Partner  Main Objectives 

P1 ICL 

P2 EMBL 

 

Enhance prediction models of small molecule membrane transport using 
MD 
 
Develop prediction models of toxicity target interaction with small 
molecules and their metabolites using MD 
 
Advance, also by developing dedicated QM methods, existing P450 
metabolism models to additional isoforms 
 
Develop models connecting predictions on reactive metabolite formation 
with observed toxicity, ADME, target/pathway activity and PBPK models 
 
Develop library of models for all suitable toxicity targets 
 
Explore data pooling strategies to enhance model domain of applicability 
and reliability 
 
Develop approaches to model higher order assays (functional and 
phenotypic assays from ChEMBL data) 
 

 

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D1.1 M24 M26 Report on predictions of nuclear receptor interaction with toxicants 
using GPU-MD 

D1.2 M36 M37 Report on predictions for small molecule passive membrane transfer 
of known toxicants and their metabolites using MD 

D1.3 M60 M60 Report on predictions of putative toxicity targets from -omics studies 
with toxicants and their metabolites using MD 

D1.4 M60 M60 Report on models to predict P450 metabolite profile including 
predictive metabolism models for additional isoforms, in association 
with toxicity caused by reactive metabolites 

D1.5 M21 M24 Package of predictive models of target/pathway/ADME activities 

D1.6 M30 M33 Report on integrated system to predict interactions of compound 
metabolites with AOPs 

D1.7 M48 M48 Report on predictions for library of toxicity related targets 

D1.8 M48 M48 Report on approach of bioassay pooling to improve model training 

D1.9 M60 M60 Report on predictions for higher order toxicology end-points using 
fingerprint methods 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 

MS16 M24 M26 First comparative modelling of a nuclear receptor with positive and 



negative control ligands 

MS29 M30 M30 Completion of transporter homology models or identification of 
appropriate 3D structures 

MS30 M36 M60 First selection of toxicity targets for molecular dynamics simulations 

MS35 M48 M50 Completion of library of target-based models 

MS43 M60 M60 Completion of library of phenotype-based models 

 
 
Results achieved 
WP1 has focused on applying ‘in silico’ computational chemistry methods to understand and predict 
the interactions of drug molecules and their metabolites with targets associated with cardio- and 
hepatotoxicity at an atomic level. Accurate in silico prediction of toxicity can improve the efficiency 
and productivity of drug discovery, targeting potential drugs with lower risk of causing adverse 
outcomes in the clinic. Furthermore, this can reduce the need for animal experimentation, in support 
of the ‘three Rs’ principles to Replace, Reduce and Refine animal testing.  
We have applied a broad range of methods, including: quantum mechanical (QM) methods that 
simulate chemical reactions, such as those leading to drug metabolism; molecular dynamics (MD), to 
simulate dynamic processes including membrane permeation and binding of a drug to a protein; and 
machine learning (ML) methods to predict the activities of drug molecules from their structure. 
MD approaches were applied to simulate the permeation of compounds through lipid bilayers, 
similar to those that form cell walls. These can be used to understand if a drug is likely to penetrate 
the cell and access proteins that may cause toxicities. For example, these simulations showed 
correlations between the speed of membrane permeation and the levels of toxicities observed for 
the anthracycline drugs. In addition, simulation of the interactions of the anthracyclines with Human 
Cardiac Troponin, a target identified by the ‘omics analyses of cardiotoxicity assays, showed 
correlations between the binding energies of the anthracyclines and their observed toxicities, as well 
as evidence of the effect of increased dose. 

 
The results of four 1 μs simulations of the binding of Doxorubicin (DOX) to Troponin. DOX showed the 
highest binding energy and a greater tendency to bind in the ‘tail’ TnI region, known to interact with actin 
filaments in muscle. These results agree with the greater cardiotoxicity observed for DOX in the clinic versus 
other anthracyclines. 

 
ML methods were used to build quantitative structure-activity relationship (QSAR) models to predict 
the binding of chemical compounds to a wide range of protein targets. Initially, these focussed on 



targets identified in the literature as associated with cardio- and hepatotoxicity and this was 
broadened to cover 550 human proteins with sufficient data in the ChEMBL database, after careful 
annotation and pooling of the available data.  The predictions from these individual models were 
combined in a ‘fingerprint’, with which to build higher-level model to predict clinically observed 
cardio- and hepatotoxicity, as identified by withdrawal of drugs from the market and black-box 
warnings. 
 
Drug name Toxicity class Prediction 

using biological 
& molecular 
fingerprint 

 Drug name Toxicity class Prediction using 
biological & 
molecular 
fingerprint 

Doxorubicin cardiotoxic non-toxic  Valproic acid hepatotoxic non-toxic 

Idarubicin cardiotoxic non-toxic  Acetaminophen hepatotoxic non-toxic 

Daunorubicin cardiotoxic non-toxic  Methotrexate hepatotoxic toxic 

Epirubicin cardiotoxic non-toxic  Lapatinib hepatotoxic toxic 

Diclofenac cardiotoxic toxic  Amiodarone hepatotoxic toxic 

Phenytoin cardiotoxic toxic  Isoniazid hepatotoxic toxic 

Benzylpenicillin cardiotoxic toxic  Docetaxel hepatotoxic toxic 

Piroxicam cardiotoxic toxic  Kanamycin non-toxic non-toxic 

Mitoxantrone cardiotoxic non-toxic  Cyclophosphamide non-toxic non-toxic 

Amiodarone cardiotoxic toxic  Tiotropium non-toxic toxic 

Cyclophosphamide non-toxic non-toxic  

Tiotropium non-toxic toxic  

Clavulanic acid non-toxic non-toxic  

Predictions using fingerprint models for cardiotoxicity of 13 HeCaToS compounds (left) and for hepatotoxicity of 10 
HeCaToS compounds (right). 

Models were also developed to predict metabolism by the Cytochrome P450 (P450) superfamily of 
enzymes, which are responsible for approximately 70-80% of phase I drug metabolism. Patients are 
exposed to both an administered drug and its metabolites, so it is important to identify these 
metabolites and their interactions. Improvements were made to existing models, combining ML and 
QM approaches, that accurately predict metabolism for seven major human isoforms of P450. 
Combined with a new model predicting which of these isoforms would be responsible for 
metabolism of a drug, this enabled the most likely metabolites to be identified. We demonstrated 
how the output of these models could be coupled with the 
QSAR models of target activities, described above, to 
simultaneously predict the interactions of a drug and its 
metabolites with adverse outcome pathways. 
 
P450 metabolism can give rise to reactive metabolites that, 
in turn, can lead to non-specific or idiosyncratic toxicity, 
including drug-induced liver injury. Therefore, we further 
developed QM methods that can accurately predict the 
reactivity of metabolites, as assessed by glutathione (GSH) 
conjugation. This is an inherent detoxification mechanism in 
humans to trap reactive compounds and prime them for 
excretion, usually via the urine. Understanding the 
susceptibility of metabolites to GSH conjugation helps 
discern whether they are likely to be reactive enough to 
cause toxicity directly or via glutathione depletion. 
 

Prediction of P450 metabolism of Lapatinib. 
The top image shows the most likely sites of 
metabolism by the major isoforms 
contributing to metabolism of this 
compound, as shown by the pie chart below. 



WP2 - Molecular pathway modelling 

WP LEADER: P13 MICRODISCOVERY GMBH 
 

Partner  Main Objectives 

P1 GD 
P2 MPIMG 
 

To construct networks of molecular species that allow predicting liver and 
heart toxicity 
 
To develop computational modelling pipelines 
 
To conduct modelling based on key (sub-)cellular aspects of liver and heart 
toxicity 
 
To identify and implement links to physiological and chemical 
characteristics of liver and heart toxicity 
 

 

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D2.1 M12 M14 Report on initial molecular networks for liver/heart toxicity from 
literature data  

D2.2 M36 M37 Report on ConsensusPathDBTOX update 

D2.3 M18 M22 Report on the modelling and machine learning pipeline 

D2.4 M48 M48 Report on the identification of predictive markers 

D2.5 M24 M25 Report on specific modelling, focus I: mitochondrial dysfunction 

D2.6 M36 M37 Report on specific modelling, focus II: immune response 

D2.7 M54 M54 Physiological/chemical links from molecular network modelling 
Approaches 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 

MS8 M12 M14 Initial liver and heart toxicity networks established 

MS13 M18 M22 Computational modelling approaches available 

MS36 M48 M48 Predictive features from networks and specific cellular models 
established 

 
Results Achieved 
In the initial phase of the project, concepts were developed for generating new knowledge by 
combining data generated in the HeCaToS project with pre-existing knowledge on molecular 
pathways and molecular interaction. Cooperation in particular with the modelling partners was 
established and a conceptual framework for the modelling approach was worked out. In cooperation 
with the entire consortium an experimental design was decided for obtaining multi-dimensional sets 
of experimental data.  
 
In a proof-of principle approach we investigated the toxic key compounds Acetaminophen, Rifampin, 
Azathioprine (liver toxins) and Doxorubicin HCL, Cyclophosphamide (heart toxins). A literature mining 
approach was employed in combination with statistical analysis of public OMICS data sets leading to 
the establishment of preliminary gene and protein lists associated with heart and liver toxicity. 



Investigating datasets generated from cardiac micro-tissues of the HeCaToS project we identified key 
molecules consistently regulated upon anthracycline treatment.  
 
Using graph-based methods we constructed networks of molecular species forming key hubs of heart 
toxicity. A key pathway in the context of anthracycline induced cardiac toxicity is adrenergic 
signalling. Changes in adrenergic signalling are prominent in our data. Combining our observations 
with the findings on changes in mitochondrial function indicate that a combination of oxidative stress 
and changes in adrenergic signalling leading to the induction of apoptotic processes. This in turn 
leads to progressive degeneration of cardiac tissue under the effect of a toxic dose of anthracyclines. 
These results were delivered to the project partners in meetings and reports so as to inform other 
modelling approaches pursued in the consortium. 
 
