Predictive Toxicology: Applied Semantics with a
major impact on drug safety

Erich A. Gombocz, Robert A. Stanley
IO Informatics, Inc., 2550 Ninth Street, Suite 114, Berkeley, CA 94710, USA. [Correspondence: egombocz@io-informatics.com]

Summary

While predictive toxicology has been a major goal in the development of safer drugs for
quite a while, its promises have — despite major advances in analytics - been
challenged by the complexity to better understand the biological functions involved.
Specifically, while many of the observed changes in metabolites, gene expression and
tissue analytics can result from the same treatment, they most likely represent very
different biological processes. In the liver, for example, metabolites might reflect
changes in the urea cycle and intermediary metabolism, while gene expression may
guantify alterations in the immune response and signaling pathways. As such, despite
being pharmacodynamically correlated, the effects may not be directly functionally
linked within the biological system. Thus, for biomarker discovery in predictive
toxicology to be successful, it is mandatory to move from the bare collection of
observed statistical correlations towards an integrated relationship network, which
helps differentiating the effects, and by doing so understanding the biological functions
involved.

This report describes a semantic systems biology approach to predictive toxicology
which fulfills this requirement. One example is of toxicity-induced perturbations in
metabolites and genes in studies with different experimental models. The effectiveness
of integrating data and their relationships in a common ontological framework is
demonstrated. Being able to merge such observations with public resources across
taxonomies and semantic standards, an integrated network visualization and analysis
can reveal the simultaneous impact on several pathways independent of the
experimental layout and qualify common biomarker panels which otherwise would go
undetected.

The insights gained from semantically joining coherent findings despite their different
methodologies allow researchers to better understand how the organism responds to
experiment-induced system changes and to recognize mechanistic aspects of toxicity
biomarkers at a functional level. The resulting combinatorial marker profiles can then
be refined, validated and applied to predictive screening of new drugs for toxicity.

Challenges

e Biological system networks and pharmacodynamic correlations are not
necessarily functionally linked.

e Understanding biological systems to predict phenotypic outcome on toxic
responses is still very incomplete and in its infancy.

e In many cases, data relationships are not a priori contained in the data sets.

e Data coherence across different taxonomies, ontologies, non-standardized
vocabularies is challenging.

o Data type-specific approaches and pre-defined taxonomies are not generally
applicable across experimental and public domain data resources.

e Complexity of network analysis in general and lack of intuitive, science-driven
tools makes such approaches non-appealing to researchers.

e Scalability and performance of RDF/semantics-based knowledgebases may
restrict query, inference and reasoning across the entire dataset.

Experimental Models

Panel of several hepatotoxicants, single oral dose (placebo, low, mid, high) in
groups of 4 rats, at 6, 24 and 48 hrs.
Metabolomic analysis of liver, serum and urine (1,603 metabolites).

e Microarray analysis of liver and whole blood (31,096 transcript probes).

Methodology

Integrate —-OMICs data for common accessibility into coherent datasets |

Find metabolites and genes with significant perturbation
[Quantitative metabolomics via LC-MS and gene expression profiling via microarray analysis]

PCA transcriptional and metabolite data independently to enable unbiased sample grouping by dose and time |

(

Query entire project dataset for statistically significantly perturbed metabolites and genes |

Map results into a semantic framework to visualize, explore and analyze data relationships |
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Map pathways from public sources to experimental data within a common ontology ‘
[enzymes, encoding genes, metabolites and mechanistic functions]

I Reduce network complexity: apply criteria for connection depth, numeric scaling and weighting |
l |
l Perform graphical, textual and SPARQL queries, then re-plot the resulting sub-networks l

representing sets of ccimbinalorial biomarkers
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' Save arrays of refined SPARQL queries as Applied Semantic Knowledgebase (ASK) |
J

I Apply ASK to unknown drugs for toxicity screening

Results & Discussion

e A single observation is most likely the result of many different and intertwined
biological responses.

