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Abstract
Prevention of cellular injury and consequent cell death is expected to provide therapeutic
benefit in various diseases, but with the complexity of cell damaging pathways involved,
identification and validation of novel potential drug targets is not a trivial task. New
drug targets are expected to take part in complex responses with wide-ranging effects
on gene expression and cellular function and drug candidates rather modify these effects
than act as simple agonists or antagonists to ultimately protect the cells from an injury.
Phenotypic screening may help identify cytoprotective compounds in diseases, in which
the lack of drug targets makes target-based approaches unfeasible. This chapter gives an
overview of the strategy of cell-based assay development, primary screening, hit selection
and confirmation. Considerations about the choice of small molecule compound libraries
utilized in cell-based models are discussed as well as the use of clinical drugs for drug
repurposing or repositioning. The choice of cell types and issues associated with cell
culture techniques are overviewed and the most common assays and readouts are briefly
described. Finally, the potential pitfalls of data analysis and hit selection are discussed.
Keywords: cell-based screening, high-throughput screening, cytoprotection, drug
discovery, chemical genomics, drug target

1. Introduction
The development of small molecule therapeutics for the treatment of diseases has gone through
various phases over the last few decades. While the number of approved drugs continuously
increased from the 1970s till 1996, when a record number of drugs (53 drugs) was approved by
the Center for Drug Evaluation and Research of the U.S. Food and Drug Administration (FDA),
a decline has been observed since then with no more than 20–30 new drugs approved each year
[1]. In the second half of the twentieth century, drug discovery saw a rise of synthetic organic
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chemistry that made it economically feasible to produce large combinatorial libraries and biology progressed to provide many novel drug targets with structural details that promoted both
high-throughput screening of small molecule libraries and computer-aided drug design as
potential methodologies to identify novel therapeutic agents. In 2000, the number of known
human drug targets were less than 500 but with the overestimated number of human genes and
an expected number of 5–10 drug targets per disease genes, the number of potential drug targets were estimated to lie between 5000 and 10,000 [2–4]. The number of human genes shrank to
19,000 and the identified small molecule drug targets rose to mere 557 (549 for FDA-approved
drugs and 8 further targets for drugs approved in the rest of the world) in 2017, while 146 additional human protein targets were curated for biological drugs [5, 6]. In fact, the number of biological drugs and respective targets increased considerably over the last 20 years: in 2000 only
59 biological drugs (recombinant proteins and monoclonal antibodies) were introduced, while
250 unique biological agents were available in 2016 [3, 5]. In 2002, Hopkins and Groom argued
that only those disease-modifying genes can be used as drug targets that are druggable (contain
domains that small molecules can bind to) and the overlap between the druggable genome and
genes linked to diseases may be between 20 and 50% [7]. They predicted that no more than 600–
1500 small molecule drug targets existed in humans if we had 30,000 genes. With fewer genes
than anticipated, the number of potential drug targets also decreased, which partly explains the
lower number of new molecular entities over the last decades. Examining the new first-in-class
drugs (compounds that modulate a novel target or biological pathway that was not targeted
before their introduction) approved by the FDA during the first decade after 1999, Swinney
and Anthony found that 28 of the small molecule drugs were discovered using a phenotypic
screening approach compared to 17 drugs discovered by a target-based approach suggesting
that phenotypic screening may be more successful because of the unbiased identification of
drugs with new molecular mechanisms of action [8–10]. However, the discovery of a first-inclass drug may not be simply attributed to a phenotypic screen or a target-based approach, the
two approaches do not mutually exclude each other [11]. The launch of a new chemical entity
often roots in a discovery that occurred one or two decades earlier and the development of a
drug that reaches the market often involves both approaches [11]. For example, a phenotypic
assay may be used for the discovery of a new drug target, while subsequent optimization of
drug candidates may occur via a target-based approach, or the two strategies may be combined
in multiple cycles during the process. The term of ‘phenotypic screening’ may be broadly used
for all non-target-based approaches or more selectively for testing of compounds in a systembased approach using a target-agnostic assay that monitors phenotypic changes, thus the contribution of phenotypic assays may be differently interpreted in various contexts. Nonetheless,
phenotypic screening is making a comeback in drug discovery with large pharmaceutical companies like Novartis AG and GlaxoSmithKline plc admittedly promoting it, but its overall share
remains unclear in the efforts of pharmaceutical companies and academics [12].

