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21
GPR81 HTS Case Study
Eric Wellner and Ola Fjellström

21.1
General Remarks

One of the key lead generation strategies to identify new chemical entities
against a certain target is high-throughput screening (HTS). Running an HTS
requires a clear line of sight regarding the pharmacodynamic (PD) and pharma
cokinetic (PK) profile of the compounds one is interested in. This means that
there has to be a clear screening and deconvolution strategy in place to success
fully assess the hits from an HTS output. The intended outcome of an HTS is
the identification of compounds that both engage the appropriate target and
produce the desired effect. It is based on serendipity; running a large number of
structurally diverse compounds will usually favor the identification of novel hit
structures. The screening cascade has to match this demand and the assay per
formance has to be closely monitored and should provide a highly reliable signal.
HTS stands at the interface between target biology and chemistry space, and

the chemist assessing an HTS output will need a detailed understanding of (a)
each readout from the screening cascade, (b) the possible interferences, and (c)
the selection criteria at hand. In other words, what signal is measured in the
assay, what would lead to a false positive signal and finally is the measured signal
significant? In the hit evaluation phase (HE) of the HTS, structure–activity rela
tionships (SARs) and structure–property relationships (SPRs) will be established
and matched with the desired in vitro PD and PK properties of the hits. All these
steps require excellent feedback loops between chemistry and biology to achieve
a successful HTS campaign.
In the following chapters, the case study of a GPR81 agonist campaign will

outline the key principles of an HTS process from a medicinal chemistry per
spective. Rather than presenting a glossy success story, the aim of this case study
is to provide a more nuanced picture about a “real-life” HTS campaign with all
its dead ends, difficulties, and opportunities.

Lead Generation: Methods, Strategies, and Case Studies, First Edition. Edited by Jörg Holenz.
 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.
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21.2

The Target


The G-protein-coupled receptor 81 (GPR81), also known as hydroxycarboxylic
acid receptor 1 (HCA1), is highly homologous to GPR109a and GPR109b. All
three receptors are activated by hydroxycarboxylic acid ligands originating from
energy metabolism [1] and they display a high selectivity for their endogenous
ligands (lactate for GPR81, 3-hydroxy-butyrate for GPR109a, and 3-hydroxy
octanoate for GPR109b) as shown in Diagram 21.1.
GPR81 is highly expressed in adipose tissue and has been identified as a Gi

type receptor coupled to a decrease in the cellular concentration of cAMP [1,2].
Early on, there was some evidence that lactate leads to an antilipolytic effect
resulting in inhibition of free fatty acid (FFA) release from adipocytes [3]. Excess
circulating FFA is a metabolic defect commonly seen in type 2 diabetic (T2D)
patients and the scientific rational for GPR81agonism is based on lowering
plasma FFA. GPR81 is thought to have a main role in regulating insulin’s inhibi
tory effect on FFA release from adipose tissue. A GPR81 agonist will lower
plasma FFA and switch energy substrate utilization from fat to carbohydrate.
Inhibiting the high FFA flux seen in patients with insulin resistance and diabetes
should improve insulin sensitivity in muscle and liver by reducing ectopic lipid
storage. Inhibition of lipolysis should also in the long term result in reduced
cardiovascular (CV) morbidity and mortality in T2D patients with multiple CV

Diagram 21.1 pEC50 values of endogenous ligands for the HCA receptor family in human
GTPγS binding assays.
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risk factors. Similar effects are well documented for drugs targeting the GPR109a
receptor. However, the beneficial antilipolytic effect in clinical trials seen for
GPR109a agonism is offset by the severe flushing side effects caused by the activa­
tion of Langerhans cells in the skin [4]. Another drawback is that GPR109a recep­
tor internalization [5] is thought to be the underlying cause for the tachyphylactic
effect of many known GPR109a agonists making it a more difficult druggable
target [6]. Since GPR81 is mainly expressed in adipocytes, the unfavorable profile
of GPR109a agonists might not be shared by GPR81 agonists.

Screening Cascade

Several considerations have to be made to ensure that the profile of a compound
matches the desired pharmacodynamic outcome. The bioscientist and the
medicinal chemist have to ensure that the screening cascade is predictive and
that all decisions, whether to progress a compound or not, are well understood.
The screening cascade and the progression criteria are designed to prioritize
compounds with the most favorable hit profile. In the GPR81 campaign, the fol­
lowing selection criteria were initially considered:

•	 Compounds should be agonists of both the human and the rat GPR81
receptor.

•	 Compounds should engage the receptor in a Gi-signaling manner leading to
inhibition of adenylyl cyclase activity.

•	 Gi-activation should be achieved solely through the GPR81 receptor and
not by another target or background signal.

•	 False positive technology hitters should be removed using an orthogonal
assay.

• Compound purity should be >85%.

Each compound passing these initial filters will be considered to enter the sec­
ondary screening cascade.
In detail, the primary activity assay is run as a single-point HTS screen at

10 μM compound concentration. GPR81 is a Gαi-coupled receptor overexpressed
in CHO-TREx cells. Upon receptor activation, the Gα-unit dissociates from the
heterotrimeric Gαβγ-protein leading to inhibition of the adenylyl cyclase (AC)
and a reduction of cAMP (Ginhibition-type coupling). To measure the inhibition
of AC, the cAMP levels in the cells are increased by forskolin stimulation of AC
and the cAMP production can be inhibited by agonist activation of the GPR81
receptor. The effect of the compound is determined by the time resolved-FRET
(TRF) signal at 665 nm where cAMP competes with an Eu-labeled cAMP for a
FRET partner and alternates the FRET signal at 665 nM. Residual energy from
the europium chelate will produce light at 615 nm that is also measured and
used for signal ratio calculation (see Figure 21.1a and b). The ratio is translated
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Figure 21.1 (a) Initial screening cascade of the GPR81 campaign was designed to identify hits
producing a signal on the GPR81 receptor not related to off-target activity or technology. (b)
LANCE cAMP assay principle.
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into a % effect value. Compounds with an effect > 4 times the interquartile
range were considered to be active. This corresponds to an activity cutoff at
15% effect.
There are some general pitfalls for the medicinal chemist to consider when

running and evaluating a cellular GPCR agonist single-point screen.

•	 The cutoff criteria are biased and mainly designed to avoid too many false
positives.

•	 Effect data do not necessarily reflect the potency of the compounds. It is
tempting for the chemist to interpret high-effect values as high potency and
vice versa. There is no linear correlation between effect data in a single-
point screen and the % effect values generated in a full curve concentration
response assay.

•	 Compounds having an EC50 around 3–30 μM are probed in the steep part
of their EC50 curves. In a single-point experiment, small concentration
shifts inside the well due to titration can lead to big changes in the observed
effect in a retest.

•	 Overexpression of the receptor in a transfected cell line is artificial and
leads to a high receptor reserve in case of GPCRs that might exaggerate the
effect of a compound leading to a left shift of the concentration response
curve. A straight 1 : 1 potency translation into more relevant or endogenous
cell line might be compromised.

•	 Partial versus full agonism is hard to assess. Receptor overexpressing cell
lines might not show partial agonism, and a low effect in the single point
could still be a very potent partial agonist. A partial agonist in an overex
pressing cell line might act as a functional antagonist in a more relevant
cell line.

•	 Technology hitters will lead to false positive signals, that is, fluorescent
compounds might interfere with the FRET technology.

•	 Low solubility in the buffer can result in loss of compound effect due to
precipitation.

•	 Permeability can be an issue since, although GPCRs are membrane-bound
receptors and represent an extracellular target, the binding site can still be
buried deep in the membrane.

•	 Cellular assay systems often require BSA. Since most of HTS compound
collections are historically grown, many compounds might have poor
overall physicochemical properties leading to high protein binding.
While 0.1% w/v BSA might appear low, it still means that the solution
has a concentration of about 15 μM BSA. Depending on the affinity of a
compound for BSA, this can significantly lower the fraction unbound in
the assay.

•	 Aggregators might lead to physical phase transition and affect the target
interaction.
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21.4

Compound Selection (10 k Validation Set)


It is good practice as part of any HTS to perform a critical evaluation of a test set
comprising about 10 000 diverse compounds (10 k validation set). This set
should contain a representative selection of the overall compound collection.
Other hypotheses, not based on serendipity, can also be assessed. Usually, refer­
ence compounds from patents and literature are included and nearest neigh­
bours (NN) are selected or designed to expand the knowledge around these
known structures. Another approach is to consider the endogenous ligand and
identify NN to the natural ligand present in the compound collection. The third
approach is to look at the phylogenetic tree of the target, identify compounds
known to act on related targets, and include them in the initial 10 k set screen.
This approach is based on the selective optimization of side activities (SOSA)
principle [7] where structurally related targets might bind a pool of related com­
pounds. Virtual screening, using a model or a known structure of the target, can
also be applied to identify a rational hypothesis to include certain compound
structures into a screen. There are many examples in the literature where these
rational approaches have replaced an HTS campaign. However, an internal anal­
ysis of several HTS campaigns against a variety of targets showed that the hit
rates derived from focused or selected libraries are often lower compared to a
full HTS. An exception is where compounds share a very high similarity to
known ligands [8].
The use of physicochemical properties for compound selection has also been

widely discussed in the industry and literature [9]. There is no doubt that com­
pounds with inflated physicochemical properties such as high lipophilicity, basic­
ity, and/or number of hydrogen bonds are more likely to encounter poor
metabolic stability [10], low permeability [11], high degree of promiscuity [9a],
and toxicity issues. Today’s hit evaluation is a far cry from potency-driven cam­
paigns. Evaluation of compounds includes a balanced view on physicochemical
properties, ADME properties, efficacy, and potency. There are strong arguments
to start with small leads or even fragments and use various indices to maintain
their fitness through the hit expansion and lead generation phase [12]. Another
approach would be to start with a potent hit and evaluate if it’s possible to
expand the SAR into a favorable physicochemical and ADME property space. It
is our experience that hit expansion and evaluation should not limit itslef to one
or the other approach. In the case of campaigns with access to structural infor­
mation, the first approach has a clear rationale of how to maintain fitness. Still,
any fragment-based lead generation [13] (FBLG) campaign profits significantly if
it is supported by an HTS and uses confirmed hits as a template for fragment
expansion. In case where no structural information is available and hit expansion
relies on a ligand-based strategy, the second approach is often easier and more
successful.
One advantage of evaluating a 10 k selection before running the full HTS is

that the set can be used to ensure the quality of the screen and to estimate the
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Table 21.1 A short checklist on the use of the 10 k set in an HTS campaign.

Information extracted from 10 K Comments
set

Hit rate Should reflect the hit rate of the HTS
Single-concentration effect Can later be correlated with the HTS output to ensure

quality of the screen
Early hits Can be used as tool compounds for further evaluation, e.g.

counterscreen or performance of secondary screens
Possible off-target or technology- The assays propensity to identify off-target-related hits or
dependent activities technology hitters can be assessed
Potency Provides information in which potency range compounds

will be identified by the HTS

hit rate. For example, a hit rate above 5% might indicate that there will be limita
tions in running the hit evaluation screening cascade successfully. Additionally,
early tool compounds can often be identified that can be used for further evalua
tion of the target and additional assays. Table 21.1 provides a short checklist on
how the 10 k set can be used in an HTS campaign.
The 10 k set should always be retested as part of the full HTS campaign to

assess reproducibility.
In the case of GPR81, only two ligands were known to activate the receptor at

the time we started the campaign. The endogenous ligand, lactate, itself has a
rather low affinity to the receptor [14]. Arena Pharmaceuticals has also pub
lished a series of imidazopyridines and provided potency both data of several
compounds tested in a GTPγS- and HTRF-cAMP assay as well as the antilipo
lytic effect of compound 1 in vivo. The potency of the compounds was in the
medium-to-low nM range [15]. Two representatives (1, 2) were dosed orally in a
rat model at up to 100mg/kg. The FFA levels were determined and compared
with those of animals only dosed with the formulation or niacin 3, and showed a
significant effect on FFA lowering (Figure 21.2).
This data provided a clear rational to include imidazopyridines into the 10

k set and expand the series with an additional five representatives known
from the publication. The 10 k set also included 900 lactate analogs with a
MW cutoff below 450, mimicking the natural ligand. The remainder of the
set contained a 2000 SOSA compound set that included privileged structures
against a series of targets, a set of frequent/technology hitters (3000 com
pounds, FH set) and about 4000 compounds randomly chosen from the com
pound collection. The rational behind this set of compounds was that
compounds with good drug-like properties are good starting points for new
drugs. Developing target selectivity is often possible, to adjust the pharmacol
ogy of the compounds, while keeping the favorable pharmacokinetic propert
ies. The cutoff criterion for an active hit was set to 15% effect in a single
concentration screen at 10 μM. The results are summarized in Figure 21.3.
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Figure 21.2 In vivo effect of imidazopyridin-5-ols (1,2) and niacin 3 (GPR109a agonist) on FFA
lowering. Compounds are reported to be dosed at 100mg/kg.

The overall hit rate of the 10 k set was 0.66% (66 actives). The hit rates for the
subsets were 1.2% for the FH set, 0.55% for the SOSA set, and 0.43% for the
randomly chosen set. No actives were found among the lactate mimetics. This
was not too surprising considering the low potency of the natural agonist. How­
ever, it also indicated that expanding the search around the natural ligand using
analogs would probably be difficult. Further, looking at the high hit rate coming
from the FH set (blue in Figure 21.3), it was apparent that the screen had some
propensity to respond to fluorescent compounds and/or GPCR ligands. The
counterscreen using the same technology and cellular background was designed
to filter this out. Another observation from the 10 k set was that compounds
from the SOSA or randomly chosen compound set could be found in the lower
range of the effect data. This indicated that finding strong full agonists would be
a challenge. Overall, the results suggested that the hit rate of the full deck would
be between 0.5 and 1% indicating that the capacity of the counter- and second­
ary screens would be sufficient.
Examining the reference compound 1, it was particularly surprising that com­

pound 1 gave only a 30% effect signal at 10 μM concentration. The EC50 value of
the compound was determined in a 10-point triplicate concentration response
experiment on nine different occasions. The compound behaved as a partial ago­
nist in our hands with a mean potency of 340± 40 nM and a mean top effect of
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Figure 21.3 Outcome of the 10 k screen. the compounds. Red represents compound 1,
Only compounds assigned as actives are pre- yellow are compounds from the SOSA set, and
sented. Inactives are not shown. The row green and blue bars represent compounds
count gives the number of compounds active derived from the random and frequent/tech
for a certain % effect range. The bars are nology hitter set, respectively.
stacked. The color coding depicts the origin of

56± 3%. The curve-fits of compound 1 are given in Figure 21.4. Looking at the
spread of effect values for the baseline and the top efficacy, it becomes very clear
why an HTS readout is in most cases not a quantitative assessment of an effect
at a single concentration. This is the challenge many medicinal chemists face
when confronted with HTS data. Compound 1 shows at 10 μM concentration
for single-point data a variation in effect between 36 and 69%. Looking at the
steep part of the curve, the variation of effect values at 300 nM is between 3 and
49%. This illustrates the risk of overinterpreting HTS results.
In fact, all compounds of the imidazopyrimidine series behaved in our hands

as partial agonists, which is one reason why they were so hard to detect in the
single-point screen. Results are given in Table 21.2. This limited their use as
possible tools for target validation since it is a well-described phenomenon that
partial agonist competing with the endogenous full agonist can behave as func
tional antagonists [16].
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Figure 21.4 The color of the curves represents the various test occasions. All points were
measured in triplicates. Compound 1 behaved in this cell line and under these assay conditions
as a partial agonist.

Table 21.2 In-house efficacy and potency data of imidazopyrimidines.

Compound Mean EC50 [μM] Mean top N
effect%

1 R1= o-Cl-phenyl; R2=H 0.31 55 9
2 R1= c-Heptyl; R2=H 0.20 46 5
3 R1=Adamant-1-yl; R2=H 0.11 60 9
4 R1= c-Heptyl; R2=Methyl 0.19 52 6
5 R1=Tetrahydropyran-4-yl; R2=H 3.65 17 3

N= number of times tested.

In contrast to the reported literature data [15], we could not confirm an anti
lipolytic effect of compound 1 in vivo despite good oral exposure.

