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Abstract

There is a pressing need for new medicines (new molecular entities; NMESs) for rare diseases as
few of the 6800 rare diseases (according to the NIH) have approved treatments. Drug discovery
strategies for the 102 orphan NMEs approved by the US FDA between 1999 and 2012 were
analyzed to learn from past success: 46 NMEs were first in class; 51 were followers; and five were
imaging agents. First-in-class medicines were discovered with phenotypic assays (15), target-
based approaches (12) and biologic strategies (18). Identification of genetic causes in areas with
more basic and translational research such as cancer and in-born errors in metabolism contributed
to success regardless of discovery strategy. In conclusion, greater knowledge increases the chance
of success and empirical solutions can be effective when knowledge is incomplete.

A disease is considered rare in the USA if it is believed to affect fewer than 200,000
individuals. There are approximately 6800 such diseases, according to the NIH. While each
disease is rare, when considered together they affect nearly 30 million people or almost one
in ten. In the EU, a disease is considered rare if it has a prevalence of fewer than five in
10,000 people. Some rare diseases have less than a dozen known cases, whereas others are
more common, such as multiple sclerosis, cystic fibrosis and Duchenne muscular dystrophy.
Collectively, these disorders affect 6-7% of the population in the developed world [1].

There are relatively few treatment options for most patients with a rare disease. Many new
medicines (new molecular entities; NMESs) are needed. This creates challenges and
opportunities. The US FDA definition of a NME is an active ingredient that has never before
been marketed in the USA in any form. The knowledge to inform the discovery of
medicines for each disease can be minimal. While over 80% of the rare disease have a
genetic origin [1], the relationship between the genetic defect and the disease phenotype is
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rarely clear. There is currently insufficient research and funding to provide the
understanding and knowledge to adequately address these unmet medical needs.

New strategies are needed that will increase the treatment options for more rare diseases.
This includes strategies to increase funding to rare disease drug discovery and strategies to
increase the impact of those funds. Incentives to discover NMEs for rare diseases include the
Orphan Drug Act (ODA) and pediatric priority review vouchers (PRVs). The ODA
established in 1983 provides for granting special status to a drug or biological product
(“drug’) to treat a rare disease or condition. This status is referred to as orphan designation.
Orphan designation qualifies the sponsor of the drug for various development incentives,
including tax credits for qualified clinical testing. A marketing application for a prescription
drug product that has received orphan designation is not subject to a prescription drug user
fee unless the application includes an indication for other than the rare disease or condition
for which the drug was designated. A PRV is a voucher issued to the sponsor of a “rare
pediatric disease product application” that entitles the holder of such voucher to priority
review (instead of a longer standard review) of a single New Drug Application (NDA) or
Biological License Application (BLA) after the date of approval of the rare pediatric disease
product application.

Strategies that provide for more NMEs and efficient use of available resources are also
needed. Over-all productivity in drug discovery is decreasing. There has been a dramatic
increase in research and development spending without the corresponding increase in
NMEs. The current trend is to spend more to increase knowledge, however this has not
increased the clinical success rate. The low productivity is unacceptable for rare disease
drug discovery. Funds need to be used more efficiently to identify new, useful medical
treatments for rare diseases. While an increase in productivity would be of great benefit to
the all therapeutic areas, an increase is mandatory for rare diseases in order for current
funding levels to further impact the large unmet medical need.

Increased success in rare disease drug discovery will require better diagnostics, an
understanding of disease that provides good translational biomarkers, and clearer clinical
development programs. The mechanisms underlying rare diseases are not well understood,
patients are hard to identify and diagnose and no regulatory precedent for the disease may
exist (among others), all of which makes designing and conducting drug development
programs very difficult. While these factors must be taken into account when starting a drug
discovery program they are not the focus of this analysis.

The question addressed in the analysis is: what are the drug discovery strategies that produce
NMEs?

Addressing this question provides knowledge from past experience to help inform future
success. Success is defined as the approval of a medicine for use in patients. This implies
that the medicine was effective for the unmet medical need at a safe dose. To this end we
analyzed the NMEs that were approved with orphan drug status by the FDA between 1999
and 2012.
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For the purpose of this work drug discovery is defined as the identification of a NME
candidate for testing in humans for efficacy and safety. The clinical testing is the
development process. A drug is discovered when nominated for clinical trials; theoretically
from this point it should fail or succeed based on its own merit. Its merit will be determined
in the clinical development program and biopharmaceutics evaluations. One key to
increasing overall drug discovery productivity is to increase the success rate of clinical
candidates.

The practice of drug discovery and development is an iterative cycle of learning and
confirming (Figure 1). The process to discover a NME is driven by an unmet medical need.
It requires some level of understanding of the disease and the corresponding physiology that
can be used to design and implement a drug discovery strategy. ldeally the understanding
provides a translational biomarker that can be used to align preclinical drug discovery with
clinical development. Examples of biomarkers include viral load for a virus infection or
blood glucose levels for diabetes. Knowledge of the pathophysiology of the disease,
genomic links and the identity of physiological regulators contribute to understanding ways
to correct a disease phenotype; for example, a genetic mutation in a-galactosidase A leading
to a strategy to discover a treatment for Fabry's disease. In practice this knowledge is used to
establish assays that will identify drug leads. The leads are generally small molecules or
biologics including recombinant proteins and monoclonal antibodies. The leads are then
optimized to drug candidates that have Sufficient efficacy, safety and biopharmaceutics
properties for testing in human clinical studies. The clinical candidates then undergo clinical
development and when successful will be approved as a NME by regulatory agencies such
as the FDA. Iterative learning and confirming happens at every stage of the process (Figure
1).

