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Preface

It is very important for scientists all over the globe to enhance drug discovery research for
better human health. This book demonstrates that various expertise are essential for drug
discovery including synthetic or natural drugs, clinical pharmacology, receptor identifica-
tion, drug metabolism, pharmacodynamic and pharmacokinetic research.

The following 5 sections cover diverse chapter topics in drug discovery. Section 1 points that
natural products are important sources for drug development. Cancer is one of the major
challenges facing mankind in the 21st century and Section 2 deals with in vitro models and
clinical application in cancer research. Section 3 involves utilisation of small molecules and
receptors for the improvements of health and better treatments. Section 4 deals with the
management and development of drugs against hepatitis D and persistent infectious diseas-
es. Finally, Section 5 offers certain advanced methodology in Drug Discovery, e.g. assay val-
idation in high throughput screening, minor changes to the chemical structure of chosen
metabolite, proposed methods for conducting paediatric trials and intranasal vaccination.

As editors of this book, we are grateful to all the leading researchers who have devoted their
time to write the chapters in this book. They have demonstrated the scientific spirit required
for a successful book project. We hope the readers will enjoy the chapters as much as we
did.

Editor

Dr. Omboon Vallisuta
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Faculty of Pharmacy

Mahidol University

Bangkok, THAILAND

Co-Editor

Professor Suleiman Olimat
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Chapter 1

The Evolving Role of Natural Products
from the Tropical Rainforests as a
Replenishable Source of New Drug Leads

lbrahim Jantan, Syed Nasir Abbas Bukhari,
Mohamed Ali Seyed Mohamed, Lam Kok Wai and
Mohammed Ahmed Mesaik

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59603

1. Introduction

More than 80, 000 of the 250, 000 species of flowering plants have been reported to be used by
human civilizations for medicinal purposes [1]. This figure could be higher as information on
the native uses of plants as medicines was mainly passed on verbally from one generation to
another and has mostly stayed unregistered. Some of the traditional knowledge might be lost
as some practitioners were secretive and reluctant to reveal enough information. Information
on the ancient uses of plant materials as medicines can be found in archeological finds,
archives, ancient documents, history books and pharmacopoeias. Fossil records date human
use of plants as medicines at least to the Middle Paleolithic age some 60, 000 years ago [2]. The
World Health Organization (WHO) estimated that as much as 80 per cent of the world’s
population relies on traditional forms of medicine, chiefly plants [3]. The tropical rainforest
plants are biologically and chemically diverse resource as they synthesize a wide spectrum of
organic molecules as defense agents against diseases, pests and predators. They have been
shown to be the source of chemicals of diverse structures with promising biological activities
and perhaps the most valuable source of therapeutic agents due to their rich biodiversity [4].
Tropical rainforests have been called the ‘world's largest pharmacy’, because over one quarter
of natural medicines have been discovered within them; additionally, about 70% of the drugs
used today are models of natural products. Plants have always been a rich source of natural
products and historically provided many major new drugs. Natural products or natural
product-derived compounds signify great structural variety, which is not usually found in

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



4 Drug Discovery and Development - From Molecules to Medicine

synthetic compounds. Of the 1184 new chemical entities reported through 1981 to 2006, 60%
were derived from or based on natural products. Twenty-five percent of all prescription
medications are made using the various types of secondary metabolites from living organisms,
mainly plants [5-9].

One hundred twenty-one prescription drugs are made from higher plants. This does not
include antibiotics from microorganisms. Among the world’s 25 best-selling pharmaceutical
agents, 12 are natural product-derived [10], and natural products are playing key role in drug
discovery programs of the pharmaceutical industry and various research organizations
[11-13]. Half of these plant-based medicines come from the tropics, and 74% of these came from
native folklore. Seventy percent of the plants identified as having anti-cancer characteristics
by the US National Cancer Institute are found only in the tropical rainforests. Quinine, the first
known antimalarial, comes from a neotropical tree, and curare, used as a poison for arrow tips
by indigenous peoples in the Neotropics, is also useful for heart conditions. As new medical
discoveries are being made all the time obviously, the tropical rainforests and their resources
such as natural products find place in every part of our life. Plants have evolved and adapted
over millions of years to withstand bacteria, insects, fungi and weather to produce unique,
structurally diverse secondary metabolites.Therefore, natural products play a leading role in
the research of leads for the development of drugs for treating human diseases [14]. The
investigation of biological and chemical properties of natural products for the past two
centuries has not only produced drugs for the treatment of several diseases, but has instigated
the development of synthetic organic chemistry, and the arrival of medicinal chemistry as a
major route to discover efficacious and novel therapeutic agents. Structural alteration of
natural compounds or synthesis of novel compounds, based on designs following a natural
compound scaffolding, have offered us a lot of vital new drugs in the fields of medicine,
agriculture, and food spheres [15-16].

2. History of drug discovery and development

Medicinal plants have been used by mankind since ancient times as the main source of
medicines. Originally the choice of plants to treat various ailments was on an irrational basis
as it was strongly influenced by ideologies of the primitive societies which were deeply rooted
in mysticism and superstition. They believed, for example, a person became ill because evil
spirits dwelled in his body. Plants with unpleasant odor and taste, accompanied by enchant-
ments and ceremonial dances, were used to get rid of the demons and the person would then
recover from his illness. However, the selection of plants for medicinal purposes became more
rational when it was influenced and shaped by new philosophies and religions [17]. In the
search for remedies from plants many different theories of disease were proposed and the
choice of plants was based on these ideas. Although the ancient peoples were ignorance on
the etiology of disease and the mechanism by which the medicinal agents made the disease
disappear, they tried to establish a relationship between them. One of the earliest theory was
the concept of plant signature which claimed that God provided visual sign (signature) in
plants that permits us to recognize and utilize them to cure diseases [18]. Signature plants were
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probably first recognized in ancient China, where there was classification that associated plant
features to human organs. ‘Yang’ was linked to strong acting plants: diseases of upper half of
the body were treated with upper parts of plants, whereas ‘Yin’ was related with plants
possessing modest action and those with sweet, salty, sour and bitter tastes; underground parts
of the plant were used to treat the diseases of lower parts of the body [19]. Signature plants
emerged for medicinal uses in western cultures during the Middle Ages. Paracelsus Doctrine
of Signature, published in the 16" century, was a theory based on signature plants [17].

The signature plants provided a way of reducing the complexity of selecting plants to treat
diseases. However, the traditional medicine practitioners of many cultures did not depend on
the Doctrine of Signatures alone for knowledge of the proper use of a medicinal plant. A wide
range of plants were experimented by trial and error to treat diseases and discovered that
certain plants were effective against a number of diseases. The ‘crude clinical trials” were
actually a screening process but they could also possibly have produced many adverse effects,
casualties and possibly thousands of deaths resulted from the toxicity of some of the plants.
Several thousands of plants had been screened and based on their long-term use by human,
one might expect that plants presently in use in traditional medicine produced some beneficial
effects and have low human toxicity. If a plant showed acute toxic effects following its use to
treat illness it would then not be used at all. However, if a plant had chronic toxic effects it
would be less likely be noticed and it would continue to be used [20]. Moreover, there was lack
of reporting system to document these effects as most information was passed on only by word
of mouth. The information derived from the empirical knowledge and theories on the use of
plants, although has been regarded with interested skepticism, had contributed towards the
early development of medicinal agents from plants. The traditional knowledge and practices
on the use of medicinal plants for treating diseases rely exclusively on practical experience and
observation passed on verbally from one generation to the next with little documentation. It
is necessary to understand the contemporary relevance of empirical knowledge and the
interpretation of this knowledge using modern methods in the chemical and biological studies
of substances [20].

During the course of history, natural products have offered a variety of compounds that have
extensive applications in the fields of medicine, food and agriculture [21]. Higher plants in
particular have been the basis of medicinal agents for centuries, and presently they play key
roles in the primary health care of 80% of the world [22]. Medicinal agents and natural products
therefore, are also a significant feature in the health care systems of the residual 20% of the
population living in developed countries, with more than half of all the drugs in clinical use
having sourced from natural products [23].The earliest history of the identification of novel
bioactive compounds from natural sources can be traced back in 1804 when a young German
pharmacist had successfully isolated morphine from the seed pods of the poppy, Papaver
somniferum [24]. Since then, it marked the birth of the study on purification and the effects of
drugs from natural products. This classical example represents most of the drug discovery
process from natural products, where majority of new drugs have been discovered by direct
isolation from natural sources and molecular modification of natural products. The phenotypic
screening and single target or bullet-based approach have been the dominant paradigms to
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discover natural small organic molecules from natural resources as new leads or models for
the development of synthetic molecules for the discovery of drug targets.

Plant-based traditional medicine systems have been in existence for centuries in countries like
China [25], India [26], the Malay Archipelago, and medicinal plants are used widely in African
traditional health systems [27-28]. Many phytomedicines are registered and extensively used
in Europe, and more than 600 botanical items have been legitimately documented in various
editions of the United States Pharmacopoeia[29], however existing rules forbid most from
being marketed as drugs. According to the WHO, majority of population still rely on plant-
based traditional medicines for primary health care [30] and 80% of 122 plant derived drugs
were related to their original ethnopharmacological purposes [31]. The knowledge associated
with traditional medicines has promoted further investigations of medicinal plants as potential
medicines and has led to the isolation of many natural products that have become well known
pharmaceuticals. Until the 1950s almost all drug research relied heavily on vascular plants as
sources of medicines. Plant-based traditional knowledge has become a recognized tool in
search for new sources of drugs [32]. Most of the early discoveries of plant-derived drugs were
by examining the use of these plants in traditional medicine. The phytochemicals isolated
directly from plants were used unmodified as drugs. Morphine, isolated from opium poppy
(Papaver somniferum) was the first plant-derived drug. Other examples include reserpine, an
antihypertensive drug, from the root of Rauvolfia serpentina. the cardiac glycosides digoxin and
digitoxin from Digitalis lanata, and the anticancer agents, vincristine and vinblastine from
Catharanthus roseus [33]. The anticancer area, in particular, has made great use of natural
products such as vinblastine and vincristine (vinca alkaloids), etoposide and teniposide
(podophylltoxin analogues), paclitaxel (taxol), and camptothecin—derived topotecan. In the
past ten years, 62% of the new anticancer-agents have been natural products or based on
natural products models [31].

3. Conventional approach of drug discovery from natural products

History had shown that serendipity played a major role in the finding of novel drugs. One
classical example that warrant a repetition was the discovery of penicillin, an antibiotic
produced by Penicillium notatum, by Alexander Fleming in 1928. Henry Harris once said that
‘Without Fleming, no Chain; without Chain, no Florey; without Florey, no Heatley; without
Heatley, no penicillin.” After several years, the main active component was finally determined
to be benzylpencillin which lysis the staphylococcal colonies on an agar plate [34]. The impact
of the aforementioned example was so great that more scientists at that time started to look
into natural products as the main source of leads. Since then, more structured strategies in
natural products drug discovery were implemented in choosing plants for biological screening
such as the ethnobotanical approach, chemotaxonomic approach or the phylogenetic survey
screening, phenotypic screening and the single target or bullet-based approach.

The selection of plants based on traditional knowledge serves as the initial biological screening
in a drug discovery program. The selection of plant samples for biological screening is
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generally based on the indigenous uses of plants. The ethnobotanical approach is more
targeted and the most successful of the plant-surveying methods. The indigenous uses of
plants offer important clues or information on the biological activities of those plants which
are based on accumulated past knowledge and experiments by ancient civilization. Undenia-
bly, some of the effectiveness of these plant extracts have been refuted due to the placebo effect
in the patients, it is still one of the best approach for identifying leads. For example, plants
used traditionally against diseases possibly caused by viruses are collected for anti-HIV
screening [33]. The ethnobotanical field searches have generated many lead compounds which
have been identified as drug candidates for the development of many therapeutic agents such
as antiviral, antifungal and anticancer drugs. There are many important discoveries that lead
to the development of more effective and safer drugs. Prostratin, a powerful antiviral agent,
was found in the aqueous extract of Homalanthus nutans which is used in Samoa to treat yellow
fever. A novel compound that kills parasitic worms in the stomach was isolated form Curcuma
comosa which is used in Thailand to ease stomach pains and other gastrointestinal disorders.
The extracts of ipecacuanha root, found in the genus of the Rubiaceae family, was used in the
Aztec and Mayan cultures to treat amoebiasis and emetine, the bioactive compound respon-
sible for the activity had been isolated from the plant [35]. Due to the adverse side-effects, a
synthetic compound dehydroemetine was synthesized. Codeine which is found in the opium
poppy, Papaver somniferum, is widely used for the treatment of moderate pain. The use of
codeine can be traced back hundreds of years far back in the Egyptians and the Ancient Chinese
history. Another plant extract known as ma huang or ‘Yellow Hemp’ has been used by the
Chinese to treat asthma and hay fever for thousands of years [36]. It was not until 1926, when
the active ingredient, ephedrine was introduced into the Western medicine as an orally active
bronchodilator to treat acute asthma. Another important example is the use of cinchona bark
from the species Cinchona succirubra by the Quechua, South American Indians in the treatment
of fevers. The active ingredient, quinine was the first effective treatment for malaria caused by
Plasmodium falciparum. Other plant that possess antimalarial activity was reported by the
Chinese herbalist known as Artemisia annua or sweet wormwood which had been described
in a 4™ century text. Studies have shown that the active compound responsible for the
antimalarial properties was artemisinin [33, 37].