21.5
HTS

In the GPR81 human CHO lactate second messenger TRF agonist screen,
941 439 compounds were tested. The cutoff criterion for an active hit was set to
15%. Corresponding to a hit rate of 0.57%, 5345 primary actives were identified.
All actives were retested at 10 μM single concentration in triplicates. In this
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Figure 21.5 Overlap between the two 10 k set screening occasions. The numbers represent
the active hits.

retest, 2882 compounds were identified as actives having an average effect above
15%, resulting in an overall hit rate of 0.31%. The initial 10 k set was included in
the HTS run and both readouts were compared. Only 50% of the initial hits
coming from the 10 k set could be recovered from the HTS output, while 52
new hits coming from the 10 k set were discovered in the HTS (Figure 21.5).
The % effect correlation between the two different occasions at which the 10 k

set was run was limited possibly due to the fact that single data points are com­
pared with the mean value of a triplicate data point in Figure 21.6. Interestingly,

Figure 21.6 Comparison between the mean
retest triplicate % effect of the 10 k set hits
coming from the HTS and the initial % effect
of the 10 k data set (single-point data). The

dotted line represents the straight line fit of
the overlapping active hits. The R2 of the
regression is 0.465. The solid line represents
the line of unity.
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Figure 21.7 Side chains (arrow) are defined the topological framework. In the final step,
as atoms not connected via a linker to another the topological framework is fragmented by
ring system. In the first step, side chains and breaking all possible linker parts yielding a
chiral information are removed leading to a series of various subfragments. Fragments
molecular framework. In the next step, all smaller than six-membered ring systems were
functional groups are removed and heteroa- discarded.
toms are replaced by carbon atoms leading to

of all compounds in the HTS. To assess the activity of a certain scaffold, the two
distributions were plotted as empirical cumulative distribution functions against
each other and the maximum D shifts were calculated. Negative D-values indi
cate that the activity distribution of a cluster of compounds is shifted to lower
effect values compared to the distribution of all compounds. Positive D shifts
indicate that the distibution of the compounds associated with the fragment is
shifted to higher % effect values than the background distribution. Negative D-
shifted fragments could be interpreted as compound clusters with a possible
inverse agonistic effect. This was however not followed up (Figure 21.9).
Due to the low hit rate in the GPR81 HTS, we were more concerned about

false negatives rather than false positives. Therefore, we considered even com
pound clusters with small Dmax shifts, few compounds and therefore lower
significance level. One point made in the literature regarding CSE [20] is that
this method compensates for the lack of replicates in the HTS by pooling
compounds into groups and makes a statistical signal evaluation of the group
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Figure 21.8 The right network map represents the Murcko fragments as
nodes. There are islands with nodes that are closely related to each other sur­
ounded by unrelated nodes. The left network plot in the box zooms in on an
island of related nodes and maps the intercorrelation of the nodes to each
other based on the Tanimoto overlap. The colors in the plot represent the Dmax

values for a positive shift resulting from the KS statistics. Red indicates a low

Dmax shift, while green indicates a larger positive shift. The scatter plot zooms in
on the compound activity of molecules that are associated with a certain frag­
ment. % Effect is the effect of the compound in the HTS screen, while the tripli­
cate data represent the effect data from the triplicate confirmation screen.
Compounds classified as actives and inactives from the HTS are marked red and
blue, respectively.
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Figure 21.9 Both graphs plot the cumulative
probability function of all compounds (black
line) and the cumulative probability function
of the fragments (A: squares, B: circles) against
the % effect seen in the HTS. In graph A, a

“positive” Dmax shift results from fragment dis­
tribution versus the HTS distribution. In graph
B, a “negative” Dmax shift results from the frag­
ment distribution compared to the HTS
distribution.

rather than of a single compound. This is powerfully demonstrated in the exam­
ple shown in Figure 21.10. All fragments relate to a molecular framework con­
taining a benzothiazoleacylurea core structure A. All fragments show a strong
Tanimoto overlap of >0.7. Furthermore, all fragments have a Dmax shift >0.64
(0 being the minimum and 1 the maximum possible value). There is an excellent
correlation between triplicate and HTS data for this scaffold confirming the sig­
nificance of this methodology.
One could argue that most of these compounds would have been picked up by

the usual HTS evaluation due to their rather high effect data. A different picture
emerges when looking at fragments associated with compounds having a low %
effect in the HTS. The molecular scaffold B in Figure 21.11 was identified from
two fragments with 0.51<Dmax< 0.61.
Pushing these compounds with borderline and below cutoff criteria effect into

the triplicate screen revealed that they were true actives. This exemplifies how
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Figure 21.10 The network map in (a) shows the connections between the
Murcko scaffolds. All fragments contain compounds with a significantly shifted
activity distribution in the HTS screen versus the entire compound collection
(green nodes). The Dmax shift and the probability (p-value of the shift) of the
fragment is plotted in (b). The color gives the number of compounds associated

with the Murcko scaffold (darkest color, 25; lightest color, 11 compounds). Plot
(c) shows the correlation between primary data and triplicates. The color indi
cates no activity (green) or x-flaged activity (triplicate measurement: two
inactive one active=orange; one inactive two active= yellow) in the empty cell
counterscreen.
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Figure 21.11 The upper combination chart
shows the distribution of all the compounds in
the HTS (blue line) and the distribution of
compounds associated with scaffold B (red
bars). It appears that the distribution of effect
data for scaffold B reaches one maximum at
around 4% effect and another around 15%,
just borderline to the cutoff criteria.

Rescreening of compounds in the triplicate
screen just below and above the cutoff criteria
confirmed that compounds were true posi­
tives. This is visualized in the lower scatter
plot. The line of unity is represented in red.
The colors reflect the effect range in the HTS
(15% < % effect <20%, orange to green;
<15%, red).

this method can be used to offer a survival mechanism for compounds that
would have been discarded otherwise, since CSE provides a rationale to keep
compounds in the screening cascade. However, it provides no safeguard against
false positives. In Figure 21.12, compounds associated with fragments with a
strong Dmax shift came back as false positives in the triplicate screen. This was
particularly surprising since the % effect data derived from the HTS correlated
rather well with the triplicate data. It is not understood why substructure C
(stars) was identified as strong positive hit in the HTS and then disappeared in
the retest. The usual suspects, for example, plate effects, dispense failures, and
different compound or cell batches, were excluded.
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Figure 21.12 The scatter plots show the correlation of the primary data versus the 3-point
single-concentration data @ 10 μM compound concentration. The black line represents the line
of unity. The data demonstrates the clear outlier behavior of the scaffold C (stars).

21.5.2

Single-Concentration Counterscreen

While the HTS screen and its evaluation is focused on identifying hits of interest
to progress, and the triplicate screen is about confirmation of those hits, the
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follow-up screens are all about filtering toward the right PD profile (with excep
tion of the purity screen). At this stage of the screening campaign, all com
pounds with a UV purity below 85% were removed from the cascade with few
exceptions. The next steps in the cascade were designed to confirm hits. A con
firmed hit is a compound that exerts its actions most probably via the desired
primary target and not through interference or other processes. This is the task
of the secondary screens in the cascade after an HTS. They are designed either
to remove false positives or unwanted PD effects or to ensure that compounds
possess wanted PD effects. It has been suggested to use already at the HTS read
out stage an efficiency index like PEI=% effect/MW [21] to prioritize hits
against each other, such that the past HTS evaluations are not solely potency
driven [22]. This might have some meaning in case the % effect data are based
on a triplicate measurements, but otherwise it is up to the investigator to make a
judgment of how meaningful it is to filter based on a binomial readout (active
versus inactive) divided by the MW of a compound.
About 2800 actives in the triplicate screen were submitted to the first counter-

screen. The artifact screen was performed in the same cellular background to
identify compounds that interfere with the assay by absorbance, fluorescence, or
a cell-related effect. Compounds were tested at one concentration in triplicate.
The cells were stimulated by forskolin to produce cAMP via adenylate cyclase.
Measurement of an inhibition of the cell production of cAMP by fluorescent-
based methods would be affected by compounds that quench fluorescence or
are fluorescent, and would cause a signal change and could be mistaken as
actives. Results from the artifact assay were compared with results from the
GPR81 triplicate screen to sort out the true actives from the assay artefacts in
that test. Originally, the filtration criteria had been set to the following criteria.
If the % effect in the GPR81 screen was 1.5 times higher in the retest compared
to counterscreen data, the compound was considered active and tested in seven-
point concentration response (7 pt CR). As can be seen in Figure 21.13, this
resulted in a compound set marked by the yellow area below the orange line.
Examining the straight line fit (dotted line) between counterscreen and tripli

cate data, it might be the case that the GPR81 screen had a tendency to yield
higher effect data than the corresponding counterscreen. To have a more con
servative cutoff criteria, it might be advisable to either consider compounds with
no counterscreen signal at all (green box) or consider those with a 3.4-fold
increase in effect against GPR81. This corresponds to a two-fold increase in
effect on GPR81 based on the straight line fit correlation.

Clustering

After the counterscreen, 740 compounds remained with either no or a 1.5-fold
lower % effect in untransfected cells. At this point, all hits were clustered using
Murcko scaffold preclustering. The resulting clusters were refined by using an
additional “k-means”-based clustering procedure. The average cluster size was

21.5.3
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Figure 21.13 The plot shows the counter-
screen data versus the triplicate data on the
GPR81 receptor. The red line is the line of
unity while the orange line represents the
“true hit” cutoff criteria. The dotted line is the
straight line fit between the counter and the

triplicate data having a slope factor of 0.58.
This could mean nonspecific or artifact com
pounds were performing in the GPR81 screen
about 1.7 times better than in the counter-
screen. The green box marks the area with no
counterscreen signal.

set to 100 compounds/cluster, and compounds within the cluster had a maxi­
mum distance of 0.6 from the cluster center. The resulting clusters were either
merged or split based on the manual assessment of a medicinal and computa­
tional chemist. This resulted in an initial set of 214 clusters containing more
than a single compound and 240 singleton clusters, meaning that no other
related compound was available and/or active within the compound collection.
While the use of a cluster algorithm often provides an initial meaningful cluster­
ing of compounds, it is advisable to refine clustering by hand, looking at com­
mon substructural motifs, and the possibility of overlap between
pharmacophores [23] or existence of possible bioisosteric motifs [24] within the
compounds (Figure 21.14).
Clustering fulfils several functions; it aids the HTS evaluator to look at the

compound ensemble as a whole, and most significantly, allows the evaluator to
identify early trends in data and SAR.
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Figure 21.14 Snapshot of the initial GPR81 clustering results. The right panel
shows cluster 7 compounds sharing a 3-benzimidazole-5-phenol-substituted
pyrazole motif. Cluster 53 compounds are shown in the left panel. This cluster
shares a similarity with cluster 7, but only with 0.41 Tanimoto overlap. Examin
ing the structures, however, makes it apparent that both clusters share the
benzimidazole-pyrazole moiety. Many clusters contain very few compounds as

indicated by the number in brackets. This is due to the fact that the AZ collec
tion is a historical grown collection containing compounds from old projects,
compounds from collection enhancement activities, references, and unique
scaffold hops with ongoing compound depletion. Purity deterioration also
leads to compound depletion.
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21.5.4

Cluster Expansion and Nearest Neighbours

Singletons and clusters containing only a few compounds are usually expanded
by adding structurally related compounds and nearest neighbours, if they are
available. It is obvious that larger sized clusters are easier to assess compared to
singletons and small-sized clusters. It can be noted that singletons should not
simply be disregarded and should be usually progressed to full dose–response
evaluation. There are several computational solutions available to identify near
est neighbours. In principle, they are mainly based on similarity, pharmacophore,
shapeophore [25], or substructural elements. Looking at a variety of HTS cam
paigns, we found that one method often performs best for a certain target. How
ever, this is usually evident only at a much later stage of the HTS evaluation
(HE), and therefore all methods are initially considered equally and applied.

21.6

Hit Evaluation


21.6.1
Potency, Efficacy, and Curves

Around 500 compounds representing various clusters were submitted for screen
to provide full concentration response curves in the human GPR81 cAMP TRF
assay in addition to the described counterscreen. This included most of the sin
gletons and a large number of representatives from larger compound clusters.
The scatter plot in Figure 21.15 reveals the clear lack of correlation between

the pEC50 data and the triplicate % effect data. This is not due to poor assay
performance but rather the detailed behavior of compounds at escalating con
centrations. The first effect that can be easily spotted in the plot is the response
of partial (gray shaded) versus full agonists (black). Potency data is determined
by curve fit and is reported as concentration needed to achieve 50% of the meas
ured maximum efficacy of a compound. If a compound is a partial agonist with a
top effect of 60%, the potency is reported as concentration needed to achieve a
30% effect (Figure 21.16). Other factors influencing the dose–response behavior
reflected by the curve of a compound are described as follows:
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Figure 21.15 Correlation between GPR81
potency and triplicate single-concentration
data. The gray shade represents the maximum
effect of the compound with gray indicating

partial agonism and black full agonism. White
colored compounds are either not active in
the 7 pt screen (pEC50 assigned to 2) or no
plateau was observed (pEC50 assigned to 4.5).

Physicochemical properties have a large impact on all aspects of compound
interaction with its environment. High lipophilicity will impact solubility,
protein binding, permeability, toxicity, and compound promiscuity. Com­
pounds with high lipophilicity or lattice energy can be poorly soluble in
buffer solutions [26]. This might lead to precipitation or incomplete dissolu­
tion and consequently to bell-shaped curves (Figure 21.16). Another reason
for bell-shaped curve behavior might be cell toxicity leading to a decrease in
effect of a compound at high concentration. Irregular curve behavior can also
be caused by polypharmacological effects of compounds. The cell response is
affected differently at different compound concentrations depending on off-
target engagement. Steep curve behavior can be caused by aggregators. For
example, compounds with amphiphilic behavior aggregating at high concen­
tration where it is the aggregate formed that causes the observed effect. Even
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Figure 21.16 Curve A shows a partial agonist curve with a reported potency just below 1 μM
at around 30% effect. Curve B represents a bell-shaped curve. Curve C is a steep curve with a
slope factor far above 1.

molecules with rather low molecular weight can form aggregates and gener­
ate false hits. This behavior might be assay dependent and therefore such
compounds might not be detected by a counterscreen [27]. Some compounds
might form 2:1 or even higher stoichiometry complexes with a target. Multi-
site binding can especially be seen for inhibitors of oligomeres. The binding
of more than a single equivalent of compound might affect target signaling
or function [28] and the slope of the concentration response curve will rise
with the number of binding sites.
Steep curve behavior can also be seen for covalently binding compounds or

very potent inhibitors with the Kd value below the target protein concentration
of the assay. For enzymes, this is known as “zone behavior” [28,29]. By applying
the mass action law, inhibition becomes a linear function of the enzyme concen­
tration if the Kd value of the inhibitor is far below the enzyme concentration.
The steepness of the concentration response curve also increases with the
amount of enzyme added.
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Binding Kinetics

Binding kinetics and their influence on curve shifts have been heavily discussed
in the literature lately [30]. Tight binding effects or slow off rate kinetics can
influence the apparent potency of a compound since the assay is not in equili­
brium. Some authors suggest that binding kinetics should be taken into account
already under HTS evaluation [31]. While the risk that a compound is a false
negative due to its binding kinetics in a typical HTS screening setting is minimal,
there might be a risk that the real potency of the compound is underestimated.
Zhang and Monsma [31] outlined this risk for an inhibitor using short incuba­
tion times. Their calculations build on a no tight binding scenario and negligible
reporter effect from ligand or substrate. Those calculations take the receptor
occupancy into account that controls the effect of a compound on the target. If
the equilibrium receptor occupancy is not reached at a certain drug concentra­
tion within a certain incubation time, binding and effect data might be mislead­
ing. Table 21.3 summarizes the results of the simulation of time-dependent IC50

values using a 30 min incubation time. In an effect assay, however, it is not nec­
essarily the binding kinetics that are rate limiting to create the final response
since there are possible multiple signal transduction steps occurring before the
effect readout.
Although there might be a risk to underestimate potencies dramatically, from

an empirical point of view we never encountered kon values < 103 (Ms) 1. The
more likely area for kon values in the small molecule area is marked gray in
Table 21.3 indicating the potential for up to a four-fold drop-off which is not
too dramatic. However, it is very important to keep in mind that potency data
will be more stable and relevant if the assay is close to equilibrium, and testing
reference compounds using varying incubation times should always be a part of
assay development.
An exception occurs for the compounds with extremely long residence time

(slow koff). Such compounds behave like or are covalent binders to the target [32].
In the case of reactive compounds, this type of behavior can lead to pan-assay
interference (PAINS [33]) since such compounds frequently appear as actives
against a broad range of targets. Such compounds are not always detected by a

Table 21.3 Calculated incubation time-dependent IC50 values for an inhibitor with no tight
binding scenario and negligible reporter effect from natural ligand or substrate.

koff kon IC50 @ 30min
Ki= 10nM

kon IC50 @ 30min
Ki= 100 nM

10
10
10
10

6 s
5 s
4 s
3 s

1

1

1

1

102Ms
103Ms
104Ms
105Ms

1

1

1

1

3800 nM
380 nM
40nM
10nM

101Ms
102Ms
103Ms
104Ms

1

1

1

1

38 000 nM
3800nM
400nM
105nM
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counterscreen since they might still react with specific functional groups in the
target protein [34]. In the GPR81 campaign, a database search with known PAINS
and a similarity-based risk assessment was performed to flag for possible covalent
binders. Four clusters containing 25 compounds were classified as reactive or
potentially reactive, some of which were not filtered out by the counterscreen.
In summary, there are many reasons why single concentration triplicate data

might not necessarily track the potency of a compound. This is another aspect
to keep in mind before filtering compounds solely on single concentration data.
Furthermore, it is vital for the HTS evaluator to investigate the curve behavior of
compounds. It might be misleading to assess compounds based on their
reported potency or efficacy values. While an evolved and validated compound
series might behave well in this respect, the normality for compounds coming
from an HTS readout is that they can display all kinds of curve behavior within
and across series.

21.6.3

Concentration–Response Counterscreen

All compounds that were submitted to pEC50 measurements in the GPR81
cAMP TRF assay were also submitted to full concentration response screen in
the counterscreen to determine pEC50 values in a cell line with no expression of
GPR81. The results are summarized in Figure 21.17.
There was a strong correlation for most of the compounds between the GPR81

potency and the counterscreen potency. Only compounds within the box were
considered of further interest. Clusters containing only inactive compounds or
only compounds with an activity of pEC50 >4.5 in the counterscreen (28 clusters)
were removed. At this stage, 55 clusters and 115 singletons remained.