The fewer iterations that are required to register an NME the more efficient the process.
Rarely does the process occur in one iteration. For first-in-class medicines, where the
available knowledge is incomplete, there will be more failures and requiring more iterations.
This is less of an issue with followers.

Drug discovery has evolved different strategies based on the available knowledge. One
approach starts with a hypothesis related to the disease. Historically this hypothesis was
related to a phenotype such as clearing an infection by killing the infectious organism or
blocking experimentally induced seizures in animals as a phenotype for epilepsy. More
recently an increased understanding of the molecular basis of disease has led to the
molecular approach to drug discovery, in which genetics and other molecular sciences
provide the basis for a molecular hypothesis.

Consequently, current small-molecule drug discovery strategies are polarized into two major
types: target-based drug discovery (TDD) and phenotypic drug discovery (PDD). The focus
of TDD is a gene product, known as a target. Molecular and chemical knowledge are used to
investigate specific molecular hypotheses. The focus of PDD is assays that measure a
clinically meaningful phenotype in a physiologically relevant system such as an animal or
cell; the assays do not require prior understanding of the molecular mechanism of action
(MMOA). Drug discovery with biologics is primarily a target informed approach.
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Successful drug discovery uses all strategies but there is debate and preferences on which is
used first and under what circumstances.

In a previous analysis we looked to learn some of the features that contributed to successful
drug discovery in all disease areas. The discovery strategies and the MMOA for NMEs and
new biologics that were approved by the FDA between 1999 and 2008 were analyzed [2].
The results showed that the contribution of phenotypic screening to the discovery of first-in-
class small-molecule drugs exceeded that of target-based approaches — with 28 and 17 of
these drugs coming from the two approaches, respectively — in an era in which the major
focus was on target-based approaches.

A conclusion from that analysis was that lower productivity partly reflects TDD's lack of
consideration of the molecular complexities of how the drugs work. Knowing the parts of an
efficient machine — a watch, an automobile or a computer — is not enough to describe how it
works. The parts must collaborate in precise ways to provide accurate time, reliable
transportation or processed information. The phrase “molecular mechanism of action” was
used to describe the complexities of how medicines interact with biology to provide an
effective and safe response. These observations led to the proposal that the value of
phenotypic assays is to identify first-in-class medicines and their respective MMOAS, since
phenotypic assays do not require a priori identification of the target and MMOA.. The
empirical, phenotypic approach enables drug discovery to proceed with incomplete
information.

Drug development for rare diseases often poses additional challenges in comparison to
common diseases, including fewer patients available for inclusion in clinical trials and a
poorly understood natural history of the disease. Given the diversity of rare diseases and the
variety of therapeutic strategies (ranging from repurposing of established small-molecule
drugs to pioneering gene therapies), there is also clearly not a ‘one-size-fits-all” strategy for
orphan drugs [3]. It is of interest to learn what strategies have been successful.

The analysis includes categorization between first in class and followers, discovery strategy
such as target-based, phenotypic, natural substance or biologic and how genetic information
regarding the disease contributed to the discovery strategy. Also included are descriptions of
the mechanism of action for representative medicines, in many cases the details are provided
in the mechanism of action section (12.1) of the medicines label available on the FDA's
website [4]. The list of approved medicines and their classification as orphans were found on
the FDA website.

Numbers of NMEs

In the 14-year period from 1999 to 2012, the FDA approved a total of 102 NMEs (67 small-
molecule medicines and five imaging agents) and new therapeutic biologics (30 drugs). Of
these, 46 drugs were identified as first in class from information in the product labels on the
FDA website, and primary research and review publications (see Supplementary Table 1).
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Discovery approaches

We categorized the list of 102 agents as first-in-class drugs (46 drugs), follower drugs (51
drugs) and imaging agents (five agents; these were not further analyzed) (Supplementary
Table 1). The method of discovery of each new drug was identified as either TDD, PDD,
modification of a natural substance, biologic based or other. Overall, 30 NMEs were
discovered using target-based approaches, 28 NMEs were discovered using phenotypic-
based approaches, eight NMEs were based on modifications of natural substances and 29 of
the agents were biologics.

The discovery strategies for first in class and followers were fairly well balanced between
phenotypic, target based and biologics. For first in class there were 15 that used PDD, 12
that used TDD and 18 for biologics. For followers the breakdown was 13 for PDD, 18 for
TDD and 11 for biologics (Figure 2).

The cumulative distribution of first-in-class NMEs by discovery strategy is shown in Figure
3A. The relative rate of first-in-class approvals for phenotypic and biologic discovery is
fairly consistent through the period of the analysis. The rate of approvals for first-in-class
target-based increased between the first years of the analysis (1999-2006) and the final
years (2006-2012). The cumulative distribution for each category is shown in
Supplementary Figure 1A for first in class and Supplementary Figure 1B for followers.

We can conclude that overall small-molecule drug discovery (TDD + PDD) provide more
NMEs than biologics across all disease areas; 58 to 29 for overall, 27 to 18 for first in class,
and 31 to 11 for followers. The drug discovery strategies for first in class distributed
between phenotypic (33%), target-based (27%) and biologics (40%) (Figure 2A) is similar
compared with what was observed for first-in-class medicines approved for all disease
between 1999 and 2008 [2]. The success of PDD is still somewhat surprising since the
majority of drug discovery resources are focused on TDD and biologics. More insights into
the success of the different strategies is seen by analysis of genetic contributions in the
context of the therapeutic areas.

