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Summary — This paper outlines the work for which Roland Grafstrom and Pekka Kohonen were awarded
the 2014 Lush Science Prize. The research activities of the Grafstrom laboratory have, for many years, cov-
ered cancer biology studies, as well as the development and application of toxicity-predictive in vitro mod-
els to determine chemical safety. Through the integration of in silico analyses of diverse types of genomics
data (transcriptomic and proteomic), their efforts have proved to fit well into the recently-developed
Adverse Outcome Pathway paradigm. Genomics analysis within state-of-the-art cancer biology research
and Toxicology in the 21st Century concepts share many technological tools. A key category within the
Three Rs paradigm is the Replacement of animals in toxicity testing with alternative methods, such as bioin-
formatics-driven analyses of data obtained from human cell cultures exposed to diverse toxicants. This work
was recently expanded within the pan-European SEURAT-1 project (Safety Evaluation Ultimately Replacing
Animal Testing), to replace repeat-dose toxicity testing with data-rich analyses of sophisticated cell culture
models. The aims and objectives of the SEURAT project have been to guide the application, analysis, inter-
pretation and storage of ‘omics’ technology-derived data within the service-oriented sub-project, ToxBank.
Particularly addressing the Lush Science Prize focus on the relevance of toxicity pathways, a ‘data ware-
house’ that is under continuous expansion, coupled with the development of novel data storage and man-
agement methods for toxicology, serve to address data integration across multiple ‘omics’ technologies.
The prize winners’ guiding principles and concepts for modern knowledge management of toxicological
data are summarised. The translation of basic discovery results ranged from chemical-testing and material-
testing data, to information relevant to human health and environmental safety.

Key words: alternative methods, adverse outcome pathway, benchmark dose, bioinformatics, databases,
in silico, systems toxicology, toxicogenomics.
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Introduction

Toxicological research has been facing an ethical
and cost-driven shift away from the use of labora-
tory animals toward human-based cell culture
methodologies. Such in vitro assays have the
potential to be optimised for high-throughput
screening (HTS) assays, allowing entire libraries of
potential drugs, or possible toxicants, to be
screened for cellular responses (1-3). In parallel,
the relatively recently evolved high-content analy-
sis (HCA) in the field of toxicogenomics, has per-

mitted broad genomic analyses in the context of
toxicological and pathological effects (4, 5). Rapidly
evolving novel bioinformatics tools, in related
areas such as in drug discovery and cancer biology,
show great promise in helping toxicological HTS
and toxicogenomics to become more-widely appli-
cable to safety evaluations, be they for chemicals,
drug molecules, nanomaterials, or the complex
mixtures within consumer products (4, 6-9).
Detailed molecular cellular interactions and dis-
turbances exerted by environmental agents can
potentially be related to biological changes and

aThese authors were awarded the 2014 Lush Science Prize.
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adverse health effects. The Adverse Outcome
Pathway (AOP) concept considers toxic agent-
induced molecular alterations from within cells,
via the cell, organ and organism (10). The concept
aims even further than this — to be able to under-
stand toxicity effects within a population (11).

Built on the paradigm that toxicity is a disease
of excess and deficiency, for example, when per-
forming toxicogenomics studies, chemical expo-
sures serve to probe the multiple and complex
means whereby detrimental effects occur in a dose-
dependent manner (11, 12). State-of-the-art proto-
cols that allow for the expression of normal and
specific functions in human cell cultures are com-
plementary to the in silico methods required for
the interpretation of toxicogenomics data. When
combined, they serve as a novel non-animal based
tool for toxicological research according to the
Three Rs principles (8, 13, 14).

