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The history of drug discovery and medicine is as ancient as humanity with, according to numerous
historians, the first evaluation of the medicinal values of some herbs as early as a few thousand years
B.C. in China and in India. Indeed, the practice of Ayurveda, traditional Chinese medicines and
the evidence of medicinal practice in Egypt have been documented thousands of years ago. Then
in Greece, Hippocrates started to transform medicine from art to science. Intellectual contributions
of many great minds from different countries developed over two thousand years gradually
established the foundation of scientific medicine. Modern drug discovery started to emerge by
the end of the 20th century. Today, this immense field of investigation is characterized by highly
complex, time consuming, expensive (yet profitable), often unsuccessful, multidisciplinary processes
carried out by a myriad of local, national and international public and private organizations.
These players may have divergent interests, and are sometimes driven by concerns other than
patients’ health. Given the complexity of drug discovery and development as a field, any attempt to
improve the odds of success requires humility, consideration of opposing views and escaping
intellectual silos. Although history cannot always foretell the future, there are certainly some lessons
to be learned from the past. Strong statements about exploring only some specific scientific areas,
with most of the time substantial budget cuts to other disciplines or other departments, should
be avoided. For instance, in 1999, it was suggested that the Human Genome Project would
transform drug discovery by 2010 and that by 2020 significant improvements in patient care
through tailored therapies (personalized medicine) would take place. While the human genome
project might change everything in the future, translation to new drugs has been limited (Joyner and
Paneth, 2019). The problem is obviously not the human project in itself but the fact that it
was oversold, expectations were not realistic and the complexity of the human body in the
health and disease states largely underestimated. Along the same line of reasoning but about
technologies, J. Bezdek proposed in 1993 a curve showing how technologies tend to progress
with time and in silico drug design strategies were analyzed with this approach (Van Drie, 2007).
The “Bezdek phases” usually involve an overreaction to immature technology, a peak of hype,
followed by despair because the results do not match the expectations. Eventually, after years
of efforts, true user benefits are noticed. As today artificial intelligence is increasingly over-advertised
in drug discovery and development, the Bezdek theory may apply, suggesting that a curious
enthusiastic but cautious approach is advisable (Schneider et al., 2020). Related to this is the
need of high quality data that are often missing or maintained confidential in health-related research
(Scannell and Bosley, 2016; Bender and Cortés-Ciriano, 2021). Nowadays, while fashionable research
topics appear unavoidable, decision makers, scientists and patients should keep in mind that
hype cycles may turn out to hype bubbles and that such cycles can be detrimental to science (Rinaldi,
2012).

In the field of drug discovery and development, several different challenges seem to be awaiting us
and the dramatic COVID-19 pandemic could be one catalyst accelerating the changes (Aghila Rani
et al., 2021). Among the numerous challenges, some are briefly discussed below.
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ENHANCING OUR UNDERSTANDING OF
DISEASE BIOLOGY, CONSIDERATION OF
PATIENT HETEROGENEITY AND MORE
This is a recurrent problem in the field and despite tremendous
progress these last 30 years, we still have a limited understanding
of disease pathology and progression, and of variability in
disease presentation. As such, the list of unmet therapeutic
and societal needs remains long while disease-severity and
condition-severity have also to be considered in health-care
priority setting. Early drug discovery research usually starts
by the search of putative therapeutic targets and pathways
that seem associated with a disease. The biological
hypothesis is then tested on cellular and animal models
that are, in numerous cases, too far away from human
biology. Thus, these past decades, heavy reliance on often
inappropriate surrogate biology, early in the discovery
process, certainly contributed to many failures. For
example, the difficulty in translating cancer research into
therapeutics is well-known (de Bono and Ashworth, 2010).
Some authors have reported that the average rate of
successful translation from animal models (e.g., like
following only the reduction of the tumor mass) to
clinical cancer trials is less than 8% (Mak et al., 2014). In
addition to the search of the right targets and pathways, the
definition of a target patient population and a practical
method to identify these cancer patients in a clinical
context via appropriate biomarkers or companion
diagnostics is required (e.g., stratified approaches). In
part, related to these observations, Fojo et al. have
examined the anti-cancer drugs approved by the FDA
between 2002 and 2014 (Fojo et al., 2014). They found
that the mean benefit was 2.5 months for progression free
survival and 2.1 months for overall survival. Cancers are not
only a genomic driven alteration but involve complex
dysregulation including genetic, epigenetic, proteomic,
metabolic, and structural alterations, with a lot of
shedding systems.

