
Featu
res

�P
E
R
S
P
E
C
T
IV
E

PERSPECTIVE Drug Discovery Today �Volume 16, Numbers 15/16 � August 2011
feature

Molecular clinical safety intelligence:
a system for bridging clinically focused
safety knowledge to early-stage drug
discovery – the GSK experience
Dana E. Vanderwall1,7, Nancy Yuen1,*, Mohammad Al-Ansari2,7, James Bailey3, David Fram2,8,

Darren V.S. Green4, Stephen Pickett4, Giovanni Vitulli5, Juan I. Luengo6 and June S. Almenoff1,9
Drug toxicity is a major cause of late-stage product attrition. During lead identification and optimization

phases little informationistypicallyavailableaboutwhichmoleculesmighthavesafetyconcerns.Asystem

was built linking chemistry, preclinical and human safety information, enabling scientists to lever safety

knowledge across multiple disciplines. The system consists of a data warehouse with chemical structures

and chemical and biological properties for �80 000 compounds and tools to access and analyze clinical

data, toxicology, in vitro pharmacology and drug metabolism data. Tapping into this safety knowledge

enables rapid clinically focused risk assessments of drug candidates. Use of this strategy adds value to the

drug discovery process at GSK via efficient triage of compounds based on their potential for toxicity.
Introduction

The pharmaceutical industry has made great

strides in the discovery of effective medicines,

but making early predictions about the safety

profile of new medicines remains challenging.

Between 1991 and 2000 only one in nine com-

pounds that made it through development was

approved by European or US regulatory autho-

rities [1]. Unforeseen adverse reactions can have

serious health consequences for patients and

can be responsible for serious negative impacts

on the productivity of R&D efforts. Although

several in silico systems have been developed to

predict preclinical toxicology and drug meta-

bolism [2–4], there is a significant unmet need

for tools that can help predict the human safety

profile of novel drug candidates. A data mining
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approach linking chemical substructures to

adverse drug reactions has been previously

described [5]. The molecular clinical safety

intelligence (MCSI) system described here is a

first-in-class prototype system that harnesses a

much broader range of knowledge, encom-

passing the body of existing preclinical, chem-

istry, toxicology, metabolism, pharmacology and

clinical safety information, to improve the

detection and management of clinical safety risk

in early drug discovery.

Closing the knowledge gap that exists in

traditional drug discovery

New compounds in the drug discovery pipeline

are first carefully tested in the laboratory and in

animals, and if no obvious safety problems are
1359-6446/06/$ - see front matter � 2011 Elsevi
found using these models the compounds are

progressed to human clinical studies. Drugs

found to be safe and effective in human clinical

studies are then introduced to the market where

they can be widely prescribed. As shown in Fig. 1,

the traditional flow of knowledge in drug dis-

covery has been one-way, without systematic

feedback of the large body of human safety data

to early phases of drug discovery.

As illustrated by the complete cycle shown in

Fig. 1, MCSI was developed to close this

knowledge gap between early drug discovery

and human safety experience by capturing

human safety data for thousands of drugs and

adverse events and integrating it with chemistry,

toxicology and pharmacology data. This enables

scientists working in early drug discovery to have
er Ltd. All rights reserved. doi:10.1016/j.drudis.2011.05.001
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FIGURE 1

TheMCSI system. Currently, the cumulative knowledge associated with a drug candidate flows through the pipeline in one direction, from the early to late phases,

with little systematic feedback to early drug discovery. With scientists in different disciplines separated by as many as 10 years along the progression path, this

leaves a gap between the clinical knowledge and the next generation of medicines. MCSI creates a feedback loop that closes the knowledge gap between early

drug discovery and human safety experience.

a Sets of marketed drugs were screened in all

available GSK macro-molecular target assays,
including targets in the drug discovery portfolio, as

well as targets associated with a known safety

liability. Every compound was tested in every assay

at a single concentration, followed by a determi-
nation of full dose–response curves for any com-

pounds active above a threshold determined to be

appropriate for each assay. In total, dose-response

curves were determined for 54 000 compound-
target combinations.
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access to practical tools to draw directly from

this knowledge base and shape the human

safety profile of the next generation of drugs.

