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The cost to bring a new drug to market in 2007 will exceed $1.3B, and it will have taken

16 years to move from inception to market. Pharmaceutical research and development

costs will exceed $35B in 2007, up from $3B in 1980. Productivity, measured in terms

of NCE or NME approvals per year, will remain flat or will decrease—a trend that has been
comnsistent since 1996. Pharmaceutical companies must evaluate many diverse opportunities
to decrease R&D costs and increase productivity and profitability. Informatics organizations
have risen to the challenge of decreasing operating costs while delivering increased business
value through a variety of innovative technologies discussed in this review.

ELSEVIER

Strategies to support drug discovery
through integration of systems and data

Chris L. Waller, Ajay Shah and Matthias Nolte

Chemistry Informatics, Pfizer Global Research and Development, Pfizer, Eastern Point Road, Groton, CT 06340, United States

Much progress has been made over the past several years to provide technologies for the integration of
drug discovery software applications and the underlying data bits. Integration at the application layer
has focused primarily on developing and delivering applications that support specific workflows within
the drug discovery arena. A fine balance between creating behemoth applications and providing
business value must be maintained. Heterogeneous data sources have typically been integrated at the
data level in an effort to provide a more holistic view of the data packages supporting key decision
points. This review will highlight past attempts, current status, and potential future directions for

systems and data integration strategies in support of drug discovery efforts.

Introduction

No review on drug discovery would be complete without a brief
review of the pressures that shape the industry. It has been
reported that an estimated 16 years and an excess of $1.3B will
be required to bring a new drug to the market in 2007 [1]. Many
factors have contributed to this trend that has produced an
increase in the cost and time and a decrease in the profit associated
with drug discovery and development (Figure 1). Among the well-
known external factors are (1) increased scrutiny of drug safety
assessment that increases dramatically the cost incurred during
the clinical stages, (2) generic competition, and (3) re-importation
[2]. While these factors are largely outside the direct control of
pharmaceutical companies, there are a number of factors that are
internal to the business and can be used as levers in reducing the
overall time and cost to bring a drug to the market. Many com-
panies have invested heavily in a wide variety of technology
solutions in order to increase productivity and efficiency.

To date, these investments have not yielded results on par with
the level of investment (Figure 1) and that has left most large
pharmaceutical companies looking for additional cost saving
opportunities, either in the core drug discovery business
units (chemistry, biology) or in the functional support lines
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(informatics). A recent IBM report speculates that a 5% improve-
ment in productivity at the early research stage can save $9.9
million per New Chemical Entity (NCE), but more significantly,
can reduce the discovery time by 3.3 months [3]. This time
difference can determine whether the NCE results in a drug or
loses in its competition.

Informatics imperatives

In the mid 1990s consultants at Accenture surveyed the infor-
matics landscape in the pharmaceutical sector, in an effort to
understand better the value proposition. The results of this survey
suggested that there was, in general, a consistent lack of forward-
looking strategies. Specifically, it was suggested that in order to be
successful, it was imperative that informatics/information tech-
nology groups do the following: (1) establish an integrated infor-
matics strategy that defines and prioritizes activities on the basis of
the impact on discovery (business) goals, (2) drive informatics with
an integrated view of process, people requirements, and impact,
(3) implement an integrated data and application architecture to
support the needs of individuals and functional and therapeutic
areas via integration, (4) build integrated decision support solu-
tions to support the business process, and (5) focus on generating,
integrating and delivering knowledge to the entire organization
that enables rapid and consistent analysis and decision-making on
the basis of common goals and values.
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FIGURE 1

Annual research and development expenses for the pharmaceutical industry and productivity measured as the number of new molecular entities during the

period 1980-2004 [1].