In an iterative process of testing and improvement we developed a computational pipeline that 
allows the identification of networks and pathways that are predictive for drug toxicity. The pipeline 
comprises different steps ranging from primary data analysis (e.g. transcriptome and proteome 
analysis), to the detection of disease associations (e.g. literature mining), multivariate statistical 
methods for analysing time series and dose variations, as well as network and pathway analyses.  
 
The input of the pipeline consists of case-control drug treatment experiments at several doses and 
time points. Protein scores for the entire time course are computed based on regression models 
calculated with the MaSigPro analysis package. In this way data across different time points and 
experimental factors is integrated, aiming at a simplified intermediate level data representation. This 
intermediate level is represented in a tabular format offering a spectrum of features including 
different quality criteria established on the time series level so as to ground the ensuing 
identification of network modules as reliably as possible. Key readout is a differential toxicity score 
based on p-values of polynomial regression model. This score is the starting point for identifying 
functional modules of the interactome. Network modules are determined using the network 
propagation method Hotnet2. This method is applied in conjunction with the actual version of the 
consensus path database (CPDB) providing a comprehensive and up to date resource of information 
on different protein interactions (interactome).  
 
The output of the pipeline consists in modules of interacting proteins and connected pathways that 
are mostly affected by the treatment. Such modules can be used  

 as the basis for building molecular models,  

 as molecular patterns for drug toxicity prediction, 

 as functional links to associate the drug effects to cellular phenotypes and thus for 
construction of adverse outcome pathways (AOPs). 

 
We applied the pipeline on the complete data set which comprises of 10 cardiotoxic drugs:  
Idarubicin, Doxorubicin, Daunorubicin, Epirubicin, 5-Fluoruracil, Mitoxantrone, Paclitaxel, 
Amiodarone, Docetaxel, Celecoxib and 10 hepatotoxic drugs: 5-Fluoruracil, Phenytoin, Cyclosporin, 
Diclofenac, Rifampicin, Paracetamol, Azathioprine, Isoniazid, Methotrexat and Valproic acid. For each 
drug and dose, in vitro markers for cardiac and hepatic toxicity and toxicity modules were identified 
comprising on average 250 proteins. Using these modules, we searched for physiological links within 
three different databases, KEGG, MeSH and CTD. Specific pathways and associated diseases terms for 
the two tissues were found and reported.  
 
In a final study, we compared results from in vitro experiments with patient derived toxicity profiles 
obtained by UM and HULAFE. Comparison of results could establish that on the level of regulated 
pathways correspondence exists between in vitro identified pathways and toxicity induced changes 
in patients. We rate this finding as strong evidence for the usefulness of our approach to drug 
assessment, combining in vitro generated micro-tissues with model-based data analysis.  



WP3 - Physiological modelling 

WP LEADER: P11 KING'S COLLEGE LONDON 
 

Partner  Main Objectives 

P1 RWTH AACHEN 
 

Develop a data-driven pipeline to establish and parameterise 
physiological toxicity pathway models (mitochondrial dysfunction and 
inflammation) from experimental data made available in the project 
 
Validate the predictions of the cellular modelling framework using data 
from toxicology assays and patient 
studies 
 
Quantify the different responses and underlying pathways between the 
experimental studies by comparing the 
parameter sets between models identified and validated from different 
preparations 
 
Integrate the cellular models of cardiac and hepatic cells into spatial 
models of tissue and the whole organs 
 
Simulate tissue-specific dose-response correlations 
 

 

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D3.1 M24 M25 Report on fitted and validated toxicity  pathway models 

D3.2 M36 M37 Report on unified model frameworks for integrating experimental 
data from the project partners across different scales 

D3.3 M40 M41 Report on multi-scale models integrating cellular toxicity pathways 
into cardiac and hepatic cell types 

D3.4 M48 M49 Report on whole organ human cardiac and hepatic models 
predicting toxic electromechanical and physiological effects 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 

MS31 M36 M37 Integrated cellular model made publically available 

MS37 M48 M49 Integrated physiological organ model proof of concept simulations 
completed 

 
Results achieved 
Physiological Modelling  
Biophysical models provide a succinct and common framework for encoding known physiology and 
physics. In the past these models have been used for studying underling physiology but are 
increasingly been adopted to study diseases and most recently drug effects. In the Physiological 
Modelling Work Package we aimed to address four challenges specific to longer term drug toxicity. 
Specifically to test the plausibility of proposed mechanisms for explaining how specific drugs can 
cause toxicity over prolonged time scales, to test if we can use models that share a common 
framework to translate experimental animal work to human physiology, to develop a workflow 



where we can use mass spectrometry measurements of protein density to drive model predictions in 
the presence of different drugs and dosing regimens and to show how we can use multi-scale models 
to link changes at the cellular and tissue scale with changes in organ scale function.  
Conventional models of cardiac drug effects only consider the effect of a drug binding and inhibiting 
a specific protein. These are fully reversible simulations and once the drug is no longer present the 
models revert back to their baseline function. In anthracycline toxicity, a drug class studied in 
HeCaTos, the toxicity develops over years, even once the drug has left the system. To capture this 
slow toxicity required the development of new modelling mechanisms that identified saturating 
mitochondrial DNA repair as a potential mechanism to explain long term anthracycline toxicity.  
The majority of drug toxicity tests are performed on animal models. Predominantly in the case of 
anthracyclines in the rabbit. To test if anthracyclines induced changes in cellular function observed in 
the rabbit would be expected in human cardio myocytes we developed a model of acute and chronic 
anthracycline toxicity in a rabbit cardio myocyte model and projected the drug effects on to a model 
of a human cardiac myocyte to show that the same drug effects would be expected in a human as a 
rabbit. 
The model of mitochondria function was tuned using the protein fold changes from the cardio 
myocyte spheroids drug exposure assay measured by mass spectrometry. This workflow 
demonstrated how models could be used to provide a functional interpretation of mass 
spectrometry data and identify the changes in physiological function associated with lists of protein 
fold changes.  
Finally, we developed a multi scale model that explicitly represented the effects of sarcomeric 
proteins, collagen, afterload and anatomy on myocardial function. This modelled allowed us to test 
the degree that increased collagen in cardiotoxic heart failure patients explained their decreased 
organ scale cardiac function compared to the changes in cellular contraction. 
The use of biophysical physiological models provide physiological, species and scale context for 
interpreting experimental and clinical measurements. This improves our ability to map data between 
preparations, analyse temporal data and identify important drug effects.   
We have also established a whole-body physiologically-based model of bile acid metabolism in 
humans, which allows the estimation of bile acid exposure in blood plasma and different tissues. The 
main processes of bile acid metabolism such as synthesis, excretion, and enterohepatic circulation 
are mechanistically included in the model. We showed that our model is able to reproduce various 
physiological properties of bile acid metabolism in healthy individuals such as transition times or 
tissue levels. The model was also used to predict bile acid levels for different clinical cases such as 
different genotype subgroups and for drug-administration. To this end, genotype-specific 
functionality of BSEP transporter was simulated and confirmed the predisposition of these subgroup 
towards drug-induced cholestasis by elevated bile acid levels in blood and in liver cells. The additional 
administration of Cyclosprine A  to this patient group increased the bile acid levels even further and 
with this the cholestasis risk. The model of bile acid metabolism was used to assess the cholestatic 
potential for a set of 10 hepatotoxicants. To this end we used plasma levels in patient samples to 
benchmark model-based predictions of bile acid levels in venous blood, the portal vein or 
hepatocytes. It was found that the model can be used to rank the cholestatic potential of different 
drugs such that it can be used as a valuable tool for an early indication of cholestasis in the future.      
 



 
 

WP4 - Vertical model integration 

WP LEADER: P12 RWTH AACHEN 
 

Partner  Main Objectives 

 Develop a concept for vertical model integration of molecular network into 
whole-body PBPK models 
 
Establish model-based dose-response correlation in PBPK-based multi-scale 
models  
 
Develop a predictive modelling platform for drug-induced liver and heart 
injury 
 

 
 

Deliverable 
N. 

Due 
Date 

Actual 
Date 

Deliverable Description 

D4.1 M12 M14 Report on the concept for model integration 

D4.2 M30 M31 Report on vertical integration of compound-specific molecular 
networks into PBPK models and model validation 

D4.3 M40 M41 Report on model-based dose response correlations 

D4.4 M48 M50 Report on the application of the concept for predicting DILI and 
heart toxicity 

 

Milestone 
N. 

Due 
Date 

Actual 
Date 

Milestone Description 

MS9 M12 M14 Concept for vertical model integration developed 

MS17 M24 M25 Compound-specific multiscale models developed 

MS32 M36 M37 Model-based dose response correlations established 

 
Results achieved 
Drug-induced toxic side effects are governed by both drug exposure at tissue level as well as the 
resulting intracellular responses. Within HeCaToS we have developed several concepts for the 
integration of cellular network models into physiologically based pharmacokinetic (PBPK) models at 
the whole-body level (Thiel et al., 2017a-c; Cordes et al., 2018; Thiel et al. 2018). Thus, it was possible 



to establish mechanistic drug–response correlations at organism scale. The resulting multi-scale 
models have been used amongst other to contextualize high-throughput omics data for the 
identification of adverse outcome pathways. Also, drug-induced metabolic perturbations of 
endogenous metabolism by the additional co-factor demand in xenobiotic drug metabolism have 
been analysed. The multiscale models may contribute to a mechanistic understanding of drug-
induced toxicity in the future. Since PBPK models allow the inclusion of patient specific physiological 
information the multiscale models developed within HeCaToS have also been used to differentiate 
between individual severity degrees of DILI. It is therefore a plausible hope that PBPK-based models 
may help to understand and avoid cases of idiosyncratic DILI in special cohorts of patients. Also, 
PBPK-based multiscale models may be used for the development of personalised therapeutic design 
strategies with limited side effects in patients. This is because the computational models allow the 
consideration of specific patient co-factor information such as age, gender, genotype or health state 
making them an important building block for in silico trial simulations in the future. 
 
