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Introduction 
 
Pharmaceutical drugs tend to vary greatly in their structure. The main groups of 
pharmaceutical drugs today are small molecules and biopharmaceuticals, which 
are mainly proteins. A main subgroup of biopharmaceuticals is monoclonal 
antibodies. Future pharmaceuticals may be more diverse in structures and 
include RNA based drugs and vaccines such as corona vaccines. 
 

 
 
Figure. Different types of pharmaceutical drugs. 
 
The different types of pharmaceutical drugs are administered to patients in 
different ways. Small molecules can be administrated orally as tablets or 
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Antibodies and antigens: It’s all about the numbers game
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A ntibodies are exquisitely spe-
cific molecules that recognize
and eliminate harmful agents
bearing foreign pathogenic and

disease antigens. Today, close to 100
therapeutic antibodies are in clinical
trials and hundreds more in preclinical
development. They are being used for
treating a range of illnesses including
inflammation, autoimmune diseases,
cancer, cardiovascular diseases, allergic
disorders, and infectious diseases. The
focus of the antibody field has now es-
sentially shifted from discovery to prod-
uct development and, indeed, this area
represents a triumph for the biotechnol-
ogy industry. However, the selection of
antibodies can be a laborious process,
because this is normally done one anti-
gen at a time. The article by Bowley et
al. (1) in a recent issue of PNAS is pio-
neering and demonstrates how to accel-
erate the identification of antibodies to
a multitude of antigens.

It is now clear that the discovery of
combinatorial antibody libraries has rev-
olutionized immunochemistry (2–8). Of
profound significance is that there is no
longer any need to use immunization
procedures to produce antibodies—some
100 or so years after antibodies were
discovered in 1890! Importantly, anti-
body libraries also allow the construc-
tion of immunological repertoires that
are at least comparable in size with
those of Nature. Moreover, libraries
such as phage, yeast, Escherichia coli
surface, etc., unlike their natural coun-
terparts, are not restricted by the
constraints of self-tolerance. This is es-
pecially important because most of the
therapeutic antibodies in the clinic are
antibodies to self. Without a doubt,
antibody libraries have profound impli-
cations for human health. The first
dramatic example is Humira (Human
monoclonal antibody in rheumatoid
arthritis), which is an antibody gener-
ated by using phage display technology,
and used by thousands of patients
worldwide with rheumatoid arthritis. It
works by binding, with high affinity, to
its antigen, tumor necrosis factor alpha
(TNF-!), thus preventing it from acti-
vating TNF-! receptors that are impor-
tant in inflammatory reactions.

The ability to identify specific anti-
body–antigen pairs rapidly is therefore
of enormous significance. For instance,
as Bowley et al. (1) point out, the hu-
man and other genome projects provide
opportunities to generate high-affinity

monoclonal antibodies to every protein
in the genome. The problem may actu-
ally be even larger than the authors
suggest, because each protein in the
genome (of !30,000 proteins) will be
characterized by many epitopes (typi-
cally each including a handful of amino
acids). What will then be required is the
simultaneous selection of monoclonal
antibodies to a large set of antigens,
rather than the current approach of se-
lecting one antigen at a time. The es-
sence of the approach in the article by
Bowley et al. is to mix an antibody li-
brary with an antigen library and re-
trieve specific antibody–antigen pairs
(Fig. 1).

The authors use two different display
platforms for the antibody and antigen
libraries. The requirement of each plat-
form is stringent in that they must be
able replicate independently. In this first
example the two platforms were phage
and yeast. Many variations are possible;
for instance, it would be possible to hu-
manize the glycosylation in yeast so as
to allow glycoproteins, which constitute
the majority of extracellular targets for

therapeutic antibodies. The use of a
yeast platform enables expression of do-
mains or whole proteins or even protein
fragments.