Phylogenetic survey or chemotaxonomic method is a plant-collecting method where research-
ers select relatives of plants identified to yield useful compounds. The ecological survey is a
selection made on the basis of defensive features of the plants against predators, indicating
that they produce chemicals capable to exert an effect on animals. The non-targeted method
(haphazard collection of plant samples) is practiced by researchers particularly in areas
involving biological diversity, nonetheless the success rate is poor [33]. Taxol, derived from
Taxus brevifolia, is a notable example of anticancer drug discovered by a random screening
program. In phenotypic screening, pure compounds or extracts from plants are screened
through in vitro followed by in vivo or vice versa to monitor the desirable change in phenotype
before an effort is made to determine the biological target. Meanwhile the single target
approach requires a molecular structure (active site or receptor) that will undergo a specific
interaction with the so called plant extracts or pure compounds when they are administered
to treat a certain disease. While these two pharmacological approaches are still commonly
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practiced in most of the universities and research centers in developing countries, the chances
of finding bioactive compounds from plants are highly serendipitous. To minimize the time
consumption and tedious laboratory work, a directed screening is principally carried out on
medical folkloric plants.

Methods adopted in the natural products isolation or bioassays screening have been rather
straightforward. Crude extracts obtained from the dried or fresh plants are extracted with
aqueous or organic solvents such as water, methanol, chloroform, hexane, and ethyl acetate.
The practical of this isolation method can be found since the Mesopotamian and Egyptian
civilizations where natural products extraction had been a common practice to produce
perfumes or pharmaceutical products. Simple soxhlet extraction, maceration, hydro-distilla-
tion, and other solvent extractor techniques have been employed in the past and present, albeit
large quantity of plant samples are generally required to obtain pure compounds. Conven-
tional chromatography methods such as column and planar chromatography which rely on
the differential partitioning between the mobile and stationary phases play important roles in
drug discovery from natural products. Before new chromatographic methods were developed,
isolation of minor compounds from plant extracts was relatively difficult. In recent time, the
weaknesses using these conventional methods have been gradually solved by the replacement
with more advanced instruments such as high-throughput gradient flash and medium or high
pressure liquid chromatography (HPLC). In general, methods of isolation can be divided into
afew categories including extraction, precipitation, and chromatography. Before the invention
of sophisticated analytical spectroscopy techniques such as nuclear magnetic resonance
(NMR), mass spectrometry (MS), infrared spectroscopy (IR), and X-ray crystallography,
determination of molecular structure of pure compounds from natural products had been the
major obstacle in drug development. People had been using different sets of chemical trans-
formations and measurement of physical data such as melting point and molecular weight for
the compounds structure determination. Issues regarding chirality have been an on-going
debate among the scientists when deciding on the structure of the isolated natural compounds.

When Fischer and Daniel Koshland suggested the lock and key model and induced fit theory,
the chirality of natural compounds had become an important issue that needs to be resolved
before the real mechanism of action can be proposed. Since single target approach relies heavily
on the interactions between the bioactive compound and protein target; possibly specific
enzyme or receptor, the real identities of the natural compounds need to be accurately
determined. Nowadays, it is obligatory to include the proper and accurate structural elucida-
tion data of the pure compounds before the pharmacological activity can be published in any
research journals. Such remarkable improvements in the spectrometry techniques have
definitely amplified the speed of drug discovery process from natural products. A single plant
extract may consist of a considerable pool of metabolites. Attempt to isolate the right bioactive
compound out of the hundreds mixture of other compounds is quite tedious and time
consuming; similar to finding a needle in a haystack. Two conventional approaches that
deserved a mention here are the extract-library screening and bioassay-guided isolation. These
two techniques, popularized in the 1980s, are commonly used for screening, hit identification,
and hit-to-lead development from the natural products, however received a competitive
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disadvantage when compared to the approaches using the synthetic chemical libraries [38].
The screening of extract-library normally carried out on cell cultures to study the cellular
responses under controlled conditions. The extract that shows certain activity will then be
subjected to a series of isolations until the pure active compound is obtained. A more recent
bioassay-guided isolation method requires a step-by-step separation of extracted components
based on differences in their physicochemical properties and assessing the biological activity
where the process continues until the right bioactive compound is successfully isolated. One
best example is the use of TLC plate, in which spraying with reactive media that respond with
the compounds from extract will produce a color implying the presence of an active compound
and further isolation work is required to obtain the compound. While these two methods are
in disadvantage position compared to the more well-defined high throughput screening on
synthetic chemical libraries, lately it received a renewed interest from both the academic
institutions and drug industries. The practicality of discovering new drugs by conventional
methods has been constantly receiving negative perception from the funding agencies and
private companies. Considering the number of people who actually have the access to high
throughput screening chemical libraries or other high throughput bioassays, authors truly
believe that the use of the aforementioned conventional methods are still highly relevant in
our society. Without a doubt, these old practices have definitely set a good platform in natural
products drug discovery program.

4. De-emphasize of natural products research in the 80’s

The interests in finding bioactive natural products from the tropical rainforests at several major
pharmaceutical companies had generally declined in the early 1980s when microorganisms
and fungi which were easy to collect and culture provided alternative sources. Dwindling
interests on plants as source of drugs were also due to low success rate in the discoveries of
plant-derived drugs, and advances in synthetic organic chemistry and biotechnology that
offered more opportunities to design new drugs in the laboratory [33, 39]. Many pharmaceut-
ical firms had abandoned exploring traditional knowledge of plants in mid-1980s in their
search for new drugs.. The reductionist approach in finding bioactive natural products from
the tropical rainforests had declined due to the many major hurdles faced by them such as
difficulties in obtaining sufficient supply of high quality natural products screening libraries,
ownership issues and research in this field is lengthy, expensive, highly complex and ineffec-
tive with low success rate. On the other hand, the process of drug development is often a risky
and costly endeavor. Drug discovery and development process requires between 10 to 20 years
and was estimated to cost US$ 802 million per drug in 2004 [40]. Most recently it was estimated
that the cost of inventing and developing a drug could exceed US$1 billion or more. The
average drug developed by a major pharmaceutical company costs at least $4 billion, and it
can be as much as US$11 billion [41]. Natural products drug discovery has been marginalized
in favor of the rational design of synthetic compounds to target specific molecules after the
advent of high throughput screening (HTS), combinatorial chemistry and advancement in the
knowledge of molecular mechanisms, cell biology and genomics.

9
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Historically numerous complications linked with natural products, particularly plant-derived
products, added to decreasing attention in their development within the pharmaceutical
industry. A few years ago, there were major problems with obtaining authentic plant materials.
Difficulty in the access to genetic resources and traditional knowledge by the multinationals
and pharmaceutical firms and the absence of a legal framework for a fair and equitable sharing
of benefits, arising from the commercial and other utilization of genetic resources with the
resource countries resulted in the departure of many drug companies from investing in natural
products from tropical rainforest plants as a source of drug leads. It was convenient to collect
plants and exhibit that their extracts possessed interesting biological potential. However, when
investigators returned to approve the potential and ultimately to develop and commercialize
the product, failure resulted often due to inadequate records and loss of the original collections
of plant. There were also problems regarding the assessment of biological activities of natural
products, which commonly are complex combinations of materials. The interactions among
the components of the mixtures, either the antagonism by a material of another’s activity or
the combined effect/addition of activities, often delivered unclear results. Identification and
purification of active components from intricate natural products encompassing lots of
numerous chemical substances, regularly of almost similar physical and chemical properties,
were slow and expensive. Once the active component was isolated and purified, its chemical
structure still needed to be documented. Moreover, natural product materials are often poor
pharmaceuticals; their chemical stability may be minimal; they might have poor solubility or
bioavailability characteristics; they may not formulate properly, etc., therefore not ensuing
Lipinski’s Rule of Five [42]. All these difficulties have stood stern challenges. The most
accountable problem for restricted importance in plant-based natural product materials for
pharmaceutical discovery and development has been hesitation regarding the availability of
amounts of pure chemical substances. Quantities are required initially to generate information
to understand and assess real prospective of the material for pharmaceutical application.
Ultimately, the most restrictive thought is the amount required to fulfill market demand should
a pharmaceutical develop into an effective drug. The market demand can vary from a scale of
hundreds to thousands of kilograms yearly. It is recognized that the complete synthesis will
not provide the intricate natural product to satisfy this market demand [43].

Subsequent to the ‘Golden Age of Antibiotics” and the worldwide reassurance to discover new
antibiotics, several main pharmaceutical companies at the time initiated natural product
discovery (NPD) programs which highlighted not only on antifungal and antibacterial targets
but also on infectious illnesses. These platforms provided compounds for the treatment of
hypercholesteremia, tissue rejection in organ transplantations, cancer and microbial infections
[44, 45]. Though majority of the larger pharmaceutical industries removed their NPD programs
during the 1980s and early 1990s, it was the advent of programmed high throughput screening
(HTS) which enhanced the impetus of biological testing and combinatorial chemistry started
to be endorsed as a better method to producing ‘drug-like’ materials for HTS. As a result,
several pharmaceutical companies sold their gatherings of screening extracts [46, 47] as it was
believed that orthodox extract-derived monitoring resulted in the constant rediscovery of
previously isolated compounds and that the structural intricacy of natural products required
whole synthesis and derivatization which is both synthetically and economically difficult.
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Owing to supply difficulties, the time required to develop a natural product from an extract
to a pharmaceutical was believed to be excessively lengthy; HTS machineries rely on combi-
natorial chemistry to yield huge compound libraries. During the past two decades ‘customary
natural product chemistry’ has predominantly been substituted by molecular target-based
drug discovery, using great combinatorial libraries to discover effective ‘hits” [45]. However,
developments in technology and sophisticated instrumentation for the rapid identification of
novel natural products and structure explanation keep enhancing the natural product
discovery [44]. Since 1980s, it was thought that combinatorial chemistry would be the upcom-
ing basis of numerous new carbon skeletons and drug front runners or novel chemical entities
(NCEs). This has unquestionably not been the case because there has only been one combina-
torial NCE permitted by the U.S FDA in that time frame, the kinase inhibitor sorafendib
(approved by the FDA, 2005) to treat renal carcinoma [48]. Combinatorial chemistry has
definitely altered the progress of new chemical leads following in the synthesis of structural
analogues [48]. At that instance, combinatorial libraries included hundreds to thousands of
novel compounds; however through the late 1990s synthetic chemists came to know that these
libraries needed the intricacy of the complex natural products produced by nature [48]. The
idea of diversity-oriented synthesis (DOS) was applied in which synthetic chemists would
synthesize compounds analogous to natural products or that are based on natural product
topologies. These compounds are currently being verified in a large variety and number of
biological screens to define their role (s) as leads to new drug entities [48]. The examination of
the degree of NCEs authorizations shows that natural products still add to or are involved in
~50% of all small molecule testing from 2000-2006 [49]. This is endorsed by the statistical data
where out of 7000 natural compounds, 20 drugs have been discovered with a hit rate of 0.3%
whereas HTS of synthetic compound libraries only achieved below 0.001% hit rate. Nonethe-
less the pharmaceutical industries have used considerable resources to both combinatorial
chemistry and HTS [49]. Of the 1184 NCEs covering all diseases/sources/countries, 30% were
discovered to be synthetic. It is also noteworthy that 52% of these compounds are whichever
anatural product, a chemical modification or a mimic of a previously existing natural product
pharmacophore [49]. Notwithstanding recompenses and the past accomplishments, majority
of large pharmaceutical companies have reduced the use of natural products in drug discovery
screening. This has been due to the apparent shortcomings of natural products and the
expectations related with the use of assortments of compounds prepared by combinatorial
chemistry approaches.

5. Revival of natural products research in the 90’s

However, there was a revival of traditional knowledge-driven drug development in the later
part of the eighties and this was partly due to the advances in chromatographic and spectro-
scopic techniques which have had a tremendous impact on the isolation and structure
elucidation of the constituents of medicinal plants and the development of series of bioassay
methodologies which were fast, easy to perform, quantitative and could selectively detect
biologically active molecules at very low levels [50]. The phytochemicals can also be used as
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starting materials for the partial synthesis of drugs, as lead structures for molecular modifi-
cation or as models to synthesize new drugs with improved therapeutic effects. In order to
conduct preclinical and clinical trials and further develop a promising lead into a marketed
drug, sustainable supply is necessary. The continuous supply problem is the major challenge
for plant natural product drug discovery and development. Nevertheless, contemporary
methodologies are accessible to overwhelm the difficulties. Advancement in technologies like
biotechnology, fermentation, total chemical synthesis, sampling strategies and nanoscale NMR
for structure determination are all vital to the accomplishment of natural products as drug
leads. The novelty in the field of natural products, will result in a new wave revival of novel
drugs in the upcoming future [51]. The past few years, though, have seen a reintroduced
attention in the use of natural compounds and, more significantly, their part as a basis for drug
development. The contemporary apparatus of chemistry and biology particularly, the
numerous ‘-omics' technologies now let researchers to detail the precise nature of the biological
effects of natural compounds on the human body, in addition to discover probable interactions,
which grasps much potential for the development of novel treatments against numerous
devastating diseases, including cancer and dementia. The recent revival of interest in natural
products research is mainly due to disappointing results of combinatorial chemistry and HTS
in delivering potent chemical leads. There is a new hope for the discovery of drug leads from
the tropical rainforests. One reason why natural products are advantageous is that they
provide complex molecules not accessible through synthesis. For example, taxol and rapamy-
cin could not be synthesized cost effectively by standard medicinal chemistry, even including
combinatorial chemistry approaches. Combinatorial synthetic methods are unlikely to
produce molecules of the complexity of rapamycin and taxol.