21.6.4

Hit Assessment

21.6.4.1 Size and Lipophilicity Efficiency Assessment
At this point of the HTS evaluation, it is up to the evaluator to make a judgment
call on which compounds and clusters to progress further into the secondary
screening cascade. This is a difficult task since few obvious selection criteria
remain. Highly potent compounds with potencies in the low nanomolar range
should always be considered. However, potency should not be the sole driver for
compound progression. Clusters can contain only highly lipophilic compounds,
which diminishes the likelihood of success in the future [35]. While lipophilicity
is a well-known driver for both positive and negative properties, other physico
chemical and structural properties also play an important role for drug develop
ment. Aromatic ring count [36], enthalpic versus entropic contributions [37],
basicity [38], sp3 content [39], PAINS [40], synthetic feasibility, and redox recy
cling compounds [41], to name a few, all might impact on the probability to
develop a compound class into a lead series or a clinical candidate. In fact, it is
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Figure 21.17 Correlation plot between
GPR81 pEC50 data and pEC50 data from the
counterscreen. The gray shade represents the
delta value between the mean top effect in
the GPR81 screen and the mean top effect in
the counterscreen. Negative values (light gray)

indicate a higher top effect in the counter-
screen compared to the top effect in the
GPR81 screen. Positive values (darker gray and
black) indicate a higher top effect in the
GPR81 overexpressing cells. The box indicates
the remaining compounds of interest.

hard to keep track of all the possible rules to consider since Lipinski published
the rule-of-five [42]. For a start, looking at the lipophilicity of compounds and
assessing the performance of a compound in light of its potency versus its lip
ophilicity is a straightforward process since lipophilicity is both easy to measure
and to calculate. In the GPR81 campaign a battery of composite parameters were
used to assess several aspects of lipophilicity, size, and potency. Ligand efficiency
(LE) was used to assess the impact of the number of heavy atoms on potency. Fit
quality (FQ) values [43] were computed to compensate size-dependent impact
on LE [44]. Lipophilicity ligand efficiency (LLE) values [34,45] based on clogP
and logD (LLE= pEC50 clogP; LLE= pEC50 logD) were calculated to assess
the hydrophilic contribution to the potency of a compound. LLEAT [46] was
used to adjust the LLE of a compound with its size. The reason why we use in
general all these parameters is that every composite parameter has its own
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merits and limitations. We calculated the LE based on the pEC50 value from the
GPR81 screen (LE= (1.37/HA)× pEC50). Classically, this parameter is inter­
preted in the way that hits with values above 0.3 are considered highly attractive.
However, data from Reynolds, Tounge, and Bembenek [43] as well as in-house
data showed a clear size dependency where compounds below a heavy atom
count of 25 often show higher LE values compared to compounds above 25. In
fact, hit series expansion from fragment-like compounds having a low molecular
weight is difficult in the absence of structural information. Adding additional
polar groups to grow the fragment often leads to loss in potency within the con­
centration response window of the assay. While a small fragment might be able
to position a polar group in an optimal geometry to the target, it becomes
increasingly difficult to adopt an optimal fit for additional specific interactions.
Further, increase in size results in reduction of effective surface area [47]. Partic­
ularly for lipophilic interactions, there is a strong interdependency between
accessible area and molecular size. Both polar and apolar enthalpic effects con­
tribute to the size dependency of LE [48].
The FQ composite parameter (FQ=LE/LE scale) compensates this effect

empirically using a scaling function (LE scale= 0.0715+ 7.5328/(HA)+ 25.7079/
(HA2) 361.4722/(HA3)). Good hits are usually found at FQ> 0.8. The LLE
value can be seen as a surrogate parameter to assess the potency contribution
deriving from nonlipophilic interactions under the assumption that each
increase in lipophilicity by one log unit increases the potency of a compound (in
general) 10-fold. Decent hits for GPCR targets can often be found around an
LLE of 2 and above (pEC50> 6, clogP< 4). However, LLE values where a meas­
ured logD or calculated clogP is low and potency is poor are overvalued (e.g.,
pEC50= 4.5 and logD< 1; LLE> 32.5). For example, a GPCR effect assay is
designed to detect compounds typically in the range between 50 μM and 1 nM.
Clusters containing low-potency compounds are particularly hard to evaluate
since often it is not possible to establish SAR due to loss of potency. Also, coun­
terscreens might not be designed to detect low-potency compounds. A good
effect assay might typically show variations in potency (regarding IC50 or EC50

values) around a factor of 2–3. While it is easy to cope with potency variations
between 3 μM and 1 μM, variations between 150 μM and 50 μM might lead to a
compound appearing to be active one time and inactive the next time it is
screened.
LLEAT (LLEAT= 0.111+ 1.37(LLE/HA)) adjusts the LLE value for the heavy

atom count and it is scaled to the LE having the same target value of 0.3 to
make comparison more easy. LLEAT can be seen as a surrogate for the Gibbs
free energy minus the nonspecific lipophilic potency contribution per heavy
atom (HA). Figure 21.18 shows the LLEAT, LLE, LE and FQ plots for cluster 4
coming from the GPR81 HTS screen. Most of the compounds were tested posi­
tive in the counterscreen (diamonds) with only two compounds within the clus­
ter being confirmed hits (circles). LLEAT and LLE are all below the threshold
considered to be of interest. Variation in size did not have a significant impact
on LLEAT indicating no interdependency between LLE and size. The increase in
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Figure 21.18 Cluster 4 lipophilicity and size performance. R1 and R2 indicate
various amide substituents, and R3 typically represents an aryl, heteroaryl, or
benzyl substituent. The shape represents the difference in potencies between
GPR81 and the counterscreen (pEC50[GPR81]-pEC50[counterscreen]). Diamonds
indicate that there is no difference in potency and circles indicate that the
compound did not show activity in the counterscreen or had a significantly
lower activity. The black line represents the threshold values indicating good
performance of a compound. (a) LLEAT values indicate no size-dependent trend.

(b) No trend in LLE values indicate that the increase in potency is mainly
achieved by increase in lipophilicity. (c) LE values show a typical size depen
dency, where the compounds with no activity in the counterscreen (circles)
show a drop in LE. (d) FQ values show a similar trend as the LE values despite
the compensation for the size of the compound. Taken all these results
together, increasing the size of the compounds by introduction of polar groups
leads to a drop in potency.
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size was handled reasonably well in the cluster. However and more significantly,
there is no real trend in the LLE data meaning the improvement in potency
seems to be off-set by increase in lipophilicity (scatter plot panel B).
Figure 21.18c and d represent the data for LE and FQ respectively. Both plots

show a clear size dependency of the hits and the impact on the efficiency values.
While this is expected for LE, FQ is compensating for the size indicating a worse
performance per atom by larger compounds. From a size and lipophilicity per
formance point of view, this cluster is less interesting to pursue. Figure 21.19
displays the size and lipophilicity performance of cluster 86 typically seen in a
mediocre performing series of compounds from a lipophilicity perspective.
LLEAT values show no size dependency. This shows that despite increase in

size, the specific interactions between compound and receptor are still uti
lized effectively. The slight increase in LLE with increasing potency indicates
that potency improvements are not brought about by the increase in clogP.
In other words, there was no strong correlation between potency and lipo
philicity increase (leading edge [49]). LE and FQ values confirm that potency
contribution per atom remained constant with increase in size. Since most of
the compounds showed no effect in the counterscreen, this cluster was con
sidered for expansion.
Figure 21.20 represents the size and lipophilicity performance of cluster 200

that contains reference compound 1 and near neighbours. This cluster is an
example of a series of compounds that performs well with respect to both size
and lipophilicity.
All active compounds were inactive in the counterscreen. LLEAT, LLE, LE, and

FQ values are, for all active compounds, above the threshold. While R represents
a lipophilic substituent, polarity within the central scaffold is well distributed.
From a structural, size, and lipophilicity perspective, this cluster looks most
attractive. All compounds, however, are partial agonists that can be detected
only by examining the curves and is not captured within efficiency plots. Inter
estingly, there seems to be a trend toward higher efficacy by increasing size of
the compounds (Figure 21.21).
This leads to the conclusion that increasing the size of the compounds might

result in the discovery of full agonists.

21.6.4.2 Secondary Pharmacology Assessment
Cluster deconvolution also included an evaluation of the origin of the com
pounds and any secondary pharmacology associated with cluster members or of
near neighbours. For this purpose, several internal and external databases were
cross checked to identify possible off-target activities, metabolic weak spots, or
general toxicity alerts of cluster representatives. A result of such a query is
shown in Figure 21.22. For example, a cluster containing the aminopyrazine
scaffold was submitted to a similarity-based query revealing that the compounds
belong to a pan-kinase inhibitor family with known Ames-, cytotoxic, and DNA-
damaging activity. The associated risk in developing the compounds to more
selective GPR81 lead structures was judged as high.
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Figure 21.19 Cluster 86 lipophilicity and size performance. R typically repre­
sents an aryl-substituent. The shape represents the difference in potencies
between GPR81 and the counterscreen. Diamonds indicate that there is no dif­
ference in potency and circles indicate that the compound did neither show
activity in the counterscreen nor had a significantly lower activity. The black
line represents the threshold values indicating a good performance of a com­
pound. (a) LLEAT values indicate no size-dependent trend, indicating an efficient

lipophilicity efficiency handling in larger compounds. This shows that com­
pound variations can be performed effectively without sacrificing size perform­
ance. (b) Slight improvement in LLE values indicate that the increase in potency
is achieved not only by increase in lipophilicity. (c) LE values show no size
dependency. (d) FQ values show an improved performance with size. Most of
the compounds show values above 0.8 indicating a good performance.
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Figure 21.20 Cluster 200 lipophilicity and size performance. R typically repre­
sents a carbocycle. The shape represents the difference in potencies between
GPR81 and the counterscreen. Diamonds indicate that there is no difference in
potency and circles indicate that the compound did neither show activity in the
counterscreen nor had a significantly lower activity. The black line represents

the threshold values indicating good performance of a compound. All active
compounds display an excellent performance regarding size and lipophilicity.
LLE values around 4–5 indicate typical lead to CD performance (b). FQ values in
(d) are exceptional.
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Figure 21.21 Cluster 200 size dependency of the top effect seen in the GPR81 screen. Eighty
percent top effect (black line) was regarded as the threshold value for a full agonist.

As part of the secondary pharmacology assessment, we performed a frequent
hitter analysis looking at the binomial survival function score (BSF) of each com­
pound. Each compound was checked for how many times it was tested in an
HTS and how many times it had been rated active or inactive. The BSF score of
a compound is the log value of the chance that this compound is not a frequent
hitter. So, a BSF score of 2 means there is a 1% (10 2) chance that this com­
pound is no frequent hitter.
Clusters with a high number of frequent hitters were flagged as high risk and

were identified using the box plot statistics. The box plot in Figure 21.23 shows
the distribution of the mean BSF scores across the clusters 3 to cluster 42. Two
clusters, cluster 3 and 7, had a median BSF score below 4 (0.01% chance this is
no frequent hitter) indicating a large number of compounds behave as frequent
hitters.
There are many reviews dealing with the impact of physicochemical properties

on off-target behavior, for example, toxicity of compounds due to structural and
electronic makeup [5] as well as metabolic bioactivation [51]. With these reviews
in hand, it is reasonable to assess the quality of a cluster based on peer literature.
However, it is much better to assess the cluster quality using real data from com­
pounds with high similarity to the compounds of the cluster.
Overall, four clusters and five singletons were prioritized at this stage of the

evaluation due to their size, lipophilicity, potency, and efficacy performance as
well as their behavior in the counterscreen.
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Figure 21.22 The bar chart shows how many
times compounds sharing similarity with the
aminopyrazine cluster compounds have been
tested active (black) or inactive (gray) on vari­
ous target classes. Compounds containing this
substructural moiety show a clear pan-kinase

inhibitor activity as seen in the scatter plot.
Compounds with potencies on targets below
AC50 value (activity) of 100 nM are shown red,
between 1 μM and 100 nM purple, and
inactive green.

21.6.5

Secondary Screening Cascade and Hit Expansion

So far, all PD in vitro work focused around activity in the GPR81 cAMP assay.
The nine remaining clusters and singletons were submitted to further hit confir­
mation and expansion. Key representatives of the clusters were resynthesized
to confirm identity, purity, and activity. For further hit confirmation, the orthog­
onal radiometric GPR81 GTPγS binding assay was used to measure the agonistic
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Figure 21.23 The y-axis shows the log BSF
values (BSF score). The thin upper line in the
box plot represents the upper adjacent value
(UAV), the broad upper line in the box repre
sent Q3, the median is marked in white, and
the lower broad line in Q1 and the lower thin

line represent the lower adjacent value (LAV).
Outliers are marked as spots. The cutoff value
for a frequent hitter is 4 (black line). The
table on the x-axis shows the median value
and the number of compounds (count) with a
log BSF value within the cluster.

activity and assess Gi/o-mediated signaling [52]. The hit expansion strategy was
cluster dependent. In case of singleton clusters, a nearest neighbour search was
performed to identify similar or structurally related compounds from the com
pound collection. Most of the singletons could be expanded into larger clusters
except one.
For cluster 200, containing the reference compound 1, we synthesized a series

of additional compounds and matched pairs [53] as shown in Scheme 21.1 to
identify the principal SAR of the series.
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Scheme 21.1 Example of a design sets to evaluate SAR and key interactions around the refer­
ence compound 1. Other possible initial design sets included nitrogen walk, nitrogen, oxygen,
and carbon switches, scaffold hopping [63], ring expansion, and contractions.

In case of cluster 86, a large number of compounds were already available in
the compound collection (gray circles, Figure 21.24). Instead of expanding the
cluster with nearest neighbours or close structural analogs, it was possible to
approach hit expansion in a different way. For this purpose, a principal sub­
structure search containing the acylaminothiazoleurea was performed. A fre­
quency of group (FOG) analysis was performed on the scaffold. Hit expansion
was performed starting from the initial hits and expanding the SAR information
through changes to one substituent on the scaffold (core 86) at a time. This
meant that hit expansion grew along the vertical and horizontal lines in a FOG
plot (Figure 21.24). The advantage over a nearest neighbour search is that SAR
can be developed more gradually and systematically.
The hu GPR81 GTPγS assay confirmed all clusters and a good 1 : 1 correlation

was demonstrated between the primary potency data and the secondary GTPγS
binding assay data. Outliers could all be explained due to irregular curve behav­
ior in the primary screen as shown in Figure 21.25. However, during hit expan­
sion, only cluster 86 and 200 showed any new additional hits with reasonable
potency.
Representatives from all clusters were submitted to additional screens to

assess the overall performance of the clusters. These screens included rat GPR81
cAMP agonism, human and rat antilipolytic effect in adipocytes, human liver
microsomal stability (HLM), rat hepatocyte stability (Rat Hep Clint), reactive
metabolites, Caco2 permeability, Caco2 efflux ratio, human plasma protein bind­
ing (PPB), bovine serum albumin (BSA) binding, Cyp inhibition, time-dependent
inhibition of Cyp (TDI), phospholipidosis, mitochondrial toxicity, hERG inhibi­
tion, logD, solubility, and pKa. With this data at hand and the profile from the
secondary pharmacology assessment, cluster 86 and 200 were the frontrunners
in the selection process.
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Representative compounds from 10 clusters were tested in a rat GPR81 cAMP
assay. Surprisingly, none of the cluster 200 compounds showed any activity in
the rat assay, while cluster 86 showed a clear 1 : 1 correlation between human
and rat data. As for the human receptor, most cluster 86 compounds behaved as
full agonists on the rat GPR81 receptor.
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Figure 21.24 FOG analysis of cluster 86. Ini­
tial hits are marked in black squares. Circles
represent available compounds from the col­
lection. The y-axis represents changes of the
R1-substituent and the x-axis changes of the
R2-substituent. Hit expansion is performed

along rows and columns (black arrows) mak­
ing a single change either at R1 or at R2 at a
time. Selections along rows and columns of
compounds are made in a way that new com­
pounds should structurally not be too diverse
from the initial starting point.

21.6.6

Biological Effect Assay

Compounds from all clusters were submitted to both human and rat antilipolytic
assays in adipocytes. The assays were based on forskolin-induced lipolysis and
glycerol release in the presence of GPR81 compounds. The release of glycerol
was calculated with a standard curve. Compounds were tested in a 10-point con
centration response using triplicate plates.
This was one of the most important steps in the HTS evaluation. The

overarching working hypothesis to run an HTS was not simply to identify
new chemical entities activating GPR81. The main objective was to demon
strate that activation of GPR81 leads to an antilipolytic effect on the most
relevant cell line, the adipocyte. We knew from earlier studies that such an
effect should translate into an in vivo antilipolytic effect with lowering of
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Figure 21.25 Scatter plot (a) shows the correlation between the hu GPR81
cAMP primary screen and the hu GPR81 GTPγS agonist screen. Clusters are
colored. (b) GPR81 cAMP curve and (c) GPR81 GTPγS curve show examples of
irregular concentration response behavior. In general, outliers showed highly
irregular curves in the primary screen. The bar chart (d) shows the hit frequency

in the cluster after the first hit expansion selection. Cluster 86 had the highest
number of confirmed hits (red). Inactive compounds count is colored green and
irregular curve fits are colored orange and yellow, while compounds that have
been active on one occasion and inactive on another occasion are colored blue.
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free fatty acids and glycerol in the blood and an improvement in glucose tol­
erance. The assay also allows an estimation of how much GPR81 activation
and unbound potency would be needed to achieve a sufficient antilipolytic
effect. Would one of the series show sufficient potential to deliver starting
points that could be developed into lead compounds with GPR81 as the key
driver for antilipolytic potency and efficacy?
None of the cluster 200 compounds showed any activity in the rat antilipolysis

assay. This was expected since no compound showed any agonistic activity on
the rat GPR81 receptor in the rat cAMP assay. In human adipocytes, only the
adamantyl-substituted compound 4 had an antilipolytic effect up to 80% with an
EC50 around 5 μM.
Compound 4, EC50= 120 nM and a top effect of 60% in the cAMP assay,

was the most potent and efficacious compound of the series. The compound
showed bell-shaped behavior in the human cAMP assay at 30 μM concentra­
tion. It was unclear if the partial antilipolytic effect of the compound seen in
human adipocytes was due to its partial agonism in the GPR81 cAMP assay
or due to low solubility (1 μM) and/or toxicity at high concentrations. The
next most promising compounds had EC50 values between 200 and 300 nM
with a top efficacy at 45–50% and no drop-off in efficacy at high concentra­
tions (Scheme 21.2).