Overview of the approach: broad data

integration with a focused delivery to the

target audience

The MCSI software was developed through a

collaborative effort between GlaxoSmithKline

(GSK) and the Phase Forward Lincoln Safety

Group. The objective was to create a software

system that helps minimize safety-related attri-

tion of clinical candidates by linking, and making

available for quantitative analysis and modeling,

a broad array of data about tens of thousands of

drugs and drug-like compounds. A schematic

overview of the system architecture is shown in

Fig. 2.

The core of the system is a specially engi-

neered data warehouse integrating public and

internal data on: chemical structures, chemical

descriptors and physicochemical properties;
drug metabolism, pharmacology and toxicology;

and quantitative and qualitative human safety

data (examples of the data are illustrated below).

Surrounding this core is a suite of query, visua-

lization and modeling tools that can be applied

to the data in the warehouse to identify potential

safety liabilities for new compounds and to

inform the understanding of observed toxicities

during preclinical and clinical testing.

The data warehouse contains safety-relevant

information on �80 000 drug and drug-like

compounds from three primary, and initially

highly disparate, streams:

� P
roprietary data consisting of:

i. in vitro pharmacology profiling of mar-

keted drugs generated using the GSK

internal compound screening platform

ii. physicochemical properties and ADME

models [6,7] calculated using GSK-internal

algorithms

iii. a GSK-internal library of chemical struc-

tural alerts
Pharmacological, metabolic and toxicological
�
data abstracted from >50 000 peer-reviewed

articles and reference sources

� Q
uantitative human safety data derived from

databases of spontaneously reported adverse

drug reactions

To populate the first stream of proprietary

data, GSK mounted a systematic effort to screen

1800 marketed drugs through pharmacological

target assays available across GSK discovery

research.a In addition, several in silico models
www.drugdiscoverytoday.com 647
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FIGURE 2

MCSI system architecture.
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 were used to calculate physicochemical

and pharmacokinetic parameters important

for improving drug ‘developability’ [8].

Finally, the compounds in MCSI were

indexed against a library of chemical

fragments associated with toxicity liability

that GSK staff had previously compiled from

the literature.

To populate the second stream (i.e. pharma-

cological, metabolic and toxicological data), GSK

contracted with GVK BIO, a discovery-stage

contract research organization (CRO) that

assembles and curates such data on marketed

compounds, clinical candidate compounds and

other drug-like compounds from the published

literature (i.e. journal articles, patents, and drug

labels) http://www.gvkbio.com/informatics.html

(Accessed April 2011).

To populate the third stream (i.e. quantitative

human safety data), GSK made use of the dis-

proportionality analysis (DPA) scores generated

by the EmpiricaTM signal safety data mining

software. This safety data mining software
648 www.drugdiscoverytoday.com
operates over large-scale spontaneous reporting

system databases, including the FDA Adverse

Event Reporting System (AERS) database and the

World Health Organization (WHO) Vigibase

database [9–12]. The DPA scores provide a

quantitative estimate, based on relative report-

ing rate, of the strength of association between

each given drug and a given adverse event term;

their inclusion is fundamental to MCSI, enabling

identification and modeling of relationships

between empirically observed human safety

outcomes and the biological or chemical prop-

erties of drug compounds.

A major engineering effort was required to

integrate the information from these disparate

sources into a ‘coherent whole’. The central

element tying all of the information together is

unique chemical structure: from a given che-

mical structure one can navigate to all of the

information associated with the corresponding

drug compound, whether it originated from

internal pharmacological screening, abstracted

published literature or DPA scores from adverse
event databases. Because compounds were

represented by various flavors of SMILES or

Molefiles in their respective databases or, in the

case of AERS and Vigibase, simply as generic

drug names, significant challenges were faced in

standardizing representations, matching drugs

and compounds, and ultimately representing

their chemical structures in a format that is

compatible with the front- and back-end che-

mically aware software components used by the

system. Manual curation was required to resolve

discrepancies in chemical structure for the same

chemical, as well as possible synonyms for drug

names, species, targets or toxicology terms, and

to ascertain that the same term in different data

sources had the same meaning.