The vision for transforming toxicology research,
termed Toxicity Testing in the 21st Century, agrees
with the applicability of computational methods.
There is a focus on in vitro models for establishing
information on critical toxicity pathways signifi-
cant to, and potentially predictive of, the results
from animal toxicity studies (11, 12). A further
approach 1s to group data/agents into classes by
biomarker signature similarity, by applying
advanced clustering algorithms (8, 15). On this
basis, part of our work has been to propose proto-
cols that expand and mine toxicity data sets for
generating much needed toxicity-predicting tools,
biomarker signatures and gene sets that couple
strongly and directly to toxic outcomes.

The Adverse Outcome Pathway (AOP)
concept

The AOP concept can be seen to capitalise on the
advances in molecular toxicology and bioinformat-
ics for the mechanistic analysis of toxicity path-
ways, to build overarching toxicity predictive
workflows. Both of these strands are brought
together in the Toxicity Testing in the 21st Century
(Tox21) framework advocated in the original
National Research Council report (12). Bio-
informatics generally excels at mechanistic analy-
sis, but the bridging of mechanistic understanding
with prediction of adverse outcomes, and how to go
from in vitro data to in vivo predictions, can be
problematic. The development of better cellular
and tissue models, and the comprehensive char-
acterisation of toxicity mechanisms by using ‘Big
Data’ approaches (e.g. ToxCast and Tox21), aided
by large-scale toxicogenomics databases, are
needed here. Also, larger scale validation studies
for the AOP approach need to be developed, and
analysis methods automated, so that complex
determinations can be done in a timely and repro-

ducible manner (8, 9, 14). A division of labour
across continents is emerging between US and
European approaches. European projects have
tended to be smaller in scale and focus more on
creating model systems for academic research (16,
17). It needs to be recognised that these projects
are unlikely to be sufficiently broad in their cov-
erage of the chemical response space to be able to
build comprehensive predictive models, even with
the AOP approach. Data from large US-based
projects are needed for this, including the
Connectivity Map (CMap), Library of Integrated
Network-based Cellular Signatures (LINCS), and
the future ToxCast Phase III transcriptomics
projects (1-3, 6, 18). The European projects do,
however, generate invaluable validation data sets
that need to be properly and carefully managed
and documented for data recycling (14).

‘Omics’-based methods

A central problem with the current in vitro evalu-
ation of potentially toxic agents is that most assays
monitor cellular damage in cultured cells, instead
of trying to measure indicators (i.e. biomarkers)
that better inform toxicity in humans (19). HCA
technology, as an ‘omics’-based method, has the
potential to be a better indicator of toxicity at a
broader level, 1.e. at a systems biology level (4, 5).
‘Omics’ data on several levels, and in combination
with high-throughput phenotypic screening
results, can be integrated to reveal complex physi-
ological effects. Responses that are connected to
toxicity can then be isolated from this response-
space and used to predict dose-dependent toxicity.
Subsequently, models can be validated by using
case studies that endorse a ‘learning by doing’
approach to demonstrate the application of toxicity
pathways (and AOPs) directly for human health
risk assessment (20).

Combining the methods for a better
understanding

An early application of these toxicity pathway
models in risk assessment could be realised by
gradually incorporating novel technologies in the
form of biological read-across within the AOP
framework for grouping and classification (8, 20,
21). Connectivity mapping — grouping chemicals
together by similarities in gene expression profiles
— can be seen as a form of biological read-across,
but model-based methods can be combined to
enhance performance by putting greater weight on
similarities that are toxicity-related (6, 15, 22).
These endeavours can be achieved by extending
existing paradigms to reveal key issues that need
to be addressed, rather than worrying over large-
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scale paradigm changes in the regulatory domain.
In vitro to in vivo extrapolation (IVIVE) through
toxicokinetics presents a challenge, regardless of
the in vitro endpoints (20, 23, 24). For example, it
has been suggested that a practical starting point
would be to measure the free concentration of a
substance in solution, i.e. to compare the estimated
free concentration in vivo (e.g. in plasma or tissue)
following consumer exposure with the free concen-
tration of the same substance in the medium in
vitro (24).

