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ABSTRACT: The role of phenotypic assessment in drug discovery is discussed,
along with the discovery and development of TOPAMAX (topiramate), a billion-

dollar molecule for the treatment of epilepsy and migraine.
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he main objective of discovering and developing new
drugs is to help people with diseases and medical
disorders, who are not yet being treated effectively. Unmet
medical need! Do you think that sufferers really care about the
means by which the drug was discovered or about a drug’s
underlying mechanisms of action? So, one may wonder: Why
have drug research and development (R&D) organizations
made such a big deal about knowing the mechanism(s) of
action for new drug candidates with great potential to improve
and prolong the lives of patients? Mechanism is nice to know,
and can certainly be useful, but it may not always be essential.
To be sure, knowledge about mechanism of action and the
molecular target can facilitate key aspects of the drug
development process, while somewhat derisking late-stage
clinical trials. Indeed, having surrogate biomarkers, under-
standing on-target vs off-target effects, using genetic tools, and
applying directed imaging can be quite helpful. However, we
should also avoid erecting artificial barriers to the advancement
of new, nonprotein-based drug candidates that can ultimately
be proven both safe and effective. Balance in thinking and
approach is important. From this perspective, I am pleased to
see that phenotypic assessment is making a comeback in drug
discovery, mainly thanks to new methods for high-capacity
screening that are serving to correct a long-standing imbalance.
Since my retirement from a 3S-year career in Johnson &
Johnson (J&J) pharmaceutical companies, I have consulted
with several biopharma companies. One case stood out in
particular (company unnamed) because it grated against my
drug discovery sensibilities. An exciting oncology drug with
high potential for treating difficult cancers, such as neuro-
blastoma, was advanced into the preclinical development
pipeline, and a suitable partner was being sought to facilitate
clinical development. More than 15 different, medium-to-large-
size pharma companies were contacted, but the argument came
back, time and again, that a clear-cut mechanism of action had
to be envisioned as a prerequisite for advancing a joint-
development project. Pity the cancer patients for whom this
new drug might have ended up being a godsend.
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During my early days at Johnson & Johnson (at the
subsidiary McNeil Laboratories), in the mid-1970s, we
generally hoped to discover new drug candidates through
bioassays in whole animals and with isolated tissues/organs,
such as the perfused heart. These tests relied on phenotypic
assessment, although no one used this specific term at that
time. We depended on insightful pharmacologists to develop
predictive assays for identifying chemical compounds with
properties that might lead to potential drugs for therapeutic
areas of interest. Thus, much new drug exploration relied on
low-capacity, broad screening of new chemical entities (NCEs).
Drug design in that era was generally predicated on copying
structural features present in existing drugs, natural hormones,
or known neurotransmitters. There were few alternative
approaches.

Demise of Phenotypic Assessment. The modern age of
physiological receptors probably began with the report from
Lefkowitz et al. in 1972 regarding the cardiac beta-adrenergic
receptor.’ But big news arrived from Pert and Snyder in 1973,
when they identified opiate receptors in the brain, along with a
meaningful binding-vs-activity relationship for ligand mole-
cules.”” Studies also revealed a surprising sodium-ion
modulatory effect on ligand binding that could differentiate
between opiate agonists and antagonists.”” These key advances,
especially the first verified receptor in the central nervous
system (CNS), with a very credible ligand structure—activity
relationship (SAR), represented a turning-point for receptor-
based pharmacology and compound screening. During the next
10 years, the field of receptology burgeoned and spread
throughout the entire pharmaceutical industry. Of course, we
and every other drug R&D organization jumped on the
biochemical pharmacology bandwagon, seeking to discover new
drugs by means of in vitro receptor-binding assays. Heady,
powerful stuff!
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Over the decades, more detailed molecular biology led drug
researchers to prefer a drug discovery approach based on
discrete molecular targets. The Human Genome Project
contributed enormously to this paradigm by revealing all of
those human genes. We also had the focus on combinatorial
chemistry and high-throughput screening of massive chemical
libraries; target identification, target validation, etc.; genomics,
proteomics, metabolomics, etc. As hubris would have it, most
drug discoverers rallied hard around this architecture, to the
near-exclusion of phenotypic assessment, and molecular
mechanism of action (MMOA) became the watchword.
Although such specifically directed R&D has led to numerous
clinical candidates, as well as marketed drugs, analysis has
indicated an unfortunate short-fall in delivery.”"" A wakeup call
was overdue.

Re-emergence of Phenotypic Assessment. At the
beginning of the 21st century, I felt like a lumbering dinosaur
in the halls of the company when arguing with hopelessly
biased management that phenotypic assessment has a valid
place in the drug discovery toolbox. Perhaps, my rewarding
experience with the discovery and development of Topamax
(topiramate) had colored my opinion, but this approach
seemed well grounded in my mind from simply a logical
standpoint. Moreover, I was strongly influenced by Dr. Paul
Janssen, probably the greatest drug discoverer of all time, and
Nobel Laureate Sir James Black, who were closely associated
with J&J for many years. Their drug discovery philosophy
emphasized the importance of using bioassays that predictably
translate to the human disease condition of interest, which is
really the foundation of phenotypic assessment. Given that drug
R&D is such a complex and difficult process, it was clear to me
that one should take advantage of all possible avenues to solve
the problem at hand, making use of every available tool in the
toolbox. To paraphrase a view put forth by psychologist
Maslow, “When the only tool you have is a hammer, you tend
to see every problem as a nail”."’