Natural products have pointed the way to the future. A number of noteworthy advances in
science and industry have been inspired by the quest of capturing the value of natural products.
In 1982, the US National Cancer Institute began again to look for new drugs from the rainfor-
ests. There are good reasons for such renewed interest because they have already provided
tangible evidence of their potential with remedies for a range of medical problems ranging
from childhood leukemia to toothaches. Some examples of rainforest plants responsible for 25
percent of the drugs used in the clinic are included in Table 1. Most developments in capability
and technology are nurturing a revival in natural products research and are either directly or
indirectly addressing the historical obstacles to development of natural products [52-56]. There
are three foremost reasons for the revitalization of natural product research; i). The potential
of combinatorial chemistry to fill drug development projects with de novo synthetic small-
molecule drug candidates is unsatisfied. ii). The applied problems of natural products drug
discovery are being overawed by advances in separation equipment and in the speed and
sensitivity of structure explanation. iii). A convincing case is being made for the essential
usefulness of natural products as foundations of drug leads.

Possibly the strongest motivation for development of new natural products is the improve-
ment in bioassay technology over the last few years. We now have automatic, specific and
selective bioassays in which materials, comprising natural products preparations, can be
evaluated quickly and cost-effectively. In reality, although the bioassay technology develop-
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ment facilitates faster and accurate substances evaluation, the availability of those evaluating
substances has become very limited. Once the biological activity has been confirmed by a
suitable bioassay or primary screen, the current separation and structure elucidation technol-
ogy allow us to isolate, purify and determine the chemical structure of the active constituents
in few days, or at maximum, a few weeks. The development of separation methods are mainly
linked with high performance chromatography techniques [52]. The biodiversity of the earth
is quickly declining and we frequently come across many articles in newspapers and journals
on the rate, consequences, cause, etc., of loss of biological diversity. This will lead to the loss
of chemical diversity and loss of potential uses of those chemicals have for mankind. Besides
medicines, foodstuffs, fibers for clothing, building materials, etc. are chemicals derived from
nature. The loss of those important organisms and their respective chemical diversity is the
driving force for the revival of natural products research [56]. Globalization of world’s
economy increases the interest in pharmaceutical development. Since the discovery and
development of new pharmaceuticals help to uphold the competitiveness of the industry,
natural products research has been revisited as a way to increase the effectiveness of discovery
and development [55].

No Drug Origin Use
1 Quinine Cinchona tree (S. America) Treat malaria
Used to treat glaucoma and provides a blueprint
2 Neostigmine Calabar bean (Africa) o o
for synthetic insecticides
3 Novacaine, cocaine  Coca plant (South America) local less addictive anesthetics
Native people used to poison arrow tips.
4 Turbocurarine Curare liana (America) Used as relaxants to treat muscle disorders like
Parkinson’s and Multiple Sclerosis.
Vincristine,
5 ) . Rosy periwinkle (Madagascar) Hodgkin's disease and Pediatric leukemia
vinblastine
6 Cortisone Wild yams (Central America) Active ingredient in birth control pills

Calophyllumlanigerum (Borneo) Reverse transcript inhibitor (Anti HIV)
7 Calanolide A

Ancistrocladuskorupensis Reverse transcript inhibitor (Anti HIV-1, and
8 Michellamine B

(southwestern Cameroon) HIV-2)

Table 1. Drugs derived from rainforest plants

Many new approaches have been employed in the isolation and purification of NP, using
various advanced fractionation techniques which includes the counter-current chromatogra-
phy [57, 58] and structure elucidation by spectroscopic techniques (1D, 2D NMR spectroscopy,
FTIR, UV, mass spectrometry, etc.) [59, 60]. The arrival of more compatible high-throughput
screening technique provided an opportunity to screen natural products mixture within the
quick span of time. Singh and Barrett [59] reported that pure bioactive compounds can be
isolated from fermentation broths in 2 weeks and that the structures of more than 90% of new
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compounds can be elucidated within 2 weeks. Advanced NMR techniques permit to solve
complex structures using less than 1 mg compound. Quinn et al. [61] showed that it was
possible to prepare a screening library for highly diverse compounds from plants from analysis
of the Dictionary of Natural Products, where the compounds were pre-selected based on drug-
like in their physicochemical properties. It will be interesting to see if such a collection proves
to be enriched in bioactive molecules. Besides the above, many alternative methods are also
being explored in efforts to increase the speed and efficiency of using natural products in drug
discovery. Multifaceted approach integrating traditional and modern techniques, i.e. combin-
ing botanical, phytochemical, medicinal chemistry, HTS, organic and combinatorial chemistry
synthesis producing natural products-like compounds, biological, computational, molecular,
multi-target approach, metabolomics, proteomic and genomic techniques will continue
reviving the interest in using natural products as leads for the discovery of new drugs.

6. Modern approaches in drug discovery from natural products

The arrival of novel technologies in mass spectrometry, NMR and other spectroscopic
techniques, bimolecular target or cell-based screening, early hit characterization and the
utilization of computational methods have improved the impact of natural products in the
HTS based drug discovery. Natural product extracts frequently contain a large number of
constituents comprising those, which are difficult to separate. The unambiguous structures of
pure compounds can be determined by the combination of conventional techniques like
ultraviolet absorption spectroscopy (UV), IR, MS and NMR. In rare cases, where there is a
difficulty in determining the absolute configuration, the single crystal X ray analysis is
employed. The conventional separation techniques are time consuming and tiresome. The
direct hyphenation of a proficient separation technique with efficient spectroscopic techniques
such as HPLC-FTIR can be used to support the dereplication process [62]. HPLC-FTIR has been
used to detect functional groups in main constituents of mixtures but has not found extensive
application owing to limitations in compatibility; i.e. obtaining optimum separation accom-
panied by adequate detection [62].

One of the new technologies in drug discovery from natural products is the use of capillary
electrophoresis (CE) in screening program first developed by Cetek Corporation and Cubist.
The assay is able to identify active natural product compounds/ extracts and by detecting any
shift in the protein when a ligand binds to it due to the conformational and surface charge
changes. The CE technique can distinguish between weak and strong binding compounds in
extracts prior to determining their concentration [63]. This technology has been applied to
Cetek’s internal drug discovery program in finding novel natural product compounds that
inhibit the cancer target, HSP90, a molecular chaperonin that is responsible for maintaining
the correct folding and stability of proteins [64]. Another interesting example which was
recently reported by Wang, et al.showed that a CE method in conjunction with liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) has been successfully applied in the
screening of plant extracts, successfully identified a natural compound called baicalin from
Radix scutellariae as a new protein kinase an inhibitor [65]. In an another separate study, Zhao
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and Chen, developed a simple and effective neuraminidase-immobilized capillary microreac-
tor facbricated by glutaraldehyde cross-linking technology for screening of the neuraminidase
inhibitors from traditional Chinese medicines. Six out of eighteen natural products including
bavachinin, bavachin, baicalein, baicalin, chrysin, and vitexin have been found as potent
inhibitors from the screening[66]. Some important aspects of CE that deserve a recognition in
this chapter is its ease of use, versatility and high resolution separation components, high
separation efficiency, and its low amount of sample and reagent consumption.

Flow injection analysis-NMR (FIA-NMR) encompasses a sample, which is injected as a plug
into a fluid stream and then swept into the NMR detector coil. In a FIA-NMR, the mobile
phase is used as a hydraulic push solvent which transfers the injected sample from the
injector port to the NMR flow cell. The scout scan that is used to determine the location of
the solvent peaks is obtained by the spectrometer once the pump stops. Finally a signal is
sent to the solvent pump so that the old sample from the NMR flow-cell can be flushed
out [67]. HPLC-NMR-MS is a novel and most advanced spectrometric method that is used
in the de-replication of natural product extracts [68]. Despite being the most effective
method, the benefit of the above said hyphenated methodology is the matching of the MS
data to the NMR spectrum. In addition, the information of the functional groups (e.g.,
hydroxyl and amino moieties) that are delivered by the HPLC-NMR is readily identified
by MS techniques. The advent of higher field magnets and cryo probes had proven HPLC-
NMR to be a strong and effective spectroscopic instrument and applied to the crude extracts
(NMR and UV profile from PDA HPLC detection). There is a significant improvement in
the profiling sensitivity and de-replication of natural products due to the utilization of
higher field magnets and the recent developments of the micro coil HPLC-NMR and
capillary NMR (CapNMR) which has allowed for smaller amounts of samples to be
examined in the order of 40-120 puL [69-71]. The micro coil HPLC-NMR is best suited for
online HPLC-NMR which uses the on flow, stop flow or time silencing experiments to
separate components present in greater concentrations and analyses the same [71-74],
whereas the Capillary NMR uses the non-deuterated solvents in an off-line HPLC separa-
tion thereby offering a wide range of solvents with a low cost. The isolated compounds are
re-dissolved in deuterated solvents and then injected into the CapNMR flow probe using
volumes of around 6 pL with 'H-NMR spectra acquired for sample quantities in the order
of 2-30 pg, thereby increasing the sensitivity with a prospect to classify the novel low level
secondary metabolites [75].

Besides the above, the information obtained from the 1D and 2D NMR spectra is sufficient to
classify the compounds in addition to the provision of a ‘high-fidelity’ snapshot of the
constituents in the extract, thus providing the information which paves way for rational
decisions about the top method of fractionation or to proceed with isolation further. Many
recent publications have been reported using this approach [71-73].The technique and
utilization of HPLC-NMR in natural products identification/classification is well recognized
in the literature but applications of its uses have mainly dealt only with the chemical profiling
of plants [76-78]. Numerous modes of HPLC-NMR (mostly on-flow and stop-flow modes)
combine the resolving power of chromatography, which is interfaced with the structural

15
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understanding provided by NMR. The reductionist approach has not been very successful in
discovering effective drugs to treat complex diseases, such as cancer, metabolic, cardiovascular
and neurological diseases. Single-target drugs may not always induce the desired effect to the
entire biological system even if they successfully inhibit or activate a specific target.There are
limitations in the use of reductionist or mono-target approach in drug discovery. The approach
yields only a limited understanding of complicated pathogenesis and multi-target pathologies
of systemic diseases such as cancers, cardiovascular diseases and neurodegenerative disorders.
There is difficulty in identifying relevant interventions to target such complexities. Bullet-
based or mono-target drug intervention cannot effectively combat the complex pathologies of
systemic diseases as they are regulated by complex biological networks and depend on
multiple steps of genetic and environmental challenges to progress. Recently there is a growing
interest to use innovative approaches to drug discovery from natural products by network
pharmacology which integrates systems biology and pharmacology [79]. The integrated
multidisciplinary concept of multiple targets, multiple effects and complex diseases in network
pharmacology have enriched our understanding of complicated pathogenesis and multi-target
pathologies of systemic diseases and reduced difficulty in identifying relevant interventions
to target such complexities. The “-omic” technologies in system biology have now been widely
used to correlate and elucidate multiple targets and network of human diseases and drug
actions [80]. The concept of network pharmacology is especially useful in accurately translating
and interpreting the therapeutic effects of herbal medicines into modern biochemical and
biological meanings. Herbal medicines may serve as valuable resources for network-based
multi-target drug discovery. The concept of network pharmacology is especially useful in
accurately translating and interpreting the therapeutic effects of herbal medicines into modern
biochemical and biological meanings. The efficacy of the multi-target drugs from herbal
extracts are developed followed by identification of their major bioactive components and
redevelopment of a completely new multi-component formulations composed of the major
bioactive components in order to reach a synergistic and optimal combination [81].

Combining natural product chemistry and metabolomics approaches in drug discovery is a
new strategy to discover new drugs. There are few reports in the scientific literature, which
discuss the unison of classical natural product chemistry approaches with metabolomics to
identify novel bioactive natural products. These have generally focused on the study of plants
[82]. The identification of bioactive natural products from plants remains a multifaceted task
because of their high chemical diversity and complexity. By measuring the metabolome of
different extracts or fractions of a plant and combining these data with its corresponding
biological activity, signals related to the compounds related to the displayed activity can
potentially be determined. Systems biology is a most promising field encompassing tools in
the post-genomics revolution such as transcript omics, proteomics, glycomics and fluxomics
with an intention to characterize all gene and cell products completely inclusive of mRNA,
proteins, glycan structures and metabolites. Metabolomics aims at constructing balanced
observations using highly reproducible tools followed by the analysis of data to locate the
correlations between the available data. The profiling of all the low molecular weight metab-
olites of an organism is not possible and hence this emerging field of metabolomics combines
analytical chemistry, biochemistry and computational biology permitting the analysis of
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thousands of metabolites in any biological system. The principal analytical platforms are the
Mass spectrometry with gas chromatography (MS-GC), liquid chromatography (LC) or
capillary electrophoresis (CE) and NMR spectroscopy. A balanced extraction procedure to
efficiently extract all the primary and secondary metabolites from tissues and the body fluids
is used to obtain them in the natural form prior to the analysis in the various solvents used.
The metabolite extraction procedures are more complicated and complex due to the diversified
nature of small molecules present and due to the unavailability of a single analytical technique
and platform which helps in analysis of all the metabolites simultaneously. Several separation
techniques and methodologies need to be applied to achieve complete analysis of the metab-
olites [83]. Simultaneous analysis of hundreds of compounds is achieved by various tools in
informatics that extracts information from the data, removing the background noise, detection
and integration of peaks throughout large data sets and normalizing and transforming the
resulting data matrices prior to any statistical analysis [84]. Metabolomics has a restricted
access to the ability of identifying the signals with respect to the chemical nature. About 60 to
80 % of all detected compounds are unknown [84-85] even today and the metabolic discipline
has created a large mass of spectral NMR library to tackle this problem. These unknown
secondary metabolite structures can be one among the undiscovered resources of the natural
products, fingerprinting, foot printing, profiling or target analyses are common terms used in
this field. Fingerprinting aims to take a ‘snapshot’ of the organism where the signals cannot
necessarily be used to detect/identify specific metabolites and depends strongly on the
technique used. The signals are assigned to a metabolite irrespective of its nature to be a known
or a novel compound. The term target analysis aims to determine and quantify a specific
metabolite of interest [81].