Evolutionary pressure on informatics systems through
advances in science and technology
The late 1980s and early 1990s witnessed the emergence of combi-
natorial/parallel chemistry and high-throughput screening (HTS)
as mainstream technologies utilized in the drug discovery process.
Before this, the typical drug discovery program would involve
designing, synthesizing, and evaluating hundreds or maybe thou-
sands of candidates. Computational models used for the design of
new compounds were routinely created using data sets of fewer
than 100 compounds and the techniques were optimized for this
low-throughput scenario. As HTS and combinatorial chemistry
emerged, it was quickly determined that many of the techniques
that were used to design new compounds, such as quantitative
structure-activity relationship (QSAR) modeling and structure-
based drug design techniques, did not scale to accommodate the
dramatic increase in input. New techniques, such as binary QSAR
[4] and rapid docking and scoring [5,6], were developed as deriva-
tives of the older methods to meet the emerging needs of the
shifting drug design paradigm, with the goal of adding decision-
making data points earlier within the discovery workflow. Addi-
tional informatics capabilities that were developed to support the
evolving drug discovery process included (1) in silico library design
and analysis [7], (2) large-scale data management techniques to
support analysis of the human genome [8], (3) receptor/target
characterization techniques [9], (4) similarity searching techniques
in 2D and 3D structure databases [10], and (5) the creation of
conformationally rich databases to search for pharmacophores [11].
In addition to the novel computational methods that were
developed, entirely new techniques were designed and implemen-
ted to capitalize on the growing amount of information stored in
the databases, which were being created as a result of the new drug
discovery paradigms. Data warehousing and mining techniques

were introduced to allow better and effective analysis of millions of
data points [12]. Information exploitation became a popular term,
if not a real activity, in this time frame as well. Finally, the field of
knowledge management [13] was popularized in an attempt to
capitalize on the shared learnings of others in our journeys to
discover the next blockbuster drug, which might already be hid-
den in our vast databases. In total, these techniques were devel-
oped to support our ability to transform data into knowledge. For
instance, laboratory notebooks in a pharmaceutical company may
describe hundreds of thousands of reactions. Informatics organi-
zations are increasingly asked, ‘Is there a way to digest these data
and convert them into useful knowledge that can guide future
synthetic efforts’?

The vast amount of connected data available to the typical drug
discovery scientist allowed the formulation of questions and
hypotheses that were previously unapproachable. Questions like
* [ wonder if there are similar compounds to compound A?
¢ Compound A has biological activity against Target 1, are there

other compounds with this activity?

* Compound A has biological activity against Target 1, are there
other targets for this compound?

¢ [ have Target 1, I wonder if there are similar targets? and

® Do similar compounds to Compound A show similar activities
in similar targets?

became commonplace and put evolutionary pressure on informa-

tion systems to provide integration of internal proprietary and

external public-domain repositories of chemical and biological

data. Additional ‘data streams’ of simulated or calculated data

could also be integrated to enhance the information being

delivered to the scientists in an effort to answer the ‘Holy Grail’

question—Can I get all the information from all the sources for a

given compound?
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Having all these data available at one’s fingertips introduces
new challenges to the scientist, specifically with respect to the
relevance of available data to the problem of interest. On the
surface, it appears that the relative identity of the compounds,
targets, or diseases, and so on, under examination could be used to
provide an indication of the strength of the relationship, ranging
from precisely similar to precisely dissimilar. But, does similarity
correlate to relevance? Perhaps, if we can learn anything from the
Google page-ranking model in which an ingenious method for
extracting and ranking the most relevant information from the
vast amount of ‘stuff’ available on the net is by using a so-called
‘secret formula’. Can this paradigm be modified to work in a drug
discovery setting? As a first approximation, it appears that an
improved representation of all the screening results for a com-
pound, as well as inclusion of synthetic feasibility and synthetic
pathway information could be facilitated by using on-the-fly
search clustering techniques [14].