Molecular target-based projects are meant to produce drugs
with a well-defined therapeutic application, arising from action
at the specific target. However, the picture can become more
complex, with therapeutic utilities that depart from the original
intent. Gleevec (imatinib) might serve as one example.n’12 This
drug was first advanced clinically as a selective tyrosine-kinase
inhibitor for BCR-ABL to treat chronic myelogenous leukemia
(CML) in patients who are Philadelphia chromosome-positive.
Subsequent clinical studies found usefulness for other cancers,
such as gastrointestinal stromal tumors (GIST), from targeting
the tyrosine kinase domain of c¢-KIT and platelet-derived
growth factor receptor (PDGE-R). Consequently, imatinib,""'*
as well as other “selective” kinase inhibitors,”> can exert a
certain degree of polypharmacology.'®"> Other useful drugs,
originally based on a particular molecular target or mode of
action, have turned out to exhibit more complex pharmacology
due to ancillary actions,"* which has led to a surge in drug
repurposing or repositioning.”'® Nonselective drugs with
discrete profiles can have advantages in certain therapeutic
areas with complex pharmacologies, such as CNS disorders.'”
In fact, many diseases and disorders are not necessarily
connected with a single biomolecular problem, but emanate
from defects or deficiencies in a vast network of biomolecules
and their complex interactions.'® Some pertinent examples
include Alzheimer’s disease, asthma, migraine, arthritis, cancers,
and heart disease. As a fundamental principle, physiology and
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pathophysiology are dependent on interconnected systems with
redundant pathways and functions.'*"’

Fortunately, phenotypic assessment is seeing a resurgence of
interest, such that a healthy balance is being restored to drug
discovery."® While in vivo screening is usually available, it
suffers from very limited throughput, which is especially
troublesome in the early stages of drug discovery. However,
newer techniques have contributed to a renaissance. There are
cell-based phenotypic assays with primary or immortalized cell
lines,”* or with various tyges of stem cell lines (pluripotent,
induced, patient-derived).””*~>* Reporter cell lines and single-
cell analysis methodology, including molecular phenotyging,
have conferred efficiency and accuracy to this arena.”*””°
Human induced-pluripotent stem cells from specific patients, or
patient-derived primary cells, can be used to establish high-
throughput assays to screen effectively for phenotypes of
interest. It is important that any phenotypic assays being
developed are predictive of translation into the clinic.”® This
drug discovery approach is nicely illustrated by the identi-
fication of small-molecule SMN2 splicing modulators for
treating spinal muscular atrophy (SMA), which employed
high-throughput screening with a motor neuron cell line
expressing an SMN2 minigene reporter.”” Another facet is the
application of high-capacity screening in very small animals,
such as zebrafish and C. elegans.”***° Phenotypic screening
methods can also be used to identify new drug targets and new
indications for existing drugs.”’' The pinpointing of new
molecular targets from phenotypic assays has %reatly benefited
from progress in chemical proteomics.’””” In summary,
technological advances in the field of phenotypic assessment
offer new strategies for successful drug discovery, especially in
the case of nonprotein-based medicines (i.e,, small-molecule
drugs).

Genesis of Topiramate. Certain classes of therapeutic
agents are more readily discovered by phenotypic assessment,
and anticonvulsant drugs are legendary in this regard.
Pharmacologist Joe Gardocki and I discovered topiramate
(McN-4853, 1) by using standard in vivo models that are highly
predictive of clinical efficacy in humans.*® In fact, compounds
with demonstrable activity in the Maximal Electroshock Seizure
(MES) test in mice and rats have been considered to present a
95% chance of effectiveness in treating at least a sizable
subgroup of epileptic patients. Since epilepsy is a multifactorial
disorder with limited understanding about its etiology (i.e., the
origin of seizures is idiopathic), drug discovery in this field has
often taken a phenotypic route.

O CH,0SO,NH,

(1)

Topiramate (1) was first synthesized as a chemical
intermediate for another purpose, in 1979. Several grams
were submitted to the corporate compound library, and it was
assayed in whole animal tests for different potential therapies.
The MES test was not part of the standard stable of animal
assays because the company had little commercial interest in
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developing a medicine for epilepsy. However, after reviewing
the compound submission sheet, Joe became intrigued with the
chemical structure, especially the SO,NH, moiety, and selected
1 for testing in the MES test in mice. The anticonvulsant
activity became apparent right away.