The microarray is a new technology recently developed that has empowered the scientif-
ic community to understand the fundamental aspects underlining the growth and develop-
ment of life as well as to explore the genetic causes of anomalies occurring in the functioning
of the human body.DNA microarray technology can analyze and compares changes in DNA
or protein. A chromosomal change in an abnormal individual could be identified when
DNA from this individual is compared with DNA (control) from a healthy individual. It
is very precise and useful in that it is capable to detect much smaller changes compared to
conventional karyotyping technique. This competent technique enabled us to understand
the elemental aspects underlining the growth and development of life as well as to explore
the genetic causes of anomalies occurring in the functioning of the human body. Microar-
ray technology has been utilized extensively in pharmacogenomics where comparative
analysis of the genes from an unhealthy and a normal cell will help the identification of
the biochemical constitution of the proteins synthesized by the abnormal/unhealthy genes.
The information obtained from the analysis then could be utilized for synthesis and design
of drugs which fight the abnormal proteins and reduce their effect [86].Kwon and his
colleagues have developed an in vitro approach utilizing a multi-enzyme containing
microarray system for high-throughput synthesis of polypeptide derived product and their
subsequent full polyketide-based library screening of the human tyrosine kinase (TK), on
a single glass microarray. The TK inhibitors are expected to treat chronic myeloid leuke-
mia, gastrointestinal stromal tumours and breast cancer [87, 88].
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A drug discovery program aims to find novel bioactive natural products, which possess some
form of potent biological activity. However the isolation of known and undesirable natural
products with no pharmacological interest or chemical is inevitable. The term dereplication
which is a process of identifying known compounds responsible for the activity of an extract
prior to bioassay-guided isolation becomes popular among the natural products researchers
[89, 90]. Dereplication strategies generally involve a combination of bioassay, separation
science, spectroscopic methods, and database searching and can be regarded as chemical or
biological screening processes. There are anumber of ways in which natural product programs
approach dereplication, which is based upon availability of screening methods/instrumenta-
tion, time and the cost to identify possible ‘biological leads or novel compounds’ from a crude
extract. At present there are many advanced methodologies and protocols that distinguish
novel entities from known natural compounds at an early stage of a drug discovery program
or in a natural product isolation strategy [90]. The dereplication process can be easily done by
screening the compounds through the commercially available databases, reducing the time
taken for structure elucidation of known compounds. One example is the Chapman and Hall
Dictionary of Natural Products [91]; The Dictionary of Marine Natural Products (on-line)
(subset of the Dictionary of Natural Products) containing over 30, 000 compounds [92];
MarinLit- The Marine Natural Products Database containing up to date bibliographic data on
marine organisms with the number of references from 1, 200 journals/books and data for ~21,
000 compounds [93]; AntiMarin is a more recent database, in which the number of methyl
groups, the number of sp3-hybridised methylene or methine protons, alkene, acetal, ether and
formyl groups can be searched [94, 95]. Besides, SciFinder Scholar and SCOPUS are important
research discovery tools (Chemical Abstracts on-line) [96, 97] and NAPRALERTTM is a
database of all natural products, including ethnomedical information, pharmacological/
biochemical information of extracts of organisms in vitro, in situ, in vivo, in humans (case
reports, non-clinical trials) and clinical studies [98]. The availability of these scientific databases
such as the ones mentioned to the research and academic institutions, is a fundamental and
crucial step in a well-governed natural product program. With the rise in the number of novel
drug targets, computational methods such as high throughput virtual screening, ligand
docking tools, ADME (absorption, distribution, metabolism and excretion) profiling and other
modern computational tools and softwares have been applied to accelerate the drug discovery
process. Some of the common natural products libraries and databases as listed below allow
the prompt screening of large number of natural compounds to be done in short period of time
against a variety of drug targets. Dictionary Of Natural Products (http://dnp.chemnetbase.com/
intro/index.jsp); UCSD Marine Natural Products Database (http://naturalprod.ucsd.edu/); Natural
Products Alert (http://napralert.org/) ; ZINC (http://zinc.docking.org/browse/catalogs/natural-
products) ; InterBioScreen (http://wwuw.ibscreen.com/products.shtml); AnalytiCon Discovery
(http:/lwww.ac-discovery.com/); Molecular Diversity Preservation International (http://
www.mdpi.org/). Computer-generated models of proteins including novel enzyme and receptor
targets apart from the protein crystal structures that are deposited in Protein Data Bank (http://
www.pdb.org/) can be easily generated by homology modeling subsequently followed by
simple molecular docking to examine the interactions between the natural compounds and
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the protein targets. Bioassays can then be conducted selectively on the natural hits or leads
retrieved without the neccesities of wasting the precious amount of the compounds and avoid
expensive and time consuming experimental methods. Examples of molecular docking
softwares currently available are AutoDock, AutoDockVina, FlexX, FRED, GOLD, eHiTS, and
Lead finders. Some examples using high throughput virtual screening including the work of
Wang et al. where ten natural compounds have been successfully identified as flacipain-2
(FP-2) inhibitors [99] and Liu et al. who have identified a natural product-like STAT3 dimeri-
zation inhibitor by structure-based virtual screening [100].

Other bioinformatics tools such as ligand and structure-based pharmacophore screening
have also been reported to be successful in assisting the process of drug discovery from
natural products. Chen et al. have proposed a three-dimentional quantitative structure-
activity relationship pharmacophore model based on known mTOR inhibitors. Virtual
screening using the best pharmacophore model successfully retrieved 20 natural products
as potential mTOR inhibitors scaffolds[101]. It is also important to mention here that from
the previous study by Doman showed that out of 365 molecules suggested by docking, 127
(34.8%) of them inhibited the activity of enzyme protein tyrosine phosphatase-1B (PTP1B)
while only 85 (0.021%) out of approximately 400, 000 molecules were retrieved from high-
throughput experimental assay. That is around 1700-fold enrichment of hit rate from
structure-based docking over random screening [102].On the other hand, incorporation of
chemoinformatic tools in drug discovery from natural products allow the compounds to
be screened for their ADMET (absorption, distribution, metabolism, excretion, and toxicity)
properties before they are enrolled in any drug development programs. Screening of natural
compounds using the Pfizer ‘Rule of 5 allows the researchers to remove any molecules
that do not obey the rules. Since these rules were derived from a set of experimental
observations of thousands of known drugs and drug-like molecules, a trained medicinal
chemist/biochemist can easily use the in silico data as a guide in determining the poten-
tial drug-like natural compounds followed by the synthesis of further analogues so that
they would have a favorable drug-like properties. A good drug-like molecule in general
obey the following rules (i) molecular weight < 500, (ii) calculated logP <5, (iii) number of
hydrogen bond donors < 5, and (iv) number of hydrogen bond acceptors < 10. The
introduction of in silico screening and natural products facilities for high-throughput
screening in academic labs as well as in drug companies reduce the cost from random
screening of very large collections of compounds. In silico or virtual screening helps to filter
down the number of compounds used in real screens [103]. On the other hand, bioinformat-
ic tool such as the Dictionary of Natural Products gives structural information on 150, 000
different compounds that could be used in virtual screening, even though the com-
pounds would still have to be physically available for any predicted activity to be con-
firmed through testing in a relevant assay. Finally, clustering of chemically related scaffolds
can be very useful in guiding the synthesis of new compounds, but obviously there is a
delay and expense in the synthesis.

An academic collaboration has established the Drug Discovery Portal (see http://
www.ddp.strath.ac.uk/) in an attempt to combine the techniques of virtual screening of
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chemically diverse natural products and their synthetic analogues with the rapid availability
of physical samples for testing, This allows a wide variety of compounds from academic
laboratories in many different institutions in a database that can be used for virtual screening.
Academic biology groups also propose new and novel protein structures as targets for virtual
screening with the Portal’s database (and with conventional commercially available databas-
es). When hits are predicted from the in silico screening, the compounds can be obtained from
the originating chemist for confirmatory tests. Often, there is an immediate link to expertise
for the preparation of analogues to help start a lead optimization program. Nevertheless, access
to the Portal is freely available for the academic group. The continued expansion of the
chemical database means that there is a valuable and growing coverage of chemical space of
many novel chemical compounds. Although the compounds in the Portal’s database will
generally have already been disclosed in a thesis or in a chemistry journal, very few of them
have been previously tested for biological activity. This is a common feature of known natural
products: of the 150, 000 structures in the CRC Dictionary of Natural Products only 1% of them
have been investigated. The introduction of metabolomics technologies in natural product
discovery processes will be beneficial on multiple levels. By increasing the number of identi-
fications in our metabolomics data, compounds with novel structures can be easily obtained
and tested for any disease under investigation. Furthermore, multi-parallel analysis using
metabolomics technologies will also enhance the throughput of chemical characterization
processes of many different species from natural resources. Since natural product chemists
have collected a lifetime of compound libraries of active and also inactive pure compounds,
these data can be used to construct the mass spectral and NMR spectral libraries, undoubtedly
help the biological interpretations of metabolomics data to be done with less difficulty. The
advancements in analytical instrumentation and sophisticated hyphenation of separation
techniques with high sensitive detectors have allowed for greater detection of small molecule
compounds measurable in biological systems (i.e., primary and secondary metabolites). These
technologies can be used to advance the discovery of natural product chemistry to identify
potential novel drugs candidates which will assist in sustaining health and the fight against
disease and illness. In the case of NMR of crude extracts, patterns can be easily visualized and
interpreted using the multivariate data analysis. This can be carried out in a comparative
manner distinguishing differences between relatively similar extracts or it can be linked with
a specific (generally in vitro) biological activity. Ultimately this enables the construction of a
complex database of the metabolome [104-106].

7. Scientific interests and recent advances in natural products research from
the tropical rainforests

Plant derived natural compounds have continuously captivated scientists globally on grounds
of being biocompatible, and are considered as potentially safe and effective therapeutic agents.
Table 2 shows examples of natural products derived from plants that have become well known
pharmaceuticals [107-116].
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No. Drug/Chemical Action/Clinical Use Plant Source

1 Betulinic acid Anticancerous Betula alba

2 Bromelain Anti-inflammatory, proteolytic Ananascomosus

3 Camptothecin Anticancerous Camptothecaacuminata
4 (+)-Catechin Haemostatic Potentillafragarioides

5 Cissampeline Skeletal muscle relaxant Cissampelospareira

6 Codeine Analgesic, antitussive Papaver somniferum

7 Colchicine Antitumor agent, anti-gout Colchicum autumnale
8 Curcumin Choleretic, Antitumor agent Curcuma longa

9 Demecolcine Antitumor agent Colchicum autumnale
10 Deserpidine Antihypertensive, tranquillizer Rauvolfiacanescens

11 L-Dopa Anti-parkinsonism Mucunasp

12 Digoxin Cardiotonic Digitalis purpurea

13 Etoposide Antitumor agent Podophyllumpeltatum
14 Glasiovine Antidepressant Octeaglaziovii

15 Irinotecan Anticancer, antitumor agent Camptothecaacuminata
16 Kheltin Bronchodilator Ammivisnaga

17 Monocrotaline Antitumor agent (topical) Crotalaria sessiliflora
18 Neoandrographolide Dysentery Andrographispaniculata
19 Podophyllotoxin Antitumor anticancer agent Podophyllumpeltatum
20 Quinine Antimalarial, antipyretic Cinchona ledgeriana
21 Qulsqualic acid Anthelmintic Quisqualisindica

22 Sanguinarine Dental plaque inhibitor Sanguinariacanadensis
23 Scopolamine Sedative Datura species

24 Sparteine Oxytocic Cytisusscoparius

25 Taxol Antitumor agent Taxusbrevifolia

26 Teniposide Antitumor agent Podophyllumpeltatum
27 Tetrandrine Antihypertensive Stephaniatetrandra

28 Theophylline Diuretic, brochodilator Theobroma cacao and others
29 Topotecan Antitumor, anticancer agent Camptothecaacuminata
30 Trichosanthin Abortifacient Trichosantheskirilowii
31 Vinblastine Antitumor, Antileukemic agent Catharanthusroseus

32 Vincristine Antitumor, Antileukemic agent Catharanthusroseus

33 Scopolamine Sedative Datura species

34 Taxol Antitumor agent Taxusbrevifolia

Table 2. Natural products derived from plants [107-116]

7.1. Anti-inflammatory agents

Natural products (and conventional medicines) offer great anticipation in the identification of

bioactive compounds and their development into drugs for the treatment of inflammatory

diseases. Plants have been the source of several conventional medicine systems through the
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world for centuries and continue to deliver mankind with new medicines to treat anti-
inflammatory conditions. Previously, the plant-derived medicines were dispensed in the form
of crude drugs like tinctures, teas, powders, poultices, and other herbal preparations. This
eventually serves as the basis of the current modern drug discovery [117]. Numerous records
can be found in conventional medicine concentrating on the relief from pain and inflammation.
People who are suffering from inflammation in the ancient times were treated with phyto-
chemicals eventually lead to the discovery of the first anti-inflammatory, analgesic drug
aspirin. The discovery of aspirin was based on the previously known analgesic and antipyretic
features of the bark of willow-tree since 400 BC by the Greeks and Romans. In 1899, aspirin or
also known as acetylsalicylic acid was introduced as the first potent drug for the treatment of
rheumatic disease [118]. Hippocrates said ‘let your food be your medicine’. Another very well
studied natural anti-inflammatory agent is curcumin which is derived from the turmeric root.
Turmeric is a yellow spice intrinsic to Asia, commonly relished as both a food and a dye.
Turmeric appears as yellow in curry powder, and is a viscous compound found in turmeric
rhizomes. Many scientific reports have shown that curcumin exhibits strong anti-inflamma-
tory powers and extremely effective at relieving pain, and most important of all it is nontoxic.
Like the NSAID’s, curcumin inhibits the pro-inflammatory mediator cyclo-oxygenase-2
(COX-2) although it is not selective to a single isoform. Besides, curcumin also affects the
activity of other important factors in inflammation such as NF-kappa (3, PPAR Gamma
transcription factors, and 5-LOX [119]. By inhibiting the activity of all these features of
inflammation, curcumin delivers much superior anti-inflammatory and pain-relieving activity
than most drugs.