The multiscale models developed in HeCaToS have also been 
used for experimental planning (Kuepfer et al., 2018). 
Medium concentrations in in vitro assays are frequently 
designed without any consideration of physiological 
conditions in the in vivo situation. Here, PBPK models 
provide a unique opportunity to quantitatively simulate 
concentrations in specific tissues at physiologically relevant 
levels. Within HeCaToS we have applied a PBPK-based assay 
design to improve the accuracy of in vitro-in vivo 
extrapolations and to ensure a direct translatability of wet 
bench measurements to  human patients.  In particular, 
omics data generated with the model-based assay design 
can be contextualised with PBPK models to mimic the time-
course of cellular adaption in the face of extracellular drug 
levels. Within HeCaToS PBPK models of more than 25 
cardiotoxicants and hepatotoxicants have been developed 
following best practice guidelines for model development 
and validation as published by the EMA.  
 
All PBPK models developed in HeCaToS have been 
established in the PBPK software tool PK-Sim which is 
provided as part of the Open Systems Pharmacology 
platform (http://www.open-systems-pharmacology.org/). 
Notably, PK-Sim is a free and open software tool which 
ensures easy sharing, re-production and dissemination of 
models established within HeCaToS. This also holds for the 
physiologically-based model of bile acid metabolism 
developed with WP 3. In contrast to proprietary modeling 
tools from public-private partnerships the models developed 
within HeCaToS are hence freely accessible and usable by the scientific community.  
 
The establishment of novel computational concepts in systems toxicology will significantly support 
competitiveness of European health care industry in the future. Two PhD students from HeCaToS 
have already moved to research organisations in pharmaceutical industry in open-ended full-time 
contracts.  

http://www.open-systems-pharmacology.org/


WP5 - In vitro assays 

WP LEADER: P2 ROCHE 
 

Partner  Main Objectives 

P1 INSPHERO 
 

Define reference compound set with known toxicological outcome to be 
used in in vitro models 
 
Provide 3D liver and 3D heart models to integrate toxicological networks. 
 
Treatment of 3D liver & heart cultures with a set of selected compounds. 
 
Provide samples from challenged 3D heart and liver models to WP7 and 
WP8 and providing meta data to WP9 
 

 

Deliverable 
N. 

Due 
Date 

Actual 
Date 

Deliverable Description 

D5.1 M8 M14 Report on the defined set of model compounds 

D5.2 M12 M14 SOP for sample preparation 

D5.3 M48 M49 Report on meta data of samples delivered to Workpackage 4 

 

Milestone 
N. 

Due 
Date 

Actual 
Date 

Milestone Description 

MS5 M6 M7 Reference comound library available for testing 

MS18 M24 M24 3D cultures and sampling strategy & protocol set up 

MS38 M48 M49 All samples from 3D in vitro experimentation delivered. 

 
Results achieved 
The first major task of WP5 was the selection of a set of suited reference drugs for the categories 
hepatotoxic and cardiotoxic. Using an approach based on FDA classifications, consortium outcomes, 
literature and suggestions based on clinical experience, the working group came up with a workable 
number of drugs to be applied to our in vitro test systems. Due to deliberation concerning the 
pertinence of each compound and the availability of biopsies, the list has been subsequently 
adapted. The final compound list is presented below: 

Cardiotoxic 
compound 

Dose 
response 
curve 

Assay 
completed 

Hepatotoxic 
compound 

Dose 
response 
curve 

Assay 
completed 

Amiodarone    Isoniazid   

Daunorubicin    Methotrexate   

Taxane 
(Paclitaxel) 

  Rifampicin   

Docetaxel   Diclofenac   

Epirubicin   Erythromycin   

Doxorubicin    Azathioprine   

Fluorouracil   Valproic acid   

Idarubicin    Phenytoin   

Mitoxantrone    Cyclosporine A   

Celecoxib   Tetracycline   

  10/10 Fluorouracil   



   Clavulanic Acid   

   Paracetamol   

     10/10 

 
The microtissues (MT) were used to generate a dose response curve over 7 days for each individual 
compound to determine the toxic dose. This allowed WP4 to calculate a 2-week dosing scheme with 
3x daily concentration adjustment via media change. The compounds were tested according to this 
scheme and MT’s were sampled on different timepoints. 
 
The preparation of samples has been optimized to meet the needs for the individual downstream 
analysis. MT’s were sampled on different timepoints. A SOP for sample preparation was developed, 
which included RNA, miRNA and DNA isolation, MT-sampling for proteomic analysis and supernatant-
sampling for metabolomics analysis. The processed samples were sent to the partners. 
A standardised identification method for samples was established and an assay tracking list was 
updated regularly to WP9 and WP7 when samples were shipped. 
In addition, viability (ATP levels) and spheroid size are monitored in-house throughout the assay. 
 
A huge amount of samples – over 1300 – was generated and shipped to the partners during the 
entire duration of the project. 

WP6 – Patients 

WP LEADER: P1 Maastricht University 

Partner  Main Tasks 

P1 HULAFE 

  

 

Recruitment of patients treated with drugs capable of eliciting hepatic 
and/or cardiac toxicity. Monitoring of patients being treated to identify the 
onset of the toxic event. 
 
Collection of serial human samples from patients suffering drug-induced 
hepatic and cardiac toxicity in the course of the toxic event as well as from 
control subjects. 
 
Isolation of human cells from explanted (healthy/pathological) tissue for 
identification of pathological pathways involved in drug toxicity 
 
Providing patient samples to WP7 and WP8 and providing meta data to 
Workpackage 9 

 

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D6.1 M48 M49 List of patients suffering an hepatotoxic or cardiotoxic event 

and donating tissue samples, with comprehensive biochemical, 

clinical and electrophysiological meta data 

D6.2 M48 M49 Overview of plasma samples serially obtained from patients 

displaying an hepatic event, plus meta data 

D6.3 M48 M49 List of plasma samples serially obtained from patients displaying a 

cardiotoxic event plus meta data 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 



MS10 M12 M14 First 20 patients entered into the study 

MS19 M24 M25 Plasma samples collected, stored and delivered to Workpackage 3. 

MS39 M48 M49 Tissue samples collected, stored and delivered to Workpackage 3. 

 
Results achieved 
Biological, technical and formal validation of results obtained from in vitro assays, is key for a proper 
understanding of the toxicological phenomena. To advance regulatory acceptance, molecular 
alterations and mechanistic insight derived from human cellular models need to be correlated with 
injury or potential for injury in humans. 
In this work package we identified patients that were treated with chemotherapeutic drugs and 
received accumulated doses of anthracyclines, growth factor receptors and multi-kinase targeted 
drugs. We recruited and monitored patients that received these drugs, capable of eliciting hepatic 
and cardiac toxicity.  We included 190 acute cardiotoxicity patients and screening of 500 
cardiomyopathy patients yielded a total of 25 chronic cardiotoxicity patients and 25 control patients. 
Acute cardiotoxicity happened within the first 
weeks after chemotherapy administration, whereas 
chronic cardiotoxicity occurred weeks up to 
decades after the initial chemotherapy treatment. 
All patients were monitored to identify the onset of 
the toxic event and underwent clinical work-up.  
In patients with cardiac toxicity, routine phenotypic 
analysis was performed, which included baseline 
patient characteristics, previous medical history 

(including cardiovascular symptoms 
induced by drug treatment and 
description of those). Furthermore, 
we collected echocardiography, 
ECG and cardiac MRI if possible. To 
further classify the patients with 
cardiac toxicity, we used the 
MOGES classification (figure 1) 
using the collected clinical 
parameters. This resulted in a 
phenotypical classification. These 
data obviously strengthen the 
upgrading of the physiological 
heart model, which is made by 
partners of the other work 
packages. 
Not only clinical parameters were 
collected, also human samples 

were taken for analysis. For the acute cardiotoxicity patients, we collected around 11.000 aliquots of 
serum samples. The samples were collected and stored in -80C in a biobank. Of the chronic 
cardiotoxicity patients, we collected serum, plasma, buffy coat as well as endomyocardial biopsies. In 
total, 78 biopsies were sent to the partners for further analyses: 47 biopsies were sent for 
proteomics, 31 biopsies were sent for RNA sequencing. Also meta-data like echocardiographic 
measurements as well as cardiac MRI were sent to the partners of work package 9. 
The collection of serum samples as well as endomyocardial biopsies, provided the other work 
packages to expand their research with human samples, so they were able to combine the findings of 
the in vitro assays with the findings in de human samples. This results in better insights in the 
understanding of the toxicological phenomena and improvement of the physiological cardiac model. 

Number of patients Endomyocardial 
biopsies (n) 

25 late cardiotox patients 55 

25 control patients 35 

TOTAL: 50 patients 90  
(78 send to 
partners) 

Table 1:number of EMB samples 1 

Figure 1: MOGES classification 1 



WP7 - 'Omics analyses 

WP LEADER: P5 EIDGENOESSISCHE TECHNISCHE HOCHSCHULE ZURICH  
 

Partner  Main Objectives 

P1 UM 
P2 HULAFE 
P3 ICL 
P4 MPIMG 
  
 

Transcriptome profiling (mRNA) using deep sequencing technologies in 
subcellular fractions from drug-treated patients tissue and 3D cell culture 
models.  
 
Refining and applying analytical approaches for whole proteomics and 
phospho-proteomics of samples from drug-treated patients tissue and 3D 
cell culture models. 
 
Conducting genome-wide methylation experiments with the MeDIP-seq 
technology from drug-treated patients tissue and 3D cell culture models. 
 
Develop metabolic flux models of response to hepatotoxicants and 
cardiotoxicants in cellular models from drug-treated-patients tissue and 3D 
cell culture models. 
 