Scheme 21.2 EC50 and efficacy values of cluster 200 compounds.

We interpreted the results in terms of partial agonism being a possible
cause for the lack of antilipolytic efficacy in adipocytes. It is a well-
described phenomenon in the literature that low-efficacy agonist need a
high occupancy [54], particularly in the case of a low receptor reserve (RR)
to deliver an effect in vitro and in vivo. In case of receptor overexpressing
cell lines, the RR might be much higher compared to primary cells such as
human adipocytes. If the RR is low and the efficacy of the agonist is also
low, even a high occupancy might not be sufficient to result in the desired
PD effect.
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Figure 21.26 There is an excellent correlation
between GPR81 and antilipolytic unbound
potency with a R2= 0.961. The shades indicate

the top effect in the GPR81 cAMP assay: black
100% and white 72%.

The results for cluster 86 were most intriguing. Five compounds with hu
GPR81 cAMP potency in the pEC50 range of 5.9–7.7, covering a 100-fold
potency window, were tested in the antilipolysis assay. The unbound potencies
of the compounds were calculated based on a 1 : 1 binding model with BSA. All
compounds were full agonists against hu GPR81 with one exception. The results
are plotted in Figure 21.26.
The in vitro PD profile of the most potent compound (7) from this cluster is

shown in Scheme 21.3.
Since the compounds originated from a project targeting Ghrelin and had high

affinity against this receptor, we were concerned that the antilipolytic effect was
caused by Ghrelin binding. The first set of compounds from cluster 86 showed
good correlation between Ghrelin activity and GPR81 activity. By comparing the
SAR on the Ghrelin receptor and the initial SAR we obtained for the GPR81
receptor, we saw a chance to generate more selective compounds in the future
and decided to proceed with the cluster.

Alternative Lead Generation Strategies

We initiated four additional lead generation strategies. The first was to expand
cluster 200 into a full agonist by further exploring structurally related com
pounds and hybridizing the core scaffold with cluster 86 compounds. As men
tioned above, there was a tendency seen that an increase in efficacy correlated
with the size of the molecule. We hoped that larger molecules might stabilize
the receptor in its agonistic state. To achieve this, we tried to establish an
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Scheme 21.3 PD profile of compound 7.

overlapping SAR between cluster 200 and 86. In the absence of a competitive
binding assay, there was no information whether the compounds bind to a
shared and/or orthosteric site of the receptor. In our hands, the GPR81 receptor
model was not able to explain the SAR of either series 200 or series 86 in a
reliable way, so we did not feel confident to use such a model to develop new
hybrid series (Scheme 21.4).

Scheme 21.4 Hybrid structure between cluster 200 and 86. The acylurea is able to form an
intramolecular hydrogen bond leading to a “pseudo”-cyclic conformation. This behavior of the
acylurea-moiety could be observed in an X-ray structure.
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Figure 21.27 Alignment of two low-energy
conformers. The cluster 200 scaffold is repre
sented in sticks matching with the acyl urea
moiety of cluster 86 (ball and sticks) under the
assumption that the acyl urea forms an

intramolecular hydrogen bond. The donor–
acceptor pharmacophore of the imidazopyridi
none is matched with the donor–acceptor
functionality of the acylurea.

One way to deal with such a situation is to overlay known structures with each
other, either based on shape or based on their pharmacophore as shown in
Figure 21.27. While one carbonyl group of the acylurea forms an intramolecular
hydrogen bond with the amino-benzothiazole, the hypothesis is that the central
carbonyl group of the acylurea represents the same donor–acceptor pharmaco
phore seen in cluster 200. Accepting that many assumptions are used in this
argument, a set of hybrid structures was synthesized but showed no efficacy
against GPR81. Other modifications did not result in improvements, either.
During the GPR81 campaign, several hydroxybenzoic acid analogs were identi

fied as GPR81 agonists. Dvorak et al. [55] reported that they discovered this
series of compounds based on a lactate binding model [56] applying a focused
screen. We decided on a similar approach of exploring the SAR around 3
hydroxy benzoic acids with an aim to expand this series, but also through
screening a set of short-chain acids and bioisosteres [57], possibly mimicking the
lactate interaction. For this purpose, the human GPR81 cAMP assay was adapted
to be run up to a concentration of 90 μM. As a counterscreen, a human
GPR109a cAMP TRF agonist screen was employed. This screen used the same
assay technology as the human GPR81 cAMP TRF agonists screen measuring
the decrease in cAMP concentration in the cell. This was done to ensure identi
fication of GPR81 selective compounds avoiding activity on the nicotinic acid
receptor [58].
The subset screen of lactate bioisosteres and GPCR target class chemical libra

ries identified the singleton compound 8. The compound had a reproducible top
effect of 70% and an EC50 of 1.6 μM. No activity against the nicotinic acid recep
tor (hu GPR109a) was detected (Scheme 21.5).
We expanded this hit with an additional 140 compounds that either contained

the triazole amide moiety or were close analogs and matched pairs of compound
8. All compounds were inactive in our screen. LCMS purity of 8 indicated a low
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Scheme 21.5 Hu GPR109a cAMP EC50: no activity (measured up to 100 μM).

purity, so we resynthesized the compound and confirmed its identity by NMR.
The second batch showed no activity against GPR81. This underlines the impor­
tance of resynthesis and purity check while interpreting data. Attempts to iden­
tify the active ingredient of the first batch failed. We suspected that activation of
GPR81 might be mediated by an activated ester contamination that could possi­
bly covalently bind to GPR81. However, the clear plateau of the compound(s) at
70% above a concentration of 10 μM and a high apparent solubility (precipitation
could limit the free concentration of the compound in the assay leading to par­
tial agonistic behavior due to incomplete binding to all available receptors) made
this unlikely.
Expansion of the benzoic acid compound class confirmed the SAR reported

in the literature [56] with the 3-hydroxy-5-chloro-benzoic acid 9 being the
most active compound of the series. In our hands, the compound had a full
agonistic effect at about 6 μM in the human GPR81 cAMP assay. The activity
on the human nicotinic acid receptor was determined at EC50= 1.3mM
showing a more than 200-fold selectivity between the two GPCRs. We identi­
fied only a handful of additional compounds in this series. Minor changes
lead to complete loss of activity indicating that hit expansion would be very
difficult (Table 21.4).
It is worth mentioning that we identified one-additional series of compounds

with agonistic activity on GPR81 and no activity on GPR109a. We decided to
progress this series since activity on GPR81 transfected cell line and no activity
on the GPR109 transfected cell line seemed to indicate that this was an on-target
activity. However, checking the logBSF score of the compounds revealed a high
likelyhood for frequent hitter activity. While the cellular background in the
GPR81 assay was a CHO cell line and in the GPR109a assay a HEK cell line, we
decided to rerun the compounds in the GPR81 counterscreen based on the CHO
cell line. The compounds were equally active in the “empty”, untransfected cells
as they were in the GPR81 transfected cell line. The activity of this series was,
despite being specific for different cellular backgrounds, artifactual in cells com­
ing from the same background. It is a classical mistake to assume that cells com­
ing from various backgrounds produce similar signals with the same compound
using the same assay technology.
Late in the GPR81 campaign, two GPR81 agonists 15 and 16 were published

showing human/mice GPR81 agonistic activity (Table 21.5) and an antilypolytic



64121.7 Alternative Lead Generation Strategies

Table 21.4 Benzoic acid analogs and their activity against GPR81.

Compound structure Human GPR Compound structure Human GPR
81 cAMP EC50 81 cAMP EC50

6 μM 8 μM

30 μM —

>30 μM —

No compound showed activity against GPR109a at 100 μM concentration.

effect on mice and differentiated murine 3T3-L1 cells [59]. Both compounds
were full agonist in CHO cells overexpressing human GPR81.
Compound 16 had excellent selectivity against the nicotinic acid receptor with

no activity observed at a concentration up to 30 μM. Most surprisingly, com
pound 16 did not show any agonistic activity in our in-house hu and rat GPR81
cAMP HTRF assay. Furthermore, the compound in our hands was not active in
primary human or rat adipocytes either.

Pepducins and Other Modified Peptides

From HTS, one interesting agonist cluster against GPR81 remained after com
pletion and evaluation of the screening cascade. We were interested in additional

21.7.1
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Table 21.5 In vitro potencies of aminothiazoles against GPR81 and GPR109a.


Compound h GPR81 EC50 h GPR109a EC50 m GPR81 EC50

15 810 nM
16 58 nM >30 μM 50nM

starting points to increase the chance of successful project delivery. The expan­
sion of literature hits and cross hybridization failed in our hands, and a subset
screen of fatty acid GPCR libraries did not reveal any additional compounds fit­
ting the desired PD profile either.
Pepducins have been proposed in the literature as another rational approach

to identify agonists and antagonists against GPCRs [60]. Pepducins are N-termi­
nally palmitylated peptides (Figure 21.28).

Figure 21.28 Structure of a pepducin. The
palmityl residue is the long carbon chain to
the right at the N-terminal of the peptide
sequence. The C-terminal to the left is in most

cases a primary amide to avoid a carboxylic
acid negative charge, since this amino acid is
in the GPCR adjacent to one of the seven
α-helical transmembrane domains.
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Figure 21.29 The scatter plot A shows the
agonistic potency of pepducins on human
GPR81 (squares) and GPR109a (circles) recep­
tor. The x-axis shows the sequence the pepdu­
cin was based on. For example, Rat i1-1C-2N
C16 indicates a peptide sequence based on

the intracellular rat loop sequence i1, where
one amino acid at the C-terminal and 2 amino
acids at the N-terminal are deleted. The pep-
tide is C16-palmitylated at the N-terminal. The
scatter plot B shows the same data on the rat
receptors.
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The peptide sequence is derived from one of the three intracellular loop
regions (i1, i2, and i3) of the GPCRs. It is believed that they mimic the inter­
action between the loop region of the receptor and the G-protein thereby
acting as allosetric modulators. This is achieved by anchoring the peptide
chain via the palmityl residue in the cell membrane and the pepducins will
act, at least in part, as cell penetrating peptides [61]. The sequence of the
intracellular loop determines the selectivity over other receptors, particularly
other GPCRs.
We decided to screen a library of intracellular loop mimetics (i1, i2, and i3

based on the rat sequence) in our human and rat GPR81 cAMP screen. As coun­
terscreen, we used the human and rat GPR109a cAMP screen. Sequences
between rat and human GPR81 and GPR109a are rather different, so there was
hope that some of the compounds might show selectivity. As shown in
Figure 21.29, almost all peptides showed agonistic activity on rat GPR81 with a
pEC50 up to 6. Unfortunately, the compounds were also active on all the other
receptors tested and this was an indication of a bulk property effect rather than a
specific interaction.
Most of the curves showed steep curve behavior with a top effect up to 120%

that indicates complete inhibition of cAMP production and might be caused by
cell toxicity. Other compounds had bell-shaped curves.
The compounds were also tested in the human GTPγS GPR81 binding

assay. Again, most of the compounds tested were active in the assay with
sometimes extreme top efficacies, up to 2000%. Random sequence com­
pounds and sequences originating from a third GPCR unrelated to the
hydroxycarboxylic acid receptor family [62] showed the same type of behav­
ior. Finally, the compounds were submitted to a dynamic mass redistribution
response screen and ran in agonist and in antagonist mode on an unrelated
GPCR receptor. In the agonist screen, most of the compounds were returned
as actives, while the antagonist screen yielded only a few hits. There was a
good correlation between potency data independent of the receptor type
overexpressed in the cells. All potency data of rat versus human GPR81 and/
or GPR109a showed good correlations. Correlations based on the straight
line fits are given in Table 21.6.

Table 21.6 R2-values resulting from the straight line fit between the various GPCR cAMP
assays.

GPCR receptors Human 81 Rat 81 Human 109a

Rat 109a
Human 109a
Rat 81

0.73
0.62
0.73

0.73
0.73
—

0.76
—

0.73

The data is based on the pEC50 values of the active compounds in the respective cAMP TRF screen.
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All of this data supported a conclusion that we were looking at physico­
chemical compound property behavior or an unspecific assay interference prop­
erty rather than specific interactions with a given receptor. It was surprising that
all three assay technologies against various GPCRs showed a clear response to
the compounds with exception of the antagonist screen. The conclusion was
that in our hands the pepducin approach would not provide a clear rational
approach to identify true hits.

Conclusions

For a given target, HTS is perhaps the most important tool for lead generation.
It is often combined with other strategies, for example, subset screening based
on target families and known ligands, fragment-based lead generation, fast fol­
lower programs, known literature hit-, lead-, and endogenous ligand expansion.
All these strategies need a well-defined screening cascade to ensure the com­
pounds have the right PD profile. It has been suggested that many HTS cam­
paigns in the past have been potency driven resulting in highly lipophilic
compounds that make lead optimization and clinical success less likely. Address­
ing this, the medicinal chemistry community has generated a wealth of literature
describing how to monitor lipophilicity and how to define clear ligand lipophilic­
ity and size efficiency parameters as well as elucidating how such properties
drive wanted and unwanted drug effects. Many articles imply that composite
parameters might offer better drivers for hit evaluation, lead generation, and
lead optimization campaigns. We propose a more holistic approach. Campaigns
should be efficacy driven in the first place. Independent of whether an HTS is
measuring signaling, affinity, or competitive binding, identified hits need to dem­
onstrate efficacy in either a cell free or cellular system before progression. Off-
target effects, efficacy in relevant species assays, and counterscreen effects should
capture and filter compounds with the right PD profile. Once a basic PD and
selectivity profile is established, translation into a more relevant system should
be monitored. The effect in such systems, that is, phenotypic screens or biologi­
cal effect assays, should be predictive for an in vivo PD effect. The way a binder
achieves efficacy is also important. Biased signaling, receptor internalization,
orthosteric versus allosteric, full-, partial-, and inverse agonism or other mode of
action, receptor occupancy, kinetics, and curve behavior are just some of the fac­
tors that may play an important role in understanding the efficacy of a com­
pound. Compound potency and SAR remain a major driver in that respect. No
potency no drug. Purity needs to be checked! Toxicity assessment, metabolism,
permeability, efflux, PGP substrates, protein binding, and Cyp, TDI, hERG, and
PK profiling should follow. Lipophilicity, size, number of hydrogen donors and
acceptors, rotatable bonds, pKa, sp

3 content, number of aromatic ring systems
are all easy to compute and to analyze from a statistical perspective. While this



646 21 GPR81 HTS Case Study

is still a reasonable exercise, it should not be the primary or even secondary filter
criterion in any campaign. To judge the attractiveness of a series, all these
parameters and effects should be weighed against each other before making a
decision on how to progress. Drug discovery remains an exciting challenge to be
mastered.
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NH2 OH

OR

R = H 1a (FTY720, fingolimod)
R = PO(OH)2 1b (FTY720-P)

Figure 22.1 Structure of fingolimod
(FTY-720) and FTY-720 phosphate.

multiple sclerosis and in 2010 was the first S1P1 receptor agonist to have gained
FDA approval. Fingolimod is a prodrug that undergoes enantiospecific phos-
phorylation to 1b (Figure 22.1) in vivo to exert its activity. It is also a lipophilic
drug able to penetrate the brain, and while this may contribute to efficacy in
the CNS [9], central penetration was considered undesirable for treatment of
peripheral indications such as psoriasis and IBD. The pharmacokinetics (PK) of
fingolimod are characterized by a prolonged oral absorption phase and long elim-
ination half-life (100–200 h), driven by a large volume of distribution [10, 11],
which in turn drives a sustained pharmacodynamic (PD) effect of lymphocyte
reduction in humans and also rodents [12]. Transient bradycardia was noted
in patients and in rodent studies after the first dose with the effect in rodents
attributed to agonism of the S1P3 receptor. Other adverse events (including mac-
ular edema, modest hypertension, and some pulmonary effects) were observed
in early clinical studies and thought to be mediated via the nonselective action of
FTY-720 phosphate on S1P3–5 receptors [9].
Due to the positive efficacy datawith fingolimod in the clinic, therewas urgency

to discover molecules with an improved profile.