Therapeutic area

Cancer indications comprised 44% (43 of 97) of the approved NMEs, followed by metabolic
diseases 23% (22 of 97%) There were nine NMESs each for inflammation/
immunomodulation, neurologic and vascular/cardiovascular. All other therapy areas had
only five in total. In cancer there were slightly more followers than first in class (22 to 18)
while for metabolic there was a 2:1 ratio of first in class to followers (Figure 4 &
Supplementary Tables 1 & 2).

Further investigation into the details based on discovery strategy showed that targeted-based
discovery was the most successful in cancer, both for first in class and followers. This was
strongly influenced by the large number of kinase inhibitors approved for cancer indications.
As described below, genetics had relatively the most significant contributions to cancer
through identification of kinase gain-of-function mutations and diseases with in-born errors
of metabolism that were treated with enzyme replacement therapy.

Future Med Chem. Author manuscript; available in PMC 2015 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swinney and Xia

Genetics

Page 6

The contribution of genetic knowledge to inform orphan drug discovery was also evaluated.
Medicines whose discovery strategy was informed by a specific mutation were identified
(Table 1). A drug discovery program was considered informed by genetics if Sufficient
understanding of specific mutations were available to inform the choice of drug discovery
assays. Essentially the association of Specific genetic mutations in a rare disease was used to
inform the drug discovery strategy. Twenty-six of the 102 orphan medicines drug discovery
were genetically informed, approximately 25%. For example, eight orphan drugs inhibit
kinases where Specific mutations had been shown to have gain-of-function mutations that
lead to cancers; five NMEs were for mutations in bcr-abl tyrosine kinase for CML,
ruxolitinib inhibit mutant JAK2 kinase for myelofibrosis, crizotinib inhibits alk kinase for
non-small-cell lung carcinoma (NSCLC) (Table 1). Mutations that cause enzyme
deficiencies or loss of function leading to in-born errors in metabolism were treated with
eight NMEs. Identification of the mutations, the gene products for the mutations and the
underlying pathophysiology lead to the discovery strategy. For the remaining nine orphan
drugs both genetics and a mechanistic understanding of the physiological system were used
to inform the discovery strategy. Two of the indications (hereditary angioedema [HAE] and
crypoyrin-associated periodic syndromes [CAPS]) had two approved medicines. Altogether,
the genetics informed the discovery of medicines for 18 rare diseases (four for kinases
involved in cancer, six for enzyme replacement therapy and eight from mechanism
informed) in the 14-year period.

How did knowledge of the Specific genetic mutants inform drug discovery? The kinase
mutations were gain-of-function mutations that could be addressed with inhibitors and
modern drug discovery molecular optimization and screening approaches including
structure-based design. The enzyme replacement therapy replaces the defective gene
product. Both of these approaches had the benefit of an understanding of the molecular
mechanisms of disease and the corresponding technical expertise and resources to facilitate
the discoveries.

The contribution of genetics to the other drug discovery successes provides insights as to
how genetic information can be integrated with biological and chemical knowledge to
identify NMEs.

HAE is a rare genetic disorder caused by mutations to C1-esterase-inhibitor (C1-INH)
located on chromosome 11q. HAE is characterized by low levels of C1-INH activity and
low levels of C4. C1-INH functions to regulate the activation of the complement and
intrinsic coagulation (contact system pathway) and is a major endogenous inhibitor of
plasma kallkrein. The kallikrein—kinin system is a complex proteolytic cascade involved in
the initiation of both inflammatory and coagulation pathways. One critical aspect of this
pathway is the conversion of high-molecular-weight (HMW) kininogen to bradykinin by the
protease plasma kallikrein. In HAE, normal regulation of plasma kallkrein activity and the
classical complement cascade is not present. During attacks, unregulated activity of plasma
kallikrein results in excessive bradykinin generation. Bradykinin is a vasodilator which is
thought by some to be responsible for the characteristic HAE symptoms of localized
swelling, inflammation, and pain. Ecallantide binds to plasma kallikrein and blocks its
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binding site, inhibiting the conversion of HMW kininogen to bradykinin and thereby treats
the disease during acute episodic attacks of HAE. Icatibant is a competitive antagonist
selective for the bradykinin B2 receptor, with an affinity similar to bradykinin. Icatibant
inhibits bradykinin from binding the B2 receptor and thereby treats the clinical symptoms of
an acute, episodic attack of HAE [4].

CAPS refer to rare genetic syndromes generally caused by mutations in the NLRP-3 gene.
Cryopyrin regulates the protease caspase-1 and controls the activation of IL-1f. Mutations in
NLRP-3 result in an overactive inflammasome resulting in excessive release of activated
IL-1p that drives inflammation. Canakinumab is a human monoclonal anti-human IL-1(
antibody of the 1gG1/x isotype. Canakinumab binds to human IL1f and neutralizes its
activity by blocking its interaction with IL-1 receptors. Rilonacept blocks IL-1p signaling by
acting as a soluble decoy receptor that binds IL-1p and prevents its interaction with cell
surface receptors [4].