To fully realize the potential of this large,

integrated body of data a suite of query, visua-

lization and modeling tools was built to support

specifically targeted queries and analyses, as well

as the flexible exploration of the data. Because

an innovative drug implies a novel chemical

structure, one of the primary means of querying

http://www.gvkbio.com/informatics.html
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the system is to draw the chemical structure of a

compound (or of an idea for a compound) and

look for any compounds in the database that are

similar in structure (whole or partial) – the most

common query a medicinal chemist poses in all

systems or tools. The data associated with any of

the ‘neighbor’ compounds subsequently

retrieved by this type of query provide insight,

by association, into the potential properties or

toxicities of the novel compound used as a query

probe. Thus, the system can be interrogated

using compounds (or ideas for compounds prior

to synthesis) from any phase of development.

Query and analysis results are presented as

interactive, scrollable tables and graphs that

offer point-and-click drilldown to full compound

details. After a list of compounds related to the

novel compound has been generated the fol-

lowing questions can be evaluated:

� A
re there compounds with similar structures

that have associated safety concerns?

� W
hich particular structural features appear

most associated with a particular adverse

event and/or toxicity?

� Is
 the biological target for a novel compound

associated with adverse events?

� Is
IV
E

there evidence that the novel compound

could be metabolized to toxic intermediates?

Are there options to potentially block this

metabolism?
C
T
� Is
Fe
at
u
re
s
�
P
E
R
S
P
E

the novel compound likely to have

unanticipated biological effects (i.e. off-target

activity)?

It is also possible to construct queries, build

datasets and examine the properties for all drugs

that:

� E
xhibit a particular adverse event

� W
ork via a particular mechanism of action or

have affinity for a particular pharmacological

target

� H
ave specific physicochemical or pharmaco-

kinetic properties.

Applications in drug discovery

Structural similarity to compounds with
safety concerns
The most common usage scenario for MCSI is to

start out with a compound of interest and then

to search for structurally related compounds for

which there exist known safety or toxicity data.

The structural relationship can be based on

overall structural similarity or by inclusion of a

specified fragment of the compound of interest

(i.e. a ‘substructure search’). The basic premise is

that structurally similar compounds can have

similar chemical or biological properties. This

‘similar property principle’ is the basis of the

science and methods behind the field of
computational chemistry [13]. If a user of MCSI

identifies compounds with documented toxicity

that have a clear relationship to the user’s novel

compound then the user has learned about

important potential chemical or biological

properties of the novel compound, which might

not have been previously anticipated or tested

for. This is an exploratory approach intended to

generate hypotheses, not a prediction based on

a statistical model with an estimated measure of

confidence. All information identified in the

analysis of query results has to be carefully

interpreted in the context of all additional

knowledge, and with the relevant content and

therapeutic area experts engaged. This can be

valuable at the lead identification stage to assist

in the prioritization of potential chemical series

for further testing and elaboration, when there is

typically a dearth of data available with which to

distinguish among them. In a lead optimization

program fragments or chemical motifs with a

history of safety or stability issues can be avoided

in the design of new molecules.

The example in Fig. 3a illustrates a query

designed to investigate the core structure con-

taining a thio-urea within the 6-membered ring

(see TQZ-001). This type of query can be drawn

with more or less restriction on the definition of

the probe chemical structure, to look more

broadly at related compounds or to enable a

more focused investigation. In the example

shown the list of identified compounds contains

a marketed drug, propylthiouracil, which is, in

fact, a very close match for the original structure

of interest (Fig. 3b). The data associated with

propylthiouracil within the MCSI system reveal

metabolic transformation of the core structure of

propylthiouracil to a reactive metabolite, and

subsequent toxicity and adverse events asso-

ciated with that metabolite. MCSI contains a

pointer to a study that demonstrates formation

of oxidative metabolites of the sulfur [14]. It also

points to a study that demonstrates that these

metabolites can react in a non-specific way with

cysteine residues on the surface of proteins (by

way of a nucleophilic attack by the cysteine thiol

on the labile oxidized sulfur of the drug meta-

bolite) [15]. Further, MCSI points to another

informative study in which protein adducts of

themetabolite have been detected and linked to

subsequent immune-sensitization and toxicities

[16]. Finally, MCSI contains the information that

reveals manifestations of these toxicities were

clinically observed in adverse events reported in

post-marketing databases.