Applying RNA interference approaches in 3D heart and liver models for the 
validation of functional targets. 
 

 

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D7.1 M12 M14 SOP for isolating subcellular fractions for ‘omics analyses provided 
to WP2 

D7.2 M48 M60 Report on all transcriptomics analyses in vitro 

D7.3 M48 M60 Report on all transcriptomics analyses in patients samples 

D7.4 M48 M60 Report on all analysis of proteomes and phospho-proteomes in vitro 

D7.5 M48 M60 Report on all analysis of proteomes and phospho-proteomes in 
patients samples 

D7.6 M48 M60 Report on all MeDIP-seq analysis in vitro 

D7.7 M48 M60 Report on all MeDIP-seq analysis in patiens samples 

D7.8 M48 M60 Report on all metabolomic and metabolic flux analysis in vitro 

D7.9 M48 M60 Report on all metabolomic and metabolic flux analysis in patients 
samples 

D7.10 M48 M60 Report on RNA interference analysis in in vitro 3D models 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 

MS6 M6 M6 SOP Sub-cellular fractionation and protein extraction established. 

MS20 M24 M25 First set of global ‘ omics data from in vitro heart and liver models 
delivered. 

MS21 M24 M25 First set of global ‘ omics data from drug-treated heart and liver 
patients delivered. 

MS40 M48 M49 First data from RNAi functional experiments available. 

 



 
Results Achieved 
Transcriptome profiling included the analysis of 1013 total RNA (depleted of ribosomal RNAs) 
libraries and 1037 miRNA libraries, which were prepared following optimized protocols established 
during the HeCaToS project. Gene expression and micro RNA analysis was based on results generated 
using latest technologies for next generation sequencing. Data from two analysed doses (therapeutic 
and toxic), measured at 7 time points, and with three replicates each provided the basis for in-depth 
analyses and combinations with other molecular data from WP7 that were carried out in WP9 and 
WP10. 
 
Proteomics focused on the development analytical workflows for sample preparation, data 
generation and data analysis of proteomes from whole cell extracts of 3-D cell liver and heart models 
and drug-treated patient biopsies. Protocols for whole and sub-cellular proteomes allowed for high 
proteome coverage from minimal specimens (12-16 spheroids). More than 1100 LC-MS/MS mass 
spectrometry raw data sets with more than 1600 protein profiles per drug were generated from 
drugtreated liver and heart spheroids. Further increased sensitivity and coverage was achieved by 
targeted MS approaches and the observed changes were integrated into the various PBPK models. 
Additionally, phosphoproteome data from drug-treated cardiomyocytes, confirmed the enrichment 
of functionally active proteins in investigated protein-protein network modules.  
 
Genome Methylation investigations comprised the processing of samples, isolation of methylated 
DNA and analysis by next generation sequencing of samples from cardiac and hepatic microtissues, 
as well as cardiac patient biopsies. Technically, read mappings of the sequencing output from the 
samples were normalized using MPIMG’s QSEA (quantitative sequence enrichment analysis) software 
package that was developed in the course of the HeCaToS WP11. The applied MeDIP-seq technology 
allowed for to gain genome–wide information about methylated regions of the individual genomes.  
 
Metabolomics work in HeCaToS has delivered ~1000 spectra (1H-NMR, LC-MS/MS) of media from 
incubation of 3D cardiac microtissues with up to 10 cardiotoxic compounds at two doses (therapeutic 
and toxic) over a longitudinal time course. A serum metabolomic signature associated with acute 
cardiotoxicity from anthracyclines has been identified in breast cancer patients, highlighting the 
significance of medium chain acyl carnitines and bile acids as factors that may influence the severity 
of toxicity. We have established protocols for probing how different 13C-labelled carbon sources 
contribute to mitochondrial TCA cycle activity in cardiomyocytes were established for the monitoring 
how glucose oxidation and fatty acid oxidation respond significantly to doxorubicin treatment.  
 
RNA Interference efforts focused on a proof-of-concept study to validate a potential toxicity 
mechanism. For this we investigated the role of the transcription factor CCAAT/enhancer-binding 
protein alpha (CEBPA) in valproic acid (VPA) induced steatosis in primary human hepatocyte (PHH) 
cultures. Using our approach we could reduce CEBPA mRNA expression levels by 25 and 50% after 
respectively 24 and 72 hours growth under control conditions and achieved over 60% reduction in 
CEBPA expression after 24 and 72 hours growth in VPA containing media. RNAseq analysis on all 
exposed PHH cultures confirmed a previously identified gene network surrounding CEBPA in the VPA 
treated cultures of PHH bearing a control shRNA.   
 
The combined datasets generated in WP7 provide a critical resource for the validation and 
translation of biomarkers between drug treated patients and in vitro models including 3D models 
and inform and validate computational models of gene expression, gene regulation, protein 
expression and activation, and metabolic flux that have been developed by HeCaToS. 

 



WP8 - Functional analyses  

WP LEADER: P7 LUXCEL BIOSCIENCES LTD 

Partner  Main Tasks 

P1 UM 

P2 ROCHE 

P3 INSPHERO 

 

To generate a protocol for WP5 and WP6 partners on how to prepare, 

store and transport samples from heart and liver spheroids, as well as 

samples from drug-treated liver and heart patients, for the functional 

analyses foreseen under WP8 

 
To assess the impact of drug treatment on the mitochondrial function of 

the in vitro 3D heart and liver models provided through WP5  and the liver 

and heart biopsies provided by WP6 

 
To generate a complementary dataset describing the involvement of 

inflammation and apoptosis signalling to toxicity progression in in liver 

and heart spheroids and in biopsies from drug-treated liver and heart 

patients 

 

To generate a complementary dataset describing the impact of drug 

treatment on the electrophysiology of the cardiac in vitro model 

 

  

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D8.1 M6 M9 Validated protocol for the assessment of mitochondrial dysfunction, 

and apoptopic and inflammatory markers in 3D liver and heart 

models and in patients samples 

D8.2 M48 M49 Data set describing the impact of drug treatment on the 

mitochondrial function of both 3D models 

D8.3 M48 M49 Data set describing the impact of drug treatment on the 

mitochondrial function in tissue samples from patients 

D8.4 M48 M49 Data set describing the impact of drug treatment on the cytokine 

release of both 3D models 

D8.5 M48 M50 Data set describing the impact of drug treatment on the cytokine 

release in tissue samples from patients 

D8.6 M48 M49 Data set describing the impact of drug treatment on the apoptosis 

induction of both 3D models 

D8.7 M48 M49 Data set describing the impact of drug treatment on the apoptosis 

induction of both 3D models 

D8.8 M48 M49 xCELLigence data set describing the impact of drug treatment on the 

electrophysiology of a 3D heart model 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 

MS7 M6 M8 Validated protocols for multiparametric functional analysis 



established 

MS22 M24 M25 First data set on mitochondrial oxidation processes delivered 

MS23 M24 M24 First cytokine dataset delivered 

MS24 M24 M25 First Caspase dataset for both cell models delivered 

MS25 M24 M24 First xCELLigence electrophysiology dataset delivered 

 
Results Achieved 
The overall objective of this work package was to develop methods facilitating functional analysis of 
ex vivo and in vitro samples, and to apply these methods where appropriate, to determine the 
functional impact of drug treatment. Specifically, in vitro methods were adapted and optimised for 
the measurement of mitochondrial function, apoptosis induction and inflammatory markers in 3D 
liver and heard models (spheroids) provided by project partner Insphero. These methodological 
advances facilitated, for instance, the sensitive interrogation of mitochondrial function in single 
cardiac and hepatic spheroids, using the oxygen-sensitive fluorescent probe MitoXpress-Xtra (Fig 1A). 
This was a significant technical advance which increased the resolution with which mitochondrial 
perturbation could be detected, simplified the measurement workflow, reduced handling steps, and 
significantly reduced spheroid consumption, the supply of which was limited within the project.  
Functional analysis of cardiomyocyte function was also deployed using the xCELLigence E-plate 
technology such that the impact of drug treatment on the beat rate of a 2D cardiomyocyte model 
could be determined. Indeed, this methodology was further integrated through multiplexing with 
mitochondrial function assessments (oxygen consumption), so that the interrelationships between 
cell function and underpinning energy generating processes could be interrogated, and the broad 
impact of drug treatment determined. This novel approach revealed the functional insensitivity of 
these cell models to severe mitochondrial perturbation, through a switch from aerobic to glycolytic 
ATP generation and also demonstrated the metabolic response to pharmacological modulation of 
beat rate as the cells balance ATP demand and ATP generation. 
 
These methods and learnings were then applied to interrogating the impact of drug treatment on 
cardiac and liver spheroids, with particular focus on mitochondrial dysfunction, ATP content & 
Caspase activity. Complex dosing schemes were deployed to better reflect in vivo exposures (Fig. 1B) 
and all compounds, dosing schemes and biological samples provided by project partners. Exemplar 
data on idarubicin treatment are presented below. As for all compounds assessed, both ‘toxic’ and 
‘therapeutic’ conditions were modelled, and exposure concentrations were varied as outlined in Fig 1 
with O2 consumption & ATP level assessed 7 days post the initial treatment and results compared to 
vehicle treated (DMSO) samples. Both O2 consumption (Fig 1 C) and ATP (Fig 1D) show minor 
reductions at the ‘therapeutic’ treatment condition with more severe reductions observed at the 
toxic treatment condition. The data illustrate consistent mitochondria impairment assessments (% 
CV values of < 8%, Z’ values of > 0.75).  Validation was performed using the classical ETC inhibitor 
antimycin with testing immediately post treatment.  Similar functional data were generated for all 
ten chosen cardiac drugs and liver drugs of interest and provided for subsequent modelling and 
interpretation within the consortium. 
 