2. Planning a phenotypic screen
A clear plan is needed for any early drug discovery projects and a phenotypic screen is not
an exception [13, 14]. While the steps of the drug discovery project occur in a different order
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than in a target-based project, it is necessary to establish a clear go/no-go plan for all the steps
(Figure 1). Since the target is unknown in the beginning of the project and there might be
rather wide expectations about the activity of a potential cytoprotective compound, it may
not be necessary to define cut-off values in the beginning. However, it is necessary to make

Figure 1. Basic plans of target-based and cell-based drug discovery approaches. (A) Target-based drug discovery
represents the standard procedure in drug discovery. (B) Cell-based phenotypic screening skips the target identification
step in the beginning of the project. This may lead to considerable time saving, since this step is usually performed
simultaneously with the hit optimization. (C) Drug repurposing is possible in cell-based screening projects and it may
accelerate the drug discovery process by skipping the hit optimization and toxicology steps. Please note the changes in
the order of the respective steps and the expectable savings.
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e stimations about the market potential of a prospective drug candidate for the disease, so
that we can decide on the necessary steps when the costs and potential investments arise.
Fortunately, the earliest steps (optimization of the cell-based model and the primary screening) represent relatively low cost, foreseeable expenditures. Actually, the costs of the cellbased screening may not exceed the expenses associated with the identification of a novel
target to start up a target-based project. Decisions can be made based on the results of the primary screen whether it is worth proceeding with a hit compound and what kind of secondary
tests or models to be used based on the chemical nature of the compound. In general, higher
level of flexibility is necessary during a cell-based drug discovery project than in a targetbased project due to the unforeseeable nature of the drug target. Still, apart from the cell culture model of the disease it is worth having secondary in vitro models and a well-established
animal model of the disease planned in the beginning of the project.
Phenotypic assays may be better suited for different disease areas than target-based approaches
but there is no clear rule about its applicability. Santos et al. analyzed the therapeutic areas
in which new drugs appeared and found that the majority of recent innovation occurred in
the areas of cancer and immunology, while very little progress was seen in cardiovascular
drugs [5]. On the other hand, the annual direct costs of cardiovascular disease and stroke
were double the amounts of cancer-associated costs ($193.1 and $88.7 billion, respectively,
in 2011) suggesting that higher progress is expected in this area [15]. When new molecular
entities are considered, the lag behind other areas becomes even more apparent over recent
years: cancer, infectious diseases and nervous system disorders are the leading areas of drug
discovery and they all precede cardiovascular diseases [16–18]. One potential explanation for
the disproportional representation of this area is the lack of new druggable targets in cardiovascular diseases, whereas the new cancer drugs and anti-infective agents are new molecular
entities, they bind to novel protein targets. The other problem may be related to the nature of
the injury: both anti-infective agents and cancer drugs are expected to kill the cells, while in
cardiovascular diseases the expectation is to protect the cells from a harmful injury. In most
instances, the mechanism of cell killing involves an inhibitory effect on the target, which is
easier to attain than a stimulatory effect, just like it is simpler to produce an antagonist than
an agonist for a given target since various compounds may block a binding site even if they do
not fit perfectly in the active center but only a perfect molecular match can activate the target
[19]. Phenotypic screening may provide a solution for the difficulties of cardiovascular drug
discovery, since it is possible to find compounds that reduce the cellular injury even in the
absence of a known drug target [20].
Orphan diseases represent another potential area of drug discovery using cell-based assays.
Orphan diseases are rare disorders that affect small percentage of the population and thus
possess a limited market potential, which led to the loss of interest by pharmaceutical companies and the lack of drug treatment in the majority of cases. The definition of orphan diseases
are somewhat questionable, since there is no exact prevalence value associated with the term
but in most cases if a disease affects less than 1 in 1000 or 2000 people, we call it a low prevalence or orphan disease [21–24]. While the incidence of rare diseases is low, the European
Organization for Rare Diseases (EURORDIS) estimates that there are 5000–7000 distinct rare
diseases and they affect approximately 6–8% of the population of the European Union [25].
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The majority of these disorders are inherited diseases and drug therapy may be necessary
