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Pharmaceutical productivity continues to
stagnate despite advances in genomics, assay
technologies and automation that have

enabled high throughput screening of millions of
compounds in target-based assays. Fewer than
10% of drug discovery programmes entering the
clinic make it all the way to regulatory approval.
Indeed, in 2016 only 22 novel drugs were
approved by the FDA, a six-year low. As the limi-
tations of target-based drug discovery (TDD) were
becoming apparent earlier this decade, Swinney
and Antony1, with their unexpectedly-impactful
analysis of historical drug approvals, initiated a
shift within the industry to reconsider phenotypic
screening approaches or phenotypic drug discovery
(PDD) for identifying novel drugs. Despite the
challenges with these approaches, phenotypic
screening is poised to make an impact.

What is phenotypic screening?
Phenotypic screening uses live biological systems
(in vitro cell cultures or animal models) and was
the primary means employed to discover new
drugs prior to the genomics era and large-scale
identification of potential drug targets. Target-

based screening utilises simpler assays, often bio-
chemical-based, to identify molecules that interact
with a specific protein target and is preferred
when the disease biology is well understood and
the relevance of a target to that disease has been
validated with high confidence, since target-based
assays can be run at very high throughput-to-
screen multi-million compound libraries.
However, as Swinney and Antony1 in their 2011
paper (updated here2 in 2014) observed, despite
heavy investment in target discovery and valida-
tion, phenotypic approaches have continued to
provide a significant fraction of first-in-class
drugs. This suggests that although the human
genome project was successful in identifying large
numbers of prospective drug targets, too few of
these have led to new therapies. The methods used
to validate these targets (and our knowledge of
disease mechanisms) have been inadequate to
yield the number of drug approvals needed to sup-
port the industry, contributing to the unsustain-
able high cost of drugs. Using decision theory
analysis of the pharmaceutical R&D process,
Scannell and Bosley3 identified ‘predictive validi-
ty’ of screening models as a driving factor for
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advancing the science from
discovery to regulatory science

Phenotypic screening is transforming drug discovery as advances are made in
development of human-based physiologically-relevant in vitro systems.
Integration of phenotypic drug discovery approaches with target-based
screening can improve success rates as assays can be leveraged for the
discovery of novel mechanisms and for building knowledge of disease biology. 
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improving pharmaceutical productivity. Thus, as
the industry begins to adopt phenotypic approach-
es in drug discovery, it will be important to take
into consideration that successful phenotypic pro-
grammes will also require validation to ensure
that the assays used effectively recapitulate the dis-
ease biology of interest. The need for better under-
standing of disease biology remains true whether
target-based or phenotypic approaches are taken.

Designing physiologically-
relevant phenotypic assays
There have been several recent perspectives written
about the design of physiologically-relevant assays
for phenotypic drug discovery. In 2015, Vincent
and co-workers at Pfizer4 published their ‘rule of
3’ covering: (1 Selecting physiologically-relevant
cell types and formats; (2) Choosing assay stimuli
that optimise disease relevance; and (3) Using assay
endpoints that are proximal to clinical endpoints.
Horvath and colleagues5 described a set of 17 prin-
ciples to be considered when designing physiologi-
cally-relevant assays encompassing assay objectives
(context of use), cell types and media selection, as
well as micro-physiological characteristics and
selection of clinically-relevant doses. Most of the
efforts in phenotypic discovery are focused on in
vitro systems rather than animal models, as in vitro
assays provide higher throughput and can be devel-
oped with human cell types, improving translation.
Incorporating greater physiological relevance
through the use of human iPSC-derived cells or pri-
mary cells in phenotypic screens has been made
possible through the development of methods to
culture and differentiate these cells. While primary
human cells are considered the gold standard, iPSC
or stem cell-derived cell types are highly attractive
due to the potential for genetic screening or gene
editing through new technologies such as
Cas9/CRISPR6. Differentiation protocols to pro-
duce more adult-like phenotypes continue to
evolve7. The use of co-cultures, incorporating
more than one cell type, is another option to
improve physiological relevance within the con-
fines of high throughput screening paradigm. Co-
culture systems, if appropriately designed, have
been shown to increase the biological relevance
and detection of disease-relevant mechanisms with
minimal impact on assay performance8. 