In depth characterization of targets (e.g., proteins, nucleic
acids, cell membranes. . .) and pathways using human-based
systems as early as possible in the process should lead to the
development of novel and better therapeutic agents in all disease
areas. For some pathologies, following preclinical studies,
phase 0 approaches which include microdosing could be
highly valuable to further improve the quality of the drug
candidates entering clinical development and to reduce
attrition rates (Burt et al., 2020). For this to happen,
patients and their carers should be empowered to
contribute to the drug discovery process. Explanations
about the process should be clearly provided, from the
drug discovery steps (the pros and the cons of the
different therapeutic agents including the costs) up to the
clinical trial phases. With the emergence of new technologies
during the COVID-19 crisis (thousands of clinical trials have
been put on hold since the pandemic began), decentralized
clinical trials powered by smart devices that are able to
monitor patients automatically directly from home are

gaining momentum. Such systems could definitively assist
drug discovery and development beyond clinical trials.

CLINICAL SUCCESS: BETTER
PREDICTION OF EFFICACY AND SAFETY

Related to the above, cutting-edge technologies are needed to
improve our ability to predict the clinical success of a drug
candidate. A significant amount of work is ongoing in an area
that is often referred to as investigative toxicology (Beilmann
et al., 2019). Humanized models, such as organ-on-a-chip, 3D
bioprinting and organoid models, provide an environment in
which cells behave more like they would in the human body,
generating data that are more relevant than with the previously
used methods. Gene editing technologies such as CRISPR/Cas9
should facilitate the development of more relevant animal disease
models while patient-derived xenograft models, and various types
of imaging approaches (e.g., to detect biomarkers) should help to
predict the clinical effectiveness of candidate drug molecules.
Stratified medicine and then personalized medicine or
individualized medicine or precision medicine using many
“omics” data (not only genomics) will also contribute, but
such approaches are going to be unevenly distributed for
many years to come, both in terms of diseases and geography.
For these approaches to be fully successful, the general public will
need reassurance on data confidentiality. In this context,
collecting and curating high quality data should allow for the
development of novel ADMET (absorption, distribution,
metabolism, excretion and toxicity) in silico prediction tools
that could use various types of algorithms, from machine
learning, artificial intelligence up to approaches that take into
account the tri-dimensional atomic structures of all the molecules
in a dynamic state within a cell.