throughout the lifetime that increases their market potential. Most governments have recognized the disproportionality of the potential profits and the necessary investments in case of
rare diseases and have issued legislations to promote the development of new drug therapies
for orphan diseases [26, 27]. As most of these diseases have a disease-linked gene and the
mutations are easily reproduced in cellular models, they may represent the most important
target diseases for cell-based phenotypic screening. Furthermore, if we accept the prediction
about the number of druggable targets by Hopkins and Groom [7], the logical consequence
is that many of these diseases will not be cured by an independent molecular entity but will
share therapeutic drugs either with other orphan diseases or with more common illnesses.
Thus, testing clinically used compounds with a drug repurposing approach may prove successful in many of these disorders, which reduces the overall costs of subsequent steps.
Cellular injury and cell death are the major challenges in today’s drug discovery portfolio.
While cancer drugs are on the rise, with cell killing as the principal mechanism of action
of drugs, cellular injury remains the major theme of scientific research. In most diseases,
researchers focus on cellular damage and cell death and investigate the underlying mechanisms that may help us understand how to interfere with the process. Unfortunately, this
approach is not that successful in the discovery of new drug targets, but provides us with a
multitude of cellular and animal models of various diseases [28]. These models usually allow
only low throughput assays to be performed but may represent a good starting point for
phenotypic screens.
In many diseases, the question arises whether reduction of the damage will be possible if
currently there is no therapeutic drug for the disease in clinical practice. If, under experimental conditions, protection of the injured cells is accomplished by gene silencing or by
gene therapy, there will be greater chance for establishing a pharmacological intervention in
the future since it indicates the existence of disease-linked genes. It may not be necessary to
induce orders-of-magnitude changes or to fully suppress the expression of a disease-linked
gene to attain cell survival benefit, because the cell fate in an injury may be modified by small
changes in the level of interacting proteins. Also, the existence of other experimental methods (as it was the case with ischemic pre- and post-conditioning) that induce cell protection
may indicate the existence of potential targets prior to the identification of a disease-linked
gene. Since phenotypic screening is a target-agnostic methodology, the outcome is of primary
importance and not the underlying mechanism.
The mechanism of cytoprotection may not be identical with the blockage of known cell death
pathways. Apoptosis and necrosis represent the two major cell death processes and they were
long regarded as examples of “programmed” and “unprogrammed” cell death. Distinguishing
a clear pathway or program in the mechanism of cell death allows us to interfere with specific
components of the process and to block the execution of the program. In this respect, caspase inhibitors are the prototypical inhibitors of apoptosis [29]. However, necrosis can also be
blocked by poly(ADP-ribose) polymerase (PARP) inhibitors and thus its unprogrammed classification is no longer valid, even if it took us longer to fully understand the process because of
its rapid execution [30–32]. Many other regulated forms of cell death (autophagy, pyroptosis,
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necroptosis, parthanathos and mitoptosis) have been identified and various drugs that block
these cell-based processes played a key role in their discovery [33]. Since cell death may occur
simultaneously via multiple pathways, our classification of the dominant cell death form may
change over time in various diseases as we understand more details about an injury [34].
Understanding the key features of a disease or an injury and reproduction of these mechanistic details in a cellular model may be of higher value than close mimicking the cell death process, as the latter often represents the final steps in the damage that we have to prevent and not
to interfere with. Interestingly, neither caspase inhibitors nor PARP inhibitors went through
clinical trials in their originally conceived application, but paradoxically PARP inhibitors
reached clinical practice in diseases, in which they had seemed to play a lesser role. Thus while
PARP was discovered as the main contributor to necrotic cell death and the first PARP inhibitor started a trial in ST-Elevation Myocardial Infarction (STEMI) [35], PARP inhibitors reached
the market later as cancer drugs: currently olaparib, rucaparib and niraparib are approved for
ovarian cancer [36, 37]. Similarly, caspase inhibitors were initially suggested to play a role as
potential drugs in a wide array of diseases including acquired immune deficiency syndrome
(AIDS), ischemic diseases (myocardial infarction, stroke), neurodegenerative diseases, myelodysplatic syndrome and toxic liver injury [38], but clinical trials were only started in epilepsy,
hepatitis C virus (HCV) infection and non-alcoholic steatohepatosis (NASH) and none of the
caspase inhibitors have reached FDA approval [39–41].