While developing assays with high physiological
relevance is a goal, there can be practical consider-
ations for high throughput primary screening that
limit assay design choices. For example, the use of
patient-derived cells may not be feasible due to
excessive variance caused by patients being at dif-

ferent stages of disease or having different drug
exposures. Throughput is also a consideration.
Although advanced cellular systems with complex
formats such as organs-on-a-chip, bio-printed tis-
sues and organoids have been proposed as a solu-
tion for their perceived greater physiological rele-
vance5,9, many lack the requisite throughput
required for large-scale screening. Indeed, initial
studies using these systems have generated much
excitement10, even though validation of these for
many contexts of use remains to be established.
The validation process for complex in vitro sys-
tems to establish reproducibility and disease rele-
vance is not trivial. As the complexity of an assay
system increases, so do the number of variables
and the potential for reproducibility problems.
Validation requires sufficient throughput to per-
form the extensive evaluation needed to fully char-
acterise the biology represented by the system and
clinical relevance11. Since sampling the largest
expanse of chemical matter is the goal in primary
screening, it is preferable to employ the simplest
assay that covers the desired biological mechanism.
Thus, the most valuable application of these highly
complex, physiologically-relevant systems may be
in basic research, building our understanding of
disease biology through testing known drugs or
genetic modifications, for new target identifica-
tion, or for characterising small numbers of lead
candidates at later stages of discovery.

Phenotypic drug discovery – 
practical lessons learned 
As adoption of phenotypic approaches in pharma-
ceutical discovery research has expanded, reports
of successes as well as lessons learned have begun
to emerge. A recent perspective9 written by inves-
tigators from Genentech, Pfizer, Eli Lilly, Novartis
and Roche emphasised the need to have sufficient
understanding of disease biology to develop a suc-
cessful screen. They propose a ‘chain of translata-
bility’ to build confidence in the assay system to
ensure effective modelling of the disease of interest.
This chain of translatability connects the endpoints
measured in the assay system through to the clini-
cal outcome, a framework that is in some ways
analogous to the adverse outcome pathway con-
cept being developed for chemical toxicity risk
assessments12. The strength and confidence in this
connection is important given that the ability of the
screening assay to predict clinical therapeutic
response is a fundamental determinant of success.
This is more straightforward for some therapeutic
areas (eg infectious diseases where the infectious
agent itself is causative) than for others (eg chronic
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inflammatory diseases and CNS disorders) where
the causes may be unknown, and intervention
points can be far downstream. Thus, a more com-
prehensive understanding of the cell types, biolog-
ical processes and tissue responses involved in the
disease is required to design successful screening
assays. A group from Novartis recently shared
their experiences with phenotypic screening over a
five-year period, from 2011-1513. In 2011 ~5% of
the discovery screens at Novartis were phenotypic-
based, rising to a peak of nearly 40% in 2014. This
experience led the Novartis team to recommend
prosecution of small pilot screens of 1,000-5,000
compounds on multiple assays representing differ-
ent aspects of biology in order to select and refine
a desired phenotype. Sampling and testing the biol-
ogy this way allowed them to advance their under-
standing of the disease biology, exploring and
refining the therapeutic hypothesis before final
assay selection.

Prosecuting phenotypic drug discovery
programmes – process considerations 
The prosecution of target-based drug discovery
programmes, having been the subject of intensive
process improvement efforts over several decades,
follows a more-or-less predictable path, from ini-
tial screen and hit identification to lead selection,
optimisation, preclinical assessment and clinical
candidate selection. The framework for prosecut-
ing phenotypic discovery programmes is less well-
established. Unlike target-based programmes, hits
from phenotypic screens may act through any one
of a number of known or unknown targets, and so
require mechanistic characterisation to progress.
This characterisation is needed to triage hits based
on undesirable mechanisms as well as to group hits
into similar mechanism classes. Developing an
appropriate assay flow scheme of secondary assays
for counterscreening for a phenotypic programme
requires greater upfront investment than for tar-
get-based discovery programmes, and the flow
scheme can change as the programme progresses as
new information is incorporated.

