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1 Introduction 

In recent years drug discovery science has evolved into a distinct branch of
science. It is highly multidisciplinary including among others, the disci-
plines of chemistry, multiple branches of biology (from molecular to behav-
ioral biology), biophysics, computer sciences, mathematics and engineer-
ing. It distinguishes itself from academic biomedical sciences by having as
its goal and measure of success a pharmacological therapy, while the focus
of the academic environment is the generation of new knowledge. Scien-
tists in a drug discovery environment must, therefore, be able to work in
multidisciplinary teams, often not of their choosing, and must be able to
communicate their specialist knowledge to scientists in other disciplines.
They must equally be able to understand the contributions of other spe-
cialists towards their common goal. Drug discovery scientists adapt their sci-
entific activities to the requirements of the project to which they con-
tribute, and are often required to abandon one of their own ideas to con-
tribute to somebody else’s. This is distinctly different from the academic
environment where scientists typically follow their own ideas and their
interests, generated usually by the results of their previous research or occa-
sional scientific ‘hot topics’.

However, the interaction between academic and drug discovery sciences
is essential. The life sciences (including chemistry) are absolutely central to
drug discovery because they are needed to improve the knowledge about dis-
ease processes to enable progress in pharmacological (and biological) thera-
pies. The life sciences are currently in an exponential phase of knowledge
generation, which occurs primarily in the academic environment; therefore,
drug discovery scientists need to have very close and frequent interactions
with their colleagues in academia.

The tremendous progress in biomedical knowledge and technology in the
last 10 years necessitated a complete redesign of the drug discovery process.
Some of the key factors mandating change were: (1) an exponential increase
in the number of therapeutic targets (a therapeutic target is the precise mol-
ecular entity in the human body that interacts with a therapeutic compound
to achieve a biological effect in the context of disease), and (2) the discovery
of very high levels of complexity in terms of interactions among genes (gene
networks) and their products, as exemplified by the combinatorial interac-
tion of proteins in signaling pathways. In 1996, all existing therapeutic
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agents interacted with an estimated 500 drug targets [1], but the sequencing
of the human genome revealed about 25000–30000 protein-coding genes [2,
3]. If one takes into account splicing and post-translational modifications, it
can be estimated that there must be more than 100000 functionally differ-
ent proteins assuming 25000 protein-coding genes [4], and a conservative
average of five splice variants per protein. It is estimated that 57% of the
human protein-coding genes display alternative splicing, and that they con-
tain an average of 9 (8.94) exons [5], this would result in about 125000 pro-
teins. This number does not take into account post-translational modifica-
tions such as proteolytic processing of larger proteins into smaller active ones
or RNA editing [6, 7]. Some estimates indicate that only 5000–10000 of these
proteins might be useful drug targets (or ‘drugable’) [8]. However, this was
based on an estimate of ‘disease’ genes, and there might be many more pro-
teins involved in disease processes than the number of ‘disease’ genes. What-
ever the correct number is, it is orders of magnitudes larger than the past
number of available targets, necessitating a high throughput strategy to val-
idate and screen them.

This chapter summarizes some of the key steps in the drug discovery
process, and describes some of the main activities at the different stages of
the process. It aims at helping to understand the contributions of imaging
described in the following chapters in the context of the whole drug discov-
ery process.

2 The drug discovery (and development) phases: 
overview

The drug discovery community distinguishes four main discovery phases and
four clinical phases (Fig. 1)

2.1 The D0 phase

Before the drug discovery process can begin, the strategic selection of thera-
peutic areas of interest to the company must be made, as no company will
address all areas of medicine.
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2.1.1 Choice of therapeutic areas and indication

Discovery research departments need to understand their company prior-
ities, which are usually defined by a group of internal and external dis-
covery scientists, clinical and development scientists, as well as commer-
cial experts from marketing. Key criteria to select the areas for research
include:
- expected added medical benefit at the time of introduction in comparison

to existing therapy and therapies expected to be in place at that time, i.e.,
medical need

- existence of a viable scientific hypothesis
- number of patients and expected commercial return
- synergy potential (i.e., will working in this area/indication also contribute

to other fields addressed by the company?)
- company skills and history.

2.1.2 Choice of therapeutic target

Once the therapeutic areas are chosen, the drug discovery process begins
by selecting the appropriate therapeutic target. Therapeutic targets are the
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Figure 1. 
The phases of drug discovery and development. D0: Basic sciences, target selection. D1: Assay devel-
opment for high-throughput screening in vitro. D2: High-throughput screening of public and pro-
prietary compound libraries, ligand finding (hits). D3: Lead optimization by medicinal chemistry, in
vitro and in vivo models, initial pharmacokinetics and safety. D4: Preparation for human studies: bio-
markers, extensive pharmacokinetics, safety, metabolism in animals, formulation, chemical up-scal-
ing. PhI: Proof of concept/mechanism in human, tolerance. PhII: Dose finding. PhIII: Efficacy, regis-
tration studies. PhIV: Post-marketing studies.



exact molecular site in the human body at which a proposed therapy is
aimed to beneficially modify the course of a disease or even prevent it. They
include:
- Cell membrane receptors and ion channels
- Intra- or extracellular enzymes
- Proteins of signaling pathways
- Nuclear receptors
- Genes or gene regulatory processes.