DIFFERENT THERAPEUTIC AGENTS ARE
NEEDED

Although not exactly a challenge per se, this topic requires
attention because of many misleading statements suggesting
that “biologics” mean innovation. There is a wide variety of
therapeutic agents including different types of small molecules
(synthetic, natural products, nucleic acids, carbohydrates, short
peptides, stapled peptides. . . ) and of “biologics” (recombinant
proteins, antibodies, often immunotherapies although some small
molecules can also be used, siRNAs, cells, genes. . . and vaccines
can also be listed in this category). Some treatments involve the
combination of different therapeutic agents. In some cases,
antibodies are combined with a small molecule (e.g., antibody-
drug conjugate), in other situations, heterobifunctional small
molecules composed of two active domains and a linker
(proteolysis targeting chimera or PROTAC) can be designed.
These drugs and drug candidates act via various molecular
mechanisms (far from being understood in many cases) that
can be monitored by using various advanced biophysical
approaches and in silico simulation engines. Radiation therapy
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and surgery are making important progress while cell and gene
therapy are at the time of writing essentially in development.
Drugs may be dosed intravenously, orally, topically, or by other
routes of administration but oral administration (essentially
small molecules) is the most convenient and patient’s
preferred route of administration (if possible). Biologics
can possess outstanding qualities but, for the time being,
they tend to be difficult or impossible to administrate orally
although developments are ongoing in this area (Homayun
et al., 2019). Biologics are generally much more expensive to
develop, and/or produce, and/or store (e.g., in refrigerators, a
problem in many countries) with treatment for one patient
easily reaching over $100,000 per year and much more when
it comes to gene therapy (at least at the time of writing).
Although the price of biologics may drop in the coming years,
this trend has not been observed thus far. Of course prices per
se are of different nature than medical parameters, yet they
have to be taken into consideration. It is important to note,
although most people know, that the healthcare systems in
most countries were about to collapse before the COVID-19
crisis (very high costs due to the prevalence of multiple
chronic diseases, highly complex diseases. . .), and the
pandemic may impact negatively for some years these
already fragile systems. Thus, while working on drug
discovery, drug accessibility and affordability cannot be
ignored. When looking at drugs approved by the FDA
from 2010 to 2019, it was found that a total of 289
concerned new molecular entities (NMEs, a drug product
containing as active ingredient (and maybe soon active
moiety) a small molecule), 89 biologics and 27 biosimilars
(a molecule with no clinically meaningful differences from a
reference product and highly similar to a reference product)
(Brown and Wobst, 2021). In that study, it was observed that
the proportion of approved biologics did not change over the
past decade while the top five therapy areas considering both,
NMEs and biologics, were oncology (25%), infectious
diseases (14%), CNS disorders (12%), metabolic disorders
(7%) and cardiovascular diseases (6%). From these
observations, it is difficult to consider, from a pure
scientific standpoint, that innovation concerns only
“biologics”. In fact, innovation is here very difficult to
define because several meanings emerge from different
perspectives. Innovation can be everywhere, on the
therapeutic agent, on the putative target, on the
mechanism, etc. For instance, a breakthrough innovation
can come from small molecule drug repurposing strategies,
it could be because the drug targets the drivers of a disease, or
it could be a small molecule that inhibits protein-protein
interactions (PPIs) like the Bcl-2 inhibitor venetoclax, an
orally active anti-cancer drug approved by the FDA in 2016.
Why this example is important in this context? Fundamental
processes in living cells are largely controlled by several
hundred thousands of PPIs and dysregulations of PPIs
contribute to the pathogenesis of most diseases
(Villoutreix et al., 2014). Also, infectious agents usually
enter the host cells via PPIs as seen with the interaction of
the SARS-CoV-2 Spike protein and the host angiotensin-

converting enzyme 2 (ACE2) receptor. Most PPIs remain
undrugged and in addition, PPIs have been largely considered
to be undruggable by small molecules for the last 30 years.
But, new types of chemistry are being developed that can be
guided by artificial intelligence approaches allowing to
explore unknown regions of the almost infinite chemical
space with powerful algorithms and strong computer
cluster or cloud. Now, if one considers cystic fibrosis, an
inherited, multi-organ disease caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene, at
present, only a combination of three small molecules
(elexacaftor, tezacaftor, ivacaftor) improves lung function
and the quality of life of some patients. Cell-based
therapies and gene editing technologies (e.g., CRISPR/
Cas9) could here be very valuable but so far, numerous
problems remain unsolved (Allan et al., 2021). To face the
global COVID-19 pandemic, various types of vaccines
including mRNA-vaccines were developed in less than a
year (in part due to studies carried out on SARS-CoV-1
since 2003 and then efforts on MERS). This is a triumph
in the area of drug discovery, but other types of therapeutic
agents (e.g., antibodies, small molecules, peptides) are
urgently needed considering that new variants may
partially escape the current vaccines and that it will take
time to develop yet some other vaccines and because there are
huge variations in the efficiency of vaccine roll-outs between
countries and even within them with the associated persistent
low vaccine coverage (increasing the risk of novel resistant
mutations to appear). Further, some patients do not tolerate
vaccines while others are against (anti-vax groups). All
therapeutic agents are needed, not one category over the
others and the notion of innovation with regard to
therapeutic agents decoupled from commercial interests.
Finally, we are scientists, not fortune-tellers, and as such,
it is not possible to predict the type of therapeutic agents that
might be needed to face future pandemics or any other
upcoming major health crisis 20 or 50 years down the road.