The first tier of secondary assays is typically
identified during assay development from in-depth
characterisation studies performed on the selected
phenotypic screen. Assay characterisation is ini-
tially performed to support the relevance of the
system for the purpose of predicting the clinical
outcome of interest, for example, through the use
of translational biomarkers or disease signatures
that can be matched to clinical samples. Once this
is established, further interrogation of the assay is
performed via perturbation studies using drugs
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and chemical probes as tool compounds, to reveal
known targets and pathways that are active in the
assay and need to be excluded. Secondary assays
for these targets can then be run following the pri-
mary screen. Following this triage, the remaining
hits must be further classified and prioritised. This
mechanistic classification can be accomplished
using unsupervised multi-parameter profiling
approaches such as transcriptomic, proteomic or
high content analysis within the screening assay
itself, or by employing more extensive phenotypic
profiling across additional assays. The usefulness
of these unsupervised methods is increased by cov-
erage of biology and the availability of reference
signatures of compounds with known mechanisms
to which hits may be compared. This effort can
reveal additional mechanisms or identify new
assays that should be incorporated into the screen-
ing funnel, and can also help support target
deconvolution.

Target deconvolution is an important activity
that must also be considered for phenotypic dis-
covery programmes. While many drugs have been
approved without a known molecular target,
knowledge of the target is highly valuable for the
discovery of follow-up compounds, and for de-
risking the potential for unexpected toxicities in
vivo9. Known targets can be eliminated by testing

in target-based cellular or biochemical panels, such
as those established for safety pharmacology or for
broad coverage of particular target classes, such as
comprehensive GPCR or kinase panels. For the
identification of truly novel targets, there have
been advances in methods to identify targets using
chemical proteomics techniques such as affinity
pull down, functional genomics methods or molec-
ular profiling. These can be time-consuming and
resource intensive, and often multiple approaches
are required. Thus, for most discovery research
groups, unless the chemistry lends itself to such an
effort, target deconvolution activities are only ini-
tiated late in discovery. Phenotypic profiling stud-
ies that leverage the use of bioactivity fingerprints
across standard panels, ideally that cover a broad
range of biology to classify compounds based on
mechanistic similarity, can be used to prioritise
candidates prior to initiating these efforts. 

Future – the integration of phenotypic
and target-based discovery approaches
A common theme emerging from pharmaceutical
research is the need for more effective integration
of human biology into the drug discovery enter-
prise. Years of investments in ’omics technologies
that measure the cellular components of biological
systems and permitting the generation of pathway
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networks, has built our knowledge of intracellular
signalling mechanisms, but has not led to compa-
rable advances in our understanding of disease
biology. This is particularly true at higher levels of
organisation, including how information is com-
municated between cells and tissues to effect
human outcomes. The regulatory mechanisms at
these higher levels of organisation are closer to
clinical outcomes and therefore are more tightly
associated with and predictive of therapeutic effi-
cacy. Indeed, it is at this level that the differences
between animal models and humans is the greatest.
Small differences at the molecular or pathway
level, can become amplified at the next higher level
of organisation, a consequence of modular, hierar-
chical complex system architectures. The focus on
subcellular pathway regulation may explain why
we have not been more successful in target valida-
tion. In highly networked systems, feedback mech-
anisms exist to keep the system balanced and func-
tioning in the face of external stimuli and stress.
Understanding the feedback and communication
mechanisms that operate at these higher levels of
organisation will not only help us identify pheno-
typic screening assays with higher predictive valid-
ity, but also validated drug targets. 

Effective integration of disease biology into drug
discovery requires a multi-pronged approach that
combines both phenotypic and target-based meth-
ods (Figure 1). This involves taking a holistic
approach to the disease, mapping out the known
biology, and then exploring multiple phenotypic as
well as target-based screens for their applicability to
the disease. Discovery efforts in a particular disease
should begin with a theoretical framework of the
disease on to which existing knowledge of cell
types, cellular interactions, biological processes,
known mechanisms and clinical biomarkers are
mapped. Given the limitations of animal models for
human translation, it is best to develop these theo-
retical frameworks primarily from human clinical
information, such as genetic associations, drug
effects and biomarker studies. Then, as phenotypic
assays representing various cell responses and inter-
actions within the framework are developed and
piloted, and the effects of genetic and compound
perturbations on potential biomarkers are mea-
sured, the resulting information can be used to
refine the model, fill in knowledge gaps and build
support for particular therapeutic hypotheses.
Advanced cellular models, such as organs-on-a-chip
or microphysiological systems and bioprinted tis-
sues have an important role to play here as well, to
test hypotheses and evaluate novel targets or bio-
logical processes in a more complex setting, as they