3. Compounds libraries
The number of compounds used in a cell-based assay is often lower than what can be
screened in a simple enzymatic reaction. The cell-based models are usually more complex
and the assays typically require longer time to perform. Furthermore, the maintenance of
a cell culture lab for high number of assays is more costly than what is needed for simple
biochemical assays, thus it is worth considering whether the associated costs can be limited
by testing fewer compounds. Also, the measurement results may show higher variance in
cell-based assays than in biochemical assays and may require higher number of repeats that
will considerably increase the expenses. Since there is limited information about the number
of compounds that may protect the cells against an injury, we can start the screening with
a validation set of compounds that may contain compounds that are known to reduce the
cellular injury in that model and also include various other compounds to see the data variability. This can give us information about the expectable number of hits in larger sets of compounds and help us plan the screening strategy. A reference compound that protects against
the injury may not be available when we study a new disease model, thus we may need to
consider the use of controls in which the injury has not been induced and introduce the use of
positive controls in the assay once we identified drugs that protect against the injury.
A two-step procedure may be preferred in the majority of phenotypic screens: starting with
a smaller set of compounds with higher expectable hit ratio followed by a second screen of
larger sets of compounds that may achieve a lower hit ratio. The number of hits is higher in
sets of compounds that mostly contain biologically active compounds than in sets of drug-like
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molecules. It is easily understandable that drugs that interfere with biological processes definitely possess binding sites, whereas those compounds that only show resemblance to other
compounds do not necessarily have any targets in a cell. However, many of the biologically
active compounds may show higher level of toxicity in the cells, since their known activity
may not be related to cytoprotection and it may increase the data variability.
Hit selection may also include two steps in cell-based screens: (1) identification of hits in the
primary screening and (2) a secondary confirmation assay of the hit molecules. Because of the
higher variability of the assays and measurement values, the active compounds may show
less cytoprotection in a single measurement than their average effect, thus it is better to use
cut-off values that allow us to select a broader set of initial hits. These compounds will include
many false positives, which will fail to show protection in repeated tests. If we expect a hit
ratio around 1 in 100 molecules in the primary screen, and run confirmatory tests in repeats
(e.g. in 3–6 repeats), it gives an the assay burden of ~50% for the hit confirmation step, which
is substantially less than running the primary screen in duplicates. In many cases, the number
of confirmed hits will be around or below 1 in 1000 compounds tested, so the set of test compounds should include a few thousand compounds in the first primary screen to produce a
meaningful set of data. Fewer compounds may not contain protective molecules at all and the
lack of confirmed hits often results in discontinuation of the project.
Clinical compounds can be used for initial screening efforts and a repurposing approach
can speed up the drug discovery process. The number of drugs approved for human use is
around 2400 in the USA and there are no more than 4000 molecular entities approved worldwide (including the US market) [24]. There are various sets available from a few vendors that
contain a selection of clinically used drugs and may also include other compounds that went
through toxicology studies but failed in the clinical phases (Table 1). If multiple of these sets
are obtained from different companies, there is usually substantial overlap in the provided
drugs but the vendors mostly use independent sources for the drugs and various salts of the
same compound might be included in the different sets. Another option is to use a compound
library of biologically active drugs. In this case, the majority of the drugs will have an annotated target in the cells but not all compounds will possess a binding site: for example, the
drug target may not be expressed in the cell type in use or an anti-infective compound may
not have a mammalian homolog. In general, these libraries mostly contain a similar number
of potentially cytoprotective drugs as clinical libraries but there is a huge difference between
them in the subsequent steps. Those compounds that have gone through formal toxicology
studies, may be directly reused for other diseases, but those compounds whose toxicity have
never been investigated will require more follow-up work.
Larger chemical libraries comprising 10,000–100,000 drugs may be screened as a second step
following the screen of small libraries. The number of possible drug-like molecules is not
indefinite, but it is certainly large enough to forget about testing all possible compounds.
Virshup et al. estimated that the set of all synthetically feasible organic molecules of 500 Da
molecular weight or less contained over 1060 structures (“the small molecule universe”) [42].
Depending on the disease and target tissue, it might be possible to exclude certain chemistries and by using chemoinformatics filtering methods, the composition of the library might
be limited to a set that is easier to handle [43]. A key concept is druglikeness, prediction of
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Compound library