To demonstrate the proof of concept,
the authors expressed on the surface of
yeast a collection of single-chain Fv
molecules (which comprise the antibody
binding sites) from an HIV-infected in-
dividual, as the antibody library. The
antigen library, expressed on phage,
contained peptide fragments of the
HIV-1 gp160 protein. It was known pre-
viously that a single-chain Fv, termed
Z13, recognized a linear epitope on the
HIV-1 gp160 protein that was included
in a 36-aa peptide termed TJ1D. To op-
timize the conditions for cognate anti-
gen–antibody selection, the libraries
were ‘‘spiked’’ with both Z13 in the an-
tibody library and with TJ1D in the
antigen phage library at a frequency of
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Fig. 1. Strategy for combinatorial selection of replicating antibody–antigen pairs. The two libraries
(displayed on phage or yeast, for example) are mixed, and specific antibody–antigen pairs are fluores-
cently labeled and sorted by using flow cytometry. Separation and selection allows further enrichment.
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capsules. Biopharmaceuticals are administrated by injections, in order to avoid 
their degradation in the gastrointestinal tract. 
 

  
Figure. Different administrations of pharmaceutical drugs. 
 
 
 
 
Drug Discovery & Development Process 
 
Pharmaceutical products need to undergo a long research (drug discovery) and 
development process successfully in order to be used for the treatment of 
diseases. The process of drug discovery and drug development is briefly 
summarized below. 
 
Drug discovery. 
 
Drug discovery for small molecules involves different activities, including:  

- basic exploratory biology on target identification and validation;  
- assay development;  
- chemical lead identification, which usually requires access to high-

throughput screening;  
- pharmaceutical lead optimization by medicinal chemistry and  
- selection of a drug candidate with pharmacological validation from a 

disease model and/or from biomarker studies. 
 
Optimization of the pharmaceutical properties of the drug candidate with good 
absorption, distribution, metabolism and excretion (ADME) characteristics, lack 
of overt toxicity of the drug candidate, and clear efficacy of the drug candidate 
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are all crucial factors for a successful outcome of drug discovery activities for a 
pharmaceutical drug candidate. 
 
 

 
 
Figure. A typical drug discovery process for a small molecule. 
 
Drug discovery for monoclonal antibodies also requires initial target 
identification and validation. Thereafter follows the selection of high-affinity 
antibodies against the target from a large pool of antibodies. Selected antibodies 
may then be modified in different ways. A drug candidate is selected based on 
the candidate’s antibody profile, including the affinity of the antibody to its target 
antigen.  
 
For other biopharmaceuticals, like insulin and erythropoietin, there are no target 
identification or traditional screening activities for leads, but the protein may be 
modified to optimise its pharmaceutical properties. Optimisation of the 
manufacturing of the peptide/protein may be complicated depending on the size 
and complexity of the protein. 
 
Biotech and pharmaceutical companies work with a number of technologies in 
the discovery phase. 

Typical Drug Discovery Phases

Idea
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We can classify technologies within biotechnology in two categories, the 
technologies generating pharmaceutical drug candidates and the technologies 
serving as a tool in the drug discovery process like technologies for the 
characterisation of the drug candidates. 
 
Drug development. 
 
The development process starts with a pharmaceutical drug candidate entering 
preclinical development. The drug candidate undergoes preclinical animal safety 
studies using Good Laboratory Practice (GLP). 
Process chemistry or biomanufacturing is also initiated to generate sufficient 
amounts of the drug candidate to enable clinical testing of the drug candidate 
and subsequently the manufacturing process is optimised for commercial 
production. The manufacturing process is divided into upstream processes (for 
biopharmaceutical proteins the development of producer cell lines and master 
cell banking and then production in bioreactors) and downstream processes 
(harvesting of protein, purification, formulation and filling). The early work with 
the manufacturing processes allows for an assessment of drug scalability and 
drug stability under Good Manufacturing Practice (GMP) conditions. Cost of 
goods may be estimated, when the optimal manufacturing process has been 
identified. There is a huge variation of drug candidates in size ranging from the 
small molecules, like aspirin of 180 Daltons, to peptides like insulin of 5.700 
Daltons to proteins such as antibodies of app. 150.000 Daltons. Proteins are 
more heterogeneous than small molecule because of their size and that they 
may be modified differently, such as having different glycosylation patterns. 
Small molecules are produced by chemical methods, while most peptides and 
proteins are produced by recombinant DNA technologies. 
 