provide a useful bridge from simpler, higher-
throughput assays to the clinical situation. At this
point, potential targets may emerge and decisions
to initiate target-based screening can be made. The
information generated is also used to select the
most suitable phenotypic assays for high through-
put screening. Although this process can be time-
consuming, the phenotypic assays used for primary
screening to discover hits with novel mechanisms,
can also be applied to support the validation of
compounds identified from target-based screens.
For a single disease, an organisation will typically
be prosecuting multiple assays and mechanisms.
While this takes greater resources, it also increases
the odds of success, and builds the organisation’s
internal expertise in phenotypic assays and disease
biology – a competitive edge. 

There are additional advantages of taking this
integrated approach, despite the larger initial
investment required. As phenotypic assays are
prosecuted over time, the data from these assays
can be combined to build large chemical biology
datasets that can yield valuable insights into chem-
ical structure-function relationships and also
address the problem of drug safety. Pharmaceutical
discovery groups are familiar with the value that
has been gained from mining target-based screen-
ing data to support in silico-based computer-aided
drug design which permits the prediction of target
activity from chemical structure14. In this way,
chemical space can be sampled more efficiently
without having to synthesise every possible chemi-
cal analogue. Large phenotypic assay data sets can
be mined too for valuable insights, not only on
chemical structure-function relationships but also
for the discovery of novel efficacy or toxicity mech-
anisms. These discoveries are enabled by annota-
tion of tested compounds for clinical indication or
adverse effects, from known effects of the drugs or
tool compounds evaluated during assay character-
isation; or for target interactions from information
that is available from compounds in the screening
deck that have been run in historical target-based
screening campaigns. 

The potential of this approach to address the
problem of clinical failures due to unexpected tox-
icities represents a strategic advantage and can
benefit an organisation across all therapeutic pro-
grammes. An estimated 30% of programmes fail in
clinical testing due to safety issues15. The mecha-
nisms of most toxicities are not known and animal
testing has shown limited predictivity. The ability
to mine large chemical biology data sets for corre-
lations to known clinical activities, including
adverse effects, as well as target mechanisms, helps
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build knowledge of toxicity mechanisms. Indeed,
data mining of well-annotated bioactivity databas-
es for drug associations with adverse effects has
been useful for discovering novel mechanisms of
toxicity11,15-17. Analysis of phenotypic profiles
from a standardised panel of human primary cell-
based assays has revealed a novel mechanism
involving autophagy in vascular endothelial cells
that contributes to thrombosis-related side-effects
in humans11, and has also successfully uncovered
mechanisms underlying skin hypersensitivity in
non-human primates17. As the number of toxicity
mechanisms that are identified increases, and
either phenotypic or target-based assays for these
become available, it will be possible to rely more
and more on in vitro tests for predicting safety
risks. For drug pharmacokinetics, it is already stan-
dard practice to use a combination of in vitro and
in silico models to predict human exposures. As the
ability to predict human outcomes from these
approaches improves, the dependence on animal
testing will decrease while programme success
rates increase. 

For these approaches to be incorporated into reg-
ulatory decision-making, given the primary remit of
the FDA, EMA and other drug approval agencies to
protect patient safety, significant investment in
data-driven, performance-based validation studies
will be needed. If we are to move the industry for-
ward, open shared data on publicly available drugs
will be needed, as the quality of predictive models
depends on the amount of data that is used to
develop the model. There is tremendous potential
value from incorporating human-based in vitro
data, whether phenotypic or target-based, in regu-
latory assessments. These data address human-spe-
cific mechanisms and so have the potential for bet-
ter predictivity, and their use supports the goal of
promoting non-animal-based methods. The addi-
tion of phenotypic screening for improving the
accuracy of drug safety assessments contributes to
the modernisation of regulatory science, bringing
more efficacious and safer drugs to market at lower
cost. While phenotypic screening today is already
making an impact in pharmaceutical R&D, the
greatest benefits may be yet to come.             DDW
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