Systems Toxicology Based on In Vitro
and In Silico Analyses of In Vitro
High-throughput and High-content
Data Underlies the Lush Science Prize
Award

Involvement in many EU projects related to alter-
native methods for safety evaluations of chemicals
or nanomaterials, such as SEURAT-1, NANOSO-
LUTIONS, eNanoMapper, and NANOREG 1 and 2
projects, has served to inspire our team to combine
in vitro-based and in silico-based methods for pre-
dictive toxicology purposes. Our aspirations for a
systems toxicology approach required the use of in
silico analyses of in vitro high-throughput (HT)
and high-content (HC) data (Figure 1). The molec-
ular bases of cell turnover and death induction
were addressed, and thus the work had direct tox-
icological implications (8, 14). Importantly, in
agreement with the Lush Prize aims, we applied
an animal-free testing philosophy to the genera-
tion of novel, broadly applicable means of safety
prediction based on toxicity pathway analyses. The
multi-faceted nature of our studies meant that:

— Stem cell-like transformed models (or differenti-
ating and non-differentiating progeny of normal
and tumour-derived tissues) were variably
employed.

— Analyses of transcript and protein profiles were
complemented by functional assessments (25).

— The development and dissemination of methods
for culturing the models under progressively
defined, often serum-free, conditions further con-
tributed toward the generation of increasingly
reliable safety evaluations (13).

— Bioinformatics processing tools enabled the sort-
ing of HT screening and HC screening data into
visually understandable and interpretable
results, and permitted comparison and evalua-
tion of pertinent findings against publicly-stored
reference data from various repositories (7, 8, 14)
(Figure 2).

— A ‘data warehouse’ that is under continuous
expansion was developed. This warehouse, cou-

pled with the development of novel data storage
and management methods for toxicology, serves
to address data integration across multiple
‘omics’ technologies.

— The toxicogenomic dimensions of our research
developments were clearly aligned with the
ambitions of Tox21, and furthermore, our meth-
ods have resulted in user-friendly translational
outcomes consisting of open-source data collec-
tions for informatics-driven toxicity and path-
way-based assessment of chemicals and
nanomaterials.

— Novel bio-identity descriptions of the agents were
generated by infusing ‘omics’ results into
Quantitative Structure—Activity Relationships

(QSARSs).

Some long-term benefits of the prize-
winning work

The ToxBank data warehouse will enable
researchers to avoid toxicity testing in animals
through the adoption of bioinformatics-driven
analyses of database results (e.g. data retrieved
from the Comparative Toxicogenomics Database).
Moreover, the association of toxicity effects of spe-
cific compounds to individual biomarker genes/
gene ontologies that reflect/couple relevant toxicity
pathways to cellular functions were also derived.
Both basic and clinical research data are required
to cross-fertilise the in vitro (e.g. primary cell cul-
ture and experiment-driven) and in silico (e.g.
database and bioinformatics-driven) methodolo-
gies. The tiered approach has gradually led to a
broader characterisation of the toxic concentra-
tions of selected, and potentially class-representa-
tive, agents to the level of defining their relevant
toxic modes-of-action. The utility of bioinformatics
technology applied to toxicity pathway discovery
work has been enhanced and supported by com-
prehensive use of existing biological pathways, tox-
icogenomics and other ‘omics’-related databases
and tools for systems toxicology. Furthermore, we
have successfully demonstrated to the ToxBank
and SEURAT cluster of 70 research groups the
novel application of bioinformatics technology to
in vitro-based relevant toxicity pathway discovery
work — the case in point being the analysis of
doxorubicin toxicity (see Figure 2). We aimed for
a broad scientific audience, to create an easily
understood and comprehensive methodology of
applying functional assay-derived and gene
expression profiling data for relevant toxicity
pathway discovery.