Number
of drugs

Short description

Link

NIH Clinical
Collection

450

Compounds that have already been
in clinical use or in clinical trials

http://www.nihclinicalcollection.com/index.
php?cPath=21

LOPAC (Library of
pharmacologically
active compounds)/
TocriScreen collection

1280/1120

Known receptor agonists,
antagonists, modulators of cellular
responses and signal transduction

http://www.sigmaaldrich.com/catalog/
ProductDetail.do?lang=en&N4=LO12
80|SIGMA&N5=SEARCH_CONCAT_
PNO|BRAND_KEY&F=SPEC
http://www.tocris.com/dispprod.
php?ItemId=5381

US Drug Collection

1140

Compounds that have reached the
stage of clinical trials in the USA

http://www.msdiscovery.com/usdrugs.html

International Drug
collection

240

Compounds that have reached
the stage of clinical trials in other
countries

http://www.msdiscovery.com/

Killer Plates

160

Compounds with known effects on
cellular viability

http://www.msdiscovery.com/killer.html

New Prestwick
Chemical Library

1200

Drugs that are in clinical use

http://www.prestwickchemical.com

FDA Approved Drug
Library

640

Compounds selected from
another library of clinically used
compounds

http://www.enzolifesciences.com/
BML-2841/fda-approved-drug-library/

Apexscreen Library

5000

Diverse compound library,
representative set of various
chemotypes for screening

http://www.timtec.com/apexscreen.html

Chembridge Diversity 10,000
Library

Drug-like diverse compound
library for screening library

http://www.chembridge.
com/screening_libraries/
diversity_libraries/#DIVERSet

Myriascreen Library

10,000

Library of drug-like diverse
compounds

http://www.timtec.com/myriascreendiversity-collection.html

Actitarg-K library

6600

Library of kinase modulators and
similar structures

http://www.timtec.com/kinase-modulatorsactitarg-k-library.html

Natural Product
Libtrary

640

Purified natural compounds,
products

http://www.timtec.com/natural-compoundlibrary.html

AMRI Diverse sample 10,000
library

Diverse selection of ‘lead-like’
http://www.amriglobal.com/products_and_
compounds that covers Albany
services/products_detail_sub.cfm?prodID=1
Molecular Research Institutes’ small &subServID=4&subServID2=5
molecular compound collections

Table 1. Examples of compound libraries for cell-based screening projects.