A genetic mutation in patients with paroxysmal nocturnal hemoglobinuria (PNH) leads to
the generation of populations of abnormal red blood cells (RBCs), known as PNH cells, that
are deficient in terminal complement inhibitors, rendering PNH RBCs sensitive to persistent
terminal complement-mediated destruction. The destruction and loss of these PNH cells
(intravascular hemolysis) results in low RBC counts (anemia), and also fatigue, difficulty in
functioning, pain, dark urine, shortness of breath and blood clots. Eculizumab is a
monoclonal antibody that specifically binds to the complement protein C5 with high affinity,
thereby inhibiting its cleavage to C5a and C5b and preventing the generation of the terminal
complement complex C5b-9 [4].

Milgustat for type 1 Gaucher's disease is an inhibitor of glucosylceramide synthase that was
originally developed as an antiviral agent because most enveloped viruses use the same
pathway for glycoprotein synthesis in infected cells. The goal of treatment with miglustat is
to reduce the rate of glycosphingolipid biosynthesis so that the amount of glycosphingolipid
substrate is reduced to a level which allows the residual activity of the deficient
glucocerebrosidase enzyme to be more effective (substrate reduction therapy) [4,30].

N-acetylglutamate synthase (NAGS) deficiency is a rare inborn error of metabolism
affecting ammonia detoxification in the urea cycle. The product of NAGS is N-
acetylglutamate, which is the absolutely required allosteric activator of the first urea cycle
enzyme carbamoylphosphate synthetase 1. In defects of NAGS, the urea cycle function can
be severely affected resulting in fatal hyperammonemia in neonatal patients or at any later
stage in life. NAGS deficiency can be treated with a structural analog of N-acetylglutamate,
N-carbamyl-.-glutamate, carglumic acid [32]. Carglumic acid is approved for the treatment
of acute hyperammonemia associated with NAGs deficiency.

Ivacaftor is a potentiator of the CFTR protein and approved for cystic fibrosis. The CFTR
protein is a chloride channel present at the surface of epithelial cells in multiple organs.
Ivacaftor facilitates increased chloride transport by potentiating the channel-open probability
(or gating) of the G551D-CFTR protein. In vitro, ivacaftor increased CFTR-mediated
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transepithelial current (IT) in rodent cells expressing G551D-CFTR protein following
addition of a CAMP agonist [4].

Nitisinone is approved for hereditary tyrosinemia type 1. It is a competitive inhibitor of 4-
hydroxyphenyl-pyruvate dioxygenase, an enzyme upstream of fumarylacetoacetate
hydrolase in the tyrosine catabolic pathway. By inhibiting the normal catabolism of tyrosine
in patients with hereditary tyrosinemia type 1, nitisinone prevents the accumulation of the
catabolic intermediates maleylacetoacetate and fumarylacetoacetate. In patients with
hereditary tyrosinemia type 1, these catabolic intermediates are converted to the toxic
metabolites succinylacetone and succinylacetoacetate, which are responsible for the
observed liver and kidney toxicity. Nitisinone was originally discovered as an herbicide, but
early mechanism-of-action studies in rats revealed that the compound caused a marked
increase in plasma tyrosine concentrations [22].

In common with all these case studies is that the mutation caused a gain or loss of function
that was associated with the disease phenotype in the context of an understanding of the
physiological regulation. This knowledge led to drug discovery strategies that enabled the
identification of drug candidates. Gain-of-function mutations leading to the symptoms for
HAE, CAPS and PNH were blocked via targeting enzymes in the pathways with either small
molecules or biologics. The pathopysiology for loss-of-function mutations were reduced by
the discovery of activators/potentiators that either worked directly on the protein as is the
case of ivacaftor for CFTR or as a replacement in the case of carglumic acid.

The approaches that used nongenetic mechanistic understanding were categorized into
phenotypic and target for small molecules and biologics for the recombinant enzymes and
monoclonal antibodies. PDD lead to 11 first-in-class NMEs and compared with seven for
target-based. There were 11 first-in-class biologics approved during this period (Table 2 &
Figure 2).

Phenotypic—The molecules that were discovered with phenotypic assays in the majority
of cases employed assays that demonstrated a phenotype related to the disease, including
cell death for cancer and infectious disease (omacetaxine, bedaquiline, artemisinin,
nelarabine, azacitidine and nitazoxamide), calcium regulation (cinacalcet) and epilepsy
(rufinamide). Two NMEs were identified serendipitously plerixafor and vorinostat. Some
representative examples are listed below.

Omacetaxine was originally identified as a novel plant alkaloid with antitumor properties. Its
mechanism of action was found to be inhibition of protein translation. Its clinical
development was halted with the introduction of imatinib and related tyrosine kinase
inhibitors but restarted to address resistance to tyrosine kinase inhibitors in patients with
chronic myeloid leukemia [33].

Bedaquiline is the first molecule approved for tuberculosis (TB) in decades. Drug hunters at
Johnson & Johnson sought new anti-TB compounds by selecting prototypes of different
chemical series and testing them for inhibition of multiple-cycle growth of Mycobacterium
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smegmatis. A whole-cell assay was preferred because of its ability to concurrently assess
multiple targets. They subsequently used resistance mutations to identify ATP synthase as
the site of action [34].

Artemisinin is the most effective current therapy for the treatment of malaria. The discovery
of artemisinin is attributed to You-You Tu, at the Institute of Chinese Materia Medica,
China Academy of Traditional Chinese Medicine in the early 1970s. An Artemisia extract
showed a promising degree of inhibition against parasite growth, consistent with activity
which had been reported for this species in “A Handbook of Prescriptions for Emergencies”
by Ge Hong (Jin Dynasty, 284-346 AD). It is reported that the extracts were evaluated in
mouse malaria P. berghei [45].