Except for the last target class all others are exclusively proteins. The choice
of a particular target depends on the level of scientific knowledge concern-
ing its involvement in the disease process to be addressed. Some targets are
clinically validated, i.e., it has been demonstrated in patients that affecting
this particular target is of therapeutic benefit. Yet, the most innovative tar-
gets have a much lesser degree of validation, such as a genetic linkage with
disease, pure speculation based on approximate knowledge about the disease
process, or some evidence from gene inactivation experiments. Transgenic
animals expressing human disease mutations have become an invaluable tool
for intermediary validation [9, 10].

Once a protein has been chosen as a target, it is important to begin efforts
to determine its three-dimensional structure so that a structure-based medi-
cinal chemistry effort can be begun as soon as possible and in parallel to high
throughput screening.

2.2 The D1 phase

Following target selection, the target protein must be obtained in sufficient
quantities and in pure form to allow the design of appropriate high-through-
put screening assays [11]. The protein is usually produced by recombinant
methods either in bacterial, insect or human cell line systems. It is then
included in the appropriate assay for high-throughput screening of large
compound libraries to allow measurement of its interaction with a thera-
peutic tool. At this point, the nature of the therapeutic tool to be developed
is selected based on the target characteristics. Therapeutic tools are usually
one of the following.
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2.2.1 Low molecular weight compounds, synthetics

Synthetic low molecular weight (MW) compounds (usually MW <500) mimic
nature’s use of small molecules, such as hormones and neurotransmitters, to
modulate biological processes. Their main advantages are:
- potential access to all compartments of the human body
- potentially low cost of manufacturing (exceptions are molecules requiring

many and complex synthetic steps)
- amenable to a large number of synthetic variations to improve their “dru-

gability”, i.e., solubility, membrane permeability, specificity for the target,
reduced side effects.

One of the main drawbacks is that, due to their small size, they may have dif-
ficulty to interfere with large surface protein-protein interactions.

2.2.2 Low molecular weight molecules, natural products

Such compounds are isolated from natural sources, often as secondary
metabolites of organisms that use them in biological functions, e.g., toxins
or antibiotics for defensive purposes. Their MW ranges from 100 to about
1000. Their main advantages are:
- they are the result of millions if not billions of years of combinatorial chem-

istry and selection, so that the probability that they will display biological
activity is very high

- they can reach most compartments of the human body
- they can be synthetically modified for drugability.

These are counterbalanced by a principal disadvantage, i.e. natural com-
pounds are, in general, of highly complex structure, including many chiral
centers and are difficult to synthesize by methods of synthetic chemistry;
often, they can only be obtained by biological processes such as fermentation.

2.2.3 Proteins: antibodies and growth factors

Therapeutic antibodies can be made to interfere with specific molecular
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processes and endogenous growth factors to sustain/rectify disease-related
deficiencies. Their main advantages are:
- they can be mined from the human genome
- several efficient methods are available to make fully human antibodies
- very high specificity and affinity can be achieved;

on the other hand:
- they can usually only reach extracellular/cell surface targets (in particular

antibodies)
- their synthesis, purification and refolding for activity can be expensive and

difficult
- in nature, growth factors are very tightly controlled, both spatially and in

time and in concentration, so that therapeutic systemic application can
cause unwanted side effects.

2.2.4 Gene therapy

A conceptually very elegant method to substitute deficient gene functions
found in many diseases such as cystic fibrosis, hemophilia, Gaucher’s disease,
ADA deficiency etc. [12] is gene therapy, where an engineered vector, often
of viral origin, is used to convey an intact functional gene to deficient cells
to restore their function. The main advantage of the approach is the direct
causal reversal of disease generating malfunction.

However, this has to be balanced against the disadvantages (today) of:
- an often insufficient expression of the repair gene to achieve a therapeutic

effect
- insufficient or absent regulation of the foreign gene causing unwanted

effects
- imperfect genome integration control (retroviral vectors) can lead to onco-

genicity [13]
- insufficient tissue specificity.

2.2.5 Organ transplantation, including xeno-transplantation

The repair of deficient organs can be achieved by transplanting organs from
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a compatible donor. Due to the development of immunosuppressive regimes,
human to human allo-transplantation today has become a routine procedure
[14]. Its main advantage is that it is life saving.

However, today:
- there is an insufficient number of donor compared to medical need
- the immunosuppressive regimes are still imperfect, and have partly life-

threatening side-effects.

To address the donor organ shortage, the strategy of transplanting organs
from animals that have been genetically modified to inhibit the hyper-acute
rejection usually observed in interspecies transplantation has been explored
using pigs as donors (xeno-transplantation) [15].

Xeno-transplantation would offer the advantage of:
- ‘unlimited’ organ supply
- potential replacement of many damaged organs.

At present, the main disadvantage of the approach are:
- rejection mechanisms can not be sufficiently controlled to allow a suffi-

ciently long-lasting donor organ survival in the host
- incompatible physiology between donor and recipient remains a prohibi-

tive problem
- perceived safety concerns about reactivation of endogenous retroviruses

[16].