The need for data and application integration

In modern pharmaceutical companies, research is generally decen-
tralized, with teams working in various geographical locations and
varied therapeutic areas. The data generated by these teams and
the accumulated interpretive knowledge or actionable data are
generally retained in silos. The challenges in managing large-scale
research are related to culture, operational model, and tools. They
include creation of a culture where knowledge is shared; incentives
to collaborate; consolidation of data and tools that have originated
from various mergers and acquisitions; tools that facilitate colla-
boration across geographical and therapeutic areas; interpretation
of data and conversion of raw data to knowledge; curation tools
that facilitate deposition of interpreted knowledge; facilitation of
utilization of ‘silo-ed’ experts across the organization by creating
Community of Practitioners (CoPs); making knowledge available
in proper context and collaboratively learning from successes and
failures (learning organization). A data centric view of these chal-
lenges includes the acquisition of data from multiple sources;
automated or manual curation of data to avoid storing ‘junk’;
integration of proprietary, in-house data and commercially or
publicly available data into data warehouses; federated or con-
solidated querying tools; and automated tools for data mining,
visualization, and utilization in further research.

As described above, the tasks of the modern day drug discoverer
have been greatly altered from those of their predecessors because
of the numerous scientific and technological advances that have
led to an explosion in the amount of data generated in pursuit of
the next blockbuster drug. The availability of data from varied and
heterogeneous sources, coupled with the desire to build knowl-
edge bases and collaborative networks, has driven the need for
improved integration techniques at the fundamental data level.
All downstream activities, such as information exploitation and
knowledge management, are crucially dependent on the effective
integration of data and tools.

Data integration

The simplest forms of integrated data systems use the network
connecting the various data sources as the integration layer. Under
this paradigm, typical standard query language (SQL) practises
implemented in standard database technologies are used to link,

join, and merge data sources using key (common) fields. Views of
the underlying data can then be implemented to create the
appearance of a single merged data source. Extensions of this basic
database technology exist in the recently advanced physical and
virtual data warehousing technologies.

In the late 1990s, the large repositories of data being created,
managed, and mined by data intense financial and related indus-
tries drove the need for better data management techniques. The
corporate information factory was developed as a response to this
need. In short, an information factory manages the full data life
cycle by progressing it from the capture to the presentation layers
through a series of dedicated storage areas (transactional data-
bases, operational data stores, data warehouses, and operational
data marts) [15]. As data move from one level in the factory to the
next, there is an opportunity to manage, manipulate, and harmo-
nize it by utilizing extract, transform, and load (ETL) process logic
(Figure 2).

Alternatively, virtual data warehousing is undergoing a revival
in the industry. One might speculate that the sheer size of a drug
discovery company’s data warehouse would be cost prohibitive to
create and maintain. A virtual data warehouse created as a ‘view’
into the authoritative data sources, without the physical space
requirements, is a financially attractive alternative. An early exam-
ple of this technology is present in the current IBM Information
Server/Federated Server software, which is based on IBM’s ‘garlic’
[16] technologies that IBM introduced in the late 1990s. More
recent implementations include MetaMatrix [17] and Composite
[18]. In all of these technologies, the importance of metadata, or
‘data about the data’ that define the rules that are used to deter-
mine which data fields are equivalent across the various data
sources and can thus be linked are tantamount to a successful
implementation.

In February 2004, The World Wide Web Consortium released
the Resource Description Framework (RDF) and the Web Ontology
Language (OWL) as W3C recommendations. RDF is used to repre-
sent information and to exchange knowledge in the Web, while
OWL is used to publish and share sets of terms, ontologies,
supporting advanced Web search, software agents, and knowledge
management. Taken together, these semantic technologies are
poised to drive the next generation Internet, or the semantic
web [19], as well as provide a flexible and agile data integration
methodology with the goal to make context sensitive information
available from across the network and facilitate the knowledge
sharing. Currently, a number of pilot studies [20] are being per-
formed to demonstrate the value of semantic technologies as data
integration tools.

Application integration
In order to support the various individual scientific tasks in a drug
discovery workflow, numerous specialty software packages are
required; however, the desktop capacity is as limited as the scien-
tists’ tolerance for training on disparate applications. Our goal, as
informatics professionals, is to support and advance workflow by
providing scientists with appropriate software services at the
appropriate time.