Artemisinin is selectively activated to a reactive species with selective cytotoxicity.
Recently, Mercer and coworkers demonstrated that artemisinin endoperoxide bioactivation
to carbon-centered radicals only results in cytotoxicity when it is mediated by heme or a
heme-containing protein [46]. They hypothesized that artemisinin radicals act locally within
the mitochondria to modify heme or heme containing proteins, which results in the
generation of reactive oxygen species (ROS) via electron transport chain dysfunction and
the induction of cell death via apoptosis [46].

The pharmacological activity of bicyclam molecules was first identified in the search for
new agents to treat HIV. Plerixafor evolved through an intensive medicinal chemistry effort
from these early alkyl-linked bicyclams. Mechanistic studies suggested that the bicyclams
acted at the early stages of the HIV infection process, but it was not until the discovery that
HIV required a chemokine coreceptor, either CCR5 or CXCR4, along with CD4, for host
cell entry, that the molecular target for plerixafor was discovered. Plerixafor was shown to
Specifically inhibit infection of CXCR4-using (X4) virus, thus pointing to antagonism of the
CXCR4 chemokine receptor as the target. Plerixafor was subsequently investigated in
clinical trials. In a Phase | study, a single subcutaneous injection of plerixafor resulted in a
marked and rapid increase in circulating white blood cells (WBCs). Initially this was
attributed to demargination but subsequently, as described below, this was found to be due
to cell mobilization. Although plerixafor was shown to be able to reduce X4-viral load in
HIV patients, it was the pharmacological action as a mobilizer of hematopoietic stem cells
(HSCs) that was the subsequent focus for clinical development. HSCs are the stem cells
from which all blood cells are derived, a process known as hematopoiesis. HSC have the
ability to self-renew and are capable of generating every cell lineage of the hematopoietic
system including erythrocytes, platelets, lymphoid and myeloid cells. An early step in
hematopoiesis is the differentiation of a HSC to a hematopoietic progenitor cell (HPC) that
is further committed to differentiation down a particular hematopoietic lineage pathway. As
HPCs can be easily quantified by colony-forming assays, they are frequently used as a
measure of HSC [42].

Target—The medicines identified through TDD used standard target validation approaches
followed by optimization.
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A potentially effective therapy for homozygous familial hypercholesterolemia would be to
reduce low-density lipoprotein (LDL) production. The MTP is responsible for transferring
triglycerides onto ApoB within the liver in the assembly of very-low-density lipoprotein
(VLDL), the precursor to LDL. In the absence of functional MTP, as in the rare recessive
genetic disorder abetalipoproteinemia, the liver cannot secrete VLDL, leading to the absence
of all lipoproteins containing ApoB in the plasma. Thus, the pharmacologic inhibition of
MTP might be a strategy for reducing LDL production and plasma LDL cholesterol levels.
Preclinical studies in animal models lacking LDL receptors had shown that the inhibition of
MTP significantly reduces serum cholesterol levels [53]. Lomitapide whose precursors were
discovered in a high through put screen [54], directly binds and inhibits MTP, which resides
in the lumen of the endoplasmic reticulum, thereby preventing the assembly of apoB-
containing lipoproteins in enterocytes and hepatocytes. This inhibits the synthesis of
chylomicrons and VLDL. The inhibition of the synthesis of VLDL leads to reduced levels of
plasma LDL-C [4].

Pasireotide is an injectable cyclohexapeptide somatostatin analogue approved for the
treatment of Cushing's disease were surgery is not an option. Pasireotide exerts its
pharmacological activity via binding to somatostatin receptors (ssts). Five human sst
subtypes are known: hsstl, 2, 3, 4 and 5. These receptor subtypes are expressed in different
tissues under normal physiological conditions. Corticotroph tumor cells from Cushing's
disease patients frequently overexpress hssts whereas the other receptor subtypes are often
not expressed or are expressed at lower levels. Natural somatostatins bind with high affinity
to all five human ssts receptor subtypes, hsst1-5. However, the therapeutic use of peptides is
limited by the rapid proteolytic degradation in plasma. Pasireotide was discovered in a
search for short, metabolically stable peptidomimetics with improved properties. It binds
and activates the hsst receptors resulting in inhibition of ACTH secretion, which leads to
decreased cortisol secretion [4,60].

Biologics—Biologics use a number of innovative mechanisms to address unmet medical
need. This included a monoclonal antibody to anthrax (raxibacumab) and a recombinant
enzyme to degrade toxic levels of the anticancer drug methotrexate (glucarpidase) and a
number of fusion proteins that conjugate toxic molecules to a protein to direct them to a
Specific location (brentuximab vedotin, gentuzumab and dinileukin difutox). Pegvisomant is
an analog of growth hormone.