 



 
 
Fig 1: (A) Method consistency in assessing liver spheroid oxygen consumption, (B) Graphical representation of 7 day long-
term drug treatments of Idarubicin, (C) Effect of 7 day idarubicin treatment on O2 consumption (C) and spheroid ATP 
content (D). 

WP9 - Data Warehousing 

WP LEADER: P8 EUROPEAN MOLECULAR BIOLOGY LABORATORY 
 

Partner  Main Objectives 

P1 GD 
 

Advance existing data infrastructures (diXa, ChEMBL, ConsensusPathdB) 
for the purpose of adequately storing HeCaToS data delivered by SPs 2 
and 3 
 
Provide centralized access of ‘omics data, functional data and meta- data 
 
Provide centralized access to binding, pharmacology and ADMET data 
 
Provide deeper indexing and annotation of data within data warehouses 
to allow more flexible querying 
 
To integrate data from US toxicology initiatives, e.g. Tox21 
 
To identify knowledge-gaps and procure any available data to fill these 
gaps 
 
To build a map of toxicology assays from available data, and use this 
clustering to guide model design and generation 
 

 

Deliverable 

N. 

Due 

Date 

Actual 

Date 

Deliverable Description 

D9.1 M12 M14 Report on Infrastructure available to store, manage, and process 

HeCaToS data 

D9.2 M12 M14 Report on reference set of toxicology associated targets 

A B 

C D 



D9.3 M30 M31 Report on use cases repository 

D9.4 M36 M37 Report on data standards and ontologies applied to data curation 

D9.5 M60 M60 Report on data content for HeCaToS data warehouse 

 

Milestone 

N. 

Due 

Date 

Actual 

Date 

Milestone Description 

MS14 M18 M25 First set of novel experimental data successfully uploaded to data 

warehouse 

MS33 M36 M37 First load of US toxicology data 

 
Results Achieved 
Work package 9 (WP9) was responsible for creating the HeCaToS data management infrastructure. 
The central component of this infrastructure is a data warehouse, a catalogue of the data generated 
in the project that provides cross-dataset searching capabilities. The approach that we followed was  
to use the BioStudies database at EMBL-EBI which is flexible enough to deal with the very 
heterogeneous nature of the data generated in the project. 
BioStudies (www.ebi.ac.uk/biostudies) is a database built and maintained at EMBL-EBI that organizes 
data from biological studies. Often a study is associated with a publication, however, when 
BioStudies is used to support the data management needs in a large project like HeCaToS, a study 
will encapsulate data from a meaningful unit of work, e.g., all proteomics data from doxorubicin 
treated samples. BioStudies offers a simple way to describe the study structure, and provides flexible 
data deposition tools and data access interfaces. 
Research in the life sciences is supported by a variety of specialised resources that house an 
increasingly large volume of biological research data. Additionally, data supporting specific studies in 
biology live as supplemental data linked to articles, or in several general-purpose repositories such as 
Dryad and Figshare. When a number of data types is generated in a large project, data management 
becomes an issue: data sharing and access across resources is difficult, and different data outputs 
can become dispersed and disconnected. The BioStudies database aims to address this concern. It 
holds high-level metadata descriptions of biological studies, as well as annotated data files. Links to 
the data in specialised life science databases at EMBL-EBI or elsewhere can be included. This 
approach also simplifies the citation of related data in a meaningful way. 
BioStudies is used in several ongoing projects like HeCaToS as a data management platform. Datasets 
are currently held privately, accessible only to project members, and will be released publicly 
according to the data management plans of those projects. Capturing project data early in a resource 
like BioStudies solves the problem of sustainable data management. The BioStudies development has 
benefitted from the feedback of the HeCaToS project partners on optimal ways to organize data 
capture and distribution. We provide the data management service to the consortium, and are also 
further developing the generic BioStudies data submission tool so that it could be easily used by the 
project partners. 
For data access, the BioStudies web interface allows data browsing and searching both within an 
individual project and across the entire database. The search is supplemented by auto-completion 
and ontological expansion. A data filtering mechanism gives HeCaToS users an overview of the types 
of data available in the system, and facilitate finding relevant datasets. Data files can be downloaded 
either individually or by selecting a subset. For large studies, users can explore the data files by 
filtering on a keyword and sorting on one of the associated file annotations. An authentication and 
authorization mechanism allows management of access rights; in HeCaToS, a single read-only user is 
available for access to all the data in the project, although more sophisticated authorization policies 
could be set up if necessary. 
 



 
Figure 1. Overview of the BioStudies infrastructure 

 

WP10 - Data quality control 

WP LEADER: P10 MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN E.V. 
 

Partner  Main Objectives 

P9 GD 
P13 MD 
 

Ensure high quality and standardized processing of ‘omics data 
 

 

Deliverable 
N. 

Due 
Date 

Actual 
Date 

Deliverable Description 

D10.1 M36 M37 Report on QC and pre-processing of data generated in WP3 

 

Milestone 
N. 

Due 
Date 

Actual 
Date 

Milestone Description 

MS15 M18 M20 First set of novel experimental data controlled for quality 

 
Results Achieved 
In the context of the HeCaToS project (Hepatic and Cardiac Toxicity Systems modelling) hepatic and 
cardiac microtissues (spheroids) were treated with different cardiotoxic or livertoxic compounds for 
0, 2, 8, 24, 72, 168, 240, and 336 hours with two doses, a therapeutic and a toxic dose. Dosing was 
estimated according to physiologically based pharmacokinetic (PBPK) models. The drug-specific PBPK 
models are used to simulate concentration–time curves in the interstitial compartment of the liver or 
the heart. Control experiments contain the compound solvent DMSO, either as ‘fluctuating’ DMSO 
concentrations, reflecting the DMSO concentration in the drug-treatment experiments, or 0.1 % 
DMSO, whereby the DMSO concentration in the treatment samples was adjusted accordingly. The 
former DMSO controls were used for the anthracyclines Doxorubicin, Epirubicin, Idarubicin, and 
Daunorubicin, the latter controls for all other tested 6 cardiotoxic and 10 livertoxic compounds, 
respectively. Each treatment was repeated 3 times at each time point. The effect of DMSO on 
microtissues has been studied in detail (manuscript submitted for publication). 
 



Genedata has established standard workflows to investigate the RNA-seq (transcriptomics) and LC-
MS (proteomics) data sets resulting from RNA and proteins extracted from the microtissue 
experiments. The workflows include quality control monitoring as well as various statistical analyses 
to determine differentially expressed genes or proteins.  
 
RNA was isolated from up to 48 samples per treatment with the project relevant compounds and 
from 24 control samples. Paired-end RNA sequencing libraries were prepared according to the 
Lexogen protocol and sequencing was performed with a read length of 100 bases. After a quality 
control of the data including FastQC trimmed reads were mapped to the human genome version 
hg38 and annotated with the GENCODE release 26 annotation. Reads were mapped using the splice 
junction mapper STAR and quantified using an algorithm based on Cufflinks. Features used for 
quantification were the protein coding and the non-protein coding sequences (pseudo-genes missing 
a CDS of the transcripts). Differential expression analysis of the RNA-seq experiments was performed 
with DESeq2 (Differential gene expression analysis based on the negative binomial distribution), an 
analysis tool suitable to detect differences in the raw read counts of features between two or more 
experiment groups.  
 
LC-MS samples were prepared using in-solution digestion protocols and data were acquired on a 
Thermo Orbitrap Fusion instrument. Raw data were pre-processed in Expressionist® using a classical 
bottom-up LC-MS proteomics workflow and includes the following major blocks of activities:  

 Pre-processing of raw data;  

 Peak detection and isotope clustering;  

 Identification and validation of peptides/proteins;  

 Preliminary statistics and data evaluation;  

 Export and reporting of processed data.  
After the data pre-processing, the intensities were log2 transformed, normalized, and 2-sided T-tests 
were then used for the determination of differentially expressed proteins (DEPs) in comparison with 
the corresponding time-matched controls.  
 
Transcriptomics and proteomics data from samples from heart biopsies from endomyocardial biopsy 
chronic cardiotox patients and from endomyocardial biopsy control patients matching age, gender, 
BMI, and LVEF were also studied applying similar workflows. 
 
Because batch effects could not be entirely excluded due to largely divergent dates of sample 
preparations, effects related to differences in passage number of the stem-cell derived 
cardiomyocytes across the various experiments, and slightly different technical protocols for LC-MS, 
it was decided to perform also alternative analyses.  
 
In summary, the following analyses were performed: 

 Normalized expressed genes or detected proteins were compared for each time with the 
corresponding time-matched control. These analyses reflect the effect of the applied 
compounds in comparison with ‘untreated’ microtissues. 

 A two-step regression procedure was applied to identify targets with significant different 
time-dependent expression profiles of the treatment/dose experiments in comparison with 
the control experiments. Rather than comparing single time point experiments with the 
corresponding controls, this analysis focussed on differences in the time-course profiles.  

 Normalized expressed genes or detected proteins of each time point of a treatment/dose 
group was compared with the time point 0 hrs (t = 0). Such analyses give information about 
time dependent expression changes independent of the controls without considering the 
whole time course profile. 



All results including detailed reports were made available to the consortium members and also 
uploaded as studies into the EBI database BioStudies. 
 

WP11 – Integrated Statistics 

WP LEADER: P10 MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN E.V. 
 

Partner  Main Objectives 

P1 UM 
P2 ICL 
P3 GD 
 

Identify omics-based molecular “signatures” of Adverse Outcome 
Pathways (AOPs) 
 
Perform a meta-analysis of project data 
 
To identify ‘hallmarks of toxicity’ and make these available with a 
database (ToxDB) 
 

 

Deliverable 
N. 

Due 
Date 

Actual 
Date 

Deliverable Description 

D11.1 M36 M45 Report on the comparison of in vitro/in vivo results 

D11.2 M48 M60 Report on themeta analysis- of hallmarks of toxicity 

D11.3 M60 M60 Report on analysis results and AOPs generated 

 

Milestone 
N. 