Ginger root which is a common spice found in food, also comprises a number of scientifically
confirmed pain relieving mediators. Ginger consists a protein-digesting enzyme called
zingibain, which seems to relieve arthritis pain by reducing inflammation. In reality, the anti-
inflammatory activity of ginger relates positively with aspirin. Ginger root also contains two
groups of compounds called as the shagaols and gingerols. These compounds are strongly
antioxidants, therefore serving to stop cells from untimely destruction because of exposure to
environmental toxins and by-products of metabolism. Still more, these compounds are strong
anti-inflammatory agents, and are recognized to relieve inflammation throughout the body
[120]. Provided that oxidation and inflammation are part and parcel of all chronic degenerative
diseases, ginger can play an important role in disease risk reduction. On the other hand, plants
such the Amazon bark cats” claw and the common spice rosemary are also found to exhibit
potent anti-inflammatory and pain-relieving characteristics. In toxicity studies, these plants
were proven to be highly nontoxic. Besides, plants such as hops also contain well known anti-
inflammatory mediators. This herb is commonly found in beer brewing, comprises a group of
compounds called the humulones which were shown to inhibit phorbol ester-induced COX-2
expression in mouse skin by blocking activation of NF-kappaB and AP-1: IkappaB kinase and
c-Jun-N-terminal kinase as respective potential upstream targets [121].

Propolis has been used in folk medicine for thousands of years and gain wide recognition for
its possible therapeutic uses, because of the wide range of the biological and pharmacological
activities. Among the well-known and one of the major properties the anti-inflammatory effect.
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Though there are good numbers of studies focused on the biological activities of propolis
together with its botanical sources, studies on Chinese propolis are insufficient. The anti-
inflammatory effects of the ethanol extracts from Chinese propolis (EECP) and poplar buds
(EEPB) from Populus canadensis were investigated in vitro for their modulating effects on the
RAW 264.7 cells and the inflammatory cytokines production and by measuring nuclear factor
(NF)-kB activation in TNF-a or IL-1f stimulation HEK 293 cells using reporter gene assays.
Their possible modulatory effects on LPS-induced endotoxemia and acute pulmonary damage
as acute inflammatory signs were also tested in mice. Both Populus Canadensis EECP and EEPB
displayed a strong free-radical scavenging action and significant in vitro anti-inflammatory
effects by modulating key inflammatory mediators of mRNA transcription, inhibiting the
production of specific inflammatory cytokines, and blocking the activation of nuclear factor
(NF)-«B [125]. A group of scientists investigated the antioxidant capacities and anti-inflam-
matory activities of ethanol extracts of leaves of Cassia alata, Eleusine indica, Carica papaya,
Eremomastax speciosa and the stem bark of Polyscias fulva, collected in Cameroon. The ethanolic
extracts displayed robust antioxidant activities against both hydrogen peroxide and superox-
ide anion reactive oxygen species. The highest antioxidant activities was observed with the
Cassia alata. The effect of plant extracts on yd T cells and in DC was evidenced by the dose
dependent reduction in TNF-a production in the presence of Cassia alata, Carica papaya,
Eremomastax speciosa Eleusine indica, and Polyscias fulva. yd T cells proliferation was affected to
the greatest extent by Polyscias fulva [126].Celastrus paniculatus Willd., an important medicinal
plant widely used in Ayurveda, is enriched with remarkable nervine, cognition enhancing,
and other therapeutic properties. Antioxidant and anti-inflammatory activities of the aqueous,
methanol, and chloroform extracts of C. paniculatus seeds were evaluated using DPPH radical
scavenging assay, Trolox equivalent antioxidant capacity (TEAC), Ferric reducing antioxidant
power assay (FRAP), and lipoxygenase inhibition assay, respectively. Total phenolic content
was also determined. Almost all the assays suggested chloroform extract to have the strongest
antioxidant property and the highest phenolic content. However, aqueous extract showed
maximum anti-inflammatory activity [127].

7.2. Anticancer agents

Plants have a long history of use in the treatment of cancer. The medicinal herbs that are
traditionally used for anti-cancer treatment and that are anti-angiogenic through multiple
interdependent processes (including effects on gene expression, signal processing, and
enzyme activities) include Goniothalamus species (Custard-apple family), Artemisia annua
(Chinese worm wood), Viscum album (European mistletoe), Curcuma longa (curcumin),
Scutellaria baicalensis (Chinese skullcap), resveratrol and proanthocyanidin (grape seed
extract), Magnolia officinalis (Chinese magnolia tree), Camellia sinensis (green tea), Ginkgo biloba,
quercetin, Poriacocos, Zingiber officinalis (ginger), Panax ginseng, Rabdosia rubescens hora
(Rabdosia), and Chinese destagnation herbs [128]. The exploration of anticancer agents from
plant sources has started since the 1950s. More than 3000 plants species have been reported to
be involved in the development of anticancer drugs [129]. Numerous compounds from tropical
rainforest medicinal plant species with potential anticancer activity have been identified.
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Positively, most of the new plant secondary metabolites and their derivatives have been
utilized in clinical cancer trials [130-132]. Of all available anticancer drugs between 1940 and
2002, nearly half were natural products or their derivatives with another 8% considered natural
product mimics [131]. The anticancer agents from plant origin which are currently in clinical
use can be classified mainly to four classes: the first class is the vinca alkaloids e.g. vincristine,
vinblastine, vindesine, vinorelbine; second class the podophyllotoxin and its derivatives which
includes etoposide, teniposide; the fourth is taxanes under which come the paclitaxel, doce-
taxel and the fifth class is the camptothecin and its derivatives (e.g. topothecan, irinothecan).
Other groups include anthracyclines (doxorubicin, daunorubicin, epirubicin, idarubicin). As
a matter of fact, half of the anti-cancer drugs which are globally accepted and in use today
were either natural products or their derivatives and were developed based on of knowledge
gathered from naturally existing small or macromolecules [133, 134]. In addition to this there
is numerous active biomolecules identified in fruits and vegetables and can used in anticancer
treatment. These agents include the curcumin which is mainly isolated from turmeric,
resveratrol found in red grapes, peanuts and berries, the genistein exist in the soybeans, the
diallyl sulfide and S-allyl cysteine in allium, the allicin of garlic, the lycopene in tomato, the
capsaicin in red chilies, beside the diosgenin in fenugreek, 6-gingerol in ginger, ellagic acid in
pomegranate, ursolic acid naturally found in apple, pears, and prunes. Similarly the catechins
in green tea, eugenol in cloves, indole-3-carbinol in cruciferous vegetables, and beta carotene
in carrots [128, 135].

Vinblastine and vincristine were isolated from Catharanthus roseus (L.) G. Don (Apocynaceae)
(formerly Vincarosea L.) and have been used clinically for over 40 years[136]. The vinca
alkaloids and several of their semi-synthetic derivatives block mitosis with metaphase arrest
by binding specifically to tubulin resulting in its depolymerization [137]. Podophyllotoxin was
isolated from the resin of Podophyllum peltatum L. (Berberidaceae) but was found to be too toxic
in mice so derivatives were made with the first clinically approved drug being etoposide [138].
The epipodophyllotoxins bind tubulin, causing DNA strand breaks during the G2 phase of the
cell cycle by irreversibly inhibiting DNA topoisomerase II [138]. Paclitaxel was originally
isolated from Taxus brevifolia Nutt. (Taxaceae) and was clinically introduced to the U.S. market
in the early 1990s [139, 140]. The taxanes, including paclitaxel and derivatives, act by binding
tubulin without allowing depolymerization or interfering with tubulin assembly [141, 142].
Camptothecin was isolated from Camptotheca acuminata Decne. (Nyssaceae) but originally
showed unacceptable myelosuppression [139, 143]. Interest in camptothecin was revived when
it was found to act by selective inhibition of topoisomerase I, involved in cleavage and
reassembly of DNA [143]. The taxanes and the camptothecins together account for approxi-
mately 30% of the worldwide accepted and marketed anticancer drugs in 2002, costing over
US$ 2.75 billion [143]. Besides these, irinotecan was isolated from the same Camptotheca
acuminata tree in China for metastatic colorectal cancer and 9AC for ovarian, stomach cancer,
and T-cell lymphoma. Like camptothecin, this drug is also currently in clinical trials and have
already been approved by the FDA [144]. Numerous derivatives of all four compound classes
have been synthesized, some of which are currently in clinical use. All of these natural products
have led to significant biological discoveries related to their unique mechanisms of action.
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7.3. Inmunomodulatory agents

Immunomodulators are used to enhance or suppress host defense responses in the treatment
of those diseases in which defective immune responses play an important role in determining
disease outcomes. These include primary and secondary immunodeficiencies that accompany
long-standing infections, as well as debilitating diseases like cancer, rheumatoid arthritis,
systemic lupus erythematosus and long-standing infections, leading to acquired immune
deficiencies. Immunosuppressive drugs are commonly used in the treatment of inflammation
and allergic disorders and rejection of transplanted organs, while immunostimulant drugs are
highly desirable for the treatment of immunodeficiency and infectious diseases [145]. Many
therapeutic effects of plant extracts have been recognized and recommended based on their
impact on human immunity [146]. A good numbers of herbal preparations such as Phyllanthus
debelis, Tinospora cordifolia, Trogonella foenumgraecum, Pouteria cambodiana, Centella asiatica,
Panax ginseng and Picrorhiza scrophulariifiora have been found to display a wide range of
immunomodulatory effects [147-150]. The idea of modulation of the immune response to
relieve the diseases has existed in early system of medicine together with Ayurveda and Unani.
Additionally, plants have been widely used as a source of medicine in these systems to support
health and to uphold body’s resistance against infections [151]. Phytochemicals such as
polysaccharides, lactones, alkaloids, diterpenoids and glycosides, isolated from several plants
have been reported to contain potential immunomodulatory agents [151, 152]. Several types
of immunomodulators have also been identified from isolates and extracts of bacteria and
fungi, mammalian proteins such as interferons, interleukins and cytokines and some synthetic
chemicals [153]. Several types of immunomodulators have been identified, including isolates
and extracts of bacteria and fungi, mammalian proteins such as interferons, interleukins and
cytokines and some synthetic chemicals [153]. Natural products and their derivatives represent
anew class of novel immunomodulating agents. However, only little information is available
about the immunological effects exerted by medicinal plants from the tropical rainforests
which have been used traditionally for treatment of various ailments.

Plants belonging to family Meliaceae, such as, Azadirachta indica, Mumronia pumila, Melia
azedarch, Cedrela lilloi and Trichilia elegans etc. show strong anti-inflammatory and anti-
rheumatic properties [154] C. lilloi and T. elegans constrained the phagocytic capability and
oxidative metabolism by opsonized zymosan as stimulus in peritoneal macrophages [155].
Lima et al. [156] reported that Pisumsativum agglutinin (PSA) prompts immunomodulatory
effects by activating spleen lymphocytes in vivo. Our previous study on the screening of 20
medicinal plants for their phagocytic properties have indicated that the methanol extracts of
some plants including Phyllanthus amarus exhibited strong immunomodulatory effects on
polymorphonuclear neutrophils and macrophage cells [157]. The standardized methanol
extracts of P. amarus and P. urinaria and their biochemical markers phyllanthin and hypophyl-
lanthin, were able to modulate the innate immune response of phagocytes especially on the
chemotactic migration of phagocytes, phagocytic ability and on the release of reactive oxygen
species (ROS) [158]. The withanoloid, coagulin-H from Withania coagulans was found to have
extremely potent IL-2 inhibitory activity. A complete suppression of PHA-activated T-cell was
observed at 2.5 pg/mL concentrations and this suppression activity was similar to that of
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prednisolone. Similarly the IL-2 production was inhibited (ICs, = 0.35 mg/mL). Molecular
docking technique revealed the better interaction of coagullin-H at amino acids at the receptor
binding site of the IL-2 protein compared with prednisolone [159]. The natural compound
cheiradone, from a Euphorbia species was identified to interfere with angiogenesis process,
inhibiting the in vivo and in vitro vascular endothelial growth factor (VEGF) in stimulated
angiogenesis process. All stages of VEGF-induced angiogenesis were inhibited with an ICj,
values that range between 5.20 and 7.50 pM. In addition to this activity it inhibited VEGF
binding to VEGF receptor-1 and 2 with IC;, values of 2.9 and 0.61 uM respectively. However,
cheiradone had no effect on fibroblast growth factor (FGF)-2 or epidermal growth factor (EGF)
activity. [160]. Recently, a study using a transgenic mouse model of melanoma exhibited that
the anticancer effects of popular kampo medicine were mediated by an improved antigen-
specific antitumor cytotoxic T-lymphocyte response [151, 161].