Raxibacumab is a monoclonal antibody that binds free protective antigen of anthrax. The
anthrax toxin is a tripartite toxin that comprises lethal factor and edema factor as the
enzymatic moieties of the toxin and protective antigen as the binding moiety. Blocking the
binding of protective antigen to its host receptors can counter the deleterious effects of the
anthrax toxin and provides the basis for vaccine and passive immunization with
antiprotective antigen immunoglobulin. Raxibacumab inhibits the binding of protective
antigen to its cellular receptors, preventing the intracellular entry of the anthrax lethal factor
and edema factor, the enzymatic toxin components responsible for the pathogenic effects of
anthrax toxin [4,61].
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Glucarpidase is a recombinant bacterial enzyme that hydrolyzes the carboxylterminal
glutamate residue from folic acid and classical antifolates such as methotrexate.
Methotrexate, an antifolate agent, has been used for over 60 years in the treatment of various
cancers. High-dose methotrexate has been particularly useful in the treatment of leukemias
and lymphomas. However, even with aggressive hydration and urine alkalinization, such
regimens can lead to acute renal dysfunction, as indicated by decreases in urine production
and concomitant increases in blood urea nitrogen and serum creatinine levels. Because
methotrexate is largely excreted by the kidneys, this can greatly potentiate tissue damage.
Toxic levels of blood methotrexate can be rapidly and effectively decreased by intravenous
administration of glucarpidase. Glucarpidase is a recombinant form of carboxypeptidase G2,
a bacterial enzyme that rapidly cleaves methotrexate to form the amino acid glutamate and
2,4-diamino-N(10)-methylpteroic acid. Catabolites of methotrexate are much less toxic than
the parent compound, and are primarily excreted by hepatic mechanisms [4,63].

Brentuximab vedotin is an antibody drug conjugate (ADC). The antibody is a chimeric IgG1
directed against CD30. The small molecule, MMAE, is a microtubule disrupting agent.
MMAE is covalently attached to the antibody via a linker. Nonclinical data suggest that the
anticancer activity of brentuximab vedotin is due to the binding of the ADC to CD30-
expressing cells, followed by internalization of the ADC—-CD30 complex, and the release of
MMAE via proteolytic cleavage. Binding of MMAE to tubulin disrupts the microtubule
network within the cell, subsequently inducing cell cycle arrest and apoptotic death of the
cells [4].

The cumulative distribution of NMEs by genetics versus physiology is shown in Figure 3B.
This includes both first in class and followers. The overall rate of approvals by physiology
informed discovery is consistently greater than that for genetics informed discovery.

Further in-depth analysis of the MMOAs demonstrated the diversity through which the
NMEs interacted with physiology to provide therapeutically useful pharmacological
responses. Enzyme replacement therapy replaced physiological molecules and accordingly,
retained the physiological MMOAs (Table 1). This is obviously a preferred approach, but
has its challenges including delivery to the pathological location. The kinases for cancer had
gain-of-function mutations that were addressed with inhibitors. However, it is not that
simple since inhibitors to ATP binding site must compete with high endogenous
concentrations of ATP (~1 mM). Discovery of the first kinase inhibitors (including
imatinib) was assisted by phenotypic assays to that identified early candidate molecules that
blocked kinase activation. Target informed phenotypic assays were required to identify this
therapeutically useful MMOA. Other MMOA s for genetic informed discoveries also used a
target informed phenotypic assay including the potentiator for the CTFR mutant protein,
ivacaftor. As noted above carglumic acid is a structural analog of an essential allosteric
activator and product of the deficient enzyme.

Consistent with our previous analysis there was a diversity of MMOAs for the medicines
discovered were discovery was primarily based on physiological knowledge (Table 2).
MMOAs included agonists such a pasireotide, a somatastatin analog, allosteric activators
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such as cinacalcet (calcium receptor), irreversible inhibitors such as vigabatrin (GABA),
reversible inhibitors such as vorinostat (HDAC), channel modulators such as rufinamide,
nucleoside analogs (azacitidine and nelarabine) that work via incorporation into DNA
leading to inhibition of DNA synthesis or irreversibly inactivation DNA methyltransferases,
respectively. Some interesting biological MMOAs included ADCs that conjugate war heads
to proteins/antibodies that target Specific cell types. These include denileukin diftitox,
brentuximab vendotin and alemtuzumab. Glucarpidase is an enzyme that degrades
methotrexate to non-toxic metabolites and raxibacumab is a monoclonal antibody to anthrax.
The exact MMOA of artemisinin is only now being understood. One obvious conclusion
from these examples is that “one size does not fit all” in terms of MMOAs that are
therapeutically useful.

Discussion

This work was initiated to provide a knowledge basis for addressing how to increase success
in drug discovery for rare diseases. It is clear that drug discovery will use available
knowledge to inform strategy.

First-in-class medicines accounted for 45 of the 102 medicines. Perhaps the most striking
finding is that this addresses only a small fraction of the approximately 6800 rare diseases.
The relatively high numbers of followers (51) was also surprising due to the small patient
populations and large unmet medical need across all disease area. However, a number of the
followers were addressing unmet medical need caused by resistance to previously approved
drugs (e.g., ponatinib for abl kinase).

The drug discovery strategies for first in class distributed between phenotypic (33%), target-
based (27%) and biologics (40%) (Figure 2A) is similar compared with what was observed
for first-in-class medicines approved for all disease between 1999 and 2008 [2]. In that
analysis the distribution, not including modified natural substances, was similar (target-
based 24%, phenotypic 40% and biologics 36%) except that biologics had a higher ratio than
phenotype. This is presumably due to the number of biologic medicines approved as enzyme
replacement therapy. It is somewhat surprising that TDD is not more successful for rare
diseases due to the potential greater understanding of the genes that cause the diseases.