Due 
Date 

Actual 
Date 

Milestone Description 

MS26 M24 M25 First prototype of AOP populated by experimental in vitro and 
clinical data delivered 

 
Results Achieved 
WP11 partners analyzed thousands of sequencing experiments generated in the course of HeCaToS 
on twenty different drugs. Analyses focused on dynamic features hereby taking full advantage of the 
experimental time series design that allows screening of the drug response up to 336h after 
treatment at different dosages. Time-sensitive statistical measures for proteome, transcriptome and 
methylome were (partially) newly developed and biomarkers were identified within each platform 
and across the different platforms that showed dynamic expression changes. In 3D cardiac 
microtissues WP11 partners were able to verify known and identify novel candidates associated to 
mitochondrial function and the sarcomere. In 3D hepatic microtissues WP11 partners were able to 
verify known and identify novel candidates associated with drug responses, fatty acid and energy 
metabolism.  
Furthermore, WP11 partners performed several cross-omics studies exploring novel research fields 
such as the role of methylation, microRNAs and isomiR variation for adverse drug responses. WP11 
partners applied the pipeline for cross-omics data analysis based on network propagation that has 
been developed within WP12 to all drugs that were screened in the 3D microtissues and were able to 
identify common and drug-specific hallmarks of toxicity leading to novel insights into adverse drug 
responses (Figure X). 



 
 
Figure X. Transferable biomarkers from in vitro to in vivo.  
 
Integrative, network-based analysis of multiple heterogeneous data identified the hallmarks of 
toxicity for cardiotoxic and hepatotoxic drugs in 3D microtissues. Candidate biomarkers have been 
translated to independent clinical samples (here: heart biopsies). Biomarker protein expressions 
were measured in biopsies and were highly correlating with clinical parameters (here: left-ventricular 
ejection fraction, LVEF). 
 
The impact of WP11 work comprises the development of novel methods for integrative genome 
analysis, the identification of in vitro measurable and in vivo transferable biomarkers for drug 
toxicity, scientific publications for community education as well as the generation of sustainable 
knowledge in both computational disease modelling and toxicogenomics. 

WP12 - Predictive comparisons 

WP LEADER: P10 MAX PLANCK GESELLSCHAFT ZUR FOERDERUNG DER WISSENSCHAFTEN E.V. 
 

Partner  Main Tasks 

P1 GD 
P2 MD 
 

To collect benchmark data sets for liver and heart toxicity AOPs 
 
To perform model analysis and comparison with respect to relevant use 
cases 
 
To optimize modelling parameters 
 

 

Deliverable 
N. 

Due 
Date 

Actual 
Date 

Deliverable Description 

D12.1 M18 M22 Report on initial prediction model 

D12.2 M24 M25 Report on results of the model analysis and comparison 

D12.3 M36 M45 Report on genotype-phenotype correlation 

D12.4 M42 M60 Model analysis results calibration 

D12.5 M60 M60 Report on model optimization 

D12.6 M60 M60 Report on model analysis results 

 

Milestone Due Actual Milestone Description 



N. Date Date 

MS27 M24 M25 Repository with benchmark data sets 

MS41 M48 M60 Initial use cases finished 

 
Results Achieved 
The purpose of WP12 was to develop a computational framework for the integration of 
heterogeneous genome data and to test this framework with relevant use cases involving adverse 
drug responses. In the era of systems biology it is clear that complex biological processes cannot 
adequately be described by proteins in isolation but rather through concerted action of many 
interacting proteins. WP12 partners thus developed and implemented an integration concept for 
toxicogenomics genome data based on molecular interaction networks. 
Theoretical work in WP12 included the generation of resources and benchmark data, the 
development and implementation of a network-based data integration concept and the calibration 
and optimization of the developed data model using experimental data. The practical work in WP12 
comprised the testing, validation and optimization of the data analysis model with experimental data 
and the conduction of use cases related to drug toxicity. Partners collected large amounts of 
molecular interaction data and used the ConsensusPathDB resource for construction and quality 
assessment of a large model of the interactome. Model parameters were calibrated and optimized 
with experimental data. Next statistical network propagation was implemented that was able to take 
advantage of integrated dynamic genome data and that allowed the identification of candidate 
network modules and biomarkers for the various drugs under study (Figure 2). 
 

 
Figure 2: Network modelling approach 

 
The ConsensusPathDB is used to generate an integrated, high-quality protein-protein interaction 
graph. The nodes of this network are initialized with weights that are adapted to experimental data 
(e.g. time-profile differences of drug treatment and DMSO measurements). Network propagation 
uses these initial weights and propagates them across the network until a steady state is reached. 
Based on this steady state network modules (i.e. connected subnetworks) can be identified that 
agglomerate dynamic drug-induced changes. Furthermore, these weights can be used to identify 
biomarkers or novel information on proteins that haven’t been measured by the initial experiments. 
 
Use case studies were conducted involving partners from all HeCaToS work packages. In the first use 
case, “Drug induced liver injury”, partners explored drugs investigated in HeCaToS and contrasted 
them with large collections of public data. They identified adverse drug effects that mapped to 



discriminative biological pathways. This mechanistic information gave rise to molecular, pathway-
based prediction models of high accuracy. In the second use case, “Anthracycline cardiotoxicity”, 
partners conducted within HeCaToS the hitherto most comprehensive study on anthracycline-
induced cardiotoxicity with a multi-omics analysis of 3D microtissues, patient biopsies and functional 
assays as well as computational models of mitochondrial functions. They identified networks of 
proteins that are highly functional, clinically transferable and physiologically relevant for 
mitochondrial function. 
The work in WP12 creates a template for future network biology in genome research which has 
impact to various applications for example in cancer biology, drug treatment or drug development 
where complex, heterogeneous data sets are generated for a patient or biological system under 
analysis. The conducted use cases have direct impact on drug toxicity prediction and broaden our 
understanding of adverse processes in vitro and in vivo. 
 

WP13 - Training and dissemination 

WP LEADER: P6 Imperial College of Science, Technology and Medicine 
 

Partner  Main Tasks 

P1 UM 
P2 LUXCEL 
 

Disseminate the results of HeCaToS to scientific, industrial and regulatory 
stakeholders 
 
Collaborate with other EU networks on disseminating knowledge on 
chemical safety from EU FP6/FP7 projects, such as complementary IMI 
Projects, COACH and AXLR8 
 
Organize and coordinate a dedicated Training Programme via dedicated 
Workshops, to create optimal synergy 
between the different scientific disciplines within the HeCaToS consortium 
 
Promote training and scientific exchanges within and outside the HeCaToS 
Research Community 

 

Deliverable 
N. 

Due 
Date 

Actual 
Date 

Deliverable Description 

D13.1 M1 M3 HeCaTos Press Release 

D13.2 M4 M5 Report on status of the launch of the HeCaToS website. 

D13.3 M12 M14 Development of Dissemination and Communication Plan of the 
HeCaTos project 

D13.4 M12 M14 Report on outcome “Workshop Multi-scale modelling based on 
samples from experimental and patient studies” 

D13.5 M24 M25 Report on outcome “Workshop on ‘omics and functional analyses 
based on in vitro and patient studies” 

D13.6 M36 M38 Report on outcome “Workshop on Data infrastructure, quality 
control, data warehousing and integrated statistics” 

D13.7 M48 M51 Report on outcome “Workshop on Predictive comparisons based on 
in silico predictions compared with experimental data results” 

D13.8 M60 M60 Update of HeCaTos Brochure and HeCaTos Poster based on final 
project results 

D13.9 M60 M60 Report on “Workshop to present final HeCaTos results to all relevant 
stakeholders and regulatory bodies involved in risk assessment” 



 

Milestone 
N. 

Due 
Date 

Actual 
Date 

Milestone Description 

MS1 M1 M3 Press Release 

MS3 M3 M5 Establishment and going “on line” of HeCaToS public website 

MS4 M4 M5 Operational and secured internet-based internal communication 
system 
(DocuShare®) 

MS11 M12 M14 HeCaTos Dissemination and Communication Plan 

 
Results Achieved 
During the course of the HeCaToS project WP13 successfully established the project website 
(www.HeCaToS.eu) as the main point of reference for all stakeholders, including access to 
Docushare®, the internal website for the consortium partners. All public results will be made 
available through the project website.  
 
To ensure successful dissemination of HeCaToS project’s scientific results and activities WP13 
established a strategy focused on the effective communication of the research outcomes to relevant 
stakeholders, scientific community, partner organisations, other EU Networks and Projects through 
multiple channels. 
A number of high impact publications were produced to disseminate the knowledge developed 
during the lifetime of the project. All publications can be found in HeCaToS website 
(https://www.hecatos.eu/documents/publications). A regular Newsletter was issued featuring 
biographies from key participants in the project, discussing state-of-the-art methodologies and 
modern approaches applied in the HeCaToS project and the significant results obtained. All 
newsletters are available on HeCaToS website (https://www.hecatos.eu/documents/general).  Press 
releases have been issued at the start of the project via different Member States media channels and 
a detailed list of HeCaToS project related Press Releases is presented in the report “D13.1 HeCaTos 
Press Release”. A comprehensive brochure and a poster were created to communicate the main 
aspects of HeCaToS project at a broad audience including general public, regulatory bodies and 
academics. Members of the HeCaToS consortium have participated in over 40 national and 
international conferences presenting talks and posters and engaging in direct, face-to-face 
communications and discourse with governmental, advocacy or academic opinion leaders.   
Consortium workshops have been organized on an annual basis where members of all HeCaToS 
partners had the opportunity to present and discuss scientific results as well as interact with 
regulatory bodies’ representatives and share ideas on research gaps and follow-up research 
activities.  Most importantly, at the final project meeting several representatives from regulatory 
bodies, specifically OECD (Organisation for Economic collaboration and Development), the EMA 
(European Medicine Agency) and EFSA (European Food Safety Authority), attended the meeting and 
provided their views on the research results produced along the lifetime of HeCaToS project. 
 

http://www.hecatos.eu/
https://www.hecatos.eu/documents/publications
https://www.hecatos.eu/documents/general


 
 
Figure 1.  The HeCaToS Newsletters. 
 