8. Conclusions

Despite the scientific interests and advances in the past few decades of natural products
research, to date efforts to discover new bioactive agents from the flora for use as chemical
leads in the development of new drugs have not experienced the expected progress. There is
aneed to strategize research approach which should be based on the integration of human and
technology resources available and the establishment of smart partnerships between academic
and research institutions, industries and multinational drug coorporations. We need to learn
from the past successful research experiences to increase the chances of discovering new drugs
from the tropical rainforests. The right research strategy has to be used but it will take more
than a few decades for countries of the tropical rainforests to establish their research and drug
design capacity and be a serious competitor in the pharmaceutical markets. We have to be up-
to-date with the newly emerging technologies which are already playing highly significant
roles in natural product research such as the advances in high-throughput screening method-
ologies, the development of molecular biology and biotechnology and the use of virtual
technology in rational drug design. The role of combinatorial chemistry in drug discovery and
the future impact of genomics, proteomics and metabolomics in medicinal plant research
should also be given due consideration. The potential of rainforests natural products to become
new drugs is still on the horizon. The recent adoption of the Nagoya Protocol of the Convention
on Biological Diversity on 29 October 2010 in Nagoya, Aichi Province, Japan, on access to
genetic resources and the fair and equitable sharing of benefits arising from their utilization
should encourage more pharmaceutical firms to venture into natural research to discover new
drug leads [162]. The protocol provides a transparent legal framework for the effective
implementation of a fair and equitable sharing of benefits between participating parties arising
out of the utilization of genetic resources. However, the number of plants that have been
studied extensively to search for new drugs is very few. A very small fraction, which is less
than 5% of tropical forest plant species have been scanned for their chemical composition and
medicinal values [163]. The figures are not unusual as systematic drug discovery programmes
from plants are largely carried out by multinational drug corporations or research groups of
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the industrialized countries which possess the technology resources and well-equipped
research facilities but have little access to the tropical plant genetic resources. In tropical
countries rather most tropical countries there is little and minor concern for systematic research
effort, to screen plants for new drugs, and the reason is the capacity to investigate these
resources to their full potential and other aspects is very limited in these countries. Neverthless
instead of this, several commercial activities such as clearing of forests for agricultural
purposes and timber extraction predominate and are rapidly destructing the plant genetic
resources.

Chemical prospecting in the tropical rainforests for potential drugs is still progressing. The
prospective for drug discovery from plants and other natural sources is huge, but little time
remains to discover this speedily diminishing resource. Given the quick devastation of tropical
habitats, particularly the rainforests, and the degradation of marine ecologies, this deficiency
of information is alarming. The wealth of potential drugs has two potential sources: either from
the rainforest or from the laboratory. We need to stress here that the future of drug discovery
lies in neither of these options alone, rather it embodies both the rainforest and the laboratory.
Combinatorial laboratory technique, which is a relatively newly emerging technique, is
growing in proficiency with support from pharmaceutical companies. And as new combina-
torial libraries emerge, the ability and chance to quickly synthesize and derivative a biologi-
cally active compound increases. But even with this technology, there cannot be a substitution
for the biodiversity that can be found within the boundaries of the rainforests.
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1. Introduction

Conquering cancer is one of the major challenges facing mankind in the 21st century. The
advancement of diagnostic techniques has made discovering miniscule tumors feasible, and
early treatment of many types of cancers has consequently become a reality. However, while
the development of anticancer drugs progresses, the number of people diagnosed with cancer
continues to rise. The drug, tamoxifen, has been approved in the US to prevent breast cancer
relapse. In addition, cancer prevention has become an important part of conquering cancer,
with both primary and secondary prevention strategies. The former entails the prevention of
cancer itself, while the latter involves the prevention of death once an individual has already
developed cancer.

Edible mushrooms such as Lentinula edodes (shiitake) and Grifola frondosa (maitake) have been
known from ancient folklore to possess properties that enhance biological defense responses
(immune functions), and have been used in people with decreased immune function such as
those with cancer, allergies and other disorders, and in elderly people. Many of these mush-
rooms contain compounds called B-glucans, which are high molecular weight polysaccharides
of glucose linked together by glycosidic bonds. f-glucans are contained in mushrooms, yeast,
fungi, and higher plants. In Japan, several mushroom-derived pharmaceutical products have
been developed, and include schizophyllan from Schizophyllum commune, krestin from
Trametes versicolor, and lentinan from L. edodes an anticancer polysaccharide from shiitake. In
South Korea, meshima, a mycelia culture of Phellinus linteus, was developed as an anticancer
drug. Antitumor activities of polysaccharides and peptide polysaccharides in these mush-
rooms have been reported. In addition to polysaccharides, unique substances such as sterols
and triterpenes are reportedly present in mushrooms. Some of these compounds are promising
anticancer agents. Please refer to a review published elsewhere for a description on herbal
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medicine extracts that have been anticipated for their cancer prevention effects [1]. In this
chapter, we will introduce the anticancer activities of polysaccharides as well as the cancer
prevention activities of sterols and triterpenes.

2. Mushroom-derived anticancer polysaccharides

Research on mushroom-derived (-glucans began when Chihara, Hamuro, and others at the
National Cancer Center Research Institute in Japan isolated and purified lentinan, a 3-1,3-
glucan with branched chains formed by {-1,6-glycosidic bonds, from L. edodes in 1968 [2, 3].
Subsequently, many efficacy studies on lentinan, primarily concerning its antitumor activities,
have been reported [4-6]. Ikekawa et al. intraperitoneally administered aqueous extracts of six
types of edible mushrooms, and demonstrated their antitumor effects on cancer cell line
sarcoma S-180 [7].

Upon such discoveries, polysaccharides lentinan and schizophyllan, glycoprotein krestin, and
P. linteus mycelia extract meshima have been utilized as anticancer drugs.

Lentinan (Figure 1) demonstrated an effect to prolong the survival of patients with inoperable
and relapsed stomach cancer in combination with a chemotherapeutic agent in a human
double-blind controlled clinical trial. It has been revealed that its oral consumption, however,
does not exhibit efficacy. In 1985, this compound was approved as an anti-malignant tumor
agent (injectable solution), and has been prescribed to cancer patients as a pharmaceutical
product. Subsequently, the antitumor effects of various mushroom extracts that contain -
glucan were reported in animal experiments [8]. However, most of these studies administered
mushroom extracts that contain (3-glucan to animals via injection, and there are very few
reports that showed its effect via oral consumption. There is, however, one such rare report;
an epidemiological study that suggests mushroom intake via oral consumption may be
effective [9]. Intraperitoneal administration of lentinan suppressed 3-methylcolanthrene-
induced tumor expression [5]. In Lentinula edodes, o-(1,4)-glucan binds with TLR-4, thereby
inducing monocyte differentiation and exhibiting cytotoxic effects in A549 human lung
carcinoma cells [10].

Schizophyllan derived from Schizophyllum commune (Figure 2) is typically structured with 31
— 3linkage and on rare occasions with 1 — 6 linkage between D-glucose monomers [11]. Due
to such structure, a rigid triple-helical structure is formed. In addition, this compound is used
in anticancer drugs since it possesses antitumor activities [12]. However, it is administered via
intramuscular injection, and its effects via oral route in the manner of food consumption have
not been elucidated. Although the mechanism of the antitumor activities of (3-glucans includ-
ing schizophyllan is not completely understood, it is thought that they activate macrophages
and natural killer (NK) cells through respective [-glucan receptors, induce a helper T1 cell-
dominant immune response state, and consequently exhibit antitumor activities [13, 14].

Krestin, an anti-malignant tumor agent, is a protein-bound polysaccharide derived from the
mycelia of Trametes versicolor CM-101 strain. Since this drug does not cause serious side effects
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Figure 2. Structure of schizophyllan

with oral administration, there was a period of time in which it was used alone after its release
in1977. However, it is now evident that it has no effect by itself, and is now used in conjunction
with other drugs. Krestin is thought to exhibit its antitumor actions by acting on the immune
response mechanism that has decreased due to a cancer-bearing state. Krestin has a mean
molecular weight of 9.4 x 10, and its sugar chain moiety consists of glucose (74.6%), galactose
(2.7%), mannose (15.5%), xylose (4.8%), and fucose (2.4%), but mostly glucose in the form of
B-glucans. The glucans have main chain 1 — 4 bond, and side chain 1 — 3 and 1 — 6 bond
structures, and it has been suggested that branching occurs per number of sugar residues.
Proteins and sugar chain moeities in Krestin are linked with each other by either O- or N-
glycosidic bond [15]. In addition, coriolan, another antitumor polysaccharide derived from
Trametes versicolor, was reported in 1971 [16].

P. linteus belongs to Hymenochaetaceae family, and is called souou in traditional Japanese
medicine, and has been highly valued since ancient times. It has been referred to as the
"mythical" mushroom since it grows extremely slowly in nature and artificial cultivation is
also difficult. Research in South Korea succeeded in the mass cultivation of P. linteus Yoo
(HKSY-PL2) strain, which has been shown to be more effective than most other strains. P.
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linteus has properties to enhance the natural healing capability of the body, and was developed
as a pharmaceutical product called meshima. Mycelia culture of P. linteus activated dendritic
cells and macrophages through increased secretions of interleukin 12 (IL-12), interferon
gamma (IFN-vy), tumor necrosis factor alpha (TNF-a) by T-cells, and enhanced the antitumor
effects of NK cells [17]. A proteoglycan generated by P. linteus acted as an immunostimulant
and disrupted the Reg IV/EGFR/Akt signaling pathway, thereby exhibiting tumor-inhibitory
effects [18]. In addition, polysaccharides from P. linteus activated the P27kip1-cyclinD1/E-
CDK2 pathway and induced S-phase cell cycle arrest in HT-29 cells, resulting in cellular
damage [19].

Through their immunostimulatory properties, mushroom-derived polysaccharides and
glycoproteins augment anticancer drugs, alleviate side effects, and contribute greatly to quality
of life (QOL) improvement.

3. Chemical carcinogenesis and two-stage carcinogenesis theory

It has been acknowledged that many types of cancers are caused by environmental carcino-
genic agents. In 1915, Yamagiwa and Ichikawa succeeded in inducing cancer by rubbing coal
tar on rabbit ears [20]. The significance from this study was the skin cancer had metastasized
to the rabbit lung. In 1941, Berenblum et al. applied carcinogenic agent benz[a]pyrene (B[a]A)
and croton oil (seed oil of Croton tiglium) on mouse skin, and proposed a two-stage carcino-
genesis theory that tumorigenesis occurs similarly to when B[a]A is applied continually [21,
22]. Specifically, changes due to a carcinogenic agent were termed initiation, and changes due
to croton oil were termed promotion. Later, Hecker reported the cancer-promoting ingredient
of croton oil as 12-O-tetradecanoylphorbol-13-acetate (TPA). Many of these experiments are
conducted using initiators 7,12-dimethylbenz[a]anthracene (DMBA) and TPA [23,24]. Fujiki
et al. later reported on many mouse skin tumor promoters such as teleocidin [25]. Cancer begins
when cells transform into latent cancer cells after undergoing initiation by receiving initiators
or radiation. Subsequently, these cells become cancer cells after a long period of promotion
process by promoters. Finally, after modifications through a process termed progression, the
cells acquire the ability to divide infinitely, thereby clinically morphing to cancer. These steps
occur in a continuous manner, and cannot be strictly distinguished from each other. When
considering primary prevention, it is realistic to suppress the promotion process, which
requires a long period of time and is known to be reversible to some degree. In addition, it has
also become evident that cancer develops via similar mechanisms in many organs. Further-
more, TPA is known to activate Epstein-Barr virus (EBV). Although the prevalence of EBV is
extremely high in Africa, the incidence of Burkitt's lymphoma greatly differs depending on
the village [26]. It has been revealed that villages with greater incidence regularly utilized
Euphorbia tirucalli and phorbol-esters, which are constituents of Euphorbia tirucalli and closely
related to TPA. It is suggested these phorbol-esters are involved in the onset of Burkitt's
lymphoma [27, 28].
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4. Screening for cancer preventative substances

We are conducting a screening for an antitumor substance using a method in which the
suppressive effect against tumor promoter-induced inflammation is examined as a positive
outcome index [29]. This method was utilized by Hecker ef al. when they isolated and identified
TPA and this method has been confirmed to be advantageous with high correlation as it
employs a carcinogenesis experiment and skin from inbred (syngeneic) mice. Specifically,
when TPA is applied on the auricle of female ICR mice, maximum swelling was observed 6-10
hours later. The mushroom extracts suppressed the TPA effects, as seen by swelling inhibition,
and were confirmed by two-stage carcinogenesis experiments on mouse skin. We induced
inflammation with TPA in mice and investigated methanol extracts of 27 edible mushrooms,
8 mushroom supplements, and 3 medicinal mushrooms, discovering the presence of promis-
ing mushrooms as shown in Table 1. Specifically, inhibitory effects were observed in: Russula
delica, Lactarius deliciosus, Hypsizigus marmoreus (H. marmoreus), Mycoleptodonoides aitchisonii
(M. aitchisonii), Naematoloma sublateritium for edible mushroom; Inonotus obliquus (chaga),
meshima, Ganoderma lucidum (reishi), deer horn shape Ganoderma amboinense (rokkaku reishi),
Pleurotus cornucopiae (golden oyster mushroom) for mushroom supplements; and Poria cocos
(poria) and polyporus as medicinal mushrooms [30]. Of these mushrooms, the application of
methanol extracts of H. marmoreus [31], M. aitchisonii [30], poria [32], chaga [33], and meshima
[34] suppressed the promotion process. These results indicated that edible and medicinal
mushrooms are effective cancer preventing foods. In addition, there is a method in which the
suppressive effect against the EBV activation that is involved in the onset of Burkitt's lym-
phoma is examined as a positive outcome index [35]. Substances that were confirmed to have
inhibitory effects through this method are thought to contribute to cancer prevention in those
infected with EBV.