In our previous analysis across all diseases we had suggested that the success of phenotypic
screening was in part due to the ability to identify an optimal MMOA. Another way to look
at this is that the knowledge of the pathophysiology is incomplete, therefore discovery
strategies based on phenotypic biomarkers had a greater chance of success. The results from
this analysis are consistent with this conclusion. In the previous analysis we observed that
for followers, the molecular, target-based approach was more successful than phenotypic, by
a ratio of 83 NMEs to 30 NMEs, which was concluded to support the idea that more
complete knowledge of the MMOA led to greater success; there is more knowledge to guide
follower drug discovery. With the orphan drugs the trend was similar but much less dramatic
(Figure 2B). The ratio of target-based to phenotypic was only 18 to 13. If followers are
considered as best in class, it is clear that in with large patient populations there is a need to
evolve medicines to best in class and to have followers that can address the heterogeneity of

Future Med Chem. Author manuscript; available in PMC 2015 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swinney and Xia

Page 13

the patient population. In contrast with rare diseases, the small patient populations do not
provide incentive for followers (best in class) and in many cases in which there is a very
small patient population most patients are evaluated with the original medicine (truly
personalized medicine) so there is limited need for a follower.

In this work we analyzed the impact of genetic knowledge on successful drug discovery
since over 80% of rare diseases are genetic [1]. A consideration for the inclusion of the
genetic analysis was to evaluate how this knowledge would impact the drug discovery
strategy. As discussed above, it was proposed that the lack of success of target-based drug
discovery was, in part, due to the inability to a priori predict the MMOA that would yield a
useful therapeutic index. Selecting a target from genomic data was not Sufficient to ensure
success, translational assays were required. With genetic diseases the cause of the disease is
clearly known, however that does not necessarily provide the knowledge required for a
treatment, unless gene therapy will one day become successful.

We observed that the contribution of genetic association to the successful discovery
strategies was under-represented (25%) with respect to the number of genetic diseases
(>80%) (Figure 2). Knowledge of associated genotypes provided the greatest contribution to
the discovery of new medicine for cancers associated with Specific mutations to protein
kinases and new medicines to treat in born errors in metabolism (Figure 4). A detailed
evaluation of the drug discovery strategy for each of the genetically informed medicines
showed that there was practical knowledge that contributed to the discovery regardless of
the disease strategy (phenotypic, target or biologic). For example, biochemical solutions
were readily apparent. It is clear that inhibition of a kinase activity will block the gain of
function. Enzyme replacement therapy is proven approach for in-born errors in metabolism.

Not only was there information to facilitate the discovery strategy in these areas, patients are
easier to identify and diagnose, and regulatory precedent for the disease exist, all of which
makes designing and conducting drug development programs more feasible. More basic and
translational research has been carried out in these therapeutic areas than for other genetic
disorders.

The observation that genotypic knowledge was not Sufficient to ensure drug discovery
success may be the most compelling finding from this analysis. New medicines were
discovered when the genotypic knowledge was combined with other physiologic knowledge
and technical feasibility. Drug discovery is an iterative knowledge-gaining endeavor in
which the knowledge will always be incomplete (Figure 1). Integrating knowledge and
approaches from different sources, basic research involving genetics, biology, medicine and
physiology, is required to understand translational biomarkers, clinical pharmacology to
design clinical trials and chemistry, biology, toxicology, pharmacology and
biopharmaceutics for discovery.

But this also highlights the huge challenge for rare disease drug discovery. Realistically
there is not and never will be Sufficient funding and time to acquire all the knowledge for all
the diseases. How do you proceed effectively with incomplete knowledge?
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The success of phenotypic screening provides some clues. With phenotypic screening
Sufficient knowledge must be acquired to determine a translational biomarker and
phenotype related to the disease. With that knowledge a program can be executed
empirically. One way to think about how to proceed in a knowledge-insufficient area is to
use available knowledge to explore solutions empirically.

Future perspective

How can the unmet medical need for treatments for rare diseases be addressed without an
exponential increase in funding?

Because of the need and the unavailability of complete knowledge rare disease drug
discovery will require new strategies that will be more efficient and effective. Those
solutions may come from increased funding, increased drug discovery efficiency or new
approaches.

Increased funding—It is important to increase funding for rare diseases. It is also
important to fund aspects that will lead to greater success. The greatest importance should be
given to discovery and validation of translational biomarkers used for clinical testing and
guiding drug discovery. All drug discovery strategies require a translational biomarker.

Increased drug discovery efficiency—Drug discovery strategies must be employed
that provide a greater chance for clinical success. Regardless if the chosen strategies involve
small molecules or biologics they need to use available knowledge and require a
translational biomarker. Empirical strategies will help to create success when the knowledge
is incomplete. The starting point for empirical strategies can be with phenotypic assays as
well as targets and biologics.

New approaches—There are always new technologies being developed that have promise
and are over-hyped. At first glance rare diseases seem to be a great place to test all the new
ideas. But can they afford the failure rates? For the genetic diseases, gene therapy would be
the most effective since it is replacing the gene that is mutated.

The many breakthroughs in new genetic technologies such as next-generation sequencing
help to identify the genes that contribute to the disease. The challenge is to relate those
genes or causes to a cure. It is analogous to knowing the parts to an engine or computer but
it is difficult to fix unless you replace the part exactly. There are a number of new
techniques that are being developed including RNAI and stem cell replacement that have
promise. Perhaps in the future these will provide opportunities for rare diseases.