22.1.2 Overview of the Strategy and Screening Cascade

The aim of the lead optimization campaign was to discover non-prodrug, potent,
and selective S1P1 agonists in “drug-like” space [13–15] and with an improved
profile over fingolimod. The promising anti-inflammatory activity was suitable
for central and peripheral disease indications, and medicinal chemistry starting
points were considered tractable. The desired product profile included a direct,
non-prodrug molecule to theoretically drive a greater consistency in target site
exposure due to the absence of the in vivo phosphorylation step required with
fingolimod. Potency, coupled with a PK profile capable of delivering once daily
administration, was essential to drive a low human dose to reduce attrition risk in
safety and clinical studies through a low body burden. A shorter PK half-life than
fingolimod was also considered desirable to drive a more controlled lymphocyte
reduction profile and mitigate any potential risk associated with compromised
immunity. Receptor selectivity for S1P1, particularly against S1P3, was essential
to minimize the potential for bradycardia in the clinic.
The screening strategy initially employed by the program is shown in

Figure 22.2. It is depicted “upside down” compared with traditional illustrations
to emphasize the focus on the patient and the desired clinical profile, which
in turn dictated the preclinical requirements and molecule profile. All animal
studies were ethically reviewed and carried out in accordance with Animals
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Clinical target:
<100 mg dose capable of maintaining

60% lymphocyte reduction

Preclinical development package

Non-rodent safety species identification

Rat 7 day safety assessment

Rat PK–PD model

DMPK characterisation Discharge of
CV risk

Telemetered
ratS1P1 & S1P3 receptor potency/

selectivity

Human PK estimation
Human dose prediction

Figure 22.2 Core elements of the screening cascade for the design and selection of S1P1
agonists.

(Scientific Procedures) Act 1986 and the GSK Policy on the Care, Welfare, and
Treatment of Animals.

22.2 Early Attention to Preclinical Safety

Intensive medicinal chemistry and the implementation of the screening strategy
resulted in the successful delivery of numerous molecules suitable for evaluation
in preliminary rodent safety studies. Examples of compounds progressed into
such studies were compounds 2–4 [16, 17], with the key parameters summarized
in Table 22.1.These compoundswere in physicochemical drug-like space and had
a high potency and receptor selectivity, a preclinical PK profile suitable for oral
administration, no drug–drug interaction (DDI) liability, and a low human dose
prediction.Thesemolecules were progressed to rodent safety studies to assess the
general toxicology profile and the potential for further development and provide
an early estimation of the therapeutic index. Several molecules were progressed



Table 22.1 The overall profile of exemplar molecules entering early safety studies.

Compound 2 3 4

Structure
N

NNO

N

Cl

O

OH

O O N
NO

N

Cl

O

OH
O

N

NO

NO

HO
O

N

MW, LogD7.4, PSA 427, 2.3, 103 472, 2.4, 98 460, 1.8, 112
S1P1/S1P3 EC50 (μM) 0.020/>31 (>1500-fold) 0.040/>31 (800-fold) 0.008/8 (1000-fold)
Human hepatocyte CLi
(μl min−1 106 cells−1)

<7.1 11 <7.1

CYP450 inhibition (IC50 μM) 2C9 : 7 Others >25 >27 >40
PK rata

CLb (mlmin−1 kg−1) 2.0 7.0 7.0
V ss (l kg−1) 1.0 1.2 1.5
T 1/2 (h) 7.5 3.0 2.6
Fpo (%) 96 83 62
PK dogb

CLb (mlmin−1 kg−1) 4.0 26 3.0
V ss (l kg−1) 1.0 1.0 1.6
T 1/2 (h) 3.9 0.4 8.0
Fpo (%) 94 57 69
Estimated human oral dose ≤50mg twice daily ≤100mg once daily <50mg once daily

CLi: intrinsic clearance; PK: pharmacokinetics; CYP450: cytochrome P450 enzymes CYP1A2, 2C9, 2C19, 2D6, 3A4; CLb: blood clearance; V ss: volume of distribution at
steady state; Fpo: oral bioavailability.
a) Rat PK: IV 1mg kg−1, oral 3mg kg−1.
b) Dog PK IV 1mg kg−1, oral 2mg kg−1.
c) Source: From Skidmore et al. 2014 [17]. Reproduced with permission of American Chemical Society.
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in parallel as this chemical template was previously uncharacterized. Com-
pounds were administered orally, once daily, to rats at three different dose levels
for 7 days. Dose levels were selected to provide multiples of the estimated human
systemic exposure to ensure an appropriate therapeutic index was investigated.

22.2.1 Use of Toxicogenomics in Early Rodent Safety Studies

In addition to collecting tissue pathology and histopathology endpoints from
these safety studies, toxicogenomic data were also generated. Such data provide
an opportunity to identify pathways and processes affected by the test article that
may be predictive of adverse findings following longer-term drug exposure (see
Chapter 21 for an additional case study on the use of toxicogenomics). Data may
suggest mechanisms of toxicity and “off-target” activity and are considered sup-
plemental to clinical pathology and histopathology measurements. Transcript
changes in the liver, for example, offer a means of predicting hepatotoxicity or
safety events associated with dysregulation of hepatic function. Panels of genes
have been identified through comparison with known hepatotoxicants that, if
affected, are representative of modes of hepatotoxicity (hepatotaq). These panels
include genes that code for increased expression of drug-metabolizing enzymes
including the pregnane X receptor (PXR), the constitutive androstane receptor
(CAR), and the aryl hydrocarbon receptor (AhR), which are involved in the reg-
ulation of cytochrome P450 enzymes 3A, 2C, and 1A, respectively [18].

22.3 Aryl Hydrocarbon Receptor Activation Observed
in Rat

The toxicokinetic data collected on the first and last days of the studies indi-
cated that the exposure of the compounds increased in line with dose and no
change in exposure was observed on repeat administration. However, analysis
of the toxicogenomic data revealed an unexpected finding. Compounds 2–4 all
caused marked increases in CYP1A1, CYP1A2, NAD(P)H quinone oxidoreduc-
tase (NQO1), and epoxide hydrolase (Ephx) genes, a gene panel indicating AhR
activation (Figure 22.3). A positive response for this gene panel occurs when the
upregulation of each gene exceeds its own threshold value, which was threefold
for CYP1A2, twofold for CYP1A1 and NQO1, and 1.5-fold for Ephx.
The level of CYP1A1mRNA increase in particular was very high, up to 10 000-

fold the control value, and at the time of this finding was the highest in the data
set at GlaxoSmithKline. Other genes in the panel (CYP1A2, NQO1, and Ephx)
were all also upregulated, confirming an interaction with the AhR. It should be
noted that the level of gene upregulation was comparable with that of the pro-
totypical CYP1A inducers β-naphthoflavone (BNF) and 3-methylcholanthrene
(3MC) exemplifying the magnitude of this finding. Similar observations with
these structurally related compounds suggested a common mechanism. When
focusing on CYP1A1 mRNA, it was clear that the magnitude of increase was
related to systemic exposure (and dose), but an interesting observation at this
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Figure 22.3 Upregulation of genes associated with the AhR gene panel for 2, 3, and 4 following 7-day oral administration to rats. The response to prototypical
inducers β-naphthoflavone (BNF) and 3-methylcholanthrene (3MC) after 4-day administration is included for reference. Cyp: cytochrome P450. NQO1:
NAD(P)H quinone oxidoreductase. Ephx1: epoxide hydrolase. Source: From Taylor et al. 2015 [16]. Reprinted with permission American Chemical Society.
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Figure 22.4 The relationship between systemic exposure (AUC) and hepatic CYP1A1 mRNA
induction for compounds 2 (squares), 3 (diamonds), and 4 (triangles) following 7-day oral
administration to the rat. Daily doses were 30 and 100mg kg−1 for 2 and 30 and 100 and
300mg kg−1 for 3 and 4, respectively. The figure illustrates the alignment of a relationship
when the AUC is adjusted to represent the unbound exposure (open shapes) compared with
the total exposure (closed shapes). Source: From Taylor et al. 2015 [16]. Reprinted with
permission American Chemical Society.

early stage was that a strong relationship was observed across all compounds
when plotted against unbound rather than total systemic exposure as in
Figure 22.4. This observation was explored and used in the design of future
safety studies.

22.4 CYP1A (Auto) Induction Observed in Non-rodent
Species

Further progression of 2 required the definition of a non-rodent species for use
in safety assessment evaluation. Repeated oral administration to dogs resulted
in a lack of tolerability and body weight loss, and so an alternate species was
sought. A repeat-dose oral study (30mg kg−1) using cynomolgus monkeys was
conducted over 7 days with the objective of evaluating if appropriate systemic
exposure could be achieved in this species to allow further safety evaluation.
Analysis of the toxicokinetic data revealed substantial reduction in systemic
exposure over the study duration. Figure 22.5 illustrates the reduction in both
Cmax and AUC on repeat administration. Similar to the findings in rat, gene
expression analysis from liver samples confirmed a substantial increase of
CYP1A1 and CYP1A2 mRNA up to ninefold the control value (Figure 22.6). The
reduction in exposure coupled with the upregulation of CYP1A1 and 1A2mRNA
was suggestive of auto-induction, a phenomenon where the molecule induces
its own metabolism. This was confirmed through experiments designed to
evaluate the intrinsic clearance rate of 2 in the induced liver versus control liver
using microsomes prepared from the livers of animals on the study. In control
microsomes 2 was metabolically stable with no measurable disappearance of



610 22 Integrated Optimization of Safety

140

120

100

80

60

40

20

0

20
18
16
14
12
10

8

A
U

C
 (
μg

·h
 m

l–1
)

C
m

ax
 (
μg

 m
l–1

)

6

4
2

0
Male 1 Male 2 Female 1 Female 2

Male 1 Male 2 Female 2

Day 1

Day 7

Day 1

Day 7

Female 1
Sex & animal number

Sex & animal number

Figure 22.5 Compound 2 is an auto-inducer in cynomolgus monkeys. Toxicokinetic data
(exposure, as area under the curve and Cmax) for 2 on days 1 and 7 following oral dosing at
30mg kg−1 day−1 to monkeys. Source: From Taylor et al. 2015 [16]. Reprinted with permission
American Chemical Society.

10 000

CYP1A1

CYP1A2

9000

8000

7000

6000

5000

4000

3000

M
ea

n 
co

pi
es

 o
f m

R
N

A
 d

et
ec

te
d/

ng
 to

ta
l R

N
A

2000

1000

0

Contro
l m

ale

Contro
l..

Male 1

Female 1

Female 2
Male 2

Figure 22.6 Upregulation of hepatic CYP1A1 and CYP1A2 mRNA in cynomolgus monkeys by
2 following 7-day oral dosing at 30mg kg−1. Source: From Taylor et al. 2015 [16]. Reprinted with
permission American Chemical Society.



22.5 Introduction to the Biology and Function of the Aryl Hydrocarbon Receptor 611

compound during the incubation period, whereas a high intrinsic clearance
was observed in microsomes prepared from treated animals (11mlmin−1 g−1
liver). The auto-induction effect ultimately prevented 2 from progressing to
further safety studies in cynomolgus monkey as adequate exposure to provide
a therapeutic index suitable for development could not be achieved on chronic
administration.
The extent of CYP1A1mRNAupregulation in the rat (up to 10 000-fold the con-

trol value), a finding at this level unprecedented at GSK, and a similar finding in
the cynomolgus monkey prompted a review into the implications of progressing
compounds that were agonists of the AhR into further development.

22.5 Introduction to the Biology and Function of the
Aryl Hydrocarbon Receptor

In order to fully appreciate the strategy and approach taken in this case study, a
brief introduction to the biology and function of the AhR is provided, and the
impact of this information in the context of this drug development program as
interpreted within GlaxoSmithKline at the time the S1P1 program was active is
described. More detailed information on AhR biology, function, and impact can
be obtained from several review articles [19–25].

22.5.1 CYP1A Induction via the AhR

TheAhR is a ligand-dependent transcription factor responsible for the regulation
of gene expression in a wide range of tissues and species [19]. AhR is activated by
a diverse range of endogenous and exogenous substrates and mediates numer-
ous biological and toxicological responses [26]. Following ligand binding to the
cytosolic AhR, the multi-protein complex translocates to the nucleus where the
AhR ligand complex dimerizes with a related protein (ARNT). This high affinity
complex then binds to specific DNA recognition sites stimulating gene transcrip-
tion including those of CYP1A and other AhR responsive genes including those
described earlier.
The consequences of AhR activation have been extensively characterized

using high affinity ligands found as environmental contaminants. These include
the potent and high affinity halogenated aromatic hydrocarbons (HAHs) such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (dioxin) and the lower affinity
polycyclic aromatic hydrocarbons (PAHs) such as 3MC and benzo(a)pyrene.
PAHs are also present as components of exhaust fumes, cigarette smoke, and
charbroiled food. Natural ligands also exist. Structure–activity relationships
(SAR) from these compound classes suggest the binding pocket favors planar
hydrophobic ligands though more diverse structures are also reported. Exposure
to dioxin causes an array of species and tissue-specific biological and toxic
events including tumor promotion, teratogenicity, modulation of cell growth,
differentiation, proliferation, wasting and immune, and hepatotoxicity and
dermal toxicities. The latter toxicities generally take several weeks to manifest
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and can only be observed with intact animal systems, suggesting a continuous
and modified gene expression profile in responsive cells [19].

22.5.2 CYP1A Enzyme Family

The upregulation of CYP1A enzymes is an AhR-dependent response that has
been consistently observed across species and is considered one of the most sen-
sitive AhR activation endpoints [19, 27].
The CYP1A enzyme subfamily comprises CYP1A1 and 1A2, both having high

amino acid sequence conservation across rats, mice, dogs, monkeys, and human
species although variation is seen in the constitutive and inducible nature of these
enzymes across species and tissues. This profile impacts the location and magni-
tude of responses to AhR agonists, the opportunities for measurement of upreg-
ulation, and also the consequences of the findings across species in the context
of drug development.
CYP1A1 basal expression is negligible yet variable. Only very low levels are

expressed in the liver with CYP1A1, predominantly an extrahepatic enzyme
inducible in virtually all body tissues most notably in the small intestine and
lung. Higher levels are found in smokers and those having ingested chargrilled
meats though other dietary factors are also involved.
In contrast CYP1A2 is predominantly a hepatic enzyme being absent or only

weakly expressed in extrahepatic tissues. In humans it represents approximately
13% of total hepatic cytochrome P450 content [28] and is involved in the
metabolism of up to 20% of marketed drugs plus many environmental aromatic
amines [22]. The function of this enzyme and also the consequences for any
change in the level of expression or activity should therefore be considered
as part of a drug development program. It is inducible in tissues such as the
lung and intestine with large (>60-fold) interindividual variability in CYP1A2
expression reported [29] attributable to genetic, epigenetic, and environmental
factors such as smoking.
Induction of CYP1A1/1A2 via AhR-mediated pathways is generally considered

to be a feedback mechanism in the maintenance of cellular homeostasis with
many enzyme substrates also ligands for the AhR as is the case for the PAHs 3MC
and benzo(a)pyrene. As cellular exposure to these enzyme substrates increases,
enzyme induction follows to enhance the capability to detoxify the substance. As
the substrate is removed, the extent of induction declines.
In vitro studies have shown that substrates of CYP1A enzymes such as

benzo(a)pyrene form reactive intermediates as part of their metabolism, which
are the ultimate carcinogen capable of DNA adduct formation. In vitro enzy-
mology studies indicate a role for CYP1A as a perpetrator in driving these
toxicities. Paradoxically, an overall protective role of CYP1A induction from
oral chemical-induced carcinogenesis is observed in vivo [24]. As explained by
Uno et al. [30], it is the balance of these processes that ultimately determines the
effect. The interplay is clearly complex.
In addition to the environmental contaminants mentioned above, examples of

drugs that are inducers of CYP1A2 most notably include the widely prescribed
antiulcer drug omeprazole. Omeprazole, an inducer of hepatic CYP1A2 in
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humans, but not rodents, is an example of a species-specific inducer. It has been
used safely for more than 25 years. Minimizing exposure to cigarette smoke
and dietary sources of PAHs was at one time recommended for patients on
long-term omeprazole therapy, but a connection between omeprazole use and
cancer incidence has yet to be described. More detail on this sequence of events
is described in an article by Ma and Lu [24].