2.2.6 Cell therapies: tissues as well as adult and embryonic stem cells derived

Blood transfusion is the oldest life-saving cell therapy. Newer versions of
cell therapy aim at repairing damaged specialized tissue in the host by tak-
ing advantage of stem cells occurring in the human body that have the
potential to regenerate specific cell types (adult stem cells) or all cell types
(embryonic stem cells) [17]. Cell/stem cell therapy offers as main advan-
tages:
- potential repair of many tissues
- no rejection is to be expected if autologous stem cell transplantation is per-

formed.
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Main disadvantages (today):
- to date, the ability to multiply of adult stem cells in sufficient quantities

without differentiation has had only limited success
- because of their origin there is ethical concern to use human embryonic

stem cells [17].

The scientific exploration of the potential of both embryonic and adult stem
cells is at its very beginning, in particular the potential to repair complex
organs.

2.2.7 Artificial organs

In some cases fully artificial organs can be considered to replace damaged
ones [18]. Main advantages of using artificial organs are:
- their potentially unlimited supply
- the possibility to replace tissue/organ function without the drawbacks of

biological transplantation and cell therapy methods.

Today, the approach is facing several hurdles:
- only a very limited number of functions can be artificially replaced, such

as locomotory functions, cardiovascular pumping and acoustic deficiencies
- the size of artificial organs is technologically highly challenging and often

prohibitive.

2.3 The D2 phase: ligand screening

During the D2 phase, the search for ligands for the selected target is per-
formed. Ligands are obtained from a number of sources:
- diverse proprietary libraries, typically around 1 million compounds for a

large pharmaceutical company. Compound handling is highly automated
to allow for efficient screening operations.

- commercially available compound collections
- tailored combinatorial chemistry libraries [19]
- natural compound libraries from microorganisms or plants that can be pre-

selected based on traditional medicinal knowledge [20]
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- proteins and antibodies from genome mining [21].

Ligands that interact with the target are called ‘hits’ and are usually validated
by repeating experiments and recording full dose-response curves. These orig-
inal hits are then also selected for drugability (solubility, membrane perme-
ability, in vitro genotoxicity, selectivity, etc.) before moving into the next
phase. The compounds thus selected are then called ‘leads’, on which the
medicinal chemists and pharmacologist perform optimization work.

2.4 The D3 phase: lead optimization

During the D3 phase, the low MW leads obtained in D2 are modified and sub-
jected to structure-activity evaluation to optimize their solubility, potency,
selectivity, metabolic properties, as well as their side effect profile both in in
vitro and in whole animal models. An example of such a lead optimization is
shown in Figure 2 and Table 1.

The most promising compounds are then evaluated in at least two rele-
vant animal species to obtain an indication of the species specificity of the
target modulation. Longer term studies in intact animals are performed to
evaluate the effect of repeated applications, including the occurrence of
potential tachyphyllaxis (the attenuation of pharmacological effects after
repeated applications). One of the most important aspects of this phase is to
obtain data allowing judgment of the potential medical benefit for the
patient, as compared to existing therapies or therapies believed to be avail-
able at the time of introduction. This is often done in extensive comparative
studies with the competing therapeutic agents. The only relevant competi-
tive advantages are advantages that bring a significant medical benefit com-
pared to previous therapy in the patient’s perception. A different molecule
or mechanism of action as such is not sufficient unless it will plausibly trans-
late into such a medical advantage for the patient.

The patenting of the new therapeutic principle occurs at the latest during
the D3 phase. The optimized compound progresses to the next phase, but
leads of different chemical structures are kept for potential backups in case
the first candidate moving forward fails. However, backups are best selected
when the nature of the limiting factors of the first candidate become appar-
ent.
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2.5 The D4 phase

This phase is the final preparation for the clinical evaluation of a potential
drug candidate. It involves extensive pharmacokinetic, metabolic and safety
studies in whole animals in at least two species. During D4, chemical up-scal-
ing is carried out, from milligram to kilogram quantities, and an appropriate
formulation for compound administration is developed. The clinical research
strategy is defined, in recent times with a strong emphasis on biomarkers,
that should indicate already during the early clinical testing phase whether
the scientific therapy concept is likely to be achieved with the selected ther-
apeutic approach (proof-of-concept studies).

Throughout the process, methods that provide temporo-spatial informa-
tion on the distribution of potential drug targets, the drug candidate, the
drug-target interaction and consequences thereof are of high relevance.
Among such techniques, methods such as imaging, which provide non-inva-
sive readouts, are highly attractive as they frequently allow a one-to-one
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Figure 2. 
Lead optimization: the Glivec® example. Glivec® is a new and revolutionary mechanism-directed ther-
apy for chronic amyotrophic leukemia (CML). The addition of the colored substituents to the origi-
nal lead structure allowed different desired properties of the compound to be improved as indicated.
(from [22], reproduced with permission).



translation from preclinical to clinical drug evaluation. The remainder of this
book addresses the many parts of the drug discovery process, where imaging
techniques can make major contributions.
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