e Merging multi-modal datasets into a common ontology knowledgebase and
association with canonical reference sources provides insights in processes
involved in toxicity on the organism level.

e The semantic approach overcomes most obstacles for meaningful data
integration by applying import mapping, thesauri for synonyms or naming
inconsistencies, and ontology merging across classes and hierarchies.

e Being able to take advantage of existing ontologies (such as GO, Pathway
Ontology), the analysis of the resulting network of multi-OMICs experiments
combined with public reference resources and pathway information enabled us
to visualize, query and qualify biomarker profiles with regard to their systems
biological relevancy for predictive toxicology.

e Creating, refining and validating combinatorial biomarker models for toxicity
can be done by any domain expert via direct selection of network nodes on the
graph to automatically generate a visual semantic query (SPARQL) containing
the characteristic pattern without programming.

e Arrays of such SPARQL queries representing different types of toxicity are
stored as Applied Semantic Knowledgebases (ASK), which are directly
applicable as drug safety decision support in screening.

(@ TOX_genes_metab_pathwaysdi fda6.n3 - Sentient Knowledge Explorer |l=|&]| = |

File Edit View DataSteres Tools Help

45l Import Biomedical Ontology from Web...

| Service: (@ Sentient Thesaurus Manager

File Help
[ [ 2007NALT thes | snomed200700731 thes |
Dic...Df - | |Bishydroxycoumarin, Dicoumarol, Dicumarol,
Dicloraciin sodum 126mg cap - | |1 3

Re Dicloxacilin sodium 250mg cap
T8l Ontologies Diclaxacilin sodium 500mg cap| =
)| Didokailin sodium 62 5ma/5m
Ontol Versi Crest Desci Dicobalt edstate {product) -l SearchResults ‘
= — = escrpton Dicobait edetate feubstance) —_
Gene Ontology 11102 Gene Ortology  Provides structured controlled vocabulane] | | Dicobat edetate 15mg/mL inje:
Gene Ontology Extension 1.0 Gene Ontology Gene Ontology Extension Dicobalt edetate adverse react Entry Group
Gene Regulation Ortology 0.5 Vivian Lse The BOOTSirep Orto 1| |Dloobatt edetate aleray (dsord
e Tieg "otion - ntogy ian e rep Ortology s a 6onceptual| | | icqfol (substance) Dichlorobenzene Dichlorobenzene fsubstance)
Gene Regulation Ortology 0.5 Vivian Lee “The Gene Reguiation Ortology (GRO) s | | Dicopac test {procedure) Do E s
Generdl Fomdl Ortology 1.0 Heinrich Heme  The General Fomnal Ortelogy (GFQ) s ata)| | Dicotyledon forgarism) michierbenzens mDichlrobenzens lsubstanos)
General Fommal Ortology... 1.1 Robett Hochndorf  GFO-Bio is @ bilogical core ontology built ggg:::j:ﬁk‘ﬁ‘;ﬁ;’] D pDi faubstancs) | =
GeoSpecies Ortology  beta Peter J. DeViies  This ontology was designed to help ntears)| | Dirocoslium dendricum forgar 0-Dichlorobenzens o-Dichiorobenzene (substance)
Habronattus courtship  urknown  Hitp://www Ad... A demonstration of ontology construction 31| | Dicrocoslium hospes forganism Do, Db -
HePCs 2010 Cyrithia Hake Healthcare Common Procedure Coding Syl gg‘a’"‘ncn E:‘f: ‘f;'r‘“‘*s‘;‘ng)) oenoroenzene o Dichlorsbenzene fsubstance) | |
Binstal| | Heakh Level Seven 0230 Methodology an... This version s the st update to Normativ | | Dyetamnus lbus oroanism) 1.2-Dichlorobenzene o-Dichlorobenzene (substance)
12di| | HOM Hosptal Discharg.. 1.1 Ketty Mobed HL7 nationly desigriated discharge codef | | Dictated operative report frecor 13D mDi fsubstance)
i | Dictyocaulus (organism) .
t4di| | HOM_UCSF_UCare De.. 12 Kty Mobed UCSF-UICoe Demagrphios tems nd deg | | Datocauhs frsanier) oD eubetance)
bromf| | HOM_UCSF-UCareTabl... 1.1 Ketty Mobed Column names inthe UCare Table DISCH| | | picivocadks camel (ogariem)
galacty)| | HUGO Jaiy2010 Dr. Bspeth Bnf...  Human Genome Organisation (HUGO) Gel| | Dictyocavlus fiaria forganism) Trichlorebenzene Trchlorobenzene fsubstarce)
monod| | Human developmental a... 1.3 EMAP Administr.. A structured cortrolled vocabuiary of stagd | | Dictyocaulus species (organis Dichlorophene Dichlorophene (product)
trof| | Human developmentala... 13 EMAP Adminstr.. A stuetured cortrolld vcabulary o stagd)| | JH002uULs viviaus organs
o | P .. - 1y of 1395 | | Dictyosporium (organism) r cr {aubstance)
Human developmentala... 1.3 EMAP Administr. A structured cortroled vocabuiary of stagd | | Diemarol (produc rwm—
Human dissase unknown Human_dissase .. Creating 3 comprehensive hisrarchical cor Dnmmam\ (substancs) ubstance
Human Phenotype Ontol... nknown Peter N The Human Phenotype Ortology is being Bm:.'il 2mg tablet ""(;‘:,‘g
Hymenoptera Anatomy .. SVN Revii.. HAD developers A sinuciured controlied vocabulary of the | | Digyclomine product)
1cD10 1998 Word Health Or...  Intemational Statstical Classfication of Dig| | Dicyclomine fsubstance)
ICD0CM 2010_03 Patricia Brooks  Intemational Classfication of Diseases, 10/ | Dicyclomine adverse reaction (i ™