22.6 Considerations of AhR Binding and CYP1A
Induction on Compound Progression

The consequences of continuing to develop molecules that are AhR agonists in
the context of this drug discovery program were considered. Judgments in drug
discovery are frequently problematic. The impact of termination decisions are
rarely known, but an overconservative approach prevents therapeutically useful
molecules from reaching patients. However, factors such as the patient popula-
tion, indication, and competitive landscape should always be considered as pro-
gressing a molecule with a known risk resulting in later attrition is costly. In the
case of this particular program, the molecules did not represent a first-in-class
mechanism, and a “clean” profile at this early stage was preferred so as not to
introduce additional risks over fingolimod.
The discussions associated with AhR activation and CYP1A induction were

broadly categorized as follows: (i) increased risk of carcinogenicity in certain
individuals and specific tissues, (ii) functional consequences of increased CYP1A
enzyme activity, and (iii) impact of strong AhR agonism given the other emerging
biological roles of the AhR.
The evidence for the role of CYP1A as a causal agent and/or detoxifier in

PAH-induced carcinogenicity in mice was complex although suggestive of
an overall protective effect in vivo. The absence of a connection between the
CYP1A2 inducer omeprazole and carcinogenicity was also acknowledged
though the mechanism of omeprazole induction is not fully understood and
may not involve AhR binding [31]. However, the extent of CYP1A1 mRNA
upregulation by the S1P1 compounds was concerning, and, if translatable in
human, the risk of potentiating carcinogenicity in directly exposed tissues
such as the lung in smokers was considered to remain, as discussed by Nebert
et al. [29] The possibility of mitigating these risks via preclinical experiments
was also considered low with a clear result unlikely. The worst-case scenario
was considered to be the emergence of a finding in humans in late-stage trials
or postmarketing. Furthermore, the large interindividual variability in CYP1A2
expression across the population may put some individuals at greater risk, with
the risk being largely unpredictable.
Induction and inhibition of cytochrome P450 enzymes have been shown

to be responsible for numerous DDI in the clinic. Such interactions can limit
the clinical and commercial viability of drugs, and therefore the potential is
best addressed early in lead optimization [32]. P450 induction by a drug may
increase the clearance of itself (auto-induction) or of co-administered drugs.
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Auto-induction has the potential to result in a reduction or loss of efficacy
of therapeutic agents and/or the generation of an altered metabolite profile.
Focus is normally placed on CYP3A due to its importance in the metabolism of
many therapeutic drugs [20] but with CYP1A2 contributing to the metabolism
of around 20% of therapeutic drugs [22] there are several known DDI as a
consequence of altered CYP1A metabolism [23]. Changes to the levels of this
enzyme therefore require consideration in clinical practice.
Several examples of the potential for CYP1A induction to perpetrate a DDI

with co-administered drugs in the clinic have been reported. Exposure to PAHs
in cigarette smoke has been shown to induce CYP1A2 and increase the clear-
ance and therefore reduce plasma concentrations of drugs including caffeine,
theophylline, melatonin, clozapine, lidocaine, verapamil, erlotinib, and fluvox-
amine [22, 33, 34]. Caffeine itself has also been shown to induce CYP1A2 in
certain population groups [35]. A carbamazepine interaction has been reported
with schizophrenic patients taking clozapine [36].These interactions cited above
for CYP1A2, while important, are usually managed in the clinic through dosage
adjustment, therapeuticmonitoring, and control of co-medications. In the case of
smoking, this is particularly important as CYP1A2 levels can be altered abruptly
via changes in smoking habits. The risk of the S1P1 compounds perpetrating a
DDI was acknowledged but ultimately considered a manageable issue in a clini-
cal context. Moreover the expected clinical dose was low, reducing the likelihood
of clinically significant DDI [37]. It was decided that, if necessary, a definitive
DDI study could form part of the early clinical development program and, even
if positive, while undesirable, this was considered manageable.
Evidence from the cynomolgus monkey study indicated the potential for these

S1P1 agonists to be CYP1A auto-inducers in the clinic. The potential impact of
auto-induction on clinical efficacy, previously described, could ultimately result
in termination. This finding would not emerge until the multiple ascending dose
part of a phase I study after significant investment in preclinical development.
Therefore, selecting only compounds without this property in discovery was con-
sidered essential.
In addition to enzyme regulation, numerous other physiological functions

mediated by the AhR were emerging during the lifecycle of this S1P1 agonist
program. These included a role for the receptor in development, regulating cell
differentiation and cycling, hormonal and nutritional homeostasis, coordina-
tion of cell stress responses (including inflammation and apoptosis), immune
responses, aging, and cancer promotion [38]. While other literature at the time
was suggesting the therapeutic potential of AhR agonism [39], the consequences
of a strong AhR agonist on the emerging biological functions were not yet well
defined. As attrition in late-stage drug development is unwanted and certainly
costly, the uncharacterized effect of this agonist profile on longer-term adminis-
tration in chronic toxicity studies and the clinic was also considered a high risk.
We contextualized these considerations for our drug discovery program rela-

tive to the desired product profile. Decisions were taken to continue progression
of 3 toward 28-day safety studies but in parallel modify the screening strategy
with the objective of identifying compounds with an improved profile devoid of
any potential induction risk.
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This decision was pragmatic as the properties of a molecule can only be mod-
ified during lead optimization. However, the decision may also be considered
cautious. This was acknowledged by the team but was felt justified particularly
as the compound was not a first-in-class mechanism, and in a highly competitive
field, a successful molecule would likely require a “clean” profile.

22.7 Reacting to Data: Strategy Modification in Lead
Optimization

The observation of AhR gene panel activation in rats and substantial CYP1A
enzyme induction in cynomolgus monkey represented a body of evidence indi-
cating this series of S1P1 agonists were also agonists of the AhR in these species.
However it is the effect in human systems that are of ultimate importance. The
strategy to address this is now described along with the modifications to the
screening cascade to bring forward compounds without the induction liability.
In order to achieve this, an understanding of the structural features driving AhR
agonism was required to influence the medicinal chemistry approach.

22.7.1 Evaluating CYP1A Induction in Human Systems

A human AhR binding assay was not available within GlaxoSmithKline at the
time. We therefore turned to human hepatocytes as a well-characterized experi-
mental system for studying enzyme induction in vitro. However, the low level of
hepatic CYP1A1 expression in a human liver (recall that CYP1A1 is largely an
extrahepatic enzyme in humans) meant the primary endpoint would be upregu-
lation of CYP1A2. Due to the extensive CYP1A1 mRNA induction observed in
rat liver, it was recognized that the true induction potential of these compounds
may be underrepresented in human hepatocytes. Methods to study upregulation
in extrahepatic tissues, where CYP1A1 is highly inducible, are less straightfor-
ward and poorly characterized due to, as an example, the complexities of obtain-
ing metabolically competent cells from lung tissue. On balance a decision was
taken to incorporate the available human hepatocyte assay into the S1P1 program
immediately and assume any observed CYP1A2 induction was also an indica-
tor of CYP1A1 induction potential in other tissues. A strategic decision was also
taken to introduce an AhR binding assay for future utility with this and other
programs.

22.7.2 Evaluating Induction in Human Hepatocytes

Briefly, this experiment involved incubating test compounds over a concen-
tration range with thawed cryopreserved hepatocytes for 48 h. Induction
potential was assessed using dual methods of CYP1A2 mRNA levels and
also catalytic enzyme activity. Catalytic enzyme activity was measured by
using the rate of CYP1A-mediated deethylation of the fluorescent probe sub-
strate 7-ethoxyresorufin where induction was represented by an increase in
deethylation versus a control.
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Table 22.2 Comparison of the CYP1A1, CYP1A2 (rat), or CYP1A2 (human) induction observed
across various in vivo and in vitro assay formats.

a)Rat in vitro b)Rat in vivo c)Human in vitro

Compound
CYP1A1
mRNA

CYP1A2
mRNA

CYP1A1
mRNA

CYP1A2
mRNA

CYP1A2
mRNA

Catalytic
activity (EROD)

2 <1 <1 35 2 45 7.7
3 5 3 75 8 0.6 1.1
4 3 2 210 2 – –
5 <1 <1 3 1 0.2 1.1
6 43 19 2 2 – –
7 32 8 1 1 – –

All data expressed as fold change versus control to enable comparison.
a) Rat in vitro assays conducted at 10 μM.
b) Compounds 2–5 : 7-day dosing 30mg kg−1. Compounds 6–7 : 4-day dosing 20mg kg−1.
c) Human mRNA assay at 10 μM, EROD assay at 5 μM. EROD: 7-ethoxyresorufin O-deethylase

activity.
Source: From Taylor et al. 2015 [16]. Reprinted with permission of American Chemical Society.

Compounds 2 and 3were profiled in human hepatocytes. Although both com-
pounds were considered AhR activators in rat, only 2 showed CYP1A2 upregu-
lation in human hepatocytes, resulting in a 45-fold increase in CYP1A2 mRNA
and an associated increase (eightfold) in catalytic enzyme activity (Table 22.2).
While these data highlighted a potential species difference for 3 in hepatocytes,
the inducing potential in other tissues was not fully discharged.
The development of 2 was terminated for reasons associated with the AhR

induction potential, the primary reasons being the auto-induction in cynomolgus
monkey previously described and the magnitude of exposure reduction prevent-
ing achievement of a sufficient therapeutic index. Alternative non-rodent species
were also deemed inappropriate following preliminary safety studies. The devel-
opment of 3 and 4 was also eventually terminated due to a variety of developa-
bility issues but not because of the AhR agonism finding alone.
Furthermedicinal chemistry efforts resulted in the rapid identification of 5 [40].

Based on its improved developability properties including preclinical PK and pre-
dicted human dose (Table 22.3), the compound was advanced rapidly into the
human hepatocyte induction assay in addition to a rat 7-day safety assessment
study. Despite the structural similarity to the predecessor compounds, the human
hepatocytes assay showed no induction potential of CYP1A2 (Table 22.2), and
toxicogenomic data from the rat safety study showed that over the same range of
unboundAUC, no activation of the AhR gene panel occurred (Figure 22.7).These
data positioned 5 as the most promising molecule for further development.
After much investment in a target, it is a common strategy to ensure that

multiple candidate quality molecules are available. The search for additional
molecules suitable for preclinical development continued in order to mitigate
risk against a potential termination of 5 at a later stage. For example, the
zwitterionic compounds presented so far (2–5) were restricted in distribution,
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Table 22.3 The overall profile of 5 having optimal potency, receptor selectivity, PK, human
dose, developability, and CYP1A properties suitable for further preclinical development.

Structure

N

O N

O

N

O

OH

N

5

MW, LogD7.4, PSA 446, 1.7, 112
S1P1/S1P3 EC50 (μM) 0.032/>40
Human hepatocytes CLi
(μl min−1 106 cells−1)

<7.1

CYP IC50 (μM) Five major isoforms tested >30 μM
PK Rata) Dogb)

CLb (mlmin−1 kg−1) 5 10
V ss (l kg−1) 1.1 2.2
T 1/2 (h) 3.0 4.8
Fpo (%) 98 53
CYP1A1/1A2 mRNA increase in rat
in vivo

<10-fold up to 100mg kg−1

CYP1A2 upregulation in human in
vitro

None detected

Bradycardia in rat No effect up to 100mg kg−1

Estimated human oral dose (mg,
daily)

6mg

a) Rat PK: IV 1mg kg−1, Oral 3mg kg−1.
b) Dog PK IV 1mg kg−1, Oral 2mg kg−1.
Source: Adapted from Demont 2011 [40] and Taylor 2012 [41].

thus limiting the PD effect to the periphery. Emerging data with the CNS
penetrant FTY720 suggested efficacy may also be driven via a component of
S1P receptor signaling in the CNS [42, 43] prompting us to additionally explore
structures containing amine features using the basicity to drive penetration of
the blood–brain barrier. It should be noted that diol groups were introduced to
the amines (Figure 22.8) to reduce pK a and overall lipophilicity and elimination
half-life, not with the intention of designing prodrugs to be phosphorylated in a
manner similar to FTY720.

22.7.3 Screening for Induction Using Rat Hepatocytes

In order to identify a backup molecule with negligible risk of induction and
given the species differences observed previously with 3 (refer to Table 22.2), the
desired candidate profile was modified to exclude all signs of induction across all
species and test systems. The hepatocyte induction assay was in place to cover
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Figure 22.7 The relationship between unbound systemic exposure (AUC) and hepatic CYP1A1
mRNA for the inducers 2 (squares), 3 (diamonds), 4 (triangles) and the non-inducer 5 (circles)
following 7-day administration to the rat. Daily oral doses were 1, 30, 100, and 300mg kg−1 for
5 and as previously stated for 2–4. Source: From Taylor et al. 2015 [16]. Reprinted with
permission American Chemical Society.

human though operating 7-day rat studies using three dose levels during lead
optimization for iterative screening and design purposes was unfeasible. An in
vitro rat hepatocyte induction assay, analogous to the human assay previously
described, was therefore implemented as a tool intended for the iterative
screening and design of compounds in lead optimization.
The effectiveness of the rat hepatocytes assay was first tested by evaluating sev-

eral compounds previously studied in vivo and comparing the results.The data in
Table 22.2 shows that unfortunately the extent of induction observed in the rat in
vivowas not reflected in the hepatocyte in vitro assay.The discrepancies were not
consistently explained by comparison of systemic versus in vitro concentration,
and despite numerous assay refinements and attempting alternative data analysis
methods, an adequate explanation was not found.

22.7.4 Development of a Rat In Vivo Induction Protocol

As the rat hepatocyte assay was unable to reproduce the in vivo data, a
repeat-dose in vivo protocol in the rat, fit for use in a drug discovery screening
environment, was introduced. Considerations in the protocol design included
the duration and magnitude of dosing. Previous characterization of induction in
the rat [44] had demonstrated that hepatic CYP1A induction by BNF occurred
after three daily administrations. We therefore designed a protocol using four
daily administrations to n= 3 rats to ensure the maximal effect was captured.
A nominal oral dose level of 30mg kg−1 was selected to be representative of
a dose used in future safety studies. Based on the experiences with previous
compounds, this was considered sufficiently high enough to observe an induc-
tion effect yet balanced against the feasibility of compound provision in drug
discovery (∼150mg for this study). In reality, due to the insufficient availability
of some compounds, dose levels ranged from 15 to 30mg kg−1. Blood samples



22.8 Iterative Experimentation Identifies Molecules for Progression 619

N

XO

N
O N

N R

NS

N N
OH

OH

13

8–11

N

NO N

O

OH

OH
N

14

N

NO

NV
U

R2

R1

N

15–20

21

O

N

NO

N

N

O

OH

OH

N

NHO

OHO

NO

N

Cl

O

6 Isomer 1
7 Isomer 2

N

N

O

N
O N

N

OH

OH

12

O

N

THIQsBenzoxazepines

aza-THIQBenzazepines

X R U V R1 R2

8 CH

OH

OH
15 O CH CH3

CH3

CH3

CH3

OH
OH

9 CH OH
OH

16 O CH OH
OH

10 CH OH
OH

17 O CH
OH

OH11 N

OH

OH

18 NH N
19 O CH H
20 NH N H
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were collected after the first and fourth doses to determine the PK profile and
systemic exposure. Twenty-four hours after the final dose, the animals were
culled, the livers harvested, and sections prepared for mRNA/hepatotaq analysis.

22.8 Iterative Experimentation Identifies Molecules
for Progression

The short 4-day induction protocol in rat was successfully implemented and
used to profile several compounds across multiple subseries, as illustrated in
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Figure 22.8. Due to the resource-intensive nature of this assay, compounds were
first triaged using several criteria, and only those with suitable physicochemical
properties, in vitro pharmacology, PK, efficacy, and human dose prediction were
profiled.Those satisfying all these criteria and identified as non-inducers in both
the rat 4-day in vivo study and the human hepatocyte in vitro assay were then
considered as candidates for preclinical development.
As previously described CYP1A1 is more highly inducible than CYP1A2, and

this is reflected in the magnitude of induction observed. Given the numbers of
compounds profiled, we applied a criterion where a non-inducer was classified
when CYP1A1 mRNA increased <20-fold and CYP1A2 mRNA increased
<5-fold. A summary of the data from the 4-day study is provided in Figure 22.9,
illustrating the extent of induction using CYP1A1 and 1A2 mRNA upregulation.
Systemic exposure (determined using Cmax and AUC) was generally consistent

across the 4-day dosing period, providing no evidence of auto-induction in the
rat (Figure 22.10), which was in keeping with the observations drawn from the
original compounds (2–4).
The remit of discovering non-inducer compounds resulted in substantial

effort to interrogate SAR to drive iterative compound design. A literature survey
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Figure 22.9 Summary of the upregulation of CYP1A1 and CYP1A2 mRNA following 4–7-daily
oral administrations of various S1P1 agonists to the rat. The shaded area represents the
boundaries of compounds considered non-inducers at a given dose. The compounds are
colored by template: THIQ (red), aza-THIQ (pink), indazoles (yellow), benzazepines (blue), and
benzoxazepines (green), and shaped by class: acid (square), amine (circle), and zwitterions
(diamond). Source: From Taylor et al. 2015 [16]. Reproduced with permission of American
Chemical Society.
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Figure 22.11 Examples of reported AhR agonists of a planar hydrophobic nature. TCDD, 22,
and BNF, 23.

indicated that the majority of classical AhR ligands were planar with a high
degree of hydrophobicity. Examples, shown in Figure 22.11, include the PAHs
including 22 (TCDD) and 23 (BNF) though detailed SAR analysis of the PAHs
showed that absolute planarity was not a requirement for binding [45].
Crystallography data for 3 and 5 highlighted that one of the aromatic rings in

5 (non-inducer) was out of plane when compared with 3 (inducer). The dihedral
angles between the oxadiazole ring and the phenyl closest to the basic nitrogen
were 18∘ and 5∘, respectively, as illustrated in Figure 22.12. A working hypothesis
followed by the teamwas that this “twist” in 5was sufficient to introduce a lack of
planarity and avoid AhR binding. This was also reinforced by other compounds
(such as non-inducers 6 and 7) having a carboxylic acid chain, which was also
projected out of main aromatic moiety plane. Unfortunately this hypothesis did
not hold uniformly as subsequent compounds (such as 9) showed a high level
of induction despite having an identical core structure to 5. The relationship to
physicochemical properties such as pK a was also investigated, and while trends
were apparent, for example, greater induction occurred with the more basic ben-
zazepines compared with the less basic tetrahydroisoquinolines (THIQs); com-
pounds such as the benzoxazepine 21 were not compliant to the rule.
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Figure 22.12 Crystallographic data for 5 (a) and 3 (b) illustrating the dihedral angles. Source:
From Taylor et al. 2015 [16]. Reproduced with permission of American Chemical Society.