The information relating to propylthiouracil

retrieved by the MCSI query, after consideration

by the program team chemists along with
scientists in preclinical drug metabolism, phar-

macokinetics and safety assessment, could assist

in the design of experimental follow-up to

confirm the potential metabolism or toxicity of

the novel compound(s) in development, or

suggest specific kinds of monitoring of future

data in the program for emerging evidence of

similar issues. In the historical case in question at

GSK the program team working on the chemical

series was at a very early stage in the discovery

process, so the information uncovered by MCSI

led to the decision to discontinue further work

on this chemical series and to shift resources

toward alternative series. Although the mar-

keted drug propylthiouracil and its associated

safety issues were familiar to personnel in clinical

safety, the medicinal chemists in early drug

discovery were not familiar with either the drug

or the studies characterizing the metabolic-

induced liability. This further highlights the value

of a system that encompasses thousands of

drugs and clinical candidates and spans data and

expertise across multiple and diverse scientific

and medical domains.

Identification of off-target activity

Although access to a broad cross-screening

capability is often available either internally, or as

an outsourced capability, few of the two million

compounds that comprise the GSK HTS library

will have been profiled across the full range of

targets for which assays exist. Consequently, the

ability to gain insight into possible secondary

target activities for compounds identified as

active (i.e. primary) in a HTS exercise would

contribute to objective prioritization of chemical

series worthy of resource commitment. The data

integrated in MCSI include biochemical assay

data from two types of sources: (i) assay data

extracted from peer-reviewed literature and (ii)

assay data generated at GSK in profiling a set of

marketed drugs [17].

If the result of a query reveals compounds

with similar chemical structure for which biolo-

gical assay data are present in the MCSI data-

base, these data can be interpreted as

suggesting possible biological activities for our

probe compound. There are limits to the inter-

pretation of these data, given the lack of enough

data to establish a true structure–activity rela-

tionship. Nevertheless, if the similarity between

the molecules is judged reasonable by an expert

in medicinal chemistry, and the documented

alternate activity could impact the development

of that chemical series, then that activity could

be validated experimentally.

An example below illustrates the result of

using compounds identified by HTS for a
www.drugdiscoverytoday.com 649
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FIGURE 3

(a) MCSI’s ‘quick report’ interface. (b) Query results displays top-line safety information for retrieved compounds (i). Drilldown on a compound gives further detail
such as quantitative clinical safety scores (ii), metabolites (iii) and toxicity mechanisms (iv).
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FIGURE 5

Quinone imine substructure searched within MCSI.
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Compound structures. Use of chemical similarity searches for compounds 2 and 3 ‘reveal’ DR4004 and TAK802, which have off-target activity.
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G-protein-coupled receptor (compounds 2 and

3; Fig. 4) as query probes. A query using chemical

similarity highlighted the compounds named

DR4004 and TAK802 within the MCSI database.

Information stored within MCSI indicates that

DR4004 is an antagonist of the 5HT-7 and

dopamine-2 receptors; it was subsequently

shown that similar activities were measured

for compounds 2 and 3. MCSI contains the

information that TAK802 inhibits human ery-

throcyte-derived acetylcholinesterase with a Ki
of 2 nM. The program team might not otherwise

have been able to anticipate this as a potential

liability of compounds 2 and 3, because no assay

was available in-house for acetylcholinesterase,

an activity with important biological implica-

tions. However, such an assay could easily be

developed and the candidate compounds

optimized to eliminate the effect of that off-

target activity.