ICO-10-PCS 2008 Pat Brooks 1CD-10-PCS, 2009 EE
ICPC2PLUS 2005 Prof Helena Bitt  ICPC-2 PLUS Il
ICPS Network 20 OscarCorcho  Ontology network about Patiert Safety Ingl| oo
IMGT-ONTOLOGY 100 Vérorique Giudi...  IMGT-ONTOLOGY is the first ontology for
Infectious disease unknown Lindsay Cowsll
Influenza Ortology See Remots...  Burks Sauires EntrezID
i AT AN OANOTAE Al Bitoboon oo lofortin At bl MRS~ e ol o b bt it A b T Name
T i ; Denrpion B
_ ||| Orgname |
D CurentiD i
= i ;
Status; Ready

Fig. 1: Data integration framework: Merging ontologies and harmonizing with thesauri
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Fig. 2: Ontology merging and incorporation of public resources and pathway
information
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Fig. 3: Graphical SPARQL query: Test, refine and apply profiles for predictive
toxicology

Conclusions

Using a semantic, common ontology framework to explore toxic perturbations in large
metabolic and genomic datasets across multiple toxicants and tissues to obtain marker
profiles for predictive toxicology, we were able to:

e Correlate metabolites across different treatments to ascertain commonality of
effects for a class of drugs.

e Review effects of a single toxicant across tissues to explore commonality of
biomarkers in the best tissue for diagnostics.

e Qualify potential combinatorial biomarker profiles for toxicity across tissues and
categories of toxicants and gain insights in complex biological functions
involving multiple pathway dependencies.

e Validate those toxicity marker profiles on other known toxicants in their
response to known common mechanisms of toxicity such as oxidative stress
(Glutathione metabolism), liver function (Bile acid and Urea cycle) and
Ketoacidosis.

o Refine the combinatorial marker profile with additional pharmacodynamically
and biologically linked components and investigate their functional relevancy
for inclusion into a broad predictive toxicology marker set.

e Applied Semantic Knowledgebases represent a major advance in
combinatorial marker-based prediction of drug safety at a very early stage in
the drug discovery and development process and facilitate informed risk
assessment for go/no-go decisions based on biologically relevant response
profiles.
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