A comprehensive analysis of SAR was also conducted across many compound
pairs within and across series, as reported in the literature [16]. It became appar-
ent that the SAR was complex; for example, 9 and 10 were considered induc-
ers, whereas the structurally similar 8 was a non-inducer, in contrast with more
radical-shaped changes as in 14 that retained the profile of a non-inducer. The
SAR was also extremely subtle; for example, 17 and 21 differ from 8 by only a
single carbon or oxygen, respectively, and showed induction. In summary, only
conclusions at the level of the “template” were defined with the benzazepines and
benzoxazepines generally showing greater induction than the THIQs.
This example illustrates the type of assessments and analysis attempted

to determine medicinal chemistry SAR with iterative cycles of hypothesis
generation and testing. Firm relationships are always preferred, but in lead opti-
mization, ambiguity often exists, requiring the scientist to exercise judgment. In
this case links between compound structure and AhR gene panel upregulation
were complex, subtle, multifactorial, and appeared to extend beyond properties
such as planarity, lipophilicity, and basicity [16].

22.9 Delivery of Human AhR Agonist Assay

Unfortunately, due to the time required for development and validation, this
assay did not deliver in time to be impactful for this S1P1 agonist program.
However, a selection of compounds were retrospectively profiled. This assay,
developed using intestinal human colon adenocarcinoma cells (LS180), utilized
a β-lactamase reporter gene downstream of the CYP1A1 promoter. 3MC was
used as a positive control with novel compounds considered potential activators
of AhR if the maximum response was >40% of the control.
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The potential for human AhR agonism was compared with the CYP1A
inducing potential from the rat in vivo study. In the rat-only compounds having
both <20-fold CYP1A1 and <5-fold, CYP1A2 were considered non-inducers.
This limited data set shown in Figure 22.13 indicates some agreement between
the assays though the rat appears to be a more sensitive indicator of induction
potential using these criteria. Pleasingly, all compounds that were classified as
non-inducers in the rat were also non-inducers in the human assay. These data
justified our conservative strategy to design out induction across all species and
assay formats.

22.10 Minimizing Cardiovascular Safety Risk Through
S1P Receptor Selectivity

The potential for an improved clinical safety profile over fingolimod was an
essential aspect of the program. To ensure the series of compounds under opti-
mization did not carry a similar risk of bradycardia, telemetered rat studies were
conducted early in lead optimization. This safety pharmacology model requires
the surgical implantation of a telemetry device capable of remote monitoring of
hemodynamic parameters. We confirmed that a series of compounds based on a
promising THIQ template had the potential for >1000-fold human S1P1 versus
human S1P3 receptor selectivity based on in vitro assay systems of receptor
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binding [40]. This was in sharp contrast to fingolimod (see Table 22.4), which
displayed equal potency at S1P1 and S1P3. Confirmation that the lack of potency
at S1P3 would drive an appropriate hemodynamic profile in vivo was tested with
our lead compounds using the telemetered rat model. The profile for 5 is shown
in Figure 22.14 from a single ascending dose experiment. In keeping with the

Table 22.4 S1P Receptor selectivity comparing fingolimod
with 5, a novel compound from lead optimization.

Compound 5 1b (FTY720 phosphate)

S1P1 EC50 (nM) 32 4
S1P3 EC50 (nM) >40 000 5
Selectivity >1250-fold No selectivity

Source: Adapted from Demont 2011 [40].
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compared with 1a (FTY720). Source: From Demont et al. 2011 [40]. Reproduced with
permission of American Chemical Society.
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in vitro receptor selectivity profile and in contrast with 1b (FTY720 phosphate),
no change in heart rate was observed [40].

22.11 Positioning Dose as the Focus of Lead
Optimization

Compound failure in late-stage development is costly to the pharmaceutical
industry. Analysis has been performed looking at the reasons for later stage
clinical attrition with safety and efficacy remaining key factors [46, 47].
With respect to safety events, cardiovascular safety and hepatotoxicity remain

a leading cause of attrition. In the case of the cardiovascular findings, the mech-
anistic link between QTc prolongation and blockage of the hERG channel has
enabled effective screens to be established in discovery to ensure compounds
with a risk are deselected early [48]. Other safety events, such as hepatotoxicity,
can be idiosyncratic [49] sometimes only emerging in large-scale phase III trials
or postmarketing with serious consequences for the patient and loss of return on
investment for the developer. One key factor that has emerged as being linked to
such events is the dose. The higher the dose, the higher the body burden, and
research indicates correlations between higher doses and an increased risk of
adverse findings such as hepatotoxicity [50] and DDI [37].
With respect to efficacy, understanding the relationships between concentra-

tion and response or pharmacokinetics–pharmacodynamics (PKPD) is funda-
mental to the prediction of drug behavior in the clinic and so should be placed
at the center of drug design and selection. The development and deployment of
PKPD models early in lead optimization allows for an estimation of the likely
human exposures and dose. These are essential parameters in the overall inte-
grated assessment of safety risks when contextualized with other indicators of
hepatotoxicity and enzyme inhibition for example [32, 50].
For the S1P1 program the PD response of interest was lymphocyte reduction,

and the PKPD evaluation was positioned centrally in the lead optimization strat-
egy [41]. A preclinical PKPD model of lymphocyte reduction in the rat was used
to derive in vivo compound potency, which was subsequently used in conjunc-
tion with predicted human PK in a human PKPD model to estimate dose. The
estimated human dose was a key factor in compound selection with the program
aim to target a daily dose of ideally <100mg. Through incorporation of PKPD
in the screening cascade, several of the molecules identified had predicted doses
within the desired range (Tables 22.1 and 22.4), providing confidence ofminimiz-
ing other adverse events such as hepatotoxicity.

22.12 Delivery of Multiple Candidates for Development

While numerous compounds were ultimately identified as satisfying the product
profile, exemplified in Table 22.3, 5 was considered the most promising, hav-
ing physicochemical properties within drug-like space, >1000-fold selectivity for
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S1P1 over S1P3, and no bradycardia observed in the telemetered rat. It displayed
a favorable PK profile in two preclinical species and when coupled with nanomo-
lar potency at the target had a low predicted human dose (<10mg once daily),
which was deemed appropriate for minimizing body burden and thus the risk of
off-target findings. No evidence of CYP1A induction was observed in the rat in
vivo nor in the human in vitro hepatocyte assay.

22.13 Conclusions

This case study highlights a typical lead optimization campaign where several
molecule properties required investigation and iterative approaches were needed
to deliver the desired target product profile. Substantial investment was made
against this target with emphasis placed on early safety assessment of molecules.
Toxicological consequences were identified and associated with related receptors
and required optimization. Bradycardiawas a known potential issue at the outset,
and evaluation in telemetered rat studies was conducted early in the program
cycle with lead molecules to confirm that receptor selectivity, in this case S1P1
over S1P3, mitigated the risk in these preclinical experiments.
A low dose reduces the overall body burden and, in turn, the risk of adverse

findings such as DDI and hepatotoxicity. Human PK prediction, coupled with a
translatable PKPDmodel, was used to provide an early estimate of the likely effi-
cacious dose with only compounds having the potential for low dose (<100mg)
considered for further development.
An unusual finding of substantial CYP1A induction, consistent with AhR

activation, was observed during early rodent safety studies. The SAR within the
template was subtle with the exemplified non-inducer candidate molecule, 5,
having remarkable structural similarity to the molecules where the finding was
initially observed. This highlights the detailed, iterative, and tenacious nature
required in a lead optimization campaign to deliver the optimal molecule profile.
This example also reveals how small structural changes can lead to a marked
change and the need for continuous profiling across assays of importance. After
careful consideration of the potential impact of AhR activation during late-stage
development and in the clinic, the first compounds with this finding continued
to progress, while the lead optimization strategy was revised to ensure that
subsequent candidate molecules were devoid of this effect. This approach could
be considered cautious, and others may decide on alternative courses of action.
Our decision was taken with regard to minimizing late-stage attrition but also
in light of the emerging positive clinical data with fingolimod and working with
the assumption that another molecule entering the market with this mechanism
would require a clean off-target profile. It should not be concluded from this
article that AhR agonism will always be a significant cause for concern.The liter-
ature reports a complex picture with its function as a drug-metabolizing enzyme
regulator. Moreover, it is clear that the functions of this receptor are far more
broad reaching and the AhR may yet emerge as a therapeutic drug target [39].
For this set of compounds, in vitro assays were unsuccessful in predicting the

extent of CYP1A induction in vivo in rat, so a short-term 4-day in vivo protocol
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coupled with an aggressive pre-triage approach was used to discover compounds
without induction potential. Modification of screening strategies resulted in the
successful identification of several small molecule S1P1 agonists that were pro-
gressed to preclinical development.
The issues arising in this case study extend across numerous areas of expertise

and line functions within a drug discovery organization. For example, the assess-
ment of bradycardia required early engagement with safety assessment and the
development of combined strategies with biology from a scientific, operational,
and strategic perspective.The design and operation of the 4-day in vivo rat proto-
col required expertise across DMPK and safety assessment plus medicinal chem-
istry scale-up and collective thinking around the SAR evaluation of induction.
In vitro hepatocyte induction assays required DMPK resource as did the PKPD
modeling and simulation.This case study exemplifies the importance of effective
collaboration to rapidly identify and deliver promising new drugs for patients.
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22.1 Introduction to the S1P1 Agonist Lead
Optimization Program

22.1.1 Objectives and Challenges

The latter part of the twentieth and first decade of the twenty-first centuries saw
a high level of research activity into sphingosine-1-phosphate (S1P) receptor
biology with numerous pharmaceutical companies looking to exploit this under-
standing in the development of new drugs [1–3]. S1P is the endogenous ligand
and potent modulator of the activity of a family of five S1P G-protein-coupled
receptors, S1P1–5. These receptors are known to regulate a range of biological
processes including cell survival, adhesion, migration, and endocytosis, leading
to physiological responses such as endothelial barrier enhancement, modulation
of vascular tone, heart rate, and lymphocyte trafficking [4]. The latter two
responses were of particular interest to the drug discovery program described in
this case history.
Lymphocytes continuously circulate throughout the body, acting as surveil-

lance for invading pathogens and return home to secondary lymphoid organs.
To leave these secondary organs, the lymphocytes sense the S1P gradient that
exists between lymph and blood. The S1P1 receptor is present on the surface
of lymphocytes, and agonism of this receptor results in receptor internaliza-
tion and removes the ability of the lymphocyte to sense the gradient causing
sequestration of these cells in the secondary lymphoid tissue. Interfering with
lymphocyte trafficking via S1P1, agonism represented an attractive mechanism
to target autoimmune diseases such as relapsing–remitting multiple sclerosis,
inflammatory bowel disease (IBD), lupus, and psoriasis [5]. However agonism of
S1P3 was considered undesirable due to relationships observed in animal studies
with broncho- and vasoconstriction and modulation of heart rate [6–8].
At the time of this lead optimization program, the nonselective S1P recep-

tor agonist FTY-720, fingolimod, now marketed as Gilenya® (Compound 1a,
Figure 22.1), had shown clinical efficacy as a new oral drug in relapsing–remitting
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14.1

Introduction

β-Secretase, widely known as β-site amyloid precursor protein cleaving enzyme 1
(BACE1), initiates production of the toxic amyloid-β (Aβ) peptides that are
believed to play a crucial early part in Alzheimer’s disease (AD) pathogenesis.
AD is a devastating neurodegenerative disease characterized by the accumula-
tion of two hallmark structures in the brain – amyloid plaques and neuro-
fibrillary tangles. Amyloid plaques are extracellular deposits of insoluble fibrils
of Aβ peptides that are primarily 40 and 42 residues in length. Neurofibrillary
tangles are intracellular aggregates of aberrantly hyperphosphorylated forms of
tau, a microtubule-associated protein. The amyloid hypothesis postulates that
accumulation of Aβ plaques and soluble neurotoxic Aβ oligomers in the brain is
a critical, required early step that leads to formation of neurofibrillary tangles,
neuroinflammation, synaptic loss, neuronal cell death, and ultimately demen-
tia [1–3]. If this hypothesis is correct, then preventing accumulation of Aβ in
the brain, either through reduced production (e.g., BACE1 inhibition) or through
increased clearance (e.g., Aβ-antibodies [4,5]), should be an effective approach
to slow or halt progression of AD when given early enough in the disease
process [3,6].
Aβ peptides are formed as minor products (5–10%) of the metabolism

of amyloid precursor protein (APP) via two consecutive cleavages – first
by BACE1, in competition with the major pathway (90–95%) of nonamyloido-
genic processing of APP by α-secretase, followed by γ-secretase (see
Figure 14.1 in [6]). The active site of BACE1 is within the acidic environment
of the endosomes, with a pH optimum correspondingly in the 4.5–5.5 range,
and is relatively shallow and hydrophilic. BACE1 is mainly expressed in the
central nervous system (CNS). A closely related enzyme, BACE2, is predomi-
nantly expressed in the periphery and does not function as a β-secretase
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Figure 14.1 (a) BACE1 structural characteris-
tics and binding mode of an early-generation
peptidomimetic BACE1 inhibitor (OM99-2)
showing its relatively large size and the
extended BACE1 active site (PDB code
1FKN) [17]. The overall folding of BACE1 is typ-
ical for an aspartic acid protease, consisting of
N- and C-terminal lobes with the substrate
binding site located in a crevice between the

two lobes. A flexible hairpin loop, called the
flap (yellow transparent surface), partially cov-
ers the active site of BACE1 and can adopt
many different conformations as a result of
inhibitor binding. In the center of the active
site are the two aspartic acid residues Asp32
and Asp228 (orange and inset with a bound
water molecule at the catalytic center) that are
involved in the enzymatic reaction.

Figure 14.1 (b) Close-up view of the active
site of superimposed crystal structures of flap-
open (PDB code 2OHU, magenta) [28] and
flap-closed (PDB code 1W51, cyan) [29] BACE1.
Ligands have been omitted for clarity. Due to
the conformation of Tyr71 in the flap-open
2OHU structure (magenta), the hydrogen

bond with Trp76 is broken and Tyr71 no lon-
ger occupies the position between the S1 and
S2´ subsites. The changing position of the flap
relative to the catalytic dyad provides a means
for the substrate and the ligands to diffuse
into and out of the active site.
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in vivo [3,6]. BACE1 belongs to the pepsin family under the aspartyl protease
superfamily and has sequence identity not only with BACE2 (52%) but also
with cathepsin D (29%), cathepsin E (27%), pepsin (27%), and renin (24%) [7].
The amyloid hypothesis is supported by a large body of genetic, biochemical,

and histopathological evidence (see [3,6] for recent reviews). Since its discovery
in 1999 [8–12], inhibition of BACE1 has been viewed as the best small molecule
approach to test this hypothesis, underscored by initial observations that BACE1
knockout (KO) mice do not produce Aβ and show a relatively benign overt phe-
notype [13]. Furthermore, the well-studied Swedish mutation of APP causes
early onset familial AD by specifically enhancing BACE1-dependent cleavage by
as much as 100-fold [14,15]. More recently, identification of a naturally occur-
ring variant of APP (the “Icelandic mutation”) with a reduced propensity to pro-
teolysis by BACE1 and association with a decreased risk of dementia further
solidified the role of this enzyme in the etiology of AD [16]. Although BACE1

Figure 14.1 (c) Bound conformation of an
evolved hydroxyethylamine containing pepti-
domimetic inhibitor (yellow) bound with
BACE1 (PDB code 4DH6). This compound
demonstrated robust reduction of central
β-amyloid in a preclinical rat animal
model [27]. BACE1 is in the flap-closed

conformation (purple surface) where the Tyr71
side chain hydroxyl is hydrogen-bonded to
the NH of the Trp76 side chain that physically
separates the S1 and S2’ subsites. The catalytic
aspartyl dyad is shown as spheres and the
proximal subsites are labeled.
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has emerged as a prime therapeutic target for AD, the recent identification of
multiple new substrates and reports of its involvement in a much wider range of
physiological processes within and outside the CNS have raised concerns about
potential mechanism-based side effects of drugs targeting this enzyme [3,6].
While the science around BACE1 continues to evolve, the bulk of the data,
including both heterozygous KO and chronic small molecule treatment across
multiple species, suggests that long-term dosing with a sufficient therapeutic
window should be possible with a potent, selective, brain-penetrant small mole-
cule inhibitor.
Localization of BACE1 in the CNS, however, has posed a significant

challenge in identifying low molecular weight (MW) compounds with the
aforementioned profile. Initial drug design efforts focused on noncleavable
peptide-based transition state analogs in which the residues of APP around
the site of BACE1 cleavage served as a template [10,17,18]. The first wave of
published BACE1 crystal structures featured molecules that interacted with
the catalytic dyad using classical aspartyl protease transition state mimics, for
example, hydroxyethylene (HE) [17,18] and hydroxyethylamine (HEA) iso-
steres [19,20] (see [21] for a recent review). These peptidomimetic structures
bound to the flap-closed form of the enzyme and filled most of the pockets
that the substrate occupies around the active site (Figure 14.1). While potent
in vitro, these molecules had poor ligand efficiencies (LE) [22] and high polar
surface areas (PSA) due to their high MW and peptidic nature. These propert-
ies contributed to deficient profiles common to many peptidomimetics,
including poor oral bioavailability and low blood–brain barrier penetration
driven by susceptibility to permeability glycoprotein (P-gp) efflux. In fact, only
a handful of literature examples in this class of inhibitors exhibited brain per-
meability and measurable central pharmacodynamic (PD) effects in vivo (e.g.,
see examples in [23–27]).
Beyond the peptidomimetics, it has proven challenging to develop nonpeptidic