1.4 The potential impact, the main dissemination activities and 
exploitation of results 

  
Potential Impact 
Socio-economic dimension of the research. Since demands for better chemical safety tests have 
strongly increased over past years, the outcome of this project will generate considerable socio-
economic impact. False negative reporting by animal toxicity models has led to unexpected liver and 
heart toxicity in humans during clinical trials of new pharmaceuticals, Safety appears to represent a 
major causes of attrition of candidate-drugs in the clinic, toxicology and clinical safety accounting for 
approximately 30% of failures . Hepatotoxicity and cardiovascular toxicity proved to be the major 
causes for two out of three market withdrawals of drugs and drug development project terminations 
in clinical phases I-III from 1992 to 2002 in the respective time period. Between 2007 and 2010, as 
late as at Phase III, 21% of the failures across all therapeutic areas were still attributable to safety 
issues.  
Human toxicity of novel drugs may even not be recognized for years after a drug has been introduced 
to the market. Each year, about 2 million patients in the United States experience a serious adverse 
drug reaction when using marketed drugs, resulting in 100,000 deaths, thus representing the fourth 
leading cause of death. Similar percentages have been estimated for other Western countries such as 
the Netherlands. Over the period 1998-2007, nineteen drugs have been withdrawn from the US 
market because of unpredictable patient fatalities. Overall, 90% of the market withdrawals were 
caused by drug toxicity. 
This clearly demonstrates the limitations of anticipating toxic effects in humans by extrapolating 
results from preclinical animal studies. For example, there was no hint from animal studies of the risk 
of severe shock and liver and kidney damage that was suffered by the six individuals who took part in 
the first-in-man evaluation of the monoclonal antibody TGN1412 . 
With respect to these drug-induced human toxicities it is of relevance that mitochondrial dysfunction 
has been implicated as a major contributor to drug-induced toxicity and has been shown to 
contribute to toxicity in the liver, heart, kidney, muscle, and the central nervous system. Of the fifty 
or so drugs removed from the market due to safety concerns between 1960 and 1996, at least five 
have subsequently been associated with mitochondrial toxicity. Troglitazone and nefazodone were 
discontinued due to idiosyncratic liver toxicity, with mitochondrial dysfunction being one of the 
contributing mechanisms ,  while Cerivastatin was discontinued due to severe rhabdomyolysis , a side 
effect reported for many statins and the reason for a recent label change for simvastatin. 
Mitochondrial liabilities have also been associated with many drugs carrying a black box label for 
hepatic or cardiac toxicity . These observations point to a weakness in the approaches currently 
available for assessing drug safety, however the example of biguanide toxicity suggests that 
appropriate screening and modelling could offer the possibility of reducing the risk of deleterious 
effects while maintaining drug efficacy (phenformin and buformin were withdrawn due to severe 
lactic acidosis, a hallmark of mitochondrial toxicity , while metformin, is still on the market). The 
development and deployment of suitable predictive models is therefore of particular importance in 
the investigation and prediction of human mitochondrial toxicity in liver and heart. Here is where the 
HeCaToS project is aiming at. 
Also inflammatory processes in liver and heart, frequently associated with mitochondrial 
dysfunctioning, are important causes of drug failure.  Non-steroidal anti-inflammatory drugs (NSAIDs) 
such as diclofenac and particularly sulindac, widely used for the management of rheumatological 
disorders, and as analgesics and antipyretics, may lead to acute hepatitis via the impairment of ATP 
synthesis and the generation of reactive oxygen species by mitochondria . Myocarditis has been 
observed to occur at a rate of 0.7–1.2% in users of the antipsychotic, clozapine . In view of this, the 
HeCaTos project has addressed drug-induced inflammation as a second AOP to be targeted for 
developing in silico models. 



Simultaneously, other examples demonstrate that animal models for repeated dose toxicity may also 
over-report human health risks: The U.S. Physicians' Desk Reference has reported that out of 241 
pharmaceutical agents used for chronic treatment, 101 agents were demonstrated to be 
carcinogenic to rodents . However, epidemiological studies among chronically treated patients as 
reviewed by the WHO International Agency on Research on Cancer have identified only 19 
pharmaceuticals to be actually carcinogenic to man. Consequently, false positive read-outs from 
animal experimentation  may lead to the unnecessary termination of potentially beneficial 
candidate-drugs. 
Failure of (candidate-)drugs is definitely to the disadvantage of patients, but where the average cost 
to bring an NME to market, is now estimated to be approximately $1.8 billion, also involves huge 
economic losses. In general, over recent years, the number of potential revenue-generating drugs 
(innovative or otherwise) as a percentage of R&D expenditures has undeniably fallen sharply. It has 
to be considered that without a dramatic increase in R&D productivity, today’s pharmaceutical 
industry cannot sustain sufficient innovation to replace the loss of revenues due to patent 
expirations for successful products . The pharmaceutical industry is one of the few major sectors to 
contribute positively to the EU’s trade balance. Its trade surplus of €48.3 billion in 2011 was the 
highest among high-tech industries. Investments in Europe amounting up to €27,5 billion, the 
pharmaceutical industry employs 660,000 people. 
In this context, in its Annual Review of 2011 and Outlook for 2012, the European Federation of 
Pharmaceutical Industries and Associations (EFPIA) states that “Europe has continued to grow in 
absolute terms as a location for investment in pharmaceutical R&D over the past decade. However, 
there has been a decline in our relative position. While a shift in investment towards emerging 
economies is expected, there is no doubt that Europe could do more to address the combination of 
rising R&D costs, burdensome regulatory requirements and slow uptake of innovation, that make 
Europe a challenging environment for healthcare innovation. If Europe is to continue to be the 
source of genuine medical breakthroughs with real societal and economic benefits, it must recognize, 
reward and use innovative medicines. Europe’s ability to remain a leader in biomedical innovation 
also depends on regulators, industry and civil society developing new models of collaboration to 
research areas of unmet need”. 
Developing innovative in silico models for better predicting heart and liver toxicity, both crucial 
target organs for repeated dose toxicity, which is the general S&T objective of the HeCaToS project, 
clearly represents such a research area of unmet needs, since for achieving strongly desired 
reductions in attrition rates of candidate-drugs thereby increasing R&D productivity in pharma, 
better predictors for human safety are urgently required. Also because of its focus on predicting 
mitochondrial dysfunction and inflammation as important Adverse Outcome Pathways, HeCatoS will 
strongly contribute to this. HeCaToS will thus be able to achieve considerable socioeconomic impact, 
also in view of the fact that global pharmaceutical companies (Hoffmann-La Roche and -indirectly, 
through the second affiliation of Dr. Lars Kuepfer from RWTH- Bayer), thus representing relevant 
end-users, are partner in the consortium. The same holds true for the participating SMEs all of which 
already strongly collaborate with pharmaceutical industry. 
 
The HeCaToS project will generate further socioeconomic impact where also the EU’s chemical policy 
program REACH, and thus, Europe’s chemical industry, will benefit from the availability of these 
computerized systems toxicology models. Regulation (EC) No 1907/2006 of the European Parliament 
and of the Council concerning the Registration, Evaluation, Authorisation and Restriction of 
Chemicals (REACH) (18 December 2006) aims at completing registration dossiers for initially some 
30,000 existing industrial chemicals (while actually, more than 140,000 compounds have been 
registered by now). It has been estimated that under REACH approximately 1 million animals will be 
tested for repeated dose, e.g. 28 and 90 days toxicity a.o. organ toxicity , at the costs of 
approximately 110 million Euros . In general, such high turnover rates of animal lives are justified by 
the hypothesis that animal models have a high predictive value for human responses. However, as 
already mentioned before, this hypothesis is strongly corrupted by actual data demonstrating that 



the correct prediction of toxic effects in humans by animal models hardly exceeds 60% of the 
performed tests . This also implies that under REACH, the consequence of high rates of false positive 
results from current animal toxicity models may very well be that existing chemicals will be 
withdrawn from the market on the wrong premises, thus creating a potentially huge negative impact 
on the EU’s economy. This can be avoided be having more reliable chemical safety tests. It has to be 
noted that Europe’s chemical industry employs 1.2 million workers and contributes €539 billion to 
the EU economy. It is because of these reasons that the REACH regulation rules that “The 
Commission, Member States, industry and other stakeholders should continue to contribute to the 
promotion of alternative test methods on an international and national level including computer-
supported methodologies, in vitro methodologies, as appropriate, those based on toxicogenomics, 
and other relevant methodologies”. 
 
Relevance to the 3R principle with respect to the use of animals. The outcome of the work of the 
HeCaToS project will have large societal value where it will ultimately lead to significant reductions of 
the numbers of animals currently used in safety testing. This is required by major EU regulations. 
REACH emphasizes the need to reduce testing on vertebrate animals. Furthermore, the Council 
Directive 92/32/EEC (7th Amendment) establishes a prohibition to test finished cosmetic products 
and cosmetic ingredients on animals (testing ban), and a prohibition to market in the European 
Community finished cosmetic products and cosmetics ingredients which were tested on animals 
(marketing ban). Whereas the testing ban applies already, the marketing ban applies currently for all 
human health effects, except for repeated-dose toxicity, reproductive toxicity and toxicokinetics. For 
these specific health effects, the marketing ban will come into effect stepwise as soon as alternative 
methods are validated and adopted in the EU legislation, with a cut-off date on 11 March 2013, 
irrespective of the availability of alternative non-animal tests. Without appropriate alternatives, 
innovations in this economically important sector which are currently focussed on developing 
bioactive ingredients (almost like pharmaceuticals), will stop. In this respect, it should be noted that 
the EU market for cosmetics has an annual value of approximately 68 billion Euro (almost as large as 
markets in the U.S. and in Japan combined), thus employing some 142,000 people. 
 