the properties of a molecule based on the physicochemical properties of approved drugs and
filtering the compound library according to these parameters [44]. The absorption, distribution, metabolism and excretion (ADME) of drug-like compounds may be predicted and subsets of drugs can be chosen for a specific organ or disease based on these data [45]. Lipinski
introduced his “rule of five” concept, the filtering of molecules by solubility and permeability
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 rediction using the following parameters: the molecular weight is less than 500 daltons,
p
CLog P is less than 5, the number of H-bond donors (the sum of OHs and NHs) is less than
5 and the number of H-bond acceptors (all nitrogen and oxygen atoms) is less than 10, that
greatly reduces the number of potential drug-like molecules [46, 47]. This approach suggests
that the number of drug-like molecules that we potentially use is closer to 10,000 than to a
million drugs, since these compounds are sparsely distributed through “the small molecule
universe” [47]. The use of a targeted library, which consists of drugs that are known to bind
to certain types of targets and also contains highly similar molecules, is commonly used in
chemical genomics and may prove useful in phenotypic screening, as well [43, 48].
The concentration of drugs used in cell-based screening is mostly determined by practicability and not by the effective or toxic concentrations of the individual compounds. The
majority of compound libraries supplied compounds in solution at a fixed 1 or 2 mg/ml
concentration in the past and nowadays, compounds are offered, mostly at 10 mM concentration in dimethyl sulfoxide (DMSO) [49]. The majority of the libraries are available in 96- or
384-well microplates, deep well plates or microtube racks. To simplify processing, dilutions
of the compounds are best prepared at the same concentration for all drugs. While it would
make more sense to use each clinical compound at a clinically relevant, effective concentration, equimolar concentrations are used most often to simplify and speed up the dilution
steps. Compounds are usually screened at a concentration between 1 and 10 μmol/l, which
might present dilution problems and may cause toxicity. Since the amount of DMSO must
be limited as much as possible, dilutions of the drugs may be prepared in water-based solutions for cell-based assays and drug precipitation may occur as a result of poor water-solubility during dilution. Compound libraries are usually stored at −20°C in an upright position
and compounds may settle down in the bottom of microtubes or wells during freeze-thaw
cycles and some of the drugs may also precipitate. As a result, the cells may be treated with
lower concentration of drugs than expected either due to incomplete mixing or dissolution of
drugs. Also, compounds may lose activity during freezing and thawing, or due to an oxidative reaction with DMSO, which will also have various effects on the cells and may interfere
with the assay [50]. Thus, hit compounds, if a fresh resupply is used in the confirmation
studies, may show similar activity at a lower concentration than in the primary screen or
even display higher activity.
Drug combinations may provide a further option to reduce the number of assays to be run
[51, 52]. If you expect that the number of active compounds is low, you may consider pooling multiple compounds and testing them in combination. The number of assay runs may be
reduced by an order of magnitude, if 8–12 compounds are pooled and only low number of
“hits” is expected. Re-testing of the individual compounds will be necessary for each of the
initial hits but since the expected hit ratio is low, it may not present excessive follow-up work.
However, potential toxicity of the compounds needs to be considered: a toxic compound can
mask the cytoprotective effect of an active compound if the cells are simultaneously treated
with both drugs. Thus, the number or ratio of cytotoxic drugs might be the determining factor
whether drug pooling is possible or not in a cellular model. On the other hand, this approach
may allow us to search for potentiating compounds in a model if the test compounds are used
in combination with a drug that provides limited protection [20, 53, 54].
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4. Mammalian cell culture
Cell-based screening requires adaptation of cell culture techniques to higher throughput than
what is typical in cellular assays and may present unexpected problems associated with the
specific cell types or models [55]. The majority of these issues could have been sorted out by
automation but the cost of robotic systems that handle cell cultivation remains extravagant.
The first automated cell culture stations appeared in the market a decade ago, but these monstrous instruments remained outrageously expensive and very few units have been sold [56,
57]. Highly complex, cell-based models often include procedures that may not be automated
and will require manual handling for specific steps. In this case, purchasing an expensive instrument that cannot fully replace the laboratory technician may increase the overall costs. Whereas
training technicians specifically for higher throughput cell culture may be advantageous: provides flexibility, predictable costs and allows the introduction of newer models when needed.
Choosing the right cell type for the primary screen might be the key for discovering novel drugs
or drug actions. Primary cells are often propagated for cell-based screening projects, assuming that they more closely mimic the processes of the cells in whole organisms than cell lines.
However, primary cells are usually more difficult to grow and their division potential is limited
to a few passages, during which they may not maintain their original characteristics. Whereas
cell lines are well-characterized, immortalized cells that are easy to maintain and can be resupplied at reasonable costs, if necessary. The reagent and cell maintenance costs are lower for cell
lines, as they can be cultured in classic cell culture media and typically grow faster. Human
cells may be better suited for drug discovery, since the potential drug targets may not have
orthologs in other species or the dissimilarity between the representative proteins may change
the binding of compounds to the target [5]. On the other hand, many of the cell-based models
use non-human cells either because the preferred cell-line originates from rodents or because
the primary cells cannot be freshly isolated from humans. Either way, choosing the best model
is more important than the use of human cells, since it is better to loose a few hits because of the
differences in orthologs than to identify hits in an irrelevant model. If there are multiple options
to choose from, it is worth keeping the lower cost model for the primary screening and use the
other cell type as secondary model to confirm the action of hit compounds [58, 59].
Assay miniaturization is necessary to reduce the costs of cell culture and the assay-associated
expenses [60]. Although, the ultimate goal is to minimize reagent costs, the power of testing
treatments in larger cell populations will remain high and may be preferential depending
on the model or assay type [61, 62]. Thus, 96-well cell culture plates are often used in more
complex assays, while 384- and 1536-well plates can be used for simple assays when the assay
readout is expected to change considerably with the treatments. In a simple cell viability
assay, if the cellular injury reduces the viability by 50% and we expect that our drug treatment may provide a partial protection against the injury (e.g. 20% survival benefit) then the
pipetting error and imprecision of the measurement may not allow us to downsize the assay.
It should be noted that in cell culture, miniaturization involves a more complex adaptation of
the cell cultivation process than proportional scaling down of the number of seeded cells and
all the reagents. Differences in aeration and temperature fluctuations occur between the wells
based on their respective position on a plate: typically the edges are exposed to excessive

Cell-Based Screening to Identify Cytoprotective Compounds
http://dx.doi.org/10.5772/intechopen.73172

temperature changes, evaporation and better oxygenation, while the inner wells are more
homogeneous in this respect but they do not have comparable gas exchange and the cells
may grow slightly slower in them. As a result, the outer wells may be excluded from analysis,
leaving only 60 wells on a 96-well plate or 308 wells on a 384-well plate, thus 5-times higher
number of treatments might be tested on a 384-well plate.
Contamination is a major issue in cell-based screening, because of the higher throughput of assays
and steps that may not be carried out in an aseptic environment [63–65]. Compound libraries are
often provided in solutions that are not sterile, though the drugs are dissolved in DMSO and
there is little chance for bacterial contamination. The dilution step of compounds may be associated with contamination risk, partly because the storage plates often use tube caps that require
manual handling and cannot be removed by a robotic system or because the pipetting station
used for the dilution step does not fit in a biosafety cabinet. Also, experimental devices that are
necessary to induce cellular injury may be utilized in some models and these instruments may
exceed the size limits of a laminar flow cabinet [59]. While contamination risk may be minimized
by careful planning of experiments, it is often impossible to eliminate all sources of bacterial contaminants. If the cell cultivation procedure is longer because the cells require longer differentiation steps, or the assay investigates the long-term survival of cells, the risk of contamination will
also increase. In general, assays terminated within 3–4 h following the injury or drug treatment,
may allow that some of the steps are carried out on the benchtop and may not require to work in
a biosafety cabinet, since the bacterial growth becomes exponential after a lag phase and within
this time-frame the low level of contaminants impose little risk of interfering with the assay [66].
However, longer exposures or assay runs requisite that all the steps are performed in a biosafety
cabinet using sterile technique. It is essential to plan regular decontamination and sterilization of
the instruments to avoid generating false data because of contaminants [67].