Discussion

Approaches for a Toxicity Testing in the 21st
Century-inspired, pathway-based and in vitro-
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Figure 2: The concept for database and
bioinformatics tool-driven
analyses of chemicals and
engineered nanomaterials
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W

Transcriptomics profiles of human hepatocytes treated
with a selected agent (the chemical doxorubicin is used
as an example) from the Open TG-GATEs repository are
found in databases, for example the ToxBank data
warehouse. Differentially-expressed genes are extracted.
The top 100 up-regulated and down-regulated genes (8-
hour time point, 10uM concentrations) allow for
connectivity mapping to the genomic profiles of other
agents with similar modes-of-action in the Connectivity
Map database (6). Analysis of the top 20 connectivity-
retrieved agents relative to the Comparative
Toxicogenomics Database generates hypotheses about
the disease association; cardiovascular disease, which is
the top-ranked adverse effect by p-value, is a known
side-effect of doxorubicin treatment. Adapted and
developed further from Kohonen et al. (8, 14).

based risk assessment have been widely reviewed
(2, 8, 11, 17, 20, 26), and the framework based on
AOPs has been described in detail (10, 27). Case
studies focusing on P53-activating DNA damaging
agents, as an example, point the way toward prac-
tical applications of the AOP concepts (20, 28).
Efforts are under way to accelerate progress

toward the implementation of these concepts to
embrace the Three Rs and, eventually, to realise
the One R: Replacement (1, 3, 8, 16, 26, 30). This
research is being cross-fertilised by, and performed
in collaboration with, drug development and can-
cer research programmes (1, 3, 8, 13, 25). The
development of novel cellular and organotypic
models, as well as of toxicity pathway-oriented
reporter systems, has been reviewed elsewhere (8,
13, 16, 29, 30). These are, in many cases, able to
predict drug-induced injury with moderate success
(19). Toxicogenomics has performed very well to
describe mechanisms and pathways associated
with toxicity (4, 7), and, with the advent of large-
scale collections spanning thousands to tens of
thousands of whole-genome profiles, it has become
an increasingly predictive science (4, 5, 31-33).
Statistical modelling techniques, thus far applied
to predict drug responses, will be able to encapsu-
late mechanisms associated with toxicity that are
shared by many compounds (34—36).

Considerations of statistical and biological plau-
sibility, as well as the recent modelling of exist-
ing large-scale toxicogenomics data sets, indicate
that even the current largest data sets (e.g. Open
TG-GATEs [Toxicogenomics Project-Genomics
Assisted Toxicity Evaluation System] and
DrugMatrix) may not be sufficient enough to
encapsulate all toxicity mechanisms. This can be
demonstrated in practice by using increasing num-
bers of compounds in predictive modelling,
whereby the accuracy of the model steadily
increases but this increase does not exhibit a level-
ling-off effect — this implies that even better mod-
els would have been built by wusing more
compounds (5). The minimal effective number of
compounds for comprehensive mechanistic model-
ling would therefore be above 200; optimally, it
would reach thousands. It had been inconceivable
to profile such large numbers of compounds with
whole-genome transcriptomics technologies until
the introduction of the Connectivity Map Project
(6), and its successor LINCS, which has generated,
to date, over 1.5 million profiles covering over
100,000 conditions that are publicly available and
searchable (18).

In vitro-only methods are also crucial to increasing
throughput, as for ethical, practical and cost rea-
sons, such large studies can only be carried out with
HT model systems. A further dimension is the tissue
coverage of different model systems, and the com-
plexity of the model systems that can be profiled in
such a high-throughput manner. The LINCS project
uses up to 18 relatively simple model systems that,
nevertheless, span most human tissues.
Consideration should also be given to the number of
doses involved: LINCS covers only a narrow range of
concentrations per compound, mostly a single con-
centration with many biological replicates across the
various cell types. Regardless, even using single con-
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centrations per compound can enable the creation of
relevant cross-compound toxicity pathway descrip-
tions. Thus, a two-stage plan of attack for compre-
hensive toxicogenomic space mapping emerges. This
can comprise, for instance, cross-compound model-
ling by using many compounds, which is verified
with the help of focused Toxicity Testing in the 21st
Century case studies (28), where a small number of
compounds are profiled with a large number of bio-
logical replicates (up to six) and five to eight concen-
trations that allow traditional benchmark modelling
by using scores from machine learning models or
gene set analysis that have been formulated by
using large-scale data sets (i.e. Big Data). Existing
and future HT transcriptomic platforms employed
by the LINCS and the Tox21 Phase III projects will
permit profiling with sufficient numbers of doses
and biological replicates at relatively low cost, but
operating with a reduced feature set of 800-1,500
genes (2, 8, 18). The increasingly complex, and thus
necessarily lower throughput, biological in wvitro
models can also be brought in at this stage, to gen-
erate a ‘best of both worlds’ predictive infrastruc-
ture.