Scientific name IR (%)
Polyporus confluens 35%*
Russula delica 65**
R. cyanoxantha 38**
R. pseudodelica 41%
R. sanguinea 41%*
Lactarius deliciosus 61**
L. volemus 17
Armillariella mellea 12
Flammulina velutipes 30%*
Hypsizigus marmoreus 58**
Lyophyllum decastes 54**
L. connatum 53**
L. shimeji 40%*

Pleurocybella porrigens 50**
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Scientific name IR (%)
Tricholoma japonicum 49**
T. matsutake 39**
T. portentosum 41
Lycoperdon perlatum 20%*
Agaricus bisporus 36**
Macrolepiota procera 11
Phaeolepiota aurea 15
Sarcodon aspratus 22%
Muycoleptodonoides aitchisonii 62**
Rhodophyllus crassipes 23*
Naematoloma sublateritium 55**
Pholiota squarrosa 33**
Hygrophorus russula 36*
Ganoderma lucidum 82%*
Ganoderma amboinense 79%*
Polyporus mylittae 33**
Phellinus linteus 73%*
Inonotus obliquus 84*
Pleurotus cornucopiae var. citrinopileatus 52%*
Hericium erinaceum 19
Sparassis crispa 49**

IR: Inhibitory ratio at 1 mg/ear. * p <0.05, p < 0.01 vs control group by Student’s t test.

Table 1. Inhibitory effect of edible and medicinal mushrooms on TPA-induced inflammation in mice.

5. Cancer preventative effects of edible mushroom

Figure 3 illustrates the inhibitory effects of M. aitchisonii in mouse skin, two-stage carcinogen-
esis experiments. Specifically, Figure 3-A indicates the tumor incidence, where the vehicle
control group showed the first tumor appearance in week 5 and tumor development in 93%
of the mice in week 20. In contrast, mice that were given M. aitchisonii (M. aitchisonii group)
showed the first tumor appearance in week 5 and tumor development in 53% of the mice in
week 20. Figure 3-B shows the mean number of tumors at 20 weeks, where M. aitchisonii group
presented 1.6 tumors in contrast to the vehicle control group that exhibited 11.2 tumors,
confirming a 63% inhibitory effect [30]. Methanol extracts of H. marmoreus similarly suppressed
the tumor promotion process [31].

A screening for suppressive ingredients was, therefore, conducted; using inhibitory effects
against TPA-induced inflammation as an index, active ingredients were isolated and their
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Data are expressed as percentage of mice bearing papillomas per mouse (A), and as average number of papillomas per
mouse (B). ®, TPA + with vehicle alone;®, TPA with methanol extract of M. aitchisonii.

Figure 3. Inhibitory effect of the methanol extract from Mycoleptodonoides aitchisonii on the promotion of skin papillo-
mas by TPA in DMBA-initiated mice [30].

chemical structures were elucidated. The active ingredients were ergosterol (1) and ergosterol
peroxide (2) (Figure 4), which are normal ingredients of mushrooms, and these were stronger
than non-steroidal anti-inflammatory drug indomethacin as shown by their 50% inhibitory
effects (IDsy: 756 and 467 nM/ear, respectively vs. 908 nM/ear). These two sterols have been
demonstrated to suppress the promotion process in mouse skin two-stage carcinogenesis
experiments [31, 36]. Other sterols (6-10) have been reported to inhibit the TPA-induced EBV
activation (Table 2.) [37].

‘4,

Figure 4. Structures of sterols from Hypsizigus marmoreus.
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Compound 1C;,
Ergosterol (1) 520
Ergosterol peroxide (2) 525
Cerevisterol (3) 518
6-Epicerevisterol (4) 512
22,23-Dihydrocerevisterol (5) 515
6-O-Methylcerevisterol (6) 298
(22E,23R)-5a,6a-Epoxyergosta-8,22-diene-3[3,7p-diol (7) 192
{-Carotene 397

IC5: Mol ratio/32 pmol TPA.

Table 2. Inhibitory effects of sterols from Hypsizigus marmoreus on induction of the Epstein-Barr virus early antigen.

6. Cancer preventative effects of mushroom supplements

Mushroom supplements, such as meshima, chaga, and almond mushroom, are all believed to
be beneficial for cancer, and utilized based on the wishes of cancer patients and their families.
As shown in Table 1, supplements including reishi, rokkaku reishi, meshima, and chaga
strongly suppressed TPA-induced inflammation [30]. Methanol extracts of Meshima and
chaga strongly suppressed the promotion process in experiments involving DMBA and TPA
carcinogens [33, 34]. Furthermore, chaga and meshima suppressed the promotion process
through oral administration [38, 39].

Lanostane-type triterpenes depicted in Figure 5 were isolated and identified from chaga, and
these triterpenes are known to show inhibitory effects in TPA-induced EBV activation (Table 3)
[40, 41]. Eight types of lanostane-type triterpenes were isolated as active ingredients, and using
theinhibitory effectsagainst TPA-induced inflammation as anindex, their 50% inhibitory effects
(IDs;: 125-458 nM/ear) indicated that they are stronger than non-steroidal anti-inflammatory
drug indomethacin (908 nM/ear) (Tasble 4) [33]. Of these triterpenes, inotodiol (13) and 3(3-
Hydroxylanosta-8,24-dien-24-al (15) suppressed the tumor promotion process [40, 41].

Compound (@
Uvariol (10) 392
3p-Hydroxylanosta-8,24-dien-21-al (12) 232
Lanosta-8,23E-diene-3(3,22R,25-triol (14) 231
Lanosta-7:9(11),23E-triene-3(3,22R,25-triol (15) 228
Oleanolic acid 389

ICs: Mol ratio/32 pmol/TPA.

Table 3. Inhibitory effects of lanostane-type triterpenes from Inonotus obliquus on induction of the Epstein-Barr virus
early antigen.
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Figure 5. Structures of lanostane-type triterpenes from Inonotus obliquus.

Compound ID;, (nM/ear)
Lanosterol (8) 458
Inotodiol (9) 125
Uvariol (10) 134
3p-Hydroxylanosta-8,24-dien-21-al (12) 389
Methoxyinonotsutriol (14) 272
3(3,22-Dihydroxylanosta-7,9(11),24-triene (16) 335
Inotolacton B (19) 265
Indomethacin 908

IDs: 50% Inhibitory dose.

Table 4. Inhibitory effects of lanostane-type triterpenes from Inonotus obliqguus on TPA-induced inflammation in mice.

Reishi belongs to the Ganodermataceae family, and is cut into appropriate sizes to be brewed in
hot water and consumed as an extract since the fruiting body is woody and not suitable for
direct consumption, or is consumed as medicinal alcohol. It has been described in Shennong
Ben Cao [ing (or The Classic of Herbal Medicine) compiled in the Eastern Han Dynasty (25-220),
as a life-prolonging miracle drug that nourishes life, and since then, it has been used for various
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medicinal purposes in China. Akihisa et al. isolated multiple lanostane-type triterpene acids
from its fruiting body, and reported that they suppress EBV activation as shown in Table 5
[42-44]. Of these compounds 20-Hydroxylucidenic acid N (21) suppressed the promotion
process in mouse skin two-stage carcinogenesis [42]. With regards to triterpenes from reishi,
ganoderic acid T (49) exhibited anticancer activities by inducing apoptosis in metastatic lung
cancer cells mediated through mitochondria dysfunction and p53 expression [45]. In addition,
ganoderic acid T (49) suppressed the nuclear translocation of NF-«kB and expression of MMP-9
and iNOS, thereby inhibiting invasion by cancer cells [46]. Ganoderic acid DM (46) displayed
anticancer activities by inducing G1-phase cell cycle arrest and apoptosis in MCF-7 cancer cells
[47]. Ganoderic acid A (44) and ganoderic acid H (42) suppressed breast cancer cell invasion
by inhibiting AP-1 and NF-kB and consequently down-regulating Cdk4 expression [48].
Ganoderic acid Me (48) inhibited tumor invasion by suppressing MMP2/9 expressions [49].
Lucidenic acid B (26) exhibited anti-invasive activity through suppressing TPA-induced NF-
kB and AP-1 DNA-binding activities thereby downregulating MMP-9 expression in HepG(2)
cells [50]. Lucidenic acid B (26) induced apoptosis through mitochondrial cytochrome release
and the activations of caspase-9 and caspase-3 [51].

Compound | (&
Lucidenic acid F (20) 352
Methyl lucidenate F (21) 285
Lucidenic acid D, (22) 287
Methyl 1 ucidenic acid D, (23) 290
Lucidenic acid A (24) 280
Methyl 1 ucidenate A (25) 287
Lucidenic acid B (26) 354
Methyl lucidenate Q (27) 283
Methyl lucidenate L (28) 275
Lucidenic acid E, (29) 280
Methyl 1 ucidenate E, (30) 288
Lucidenic acid N (31) 332
Methyl 1 ucidenate C (32) 331
Lucidenic acid P (33) 286
Methyl 1 ucidenate P (34) 293
20-Hydroxy lucidenic acid F (35) 339
20-Hydroxy lucidenic acid D, (36) 350
20-Hydroxy lucidenic acid E, (37) 290
20-Hydroxy lucidenic acid N (38) 288
20-Hydroxy lucidenic acid P (39) 288
20(21)-Dehydrolucidenic acid A (40) 350
Methyl 20(21)-dehydrolucidenate A (41) 357
Ganoderic acid F (42) 293

Ganoderic acid C; (43) 336
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Compound 1C;,
Ganoderic acid A (44) 291
Ganoderic acid C, (45) 290
Ganoderic acid DM (46) 352
Ganoderic acid T-Q (47) 281
Ganodermanondiol (50) 348
Ganolactone (51) 415
Ganoderic acid E (52) 281
Methyl ganoderate F (53) 289

IC5: Mol ratio/32 pmol TPA.

Table 5. Inhibitory effects of lanostane-type triterpene acids from Ganoderma lucidum on induction of the Epstein-Barr
virus early antigen.
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Figure 6. Structures of lanostane-type triterpene acids from Ganoderma lucidum.
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Piptoporus betulinus is a fungus in the Polyporaceae family and the surface of its fruiting body
had been used as a strop for razor blades. It is known that the Iceman, as evidenced by a
mummy from 5,000 years ago found in the Tyrol region glacier, carried around this mushroom
to prevent wound suppuration [52, 53]. Lanostane-type triterpenes (Figure 7) isolated from
this mushroom suppressed TPA-induced inflammation [54].

R'" R? RS
52: H Me H A:
53: H Me COCH,COOH
o . o}
54: H Me A w]\
55: H Me B B: } S OMe
56 H CH,OH C

$ OH

Figure 7. Structures of lanostane-type triterpenes from Piptoporus betulinus.

C:

7. Cancer preventative effects and active ingredients of medicinal
mushrooms

Of the medicinal mushrooms, polyporus (Polyporus umbellatus; Polyporaceae family) is an herbal
medicine that possesses diuretic effects, but is also known to suppress TPA-induced inflam-
mation. Screening for the active ingredients of this mushroom resulted in the isolation of insect
metamorphosis hormone sterols, and the structures of eight compounds including new
compounds polyporoid A (58), polyporoid B (59), and polyporoid C (60) were elucidated
(Figure 8.) As shown in Table 6, the effects of these compounds in inhibiting TPA-induced
inflammation (IDs;) were 117-682 nM/ear, which were greater than that of indomethacin [55].

The sclerotia of Poria cocos (Polyporaceae family) are referred to as poria, and due to their diuretic
properties, and they are formulated in traditional Japanese medicine prescriptions. Addition-
ally, they are also commonly formulated in traditional Japanese medicine prescriptions that
are used as adjuvants. The oral administration of Juzentaiho-to and Rikkunshi-to, Japanese
Kampo medicines, suppressed cancer promotion in mouse skin two-stage carcinogenesis
experiments [56, 57]. It has been shown that, for an effect to appear, the immune response that
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Figure 8. Structures of ecdysteroids from Polyporus umbellatus.

Compound ID;, (nM/ear)
Polyporoid A (58) 531
Polyporoid B (59) 682
Polyporoid C (60) 184
Polyporusterone A (61) 141
Polyporusterone C (62) 289
Polyporusterone B (63) 117
Polyporusterone G (64) 207
Ergosta-7,22-diene-3(3,5a,6(3-triol (65) 666
Indomethacin 838

ID5: 50% Inhibitory dose.