To conclude, unfortunately, our knowledge of most diseases and the underlying molecular
causes are incomplete. An additional challenge is that knowledge of the cause, for instance a
genetic defect or multiple genetic defects, rarely provides a Specific molecular solution,
despite our hopes. Plenge, Scholnick and Altshuler recently noted most preclinical discovery
programs have incomplete supporting material to inform the drug discovery strategy [71].
Empirical solutions that can be effective with the limited knowledge available are needed.
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This creates a huge challenge and opportunity in the current knowledge driven approach to
medical research.
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Executive summary
Purpose of analysis

e  Provide new knowledge to inform drug discovery in rare diseases by addressing
the question, “What are the drug discovery strategies that produce new
medicines (NMEs)?”

Findings

e  There were 102 orphan medicines approved between 1999 and 2012. Cancer
indications comprised 44% (43 of 97) of the approved NMEs, followed by
metabolic diseases 23% (22 of 97%) There were nine NMEs each for
inflammation/immunomodulation, neurologic and vascular/cardiovascular.
Forty six were first-in-class NMEs and 51 were followers; five others were
imaging agents or chelators.

»  Overall, 30 NMEs were discovered using target-based approaches, 27 NMEs
were discovered using phenotypic-based approaches, eight NMEs were based on
modifications of natural substances and 30 of the agents were biologics.

»  First-in-class medicines were discovered with phenotypic assays (15), target-
based approaches (12) and biologic strategies (18).

»  Since >80% of rare diseases are of genetic origin we also analyzed the
contribution of known genetic mutations to success. The discovery strategies for
26 NMEs were directly linked to the underlying genetic mutations, eight were
for kinases (five for BCR-ABL) and nine NMEs were enzyme replacement
therapy to treat genetic in-born errors in metabolism. The remaining nine NMEs
associated with specific mutations benefited from biological systems
understandings to identify the drug discovery strategies.

» ldentification of genetic causes in areas with more basic and translational
research, for example, cancer and in-born errors in metabolism, contributed to
success regardless of discovery strategy.

Conclusion

«  Greater knowledge increases the chance of success and empirical solutions can
be effective when knowledge is incomplete. This creates a huge challenge and
opportunity in the current knowledge-driven approach to medical research.
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MMOA Discovery

Development
Phase | clinical Lead optimization
safety

Drug candidates

Figure 1. Drug discovery and development cycle
The approval of a medicine to treat an unmet medical need including a rare disease involves

an iterative cycle of testing and learning. This figure describes some of the important phases
in the process. The process of discovery and development of a new medicine is initiated in
response to an unmet medical need to treat a disease. Physiological, genetic and chemical
knowledge provide an understanding of the disease. This knowledge will lead to the
identification of translation biomarkers that are used to evaluate the effectiveness of a
potential medicine. The available knowledge informs drug discovery strategies that are used
as starting points for the practical process of discovering a new molecular entity. TDD is
associated with modulating a specific gene product known as the target, PDD is a strategy
driven by assays that measure phenotypes associated with the disease. Ideally these
phenotypes will be the associated with the translational biomarkers. These two strategies
generally are focused on small molecules and are medicinal chemistry intensive, in contrast
to biologics that use recombinant proteins and antibodies as therapeutics. It should be noted
that the knowledge to choose a strategy is generally incomplete; however, the more
iterations that occur in the drug discovery/development cycle, the more complete the
knowledge and the better chance that a molecule will make it to registration. The discovery
strategies will result in a lead molecule, ideally with activity against the translational
biomarker. The molecule will work by a MMOA that provides an optimal therapeutic index.
These molecules will then be optimized for biopharmaceutics properties and safety to
provide a drug candidate. At this point, the process of drug discovery is complete and the
molecule should succeed or fail based on its own merit. Opportunities to improve efficiency
in drug discovery will increase the probability that clinical candidates will make it to
registration. The left hand of the circle is the development phase of drug discovery, which
involves testing for safety and efficacy in humans leading to registration. Multiple iterations
are generally required before a medicine with sufficient efficacy at a safe dose is discovered,
tested in humans and registered. MMOA: Molecular mechanism of action; PDD: Phenotypic
drug discovery; pt: Point; TDD: Target-based drug discovery.
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Figure 2. The distribution of new molecular entities with orphan drug designation approved by
the US FDA between 1999 and 2012, according to drug discovery strategy

(A) First in class; (B) followers. The graph illustrates the number of NMEs in each category.
Also illustrated in the graph is the contribution of genetic information (white) and
physiologic information (blue/dark) to the NMEs discovered with each strategy. Genetic
information informed 26 out of the 102 NMEs approved between 1999 and 2012. Biologics
were the most successful for first in class, followed by phenotypic. Target-based strategies
were the least successful for first in class and the most successful for followers.

NME: New molecular entity.
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Figure 3. Cumulative distribution of approvals by discovery strategy
(A) Comparison of phenotypic, target and biologic drug discovery strategies for first-in-

class NMEs. (B) Comparison of the contribution of genetic and physiologic informed

discovery to all NMEs.

NME: New molecular entity.
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Figure 4. Drug discovery strategies by therapeutic area
The therapeutic areas for NMEs approved by the US FDA between 1999 and 2012 with

orphan designation. (A) First in class; (B) follower. The details are shown in Supplementary
Tables 1 & 2. The therapeutic areas were classified as C, M and O. Others included infection
and inflammation including arthritis, cardiovascular and vascular, neurologic and CNS,
urinary, pain and respiratory. White bars are genetic informed approvals and blue/dark bars
are physiologic informed approvals.

C: Cancer; M: Metabolic and endocrine; NME: New molecular entity; O: Other.
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