Concluding Remarks

Currently, the most widely employed animal-free
risk assessment methods involve the use of chemical
structures for read-across from well-characterised to
information-poor compounds, while in vitro-derived
data have been mainly used to support these assess-
ments (21). ‘Omics’ profiling yields a very informa-
tion-rich and unbiased view of cellular processes, and
has been used to discover mechanistically similar
compounds by using the so-called connectivity map-
ping approach (6, 18). Connectivity mapping, being
very similar to read-across in concept, can be equally
applied to toxicogenomics data and will likely find
more widespread applicability in the risk assessment
context (8, 15). Case studies outlining in vitro-only
risk assessment usually apply benchmark dose
(BMD) modelling to define, in a statistically robust
manner, safe concentrations for chemicals (20, 37).
Subsequently, toxicokinetics studies relate concen-
trations used in cell cultures to blood or organ con-
centrations in vivo in humans, in order to derive safe
levels of exposure from various routes (11). For in
vitro-only risk assessment, it is also important to per-
form these investigations without resorting to ani-
mal use (23, 24). BMD modelling can also be applied
to genes and gene sets, and, perhaps, also to toxi-
cogenomics-derived predictive models (2, 20, 28, 37).

Full dose-response modelling requires large
numbers of doses that can be expensive to measure
for whole-genome transcriptomics data, but tiered
testing strategies can help by identifying doses of
interest with high-throughput cellular or reporter
assays (8, 38). A more comprehensive framework

also considers expected levels of exposure and
matches those with information requirements
increasingly filled with in vitro data, as the preci-
sion and predictivity of these assays increases (11,
39). To further the development of in vitro-only
approaches, large data masses need to be inte-
grated in an open knowledge management envi-
ronment, by using the latest bioinformatics and
modelling technologies (14, 40, 41). We consider
the future of in vitro-only toxicity prediction to be
bright, although challenging, as it can only be fur-
ther developed if there is a greater realisation of
the importance of combining the many interdisci-
plinary efforts and methods discussed above.

Ensuring the safety of chemical compounds
requires an understanding of the dose-response
relationships that underlie the induction of toxic
effects. Thus, the focus of our team is to:

a) generate analysis schemes that can reduce,
transform and decompose large data masses
into functional, predictive models;

b) consider potentially small sets of gene compo-
nents, rather than single distinguishable bio-
marker genes or gene sets;

¢) predict dose-dependency over a range of cell
types and toxicity endpoints;

d) generate ‘omics’-based scoring measures that
can also serve to rank the strength of the com-
pound safety assessment, and finally;

e) introduce a solid genomics-driven basis for
defining compound safety, both in drug devel-
opment and for environmental chemicals, i.e. to
describe the ‘omics’ changes that couple most
strongly to toxic effects.

Constituting a key challenge for the future, search-
ing for the ‘magic bullet’, i.e. single biomarker
genes or one or few endpoints that reflect fully the
AOP, may not necessarily be the correct approach.
Instead, highly information-rich ‘omics’ assays pro-
vide more complex endpoints able to measure, in
parallel, the masses of genes that are variably
involved with the numerous mechanisms that are
altered under toxicological challenge.
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