In the world of anticonvulsant chemotypes, topiramate is a
rather unusual structure, a sulfamate derivative of the
monosaccharide fructose. Of course, the polar hydroxyl groups
of fructose are tied up, so to speak, as ketals of acetone, which
facilitates its penetration into the CNS. Given this novel
structure for an anticonvulsant agent, we thought that there
might be a novel mode of action with the ability to treat
epileptic patients unresponsive to the current therapies, which
constituted a large percentage of the afflicted population.

After assembling a large package of supporting data, we
presented the compound to management for advancement into
preclinical development, in 1981. The reception was less than
enthusiastic because epilepsy therapy was not a company
priority, given the lack of a commercial franchise in the
neurology space. We enlisted the assistance of Dr. Harvey
Kupferberg at the National Institute of Neurological Disorders
and Stroke (NINDS), a division of the National Institutes of
Health (NIH), for support. His drug discovery unit was
involved in pharmacological testing to identify and characterize
new anticonvulsant agents for treating epilepsy. Their workup
not only corroborated our results but also ranked topiramate
among the top-ten antiseizure compounds that they had found
over many years of study.

Armed with this information, Joe, Harvey, and I revisited the
subject in 1983 with R&D management, and they were
sufficiently impressed to place topiramate into preclinical
development, at 25th position on a list of 25 development
projects. Topiramate was easily synthesized, had an excellent
pharmacological profile, exhibited low toxicity, and had drug-
like properties. The attrition of other development projects
over the years caused topiramate to rise in priority, such that it
entered into the top ten. An Investigational New Drug (IND)
application was filed with the U.S. Food and Drug
Administration (FDA) in 1986 and marketing approval from
the FDA was received at the end of 1996. This new drug was
effective in epileptic patients with generalized tonic—clonic
and/or complex partial seizures. Topamax (topiramate) was
first introduced to the marketplace as an antiepileptic drug for
adjunctive therapy with other agents, and its use in
monotherapy was approved later. Clinical trials for other
potential indications were performed, which led to the finding
that topiramate is very useful for migraine prophylaxis. Peak
annual sales of Topamax (topiramate) reached 2.7 billion U.S.
dollars.*

The U.S. Patent for topiramate expired in 2009, and annual
sales at J&J dropped off sharply, as was expected. Interestingly,
there had been numerous postmarketing reports of useful anti-
obesity activity, which led VIVUS, Inc., to create a combination
product containing topiramate and phentermine, in an
extended-release formulation. In 2012, the pharmaceutical
world was shocked when the FDA conferred marketing
approval to this drug combination, known as Qsymia, for
chronic weight-loss management in adults. That was the first
prescription anti-obesity drug to enter the U.S. market in
decades.

In the realm of mechanism of action, topiramate can
modulate voltage-gated sodium channels, enhance y-amino-
butyric acid (GABA) at GABA-A receptors, affect the AMPA/
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kainate subtype of glutamate receptors, and attenuate voltage-
gated R-type calcium channels.”*™** Topiramate also inhibits
some isozymes of carbonic anhydrase (CA), such as CA-II and
CA-IV.>””” Although topiramate blocked voltage-sensitive
sodium channels at therapeutically relevant concentrations, it
was less effective than the anticonvulsants phenytoin and
carbamazepine, eliminating Na-channel blockade as a primary
mechanism. Topiramate potentiated chloride-ion currents
evoked by GABA-A receptors at clinically relevant concen-
trations, similar to the effect of diazepam, but topiramate’s
effect was not blocked by the benzodiazepine ligand flumazenil.
Unlike barbiturates, topiramate does not affect channel-open
time. These observations support direct modulation of GABA’s
action on GABA-A receptors, in a nonbenzodiazepine or
nonbarbiturate manner. Topiramate was found to be a negative
modulator of kainate-evoked currents on AMPA receptors, but
it did not affect N-methyl-p-aspartate (NMDA)-evoked
currents. The body of evidence indicates that topiramate has
a constellation of neuronal actions that contribute to its
antiseizure and antimigraine activity. By virtue of attenuating
the excitability of brain neuronal pathways, topiramate can be
classified as a “neurostabilizer.”

Innovation with topiramate relates to two aspects: its novel
chemical structure in the realm of broad-spectrum anticonvul-
sants and, importantly, its action as a neurostabilizer, which is a
class of drugs that was essentially unrecognized prior to 1990.
In addition to their therapeutic utility for treating epilepsy,
anticonvulsants of this type often turn out to be effective
medications for various neurological disorders, such as migraine
(topiramate; valproic acid), bipolar disorder (valproic acid;
lamotrigine), neuropathic pain and diabetic neuropathy
(gabapentin; pregabalin), postherpetic neuraglia (gabapentin;
pregabalin), and fibromyalgia (pregabalin).”” These drugs have
benefited many patients, and each one achieved peak annual
sales of more than one billion U.S. dollars. It is important to
note that their nonepilepsy medical uses were mainly
determined in human clinical trials, that is, through human
phenotypic assessment.
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