The clinical testing processes are more generic for the different groups of 
pharmaceutical drug candidates. 
 
Following an approved Investigational New Drug application (often abbreviated 
to “IND”), the drug candidate can be administered to humans for the first time 
(Phase I) for safety studies. The next stage is Phase II, which focuses on 
determining the optimal dosage of the drug, followed by the pivotal Phase III 
study to analyse efficacy of the drug in patients. Upon completion of clinical 
studies, sponsors can submit a Marketing Authorisation Application (often 
abbreviated to “MAA”) to regulatory agencies in different countries. The MAA for 
small molecules is called a New Drug Application (often abbreviated to “NDA”) 
in the United States. 
 
Regulatory applications are handled by the Food and Drug Administration 
(FDA) in USA. FDA is a federal agency of the United States Department of 
Health and Human Services. FDA´s goal is to protect the public health by 
assuring the safety and effectiveness of the products under its supervision and 
FDA approves or rejects company applications for approval of new 
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pharmaceutical drugs. Regulatory authorities similar to FDA (such as the 
European Medicines Agency in Europe) are responsible for the approval 
process in other countries. 
 
The below table illustrates the most important characteristics of the discovery 
and development phases for pharmaceutical drugs. 
 
 
 Discovery & 

preclinical 
studies 

Clinical  
phase 1 
studies 

Clinical  
phase 2 
studies 

Clinical  
phase 3 
studies 

Regulatory 
phase 

Duration 
(years) 

2-4 1 2 2-3 1 

Success rates 2-5% 
increasing to 
>50% over 
the process 

70% 30% 70% 90% 

Test 
population 

Laboratory & 
animal 
studies 

20 – 100 
healthy 
subjects 

100-300 
patient 
subjects 

> 1.000 
patient 
subjects 

 

Purpose Assess 
biological 
effect & 
toxicity 

Investigate 
safety and 
determine 
dose 

Evaluate 
optimal dose 
for efficacy 
and safety 

Show efficacy 
and safety in 
significant 
number of 
patients  

Review  

Outcome Regulatory 
application 
(IND for 
FDA) 

  Regulatory 
application 
(NDA for 
FDA) 

Regulatory 
approval or 
decline 

 
Table. The most important characteristics of the discovery and development 
phases for pharmaceutical drugs. 
 
It will normally take about 8-12 years to take a new compound through the 
development process, from pre-clinical development to regulatory approval, and 
the costs will often amount to several hundreds of millions of dollars, (Dickson 
M. et. al. 2004, Grabowski H. 2008, Wehling M. 2009). Only large well-
consolidated companies have the resources to take a drug candidate through 
this process and bring it to the market. Small biotech companies typically take 
part in the early research and development process, which is less resource 
demanding, and then seek a partner among the bigger pharmaceutical 
companies, which has the capability to continue the development and 
commercialisation of the potential drug candidate (Munos B. 2009). 
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Drug discovery & development costs and timelines 
 
In a previous study on the cost of drug development, DiMasi et.al. estimated 
that it costs US$ 802 mio (year 2000 dollars, capitalised costs) to bring a new 
drug to the market (DiMasi J.A. et.al. 2003). This number was later adjusted to 
US $ 1,241 mio (DiMasi J.A. et.al. 2007).  
Drug discovery and development activities are often conducted differently in 
smaller biotech companies compared to big pharmaceutical companies (Bogdan 
B. et.al. 2010).  
It has been suggested, that the drug development costs overall for biotech are 
a factor five smaller compared to the development costs of big pharmaceutical 
companies.  
Costs depends in general on the disease indication targeted by the 
pharmaceutical drug, the complexity of the clinical trials & the clinical endpoints 
selected in the trial. 
 

Phase Cost (US$ mio) 
Lead optimisation 
Preclinical phase 

Phase 1 
Phase 2 
Phase 3 
approval 

2-3 
2-3 
1-5 
3-11 
10-60 
2-4 

 
Table. Drug development costs for a small to medium-size biotech/pharma 
company for an individual project (Bogdan B. et.al. 2010). 
 