“second-generation” BACE1 inhibitors that exhibit brain Aβ lowering with a
dose and safety profile suitable for clinical progression. Fragment-based
approaches have provided novel and structurally diverse chemotypes that,
together with extensive SAR exploration using in vitro and in vivo model sys-
tems, have afforded a wealth of structure- and property-based knowledge over
the past decade, significantly advancing our understanding of what makes a
“good” BACE inhibitor [30,31]. This chapter will discuss the major role FBDD
played in the development of such chemotypes, including the nonplanar cyclic
amidines, a chemotype that ultimately enabled researchers to develop selective
BACE inhibitors that are more drug-like in terms of MW, ClogP, and PSA, that
have lower susceptibility to P-gp efflux, and most importantly that penetrate the
CNS and effectively reduce Aβ levels, some of which progressed into clinical
development [32–41].
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14.2

FBDD Efforts on BACE1

14.2.1

Fragment Hit Identification, Validation, and Expansion

Diverse approaches to FBDD have been employed across many groups in the dis-
covery of novel nonpeptidic low MW BACE1 inhibitors (Table 14.1). These efforts
ranged from extensive fragment screening campaigns that tested hundreds to
thousands of compounds from diverse libraries to more knowledge-based (e.g.,
structure- and property-based) campaigns that tested focused libraries of tens to
hundreds of fragments. As can be seen from the left two columns in Table 14.1, a
combination of both biophysical/biochemical screening and confirmation methods
were used in early efforts to discover diverse pharmacophores that bind to the
BACE1 active site. In the majority of cases, an X-ray crystal structure of BACE1
with a fragment or fragment-derived analog was ultimately obtained to validate
those hits and subsequently to serve as a basis to guide challenging and diverse hit
expansion campaigns. While some of these efforts were successful, many others
failed to produce legitimate leads against this challenging drug target. Nevertheless,
the wealth of new chemical matter that was discovered and the associated struc-
tural information that was generated through fragment-based approaches turned
out to be invaluable for BACE1 drug discovery. Among the nonpeptidic scaffolds
identified through this process, a number of amidine- or guanidine-containing
structures, both cyclic and acyclic, were discovered early on and, through X-ray
crystallography, were shown to form complex and highly productive hydrogen-
bonding networks with the catalytic aspartic acid dyad of BACE1 (Table 14.1).
As can be seen from the middle column in Table 14.1, multiple approaches

were taken for initial elaboration of the fragment hits, generally using either
“SAR by catalog” and/or parallel synthesis. These efforts were aimed both at SAR
development for occupancy of neighboring subsites to increase affinity in a lig-
and-efficient manner and at improvement of PK and other properties. This pro-
cess was complex for BACE1 given the many challenges for drug discovery that
were mentioned in the introduction. A combination of biophysical and bio-
chemical screening methods were used, supported steadily with X-ray crystal
structures, to measure progress with the weakly binding low MW compounds
(Table 14.1, right-hand columns). The amidine- and guanidine-based hits ulti-
mately provided, after significant design and exploration, an excellent platform
for optimization by providing what would later prove to be favorable substitution
vectors that led to a series of potent BACE1 inhibitors with high ligand efficiency.

14.2.2

Fragment Optimization

The fragment-derived hits in Table 14.1 were optimized using a combination of
structure-based design and biochemical functional assays to develop SAR and
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generate bona fide leads. These efforts eventually led several groups to discover
nonplanar cyclic amidines that can all be described with general structure 1

(Figure 14.2a), which would later be regarded as a key minimal pharmaco-
phore [57] and ultimately yield a large variety of novel, potent BACE1 inhibitors
that possess drug-like properties. In addition to forming a complex hydrogen-
bonding network with the catalytic aspartyl dyad of BACE1, this framework pro-
vided opportunities to explore SAR in both S1 and S2´ subsites through direct
substitution of the core (Figure 14.2b). Furthermore, extensions at the meta-
position of the S1 phenyl group provided a favorable trajectory to access the

Figure 14.2 (a) Nonplanar cyclic amidine key
pharmacophore 1 and derived BACE1 inhibitor
leads discovered by diverse FBDD approaches.
(b) Crystal structure of 2 bound to BACE1 (PDB
code 4DJU) [58]. (c) Crystal structure of 3
bound to BACE1 (PDB code 2VA6) [44]. The
amidine portion of the key pharmacophore 1

present in hits 2–4 hydrogen bonds (dashed
red lines) to the catalytic dyad, Asp32 and
Asp228, while the nonplanar sp3 carbon dis-
plays the pendant phenyl moiety into the
hydrophobic S1 pocket to enable extensions
toward S3 and allowing additional access to
the prime side.
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adjacent S3 pocket (Figures 14.2c), offering the potential for ligand-efficient
inhibitors for this challenging drug target.
Relative to cores that share minimal pharmacophore 1, the other structures in

Table 14.1 offered less direct access to the subpockets around the catalytic dyad,
generally leading to less efficient ligand designs. For example, vectors from the
planar cyclic amidines [28,42,47,48,51], the acyclic acylguanidines [53], and the
4-aminobenzylpiperidine [46] were perpendicular to the S1 subsite due to
the binding pose required to achieve a productive binding to the catalytic aspar-
tic acids. With no direct access to S1, many optimization strategies have used
less ligand efficient access to S1 and/or have required occupation of alternate
subsites including S1´, S2, and S2´ to gain affinity. The spiropyrrolidine fragment
core has been plagued by similar limitations since the phenyl group that occu-
pies S1 does so with a suboptimal trajectory into S3 [52]. These cores have all
faced similar challenges linked to inferior PK properties, P-gp issues, poor brain
penetration, or unacceptable off-target activities that have been difficult to miti-
gate during fragment optimization.

14.2.3

From a Key Pharmacophore to Clinical Candidates

The first iminoheterocycles exemplifying pharmacophore 1, for example, imino-
hydantoin 2 and iminopyrimidinone 3, were reported in the patent literature in
2005 [59]. These and related structures were independently discovered using
FBDD by scientists at Schering-Plough (2, 3) [50,58,60–62] and AstraZeneca
(3) [44] as well as through traditional high-throughput screening (HTS) methods
by the Wyeth group (2) [63,64]. Beginning in 2007 [65–67], a number of groups
disclosed dihydrothiazine-based structures (e.g., 4). Both Lilly [38] and
Roche [54] identified low MW dihydrothiazine fragments through high-

Figure 14.2 (Continued )
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concentration biochemical screening, whereas Shionogi [65] and Eisai [66]
arrived at their structures through undisclosed methods. X-ray crystal structures
of a number of initial isothiourea leads with BACE1 have recently been pub-
lished, including compound 4 from Roche [54].
Researchers at Schering-Plough discovered iminoheterocycles 2 and 3 via a

design effort based on isothiourea fragment hit 5 (Figure 14.3a and Table 14.1),
which they had identified through screening by NMR and validated with X-ray
crystallography [49,50]. The array of hydrogen bond donor–acceptor interac-
tions formed between the amidine portion of 5 and the catalytic dyad of BACE1
was at the time unprecedented for aspartyl protease inhibitors. Recognizing the
potential liabilities of an isothiourea – susceptibility to oxidative degradation,
chemical reactivity, and toxicity – they designed cyclic acylguanidine scaffolds 6

Figure 14.3 (a) Optimization of NMR isothiourea fragment hit 5 from Schering-
Plough [49,50,58,60–62]. Merck has progressed the most advanced lead from this effort into
two phase 3 clinical trials. (b) Optimization of NMR pyrimidinone fragment hit 13 to an early
clinical compound from AstraZenenca [34,37,43,44,68]. (c) Optimization of HTS dihydrothiazine
fragment hit 21 to first two clinical candidates from Eli Lilly [38,39].
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and 7 using the detailed structural information provided by the X-ray cocrystal
structure of isothiourea 5 in conjunction with in silico modeling. The concept of
these chemotypes was to preserve the key interactions with the catalytic aspar-
tates using a minimal number of hydrogen bond donors while tuning basicity
and having fewer rotable bonds. In addition to these characteristics, which were
intended to favor CNS penetration, the group also incorporated an sp3 center on
the cores to enable ligand-efficient access to both the prime and the nonprime
sides of the active site.
Initially, both N3-substituted (e.g., 6) and regioisomeric N1-substituted imino-

hydantoins were examined, but only the N3-substituted analogs showed binding
to BACE1 by NMR, likely due to the nonbasic nature of the N1-substituted ana-
logs (calculated pKa values for N3- and N1-substitution are ∼7 and ∼4, respec-
tively). As SAR developed within the N3-substituted series, minor differences
in the substitution pattern, for example, C5-gem-dimethyl analog 8 versus
C5-methyl-isobutyl compound 9, unexpectedly caused the core binding mode to
flip by 180°, projecting the benzyl group into either S1´ or S1 as evidenced by
X-ray crystallography [50,60]. Taken together, these early findings emphasized
both the importance of the protonation state of the core in maintaining the pro-
ductive hydrogen bonding interactions with the catalytic dyad and the key role
that X-ray crystallography played in understanding emerging, often complex SAR.
Through continued structure-enabled optimization and a focus on drug-like

properties, both iminohydantoin 2 and iminopyrimidinone 3 were eventually
identified as ligand-efficient leads that demonstrated a minimal shift in potency
in the cellular assay and reasonable rat PK [50,60,61]. It should be noted that the
ring size of the cyclic acylguanidine core (i.e., five-membered iminohydantoins 2,
6, and 10 versus six-membered iminopyrimidinones 3, 7, and 11) had a pro-
found impact on both the physicochemical properties and the binding conforma-
tion of these structures, which therefore required very different strategies for
optimization [61]. This highlights the fact that, even starting with a minimal
pharmacophore like 1, a significant degree of optimization is required to find
advanced leads. A major driver in subsequent development of both series
was the use of an in vivo rat pharmacodynamic assay early in the design cycle,
which allowed differentiation of compounds based on their ability to lower both
brain and cerebrospinal fluid (CSF) Aβ levels. This integrated approach ulti-
mately resulted in the discovery of orally bioavailable, brain-penetrant inhibitors
10–12 that afforded reductions of central Aβ40 levels in rats following single oral
doses [58,61,62]. Additional extensive SAR development and optimization of
properties produced the most clinically advanced BACE inhibitor to date,
MK-8931 (verubecestat) [69]. This compound dramatically lowered CSF Aβ levels
both in healthy volunteers [70] and in AD patients [33] in phase 1 clinical trials.
Based on positive feedback from a planned interim safety analysis by their Data
Monitoring Committee [71], MK-8931 initiated two phase 3 trials in 2013, one in
mild-to-moderate AD patients [72] and one in patients with prodromal AD [73].
AstraZeneca arrived at iminopyrimidinone 3 from a very different starting

point, in their case from isocytosine fragment hit 13 (Figure 14.3b) [43,44].
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Deplanarization and removal of rotatable bonds from this hit gave C6-phenyl
iminopyrimidinone 14. X-ray crystallography of this compound with BACE1
showed that the sp3 nature of the C5 and C6 centers enabled the C6-phenyl
group to occupy the S1 subpocket, albeit via an energetically disfavored pseu-
doaxial conformation. Quaternization of the C6 center through introduction of
a methyl group afforded compound 15 and imparted modest potency gains
through stabilization of this conformation. Finally, derivatization of N3 with a
methyl group based on the SAR from the planar isocytosine series gave core 16

with significant and ligand-efficient potency gains, and subsequent elaboration of
the S1 phenyl to an S1–S3 biaryl ultimately produced 3.
Guided by their X-ray data, they further modified 3 to more fully occupy the

S1–S3 subsites. To that end, reintroduction of the rotatable bonds present in
their initial hit 13 afforded analog 17. The methoxybiphenyl portion of this com-
pound did indeed sit deeper in the S1–S3 pockets with the iminopyrimidinone
core tilted toward the prime side while maintaining productive contacts with the
catalytic aspartates. This modification afforded a fourfold boost in BACE1
potency with no loss in ligand efficiency.
AstraZeneca subsequently pursued scaffold hopping in designing their core-

modified inhibitors 18–20 [34,37,68], all of which retained key pharmacophore
1. Interestingly, the Wyeth group independently discovered a bicyclic amidine
scaffold similar to 18 through their own HTS campaign and optimized to very
similar chemical space [74], highlighting the sometimes convergent nature
of efforts in this arena. Compound 20 potently lowered central Aβ levels in
preclinical species [35], and it was advanced into phase 1 clinical trials as
AZD-3839 [36,75] but was ultimately halted. AstraZeneca has since partnered
with Eli Lilly to develop AZD-3293/LY-3314814, which recently entered phase
2/3 clinical trials [76].
In their dihydrothiazine work, scientists at Eli Lilly also pursued a strategy of

deplanarization, in this case of screening hit 21 [38] to give core 22 similar to
lead 4 reported by Roche [54]. Compound 22 was optimized along similar lines
as iminopyrimidinone 16, building into the S3 subsite by elaborating the S1 phe-
nyl into a meta-biaryl. With introduction of an S3 pyrimidinyl group to afford
23, they identified a ligand efficient submicromolar BACE1 inhibitor lead that,
with property-based optimization, ultimately led to identification of their first
clinical compound LY-2811376 (24). This compound afforded significant reduc-
tions in CSF Aβ levels in healthy volunteers following single doses, but its devel-
opment was discontinued due to preclinical toxicity findings unrelated to
inhibition of BACE1 [38]. Lilly subsequently turned to a related tetrahydrofuran-
fused dihydrothiazine core, also investigated extensively by Eisai [66], from
which they identified their second clinical candidate, LY-2886721 (25) [39].
Development of this compound was stopped in phase 2 due to abnormal liver
function, which they reported as unrelated to inhibition of BACE1 [77].
In addition to the case studies described above, a number of other companies

are or have been in phase 1 clinical trials with BACE1 inhibitors, including Eisai/
Biogen (E2609) [78], Shionogi/Janssen (JNJ-54861911) [79], Boeringher-

344 14 BACE Inhibitors



Ingelheim/Vitae (BI1181181, discontinued) [80], and Roche (RG7129, discon-
tinued) [81]. While the structures of these compounds have not been disclosed,
a review of the patent literature shows that, despite a wide array of structural
differences, most if not all of the possible candidates contain the minimal phar-
macophore 1 or a close variant thereof. More broadly, a recent review by Oehl-
rich et al. elegantly summarized the extensive diversity of cyclic nonplanar
amidines that have been explored across the field (see Figure 30 in Ref. [40]).
Looking at BACE1 inhibitor patent applications over time, Figure 14.4 repre-
sents a survey of those applications that have employed key pharmacophore 1.
Following its first disclosure in 2005 [59], there was an incubation period before
a significant increase in prevalence is seen beginning in 2011 as more researchers
recognized the value of this structural motif, particularly given the challenges of
finding tractable, brain-penetrant chemical matter when pursuing other chemo-
types. It is striking to note that from the first iminoheterocycle disclosures, it
took 8 years to start the first phase 3 clinical trials with a BACE1 inhibitor in
2013, reflective of the extensive development and optimization of inhibitors that
was still required to identify chemical matter suitable for long-term trials.
Finally, while a number of different hits exemplifying pharmacophore 1 were

identified though FDBB and served as launching points for numerous BACE1
inhibitor discovery programs, this amidine moiety has created its own drug dis-
covery challenges. As was found early on by the Schering-Plough group, the

Figure 14.4 Survey of small molecule BACE1
inihibitor patent applications disclosing struc-
tures that contain key pharmacophore 1. For
each year, the bars are colored by company.
After an inital period with relatively few

applications and limited companies working in
this space, the number of applications and
diversity of companies significantly increased
beginning in 2011.
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amidine must be protonated for productive interactions with the catalytic dyad,
and this basic center contributed to hERG affinity and P-gp susceptibility of the
molecules. Several companies have published on their approaches to these issues
(e.g [7,40,62,82].), reflecting the specific facets of their advanced chemical matter.
More broadly, though, a general focus on ligand efficiency and maintenance of
CNS drug-like physicochemical properties [83] appears to be important for
achieving high brain BACE1 occupancy in vivo while minimizing off-target
liabilities.

14.3

Conclusions

The emergence of BACE1 as a therapeutic target for the development of disease-
modifying treatments for Alzheimer’s disease has fueled intensive drug discovery
efforts in which fragment-based approaches have played a key role. From several
independent starting points identified through FBDD, a variety of design
approaches provided a diverse set of lead structures that shared the nonplanar
cyclic amidine minimal pharmacophore represented by general iminoheterocycle
structure 1. This novel chemotype for aspartyl protease inhibition provided direct,
ligand-efficient access to both the contiguous S1–S3 subpockets and the non-
prime side of BACE1. Even with key pharmacophore 1 as a foundation, there
have been a number of innovative approaches to further optimization that have
produced many structurally diverse inhibitors, as exemplified by compounds
12, 20, and 25. It should be noted, however, that all of the disclosed compounds
that have progressed into advanced preclinical testing or into clinical trials have
remained relatively lean, occupying only two subsites of BACE1 with minimal
rotatable bonds. Adherence to these design principles was critical for achieving
high brain BACE1 occupancy in vivo, as evidenced by reduction of central Aβ
levels in animal models. In this way, discovery of the iminoheterocycle class of
BACE1 inhibitors transformed the field and, after a great deal of persistence and
a high tolerance for setbacks, will now enable the most definitive test of the amy-
loid hypothesis to date in the clinic. The entry of multiple BACE1 inhibitors, all of
which have likely arisen from or been influenced by fragment-based design, into
clinical trials by several organizations is a testament to the progress of FBDD and
its potential to impact the development of drugs for critical unmet medical needs.
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