It is common to find software applications that have been
designed to support use cases, or singular or small series of related
tasks (e.g. enter a list of compounds and compute Rule of Five
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FIGURE 2

An illustrative schematic representation depicting data flow represented by arrows, from data capture mechanisms through an information factor framework to

data access mechanisms.

parameters [21]). Less typical, but emerging, are applications that
are utilizing workflow engines [22], which directly mimic indivi-
dual workflow steps (tasks, or capabilities, e.g. design and synthe-
size a plate compound on the basis of a hit identified in an HTS) in
the most flexible manner to enable rapid adaptation to the ever-
evolving discovery workflow.

Perhaps the earliest attempts to provide an integrated applica-
tion suite were seen with the rise of static web portals, or home
pages, which incorporated best practise guides and maps to navi-
gate through the use of hyperlinks to relevant applications and
data sources. As an evolutionary advance over static portals,
dynamic portal solutions [23] provide basically the same function-
ality in a more user customizable and dynamic environment
through the use of widgets, portlets, and page parts.

Much can be learned by examining the techniques employed by
Microsoft to facilitate application integration. For example, a
workflow such as ‘I want to send an e-mail to a co-worker listed
in my contacts to ask them to attend a meeting’ catalyzed the
amalgamation of three legacy products—Contacts, Calendar, and
Exchange/Mail into one: Outlook. A single user interface with
workflow-specific needs is addressed by tabs or card decks and task
supported by steps or wizards. The Microsoft Office trio of applica-
tions, Word, Excel, and Powerpoint illustrate a different style of
application integration. In this example, there was no overarch-
ing, or unifying, workflow that necessitated the integration and
merging of entire code bases, and these can therefore be regarded
as siloed applications. Rather, through the sharing of objects,
using object linking and embedding (OLE) technology, it is pos-
sible to integrate functions, data, or views from any one of these
applications into another in an ‘on demand’ fashion, thereby
promoting the reuse of objects.

The next generation object reuse and software development will
be supplanted by a virtual paradigm where web services are orche-
strated dynamically to power composite applications in a service-

oriented development paradigm. Web services, the cornerstones
to service-oriented architecture are the building blocks, or logical
small entities, that are needed to facilitate a need or task in the
underlying computing environment and, therefore, can inher-
ently support the recent more and more automation-driven dis-
covery workflow processes. These logical entities — capabilities —
provide their business value not in themselves but in their
dynamic implementation into ever-changing workflow imple-
mentations. The capabilities, which are constant, contrary to their
implementations, therefore need to be carefully identified and
designed.

Definitions and standards are crucial to make a service-orien-
tated architecture (SOA) software development infrastructure
work efficiently and support a drive toward vendor neutral imple-
mentations through abstracted access to the vendor proprietary
libraries or programs. A clear separation between high perfor-
mance authoritative sources (many create, read, update, delete
(CRUD) databases) and query databases (few) in tandem with their
respective services and GUI components is essential to provide
optimal data quality and update as well as access performances
(Figure 3). ETL processes transform disparate data entities to
structured information in support of knowledge discovery
through the added value of association (as described in
Figure 3) just as workflow applications transform capabilities to
business value.

There are a number of technologies on the horizon that could,
potentially, dramatically change the way in which informatics
organizations design, develop, deliver, and support applications
and data infrastructures to deliver maximum value to drug dis-
covery organizations. Previously mentioned was the concept of
the dynamic portal, which was noted as being well suited for
passive applications where data are pushed or pulled to client.
As an alternative, AJAX, a combination of two older technologies
in the form of Asynchronous JavaScript and XML, has been
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FIGURE 3

An illustrative schematic respresentation of a logical architecture of a SOA compliant informatics system.

developed. It is envisioned that this technology might be appro-
priate for more active portals where data manipulation is required.