DATA SCIENCE, MACHINE LEARNING AND
ARTIFICIAL INTELLIGENCE

Data volume tends to grow exponentially spurred by numerous
high-throughput technologies and numerous devices. Big data are
often described by the following characteristics: Volume, Variety,
Velocity, Veracity, Value and Variability. The value of data can
only be realized if they are transformed to quality data and turned
to knowledge and then to actionable knowledge. In theory, the
right data passed through various types of algorithms should help
gaining a better understanding of diseases, in identifying better
targets and pathways, in designing better therapeutic agents, in
planning better clinical trials, in assisting stratified and
personalized medicine strategies, in generating new ideas and
hypotheses and in increasing the quality of the new drugs while
in some cases, in speeding up processes. Impressive results
have been noticed, from fast and accurate image analysis of
tissue samples up to the generation of novel molecules.
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Along this line, modern data visualization technics are
needed including multi-omics data visualization approaches.
The rapid adoption of high-quality electronic health records
should also play a major role here but there will be no “free
lunch” (Kohane et al., 2021). For these to occur, data management
frameworks have to be developed and in this context the
FAIR (Findable, Accessible, Interoperable and Reusable)
backbone or alike is required with clear data and AI ethical
rules including transparency, security and privacy. As
mentioned above, a trust-but-verify approach is required and in
drug discovery and development, the human component will
remain essential for many years to come (i.e., the human-in-
the-loop model).

ASIDE FROM TECHNOLOGY AND
SCIENCE, A STRATEGIC VISION IS
REQUIRED
Bureaucratization of research, budget cut, constant reporting and
meaningless meetings, among others, are exhausting people and
slowing down projects. Clearly, the development of new and
sustainable funding models with public and academic
participations is urgently needed so as to be able to
performing properly all the necessary steps. In academia, drug
discovery is most often fragmented, organized around principal
investigators that seldom want to partially lose control over their
favorite targets or chemicals. Translational centers facilitating the
interaction between clinicians, basic scientists and the practice
community are certainly of interest. Efforts to break down silo
mentality are needed and platforms that facilitate exchange of
ideas and discussions among departments and the private sectors
should be developed. Yet, given the wide range of disciplines and
techniques that are required for cutting edge drug discovery and
development, translational centers are certainly not enough and
drug discovery networks should also be developed. In all
situations, and independently of the selected organizational

model, integration and better usage of sophisticated
technologies are of outmost importance. In all cases, the skills
and talents of the individuals along the value chain will have to be
acknowledged. Open innovation models and various types of
public-private partnerships to find and to develop new drugs
have been used already but they are not so easy to maintain in
the context of competition. However, these partnerships are
important so as to utilize the strengths and expertise of all
parties. Progress in drug discovery will also require proper
education and training at the interfaces among disciplines
and interactions with patients, the citizens and the society
should be empowered. Drug discovery endeavors definitively
require nurturing the appropriate mindset and culture of the
different stakeholders so as to create trust and the
appropriate ecosystem enabling the development of new
medicines. The COVID-19 pandemic could here play a
role and be a catalyst for changes in both, the academic
and private sectors.

Over the past half-century, remarkable progresses have been
made in drug discovery and development as a field. Yet if we
consider novel knowledge about disease biology and the use of
modern technologies and holistic approaches, by 2040, one would
expect that many diseases will be better diagnosed, prevented,
cured, or eventually managed in some cases with
nonpharmacological interventions. It is my hope that this
vision turns out to be true. Scientists and clinicians will work
hard and continue to make contributions to Human health and
welfare. Frontiers in Drug Discovery aims at stimulating
exchanges in the field and welcomes high quality publications
related to the topics mentioned above.
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