The normal timelines for the drug discovery and development phases are 
outlined in more detail in the table below. 
 

Phase Length (months) 
Lead optimisation 

Preclinical 
Phase 1 
Phase 2 
Phase 3 
Approval 

20-40 
10-12 
18-22 
24-28 
28-32 
16-20 

 
Table. Duration of drug development (Bogdan B. et.al. 2010). 
 
As an example, Lundbeck recently developed a new anti-depressant molecule 
Vortioxetine. The drug was developed in drug discovery in 2001. Phase 1 trials 
were started in 2003 and phase II trials were started in 2006. Positive phase II 
data were reported in 2007 and phase III trials were started at the end of 2007. 
Positive phase III data were announced in 2012 and applications for regulatory 
approval were submitted later in 2012. October 1st 2013 FDA approved 
Vortioxetine for treatment of depression in USA. The drug had been tested in 
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app 5.000 patients over 10 years and development costs were more than 500 
mio US dollars. 
 
 
Pharmaceutical drug attrition 
 
It has been estimated that out of 10,000 small chemical molecule compounds, 
that might be assessed as potential drug development candidates, only about 
10 compounds will be tested in humans to assess effect and safety. Only one of 
these 10 compounds will subsequently be approved for use in patients. Drug 
candidates fail to achieve registration for several reasons, and the attrition 
percentages vary over time and depend on the intended indications for the drug 
candidate. Lack of efficacy, animal toxicity, adverse effects in humans, 
pharmacokinetic properties of the drug and portfolio considerations are the main 
attrition factors (Kubinyi H. 2003). 
 
Reasons for abandonment of drug development were reported by DiMasi in 2007 
to be the following: 
Economics 33.8% 
Efficacy 37.6% 
Safety 19.6% 
Other 9.0% 
 
Thus, attrition rates (failure rates) are high in drug development, up until the 
successful completion of phase III clinical trials, and these late clinical trials are 
also costly. The attrition factors have also been analysed in more detail 
(Arrowsmith J. Feb 2011). The main attrition factor in phase II trials were 
reported to be lack of efficacy in patients. Pharmaceuticals having higher 
attrition rates when tested in phase II trials, include pharmaceuticals for 
treatment of metabolism diseases, neurological diseases and cancer, see figure 
below. 
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Figure. Phase II clinical trial failure reasons and distribution into different disease 
indications (Arrowsmith J. Feb 2011). 
 
Lack of efficacy in patients is also the main attrition factor in phase III trials and 
in the regulatory submission phase (Arrowsmith J. May 2011). Drugs for 
metabolism indications and cancer, and those involving neuroscience, also 
appear to have higher attrition rates when tested in phase III trials, as the figure 
below shows. 

 

Phase&II&failures&200802010

Disease&indication

Anti-cancer Nervous&system

Alimentary/metabolism Cardiovascular

Other

Reason&for&failure

Efficacy Safety Strategic PK/bioavailability

Phase&III&and&submission&failures&200752010

Disease&indications

Anti-cancer Nervous&system

Alimentary/metabolism Anti-infectives&13%

Cardiovascular Other

Reason&for&failure

Efficacy Safety Financial/Commercial Not&disclosed
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Figure. Phase III clinical trial failure reasons and distribution into different 
disease indications (Arrowsmith J. May 2011). 
 
 
Regulatory approval 
 
The companies will prepare a common technical document for regulatory 
approval purposes, it includes a complete documentation complying with all 
requirements defined in the legislation. 
 
The regulatory authorities may issue a marketing authorisation needed for the 
company to sell a pharmaceutical drug. The marketing authorisation includes a 
label. The label is the most important part of the marketing authorisation as it 
provides information to physicians for use of the pharmaceutical product 
(efficacy and safety information), information to patients (use and side effects) 
and a framework for appropriate company promotion. 
 
Regulatory focus has shifted over the years from efficacy in 1990´s to drug 
safety in the 2000´s to the benefit/risk ratio in the 2010´s. 
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