All in all, EU’s society and economy require reliable chemical tests which better predict risks to 
consumers’ and patients’ health and also come cheaper than current animal tests. The foreseen 
outcome of the work under HeCaToS will thus have a significant impact on public health, health-care 
costs, and competitiveness of European pharmaceutics, cosmetics and chemical industry and biotech 
companies, by 
• Enabling to reliably determine potential longer-term, repeated dose adverse health effects of 

chemical entities, by developing organ-specific in silico models based on human cell and organ 
systems, thereby avoiding ‘false positive’ or ‘false negative’ reporting due to unforeseen inter-
species differences in toxicity mechanisms. 

• Enabling to determine toxicity risks much earlier and quicker in the development processes than 
through current in vitro and in vivo testing approaches, thereby shortening time needed for 
adequate safety assessments of novel chemical entities 

 
We are driven to develop such novel, well-validated in silico models for predicting heart and liver 
toxicity, in anticipation of regulatory needs for safer drugs and products. Moreover, our project will 
be a cutting edge example for clinical translation in systems biology. While we will focus on drugs - 
allowing us to connect in vitro results to data from appropriate human studies - in view of needs 
indicated above, we will also consider prototypical industrial chemicals and cosmetics, to assure 
impact within these sectors. The HeCaToS project will thus leap forward in the development of a 
human-based integrated strategy for repeated dose toxicity testing without the use of animals. The 
project will thus contribute to achieve a major breakthrough in discovery, development and safety 
assessment processes for pharmaceuticals, cosmetics and chemicals, which will also enable further 
implementation of the 3R principle. 



The outcome of our work will contribute to social innovations, and impact on sustaining the 
competitiveness of the EU’s chemical manufacturing sectors while improving the quality of life of 
people in Europe and across the world, as requested by the Work Programme 2013 on Health. 
 
In retrospect, the biggest step in achieving the impact of the HeCaToS project was made during the 
workshop organized in parallel with our final meeting in Amsterdam. Representatives of major 
regulatory bodies (the European Medicines Agency (EMA), the Organization for Economic 
Collaboration and Development (OECD) and the European Food Safety Authority (EFSA)) attended 
this workshop where they were introduced to 2 use cases generated by the HeCaToS project and 
linked to cardiotxicity and hepatotoxicity. This could potentially lead to regulatory acceptance of the 
HeCaToS assays which do not require animal testing (impact on 3Rs) and can be used for the safety 
evaluation of new medicines (EMA), but also food ingredients (EFA) and industrial chemicals (OECD). 
 
The main dissemination activities 
The HeCaToS project required a coordinated dissemination approach in order to exploit the 
possibilities within the current regulatory framework, to speed up the process of finding acceptance 
of its developed computerized prediction models for repeated dose toxicity, to support their 
implementation, and to communicate with institutions and parties involved in the introduction of 
predictive methods for chemical safety, and also to challenge a bit the politicians to feel responsible 
for the sequels of their demands in the context of the 7th Amendment and of REACH. The HeCaToS 
project has acted correspondingly, through its active dissemination strategy, according to the EU FP7 
Grant Agreement which required project participants to communicate and engage with actors 
beyond the research community. 
The Dissemination and Training Workpackage was organised as a separate Workpackage (WP13) as 
an element of the coordinating activities, under the guidance of partner Imperial College London, in 
close collaboration with the Coordinator, while the other HeCaToS partners and the international 
community of stakeholders will contribute. 
One of our main dissemination channels is the HeCaToS website. This is our primary source for 
distributing information about our project, the consortium partners involved in the work and 
bringing information about project achievements and deliverables to the scientific community and 
the wider public. 
Furthermore, all persons within the HeCaToS consortium have had an active role in presenting their 
work in publications, newsletters or national, European or even global conferences. Our 
dissemination list consists of over 140 activities which were deployed during the project period, 
while 38 peer reviewed publications were generated and 4 theses. Since some of the publications 
related to our work will be published after the project has ended, we have decided to keep the 
HeCaToS website live for another 2 years, thus enabling us to make sure that also the general project 
publications will find their way to the general public and other interested parties. Members of the 
HeCaToS consortium have participated in over 40 national and international conferences presenting 
talks and posters and engaging in direct, face-to-face communications and discourse with 
governmental, advocacy or academic opinion leaders. Consortium workshops have been organized 
on an annual basis where members of all HeCaToS partners had the opportunity to present and 
discuss scientific results as well as interact with regulatory bodies’ representatives and share ideas on 
research gaps and follow-up research activities.  A regular Newsletter was issued featuring 
biographies from key participants in the project, discussing state-of-the-art methodologies and 
modern approaches applied in the HeCaToS project and the significant results obtained 
Finally, the HeCaToS project has organised a final scientific event were several use cases were 
presented to representatives of several regulatory bodies (EMA, EFA and OECD). This event was very 
successful, due to the positive responses from these representatives. More details are reported in 
the final newsletter and relevant project deliverables. 
 



Exploitation of results 
Over the course of the project, HeCaToS has built and implemented a clear intellectual property right 
strategy. Integrating many active participating consortium partners needs a clear and coherent policy 
for the management of knowledge, intellectual property rights and other innovations. The IPR policy 
of the HeCaToS project considered that each consortium partner contributes differently with regard 
to pre-existing know-how, knowledge generated during the period funded by the European 
Commission and beyond, and with regard to allocated funds and effort, procedures, systems, 
stakeholders and users, while knowledge newly generated under the HeCaToS project, will most 
probably be co-owned. This policy also considered that commercial interests of consortium partners, 
and the requirements of the patent filing process, may need to lead to postponing of (i) publication 
and (ii) data sharing with global consortia for a grace period of 6-12 months. In view of these 
challenges, the management of knowledge, IP and other innovations, in terms of both strategy and 
execution, have been a constant priority for the Executive Board as laid down in the IP plan.  
Intellectual Property Rights have been handled in conformity with the terms of the EC Contract. As a 
condition for proper management of knowledge, at the time of signing the Consortium Agreement all 
partners had been asked to list pre-existing know-how and knowledge already protected. Each 
methodology will identify every item sensitive to IPR, both internal and external of the consortium 
and considering background knowledge. Each partner has the property of his results, and thus will be 
free to patent and disclose results from research activities funded by the project, and has had the 
right to publish the results subject to prior approval of other partners. Access rights of consortium 
partners to foreground and background IP have been laid down in the Consortium Agreement. 
The consortium has actively explored opportunities for IPR. Workpackage leaders were required 
systematically to file and report to the Executive Board new knowledge generated during the project 
period funded by the European Commission. The Executive Board was in charge of evaluating these 
opportunities of generating Intellectual Property and other innovations. The protection of the 
intellectual properties (IPs) of the project with patent applications was reviewed continuously in the 
project as soon as results appeared, and IP protection activities were initiated if applicable. The 
knowledge management framework has thus enabled real time analysis of output progress in the 
Workpackages.  
 
Partner HULAFE has generated foreground which seems potentially exploitable. As a result they have 
performed patent searches in order to assess whether a patent application has any chance of 
succeeding. The title of the potential invention is: “A predictive model for decrease in cardiac 
function due to drug induced cardiotoxicity based on circulating miRNA levels in the acute phase”. A 
Joint Ownership Agreement is currently being finalised between the TTO’s of inventor HULAFE and 
co-inventor UM. 
 



1.5 The project public website and relevant contact details 

 
Project website 
The project website was launched in early 2014 and was frequently updated during the lifetime of 
the project. Updates included press releases, news items, information on annual meetings, 
publications, newsletters and eventually our project poster and brochure. 

 



Project Logo 

 
Diagrams 

Below you can find statistics generated by the project website. We have zoomed in on the past 
period since most relevant output was disseminated during that period. 

 
Figure 3: Overall statistics HeCaToS website 

 



 
Figure 4: Sessions per country 



Photographs 
Kick off meeting,  October 3-4, 2013 at Amrâth Grand Hotel de l'Empereur, Maastricht, the 
Netherlands 

 
 
The HeCaToS consortium members during our Annual Meetings in Valencia. 
 

 
 

 



 
Table with contact details of HeCaToS  partners 

 Beneficiary  First Name Last Name 

1 UM Universiteit Maastricht Jos 
Stephane 

Kleinjans 
Heymans 

2 ROCHE F. Hoffmann-La Roche AG Adrian Roth 

3 INSPHERO Insphero AG Patrick Guye 

4 HULAFE Fundacion para la Investigacion del 
Hospital Universitario La Fe de la 
Comunidad Valenciana 

José V. 
Pilar 

Castell 
Sepúlveda 

5 ETH Zurich Eidgenoessische Technische 
Hochschule Zurich 

Ralph Schlapbach 

6 ICL Imperial College of Science, 
Technology and Medicine 

Hector 
Ian 

Keun 
Gould 

7 LUXCEL /  
AGILENT 

Luxcel Biosciences Ltd /  
Agilent Technologies Ltd. 

James Hynes 

8 EMBL European Molecular Biology 
Laboratory 

Ugis 
Fiona 

Sarkans 
Hunter 

9 GD Genedata AG Hans Gmuender 

10 MPIMG Max Planck Gesellschaft zur 
foerderung der wissenschaften e.v. 

Ralf Herwig 

11 KCL King's College London Steven Niederer 

12 RWTH Aachen Rheinisch-Westfaelische Technische 
Hochschule Aachen 

Lars Kuepfer 

13 MD Microdiscovery GMBH Johannes Schuchhardt 

14 OPTIBRIUM Optibrium Ltd. Matt Segall 

 

 

 
Note: Part 2 and 3 of the Final Report have been integrated in the Participant Portal. 