5. Assay-related issues
The readout of the screening assay that may be a viability assay or another functional test
plays an important role in the identification of hit compounds and it is a key contributor to
the expenses of the project. A high sensitivity, low cost assay is the obvious choice for primary
cell-based screening of compound libraries [68, 69]. High sensitivity does not mean that we
need to use luminescence measurements, because it is not the detection sensitivity what is
important but the sensitive detection of the changes in cellular function or viability. A simple,
colorimetric lactate dehydrogenase (LDH) assay may be capable to measure minor changes in
cell viability that costly methodologies cannot detect. Reagent cost makes a huge difference if
the number of runs is high, thus a less expensive assay may be preferable. A custom-tailored
assay with “home-made” reagents may be a better choice than a commercial assay, depending on the model, and may save on supplies.
Specificity of the assay and the instrumentation necessary to read the plates are of similar
importance but reproducibility and higher sensitivity may allow more flexibility in these
parameters. Since we expect that the number of cytoprotective compounds is low in most models, it is better to have fewer false negatives and more false positives among the initial hits, thus
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sensitivity may overcome the limitations of specificity. Endpoint assays are typically preferred,
since the measurement time can severely limit the number of runs in kinetic assays. If a plate is
read for 30 min in a kinetic assay, and the endpoint measurement lasts 1 min, it will take more
than 2 days to read 100 plates kinetically, while the endpoint measurement can be finished
within 2 h. (And no more than 6000–8000 compounds are tested on 100 plates if 96-well plates
are used and the outer wells are excluded.) Thus, if an endpoint assay can replace a kinetic
read with no or little loss in sensitivity, it remains the preferred choice in cell-based screening.
Viability assays are obvious choices for identification of protective compounds in a cytotoxic
injury and many simple assays are available to choose from [70–72]. The most commonly
used assays depend on substrates that are converted to easily detectable products by metabolic enzymes in living cells and the results are linear with the number of viable cells within
a limited range [73–75]. The least expensive options are colorimetric or fluorescent tests that
requisite less costly plate readers. However, assay interference is a common problem with
these methods: many of the test compounds are colored or fluorescent substances and they
may produce false results. The metabolic pathways or enzymes may be up or down-regulated
in the studied injury model, thus careful selection of the assay is necessary [53, 71, 72].
Homogeneous assays may be preferred, since fewer steps allow less processing error, and
easier automation, robotic integration of the assay.
Simultaneous use of multiple viability assays can help compensate for the weaknesses of individual tests but makes the data analysis more complex [53, 58, 71]. For example, in a cellular
injury model, when the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay is the primary viability assay, LDH release may be used as a secondary measurement from the simultaneously sampled cell culture supernatant [20, 53, 71, 72]. Thus, cytoprotection (increased
viability) will be detectable as an increased signal in the MTT assay and also as a reduced LDH
signal (diminished cell death) in the respective supernatant sample. Whereas the simultaneous increase or decrease of both the MTT and LDH signals indicates a false positivity in one of
the assays and may not be of further interest.
In cell-based assays, differences occur in the assay results depending on the respective position of individual wells, since the activity of metabolic enzymes is affected by the temperature fluctuations, inhomogeneity of gas exchange and potential pH variations. These effects
may affect the results considerably in many injury models and corrections may be necessary
to compensate for their impact. But even with the best compensations, the chances to find
protective compounds in middle or outer wells may not be equal [53]. It is worth testing,
that with the use of a positive control compound, our assay can similarly detect protection
in all wells of the plate. Alternatively, we may confirm that mock-treated or vehicle treated
(negative control) wells show similar results throughout the whole plate. If the measurements
show larger variation, it may be necessary to run measurements in duplicates. In this case,
duplicates need to be allocated to various positions and not to neighboring wells on a plate,
so that the average protection will be similar for all test positions [53].
Independent repeats are expected in all cell culture experiments but running cell-based
screens repeatedly several times would unnecessarily increase the expenses [76–79]. We can
assume that only a handful of drugs may protect the cells and the majority of the compounds
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will have little effect in the injury model. It is unnecessary to confirm the lack of effect for
those drugs that exert no protection. The goal of the screen is to find potentially active drugs,
thus screening a compound library needs a single measurement, even if we use a cell-based
assay. The primary screen will not provide necessary data to state that the initial hits exert
significant protection, we need to confirm the protective effect of potential hit compounds in
repeated experiments to conclude that the effect is significant [77–79].