Identification of potentially toxic

metabolites

As a program optimizing early leads eventually

progresses to preclinical safety studies the

potential for a compound to undergo metabolic

transformation is studied. A system like MCSI can

be used to study the identified or suspected

metabolites to: (i) identify other parent drug

structures shown to form similar metabolites and

the routes by which they are formed; and (ii) to

assess, given other compounds or drugs that

form similar metabolites, whether a link between

those metabolites and toxicity has been

observed. A substructure search using the
quinone-imine fragment (shown in Fig. 5)

identifies 280 compounds for which that

fragment is present as a substructure within a

metabolite, as well as 20 compounds where that

fragment is part of the parent structure. Nine of

the 280 compounds were metabolites of a

marketed drug; of all the types of compounds

included in MCSI the marketed drugs (with the

associated human safety data) are the most

valuable subset, and take precedence in the

interpretation of a set of results. The remainder

of the compounds were preclinical candidates,

many of which contained limited data, for

example only toxicology data. Of the nine

marketed compounds, eight of them displayed a

reactive metabolite with associated clinical

cytotoxicities, including hepatotoxicity; and for

one compound the quinone-imine was part of a

larger ring structure. Among the nine com-

pounds were acetaminophen and minocycline,

for which liver toxicity is associated with the
formation of the quinone-imine-containing

metabolite via oxidation by cytochrome P450

subtypes E and D [18,19]. The ability of the

system to include the metabolite structures in

the chemical search for drugs (and associated

data) obviates the need for an individual med-

icinal chemist to possess an encyclopedic

knowledge of the metabolism of all the chemical

structures and anticipate the routes by which the

same metabolite could be formed from different

parent structures.

Exploring the relationship between

adverse events and target activity

The exploration of possible relationships

between clinical adverse events and the bioas-

say-measured target activity of drugs starts with

a query of MCSI for a particular adverse event.

The user can retrieve all drugs with reported DPA

scores for an adverse event as well as the values

from measured experimental data from the GSK
www.drugdiscoverytoday.com 651
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FIGURE 6

On-demand visualization of relationships between a quantitative clinical adverse event and receptor bindingwith simple drill-down access tomolecular and other

relevant information.

Featu
res

�P
E
R
S
P
E
C
T
IV
E

internal biochemical target assays. An on-

demand visualization tool in MCSI using

SearchIRIS from Visual ijob enables one to

explore such potential relationships. An

illustration of the relationship between

dopamine receptor D2 target activity and the

adverse event tardive dyskinesia is shown in

Fig. 6.

The integration of in vitro target data with

clinical adverse event data establishes a tangible

link between human safety knowledge and the

GSK experimental platforms. This could be an

area of potential applicability of MCSI to

biotherapeutics. If there is a relationship

between a pharmacological activity and an

adverse effect the drugs that target this parti-

cular pharmacological activity in vitro (through

any modality) and the associated clinical adverse

event can serve as benchmarks against which

novel compounds can be screened for toxicity

potential.
b SearchIRIS is a trademark of Visual ijo. Product
image � Copyright 2002–2008 Visual ijo.
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Concluding remarks

MCSI breaks with conventional processes and

information flow in two important ways: (i) by

providing tools that enable the analysis of

potential safety issues of drug molecules in the

early phases of the drug discovery process; and

(ii) by providing a way to link human safety

information to the experimental platforms used

in early drug discovery. In conventional

drug discovery and development across the

industry, hundreds of variants of new drug

molecules are evaluated before a small number

of candidates are selected for subsequent

laboratory safety testing in cells and animals.

Much of the early evaluation relies on scientists’

prior experience and domain knowledge

of the therapeutic area. MCSI offers medicinal

chemists and biologists tools to connect the

structure of new drug candidates with vast and

distributed sources of data relevant for under-

standing their potential human safety impact,

and it rapidly informs GSK scientists of potential

safety implications of new drug molecules –

often before they are even synthesized, and well
before they reach the stage of laboratory safety

testing.

The examples described show early promise

of an approach to safety-driven drug design at

GSK based on providing previously unavailable

knowledge and analytical tools to early-stage

drug development. Possible future enhance-

ments include access to more complete datasets

through potential collaboration with other

organizations, and integration with other tools in

use in the research environment.

A further benefit was the fostering of colla-

borative problem solving across disciplines that

have not generally interacted to date. Traditional

drug development involves the hand-off of drug

molecules from medicinal chemists into precli-

nical testing, followed by a transition to clinical

study. The expertise of clinically oriented med-

icine or pharmacology is generally not tapped

during very early development by medicinal

chemists. Interaction between medicinal che-

mists, drug metabolism experts and clinicians

was increased; each area brings acuity to the

interpretation of data from the MCSI tool, for the
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overall goal of reducing the attrition of potential

drugs in development.
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