As an extension to user customizable interfaces, self-driven or
wizard-driven assembly and presentation of GUI elements to
support dynamic and variable workflow scenarios could take us
into a world where the application becomes a transient entity,
existing only as long as required to support the immediate business
need. Informatics portfolios under this scenario would comprise
underlying services, user interface components, and application
frameworks.

Finally, the notion of self-assembling code has been quite
compelling for some time, but it has yet to make a real mainstream
impact. Attribute-oriented software development technologies
and techniques such as xDoclet may ultimately reduce our basic
unit of currency in the informatics portfolio to the ‘class’ level with
applications being developed and delivered in an informatics
framework that is self-aware and immediately responsive to the
ever-changing business needs.

Additional considerations

Informatics organizations are using a number of tactics to reduce
the cost base and enhance the productivity of the drug discovery
scientist. Primarily among these is the use of lower cost provi-
ders for commodity services such as application support, pro-
gramming, and project management. In April, 2006, Fortune

reported that 8 of the top 10 outsourcing firms were engaged in
some sort of informatics/information technology support activ-
ity (Table 1).

In addition to pursuing lower cost staffing options, informatics
organizations are working to evolve the typical vendor relationship
model into a more strategic partnership model. However, the
current landscape precludes full utilization of such partnerships.
Informatics organizations would like to provide best-of-breed appli-
cations to discovery scientists, but because of the incompatibility of
different vendor-provided applications, a seamless exchange of
data and workflow between multiple applications is not possible.
While other industries have been successful in evolving Open
Standards, attempts at creating standards in computational chem-
istry and Chemistry Informatics have been less than successful. A
primary goal of these partnerships is the development of innova-
tion-enabled applications. Innovation, and applications, may come
in an organization from multiple directions—informatics, discov-
ery scientists, vendors, and contractors. How this will be facilitated
is open for discussion, but here are some suggested criteria: (1) All
parties should adhere to Open Standards for User Interfaces; (2) all
parties should adhere to SOA for flexible, efficient, and reusable
back-end services; and (3) all applications should provide a frame-
work for plug-ins. On a more functional level, a sandbox environ-
ment for code creation and a curation process for promoting code to
enterprise level must be developed and adhered to.
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TABLE 1

Top 10 outsourcing firms as reported by Fortune magazine in April 2006

Rank Company Services

1 IBM CRM; HR Mgmt,; Information and Communication Technology Mgmt.

2 Sodexho Alliance Real Estate and Capital Asset Mgmt.; Facility Services

3 Accenture HR Mgmt.; Information and Communication Technology Mgmt.; Financial Management

4 Hewlett-Packard Information and Communication Technology Mgmt,; Financial Mgmt.; Imaging and Printing
5 Capgemini CRM; Information and Communication Technology Mgmt.; Financial Mgmt.

6 ARAMARK Facility Services; Uniform and Career Apparel

7 Wipro Technologies CRM; Information and Communication Technology Mgmt.; Transaction Processing

8 CGl Group HR Mgmt.; Information and Communication Technology Mgmt.; Transaction Processing

9 Unisys Information and Communication Technology Mgmt.; Corporate Services; Transaction Processing
10 Cognizant Information and Communication Technology Mgmt.

It is expected that more strategic partnerships will result in
product offerings that are better suited for the needs of drug
discovery organizations, which could manifest themselves in
the delivery of components, services, and frameworks instead of
individual applications or ‘one size fits all’ product suites. As
discussed above, these needs are multi-pronged and must strike
a balance between maintaining cost while promoting operational
efficiencies.

Finally, advances made in the networking arena have provided
large pharmaceutical companies some level of confidence and
promoted the exploration of opportunities to leverage externally
hosted data, services, and applications. VPN security now enables
access to disparate sources of data as feeds or as on-demand
services. The advantages of this type of data access model are
exemplified by such data repositories as those that house inven-
tory on commodity items (e.g. chemical reagents). Real-time
access to current inventory information is provided by linking
the internal chemical ordering application to the external data
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