6. Data analysis
Hit identification is the main aim of data analysis in cell-based screening and this process may
not follow the rules of statistics to the letter. In high-throughput screening, Z-factor has been
used as the gold standard method to analyze the assay and data set quality [80]. This methodology assumes that the identification of hit compounds requisite good separation of positive
and negative controls. However, the power of this methodology was questioned later, since
higher background or noise values are typically present in several assays, and poor signal-tobackground or signal-to-noise separation still allow the identification of “true hits” [81, 82].
Larger variation occurs in a cell-based assay than in biochemical assays, even so cell culture
experiments have been successfully used to study the effects of drug treatments. Thus, the
variable damage induced in many injury models is an acceptable feature of the experimental
methodology but may require more flexibility during data analysis.
The ultimate goal is to identify compounds that provide protection against an injury, which
means less damage or increased viability of the cells depending on the specific model. A
Z-score, the number of standard deviations from the mean vehicle treated wells undergoing
the injury, may be calculated using the whole dataset and it easily shows the outliers [83].
Based on the assumptions that (1) the wells treated with various ineffective drugs will show
similar response to the vehicle-treated wells and (2) there are very few active drugs, the compound-treated wells can quasi replace the negative control wells in the analysis. However, if
the dataset shows larger variation, the Z-scores will be smaller values, thus meaningful cut-off
values should be chosen individually for the selection of hits in each experimental model [54,
58, 59]. Apart from the more complex procedures, like Z-score calculation, there are various
other options to identify cytoprotective compounds. Selection of the wells, in which diminished cell death occurred, is often easier on a single plate than in a large dataset, thus it might
be useful to establish cut-off values based on the results of each plate separately. Data may be
categorized immediately at plate reading and the outliers can be labeled as potential hit compounds or toxic molecules depending on the changes in viability. In this way, you can start
up the hit confirmation before the completion of the primary screen, which may be preferable
if the primary screen of a larger compound library requisites longer time.
Hit selection may be overly complex if dual or multiple readouts are used to identify active
compounds. In the simplest case, one of the parameters is used only at a fixed cut-off value
and the second parameter is ranked according to the activity to find the protective compounds. In a cell injury model, viability values may be used for preliminary classification of
drugs as toxic and non-toxic compounds, and the other parameter (e.g. ROS production or
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an inflammatory signal) may be used to determine the protective effect of test compounds
[54, 58]. Alternatively, the measurement values may be ranked separately for the individual
parameters and cut-off Z-scores may be established for each of them. If a test compound
performs above the cut-off values for each of the parameters, we may classify it as a hit that
proceeds to the confirmation step. A further option is to streamline the decision making to the
usual single parameter analysis: a new factor may be derived from the two primary measurement values, and the newly generated parameter can be ranked by the Z-scoring method.
Hit confirmation is the next step, following the identification of preliminary hits [83]. This
procedure can take the usual steps of cell culture experiments. Independent repeats are
needed and data analysis should be performed following the generally accepted rules of in
vitro assays [79]. If more assays are available to test the activity of potential hits, it is worth
including them at this step as secondary assays [83]. The cellular target of confirmed hits often
represents new challenges, since the identification may not be a straightforward process in
many of the disease models. However, the new targets are of high value for structure activity
relationship (SAR) analysis and may shed new light on the mechanisms of disease development and progression.

7. Conclusion
Recent tendency in drug discovery suggests that target-based research will be complemented
with target-agnostic approaches in the future. As opposed to classical target-based drug discovery approaches phenotypic assays may be necessary to identify novel compounds that
show activity in orphan diseases or in common medical conditions that currently lack effective therapeutics. Cell-based models are often used to study various aspects of illnesses and
many of these may be modified for powerful tools in drug discovery. The use of these models
for cell-based screening may allow identification of potential drug candidates and chemical
genomics approaches can promote reverse identification of novel drug targets [84].
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