Table 6. Inhibitory effect of ecdysterolids from Polyporus umbellatus on TPA-induced inflammation in mice.

is decreased during carcinogenic process be activated [57]. Of the formulated ingredients in
these prescriptions, hoelen showed the strongest effect in suppressing TPA-induced inflam-
mation [58]. A screening for the active ingredients of hoelen was therefore conducted, and
multiple lanostane-type triterpene acids were isolated and identified (Figure 9) [32]. Of the
poria-derived triterpenes, pachymic acid (71), 3-O-acetyl-16a-hydroxytrametenolic acid (70),
dehydropachymic acid (79), 33-hydroxylanosta-7,9(11),24-trien-21-oic acid (75), dehydroebu-
liconicacid (81), and poricoicacids A (97) and B (94) had inhibitory effects against TPA-induced
inflammation (IDs: 31-83 nM/ear), that were greater than that of indomethacin but similar to
that of hydrocortisone (IDs,: 69 nM/ear). With regards to pachymic acid (71), 3-O-acetyl-16a-

51



52

Drug Discovery and Development - From Molecules to Medicine

hydroxytrametenolic acid (70), and poricoic acid B (94), all of which showed strong inhibitory
effects, a mouse skin two-stage carcinogenesis experiment using DMBA and TPA demon-
strated that they exhibited suppressive effects that were similar to that of the aforementioned
ergosterol (1), ergosterol peroxide (2) and other triterpenes, even when 10% of the dosage of
the latter compounds were administered [59]. These compounds have a carboxyl group
(COOR) at the carbon 21 position (on side chain), and their suppressive effects decreased 90%
when the COOH-group was methylated. It was discovered that COOH at the carbon 21
position plays an important role for activation [32]. Akihisa et al. isolated many new lanostane-
type triterpene acids from poria, and reported their suppressive effects in TPA-induced EBV
activation (Table 8) [60-62]. Moreover, they confirmed that 16-deoxyporicoic acid B (93),
poricoic acid C (95), and 25-methoxyporicoic acid A (102) suppress the promotion process [60,
61]. Of these compounds, poricotriol A was revealed to induce apoptosis and possess antitu-
mor effects [63]. Pachymic acid and dehydrotumulosic acid strongly suppress PL-A, which is
related to inflammation [64].

Compound ID;, (nM/ear)
24-Dihydrolanosterol (66) 501
Lanosterol (67) 469
Tumulosic acid (69) 440
3-O-Acetyl-16a-hydroxytrametenoic acid (70) 311
Pachymic acid (71) 83.2
3p-Hydroxylanosta-7,9(11),24-trien-21-oic acid (75) 59.4
Dehydropachymic acid (79) 38.0
Dehydroeburiconic acid (81) 57.9
Polyporenic acid C (82) 201
3-Epidehydrotumulosic acid (84) 188
Poricoic acid B (94) 35.1
Poricoic acid A (97) 56.1
Poricoic acid AM (98) 148
Poricoic acid D (100) 243
Indomethacin 908
Hydrocortisone 68.9

ID5: 50% Inhibitory dose.

Table 7. Inhibitory effect of lanostane-type triterpene acids from Poria cocos on TPA-induced inflammation in mice.
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Figure 9. Structures of lanostane-type triterpene acids from Poria cocos.
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Compound | (&
Eburicoic acid (68) 465
Pachymic acid (71) 286
16a-Hydroxyeburiconic acid (72) 348
16a,25-Dihydroxyeburiconic acid (73) 299
25-Hydroxy-3-epitumulosic acid (74) 238
3-Epidehydrotrametnolic acid (75) 464
Dehydroebricoic acid (76) 460
15a-Hydroxydehydrotumulosic acid (78) 268
Dehydropachymic acid (79) 284
Dehydrotrametenonic acid (80) 310
Dehydroebriconic acid (81) 405
16a,25-Dihydroxydehydroeburiconic acid (83) 340
16a,27-Dihydroxydehydrotrametenoic acid (85) 269
5a,8a-Peroxydehydrotumulosic acid (87) 202
Poricoic acid HM (91) 219
25-Hydroxyporicoic acid H (92) 202
16-Deoxyporicoic acid B (93) 262
Poricoic acid C (95) 273
Poricoic acid CM (96) 332
Poricoic acid AM (98) 195
25-Hydroxyporicoic acid C (99) 201
Poricoic acid D (100) 198
Poricoic acid DM (101) 207
25-Methoxyporicoic acid A (102) 268
26-Hydroxyporicoic acid DM (103) 187
6,7-Dehydroporicoic acid H (104) 193
{-Carotene 397

IC5: Mol ratio/32 pmol TPA.

Table 8. Inhibitory effects of lanostane-type triterpene acids from Poria cocos on induction of the Epstein-Barr virus
early antigen.

8. Conclusion

Mushroom polysaccharides and glycoproteins have antitumor mechanisms such as activating
various immunocompetent cells and reinforcing the tumor aggressiveness of the host. Many
mushroom-derived polysaccharides have very weak effects when administered orally.
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However, with the advancement in food technology, the development of these polysacchar-
ides as food products is progressing and their development as oral pharmaceutical products
is also anticipated.

Poria and reishi are listed in the first treatise of Shennong Ben Cao Jing, and viewed as herbal
medicines that help maintain health. Although some mushroom triterpenoids show strong
suppressive effects similar to that of hydrocortisone, most result in a moderate antitumour
promotor effect. It is expected that these triterpenoids, such as pachymic acid, may inhibit
phospholipase A,. Nonetheless, since these mushrooms are edible and are used as supple-
ments and herbal medicines, they are considered to have extremely low or no toxicity.
Therefore, these triterpenoids from poria and reishi are a promising group of compounds. In
particular, pachymic acid, ganoderic acid T, and lucidenic acid B, are leads in the search for
cancer prevention drugs; the development of cancer prevention drugs with properties akin to
tamoxifen is desired. When developing a preventative drug, the safety of the substance must
first and foremost be considered.

There are many other challenges, such as further elucidating the mechanism, ascertaining the
appropriate intake level, and supplying large amounts of the compound. The cooperation and
collaboration of researchers from various fields will be necessary to address these issues.
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1. Introduction

The modern era of oncology has seen an enormous increase in the number of therapeutic agents
being tested on cancer patients with a broad variety of mechanisms of action, indications and
rationale for their use. For an oncology drug to gain approval by the relevant government drug
authority such as the United States Food and Drugs Administration (FDA) or the European
Medicines Agency (EMA) it must demonstrate adequate safety and efficacy as well as have a
favourable risk-benefit profile. As a result, all new oncology drugs must go through a process
of investigation, usually beginning with pre-clinical laboratory and animal testing all the way
through to the required clinical trials. The average time taken for a new drug to progress
through clinical testing until the time it is approved is approximately 7.6 years [1]. The costs
of drug development are large, estimated at up to $1 billion per approved drug and ever-
increasing, placing an increasing burden on health care services [2, 3]. This has tremendous
impacts on the cost of health-care provision with novel anticancer drugs often coming with a
large price tag of more than $10,000 per month of treatment [4, 5]. Offsetting these costs are
the tremendous improvements in patient outcomes that have been made in recent times with
targeted therapies such as imatinib, trastuzumab and crizotinib to name just a few [6-8]. Patient
selection for early phase oncology trials is of utmost importance because of the cascading
effects it has on subsequent drug development and a drug’s ultimate success as a safe,
beneficial and cost-effective treatment.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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2. Oncology clinical trials — Background

New drugs are developed in a sequential and rationale manner from the moment of their
discovery in the pre-clinical phase through the various phases of clinical trials hopefully
leading to their ultimate approval and availability for patients.

2.1. Clinical trial phases

Drugs are developed through several phases of clinical trials with each phase designed to
answer specific questions and meet various endpoints (Figure 1). Each clinical trial phase can
take a variable period of time to complete depending on the treatment setting, particular
indication, trial drug and overall patient accrual rates. Each trial phase has specific challenges
although a detailed discussion with regards to phase Il and III trials is beyond the scope of this
chapter.

Phase I trials, including first-in-human (FIH) trials, focus on a small group of patients to
attempt to define the safety and tolerability of a particular treatment as well as the optimal
dose, usually called the maximum tolerated dose (MTD).

Phase II trials use the information garnered from the Phase I trial, particularly in terms of
appropriate dosing and sometimes with regards to patient selection, and a particular treatment
is investigated on a larger number of patients, often with more specific disease characteristics
than in Phase I patients. Increasingly so, phase II trials have multiple arms and the focus of
these trials is on demonstrating a signal for treatment efficacy and consolidating the early
safety data yielded from the phase I trial.

If a strong signal for the effectiveness of the trial treatment is obtained from the phase II trial,
an even larger phase III trial is then conducted. Phase III trials are designed to establish the
efficacy, or lack thereof, a trial treatment. As a result, a larger patient population is required
and the trial treatment is compared with an established standard-of-care treatment or placebo
if there is no standard treatment available to the particular patient group. Usually, it is the data
and results from this study that will be relied upon to gain drug approval.

2.2. Phase I clinical trials

The primary aim of a phase I oncology clinical trial is to identify the maximum-tolerated dose
(MTD) of a particular drug, defined as the dose level where greater than one-third of patients
treated experience a dose-limiting toxicity (DLT). This allows the identification of the optimal
and safe drug dose to take forward for further drug development — this is called the recom-
mended phase II dose (RP2D). For cytotoxic drugs, the RP2D is usually the highest dose that
can be delivered without exposing patients to unacceptable levels of toxicity. For targeted
drugs, the dose of the drug that causes a treatment response and clinical activity may be very
different to the MTD [9]. An important component of phase I trials is to provide patients with
a safe treatment at doses that are as close to therapeutic as possible. There are often multiple
secondary endpoints in phase I trials including the tolerability, response to treatment,
pharmacokinetics of the study drug(s) and pharmacodynamics.
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Figure 1. The standard pathway for oncology drug development, including the various clinical trial phases.

The aims of phase I oncology trials clearly impact significantly upon trial design. The intention
of phase I trial design is to minimise the number of patients exposed to either sub-therapeutic
drug doses or severe treatment-related toxicity. With phase I trial design there is a basic tension
between escalating drug doses too quickly, exposing more patients to toxicity, and escalating
too slowly, exposing patients to doses of treatment that are sub-therapeutic and ineffective
[10]. The design of phase I trials is therefore critical in order to minimise the risk of a negative
outcome for each individual patient and at the same time controlling the number of patients
required for trial enrolment in order to accomplish the aims of the trial.
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The traditional design incorporating the ‘3 +3’ method of dose escalation is still the most widely
used. This involves treating 3 patients at a time at each dose-level. The dose level should be
increased for each subsequent group of 3 patients until at least 1 dose limiting toxicity (DLT)
occurs in a group of 3 patients. If only 1 of 3 patients have a DLT, a further 3 patients are treated
at the same dose level. If 2 or more DLTs occur per dose level, the dose escalation is stopped
and occasionally a further 3 patients are treated at the dose level below. The highest dose level
(where <1 out of 6 patients had a DLT) below the maximally administered dose had a DLT is
considered the MTD and the RP2D. Dose levels are traditionally defined using a Fibonacci
dose escalation whereby dose is increased by increments of 100%,67%, 50%, 40% followed by
33% for all subsequent levels.

Novel designs include accelerated titration designs, continual reassessment method and
adaptive trial designs [11]. Accelerated titration phase I trial designs attempt to make phase I
trials more efficient and more accurate when determining the RP2D. A group of proposed
accelerated titration designs were developed by Simon and colleagues in 1997 [12]. The key
features of these designs are rapid dose escalation, intra-patient dose escalation and the ability
to analyse trials using a dose-toxicity model [11]. The most popular of these designs, ‘design
4’, starts with an initial accelerated phase that doubles the dose at each dose level, comprising
of single patients. When the first DLT is experienced, the cohort for that particular dose level
is expanded to include 3 patients and subsequent to this, standard phase I dose escalation and
design is employed. This design also allows intra-patient dose escalation if a particular patient
has no toxicity at their current dose. By use of a simulated phase I trial, as presented by Simon
and colleagues in this paper, there was a significant reduction in the number of patients that
were treated at sub-therapeutic doses, without a significant increase in the proportion of
patients exposed to significant treatment toxicity. Other adaptive trial design methods exist,
including the continual reassessment method (CRM) introduced by O’Quigley and colleagues
in 1990 [13].

The potential benefits of novel designs are that fewer patients are treated with sub-therapeutic
or nontherapeutic doses however they do not seem to have the reduced the number of patients
that are enrolled onto trials. By adapting these novel trial designs, the most appropriate
recruitment structure can be used for the particular drug under investigation.

3. Patient selection for clinical trials

3.1. Estimation of prognosis in oncology

Selecting the appropriate patient for early phase clinical trials is a fundamental component of
any clinical trial design. A key component, in particular for phase I trials, but probably true
for all phases of drug development, is the assessment of an individual patients prognosis.
Many patients being considered for enrolment onto a phase I oncology trial have had pro-
gressive metastatic disease through all standard lines of treatment and often have a limited
life expectancy. Standard trial eligibility criteria have been designed largely with the intention
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of minimising the number of patients enrolled onto these studies that have a poor prognosis
and a greater potential for toxicity.

Estimating prognosis is inherently challenging for a clinician and estimates are often made
based on intuition and experience rather than in a scientific or an evidence-based manner.
Physicians’ often make inaccurate estimates of a patient’s prognosis, usually by being opti-
mistic and overestimating survival. Various studies have shown that overestimation of the
prognosis of terminal patients can be up to 5 times longer than their actual survival, exempli-
fying just how difficult making these estimates are [14-16].

Routine trial eligibility criteria include good performance status, adequate organ function
(including haematological, kidney and liver etc.), and typically an anticipated life expectancy
of greater than 12 weeks. Performance status is most commonly assessed using the Eastern
Cooperative Oncology Group (ECOG) performance status score that is a score graded 0-5 [17].
It is a validated assessment of a patients ability to perform routine activities of daily living. A
performance status (PS) of 0 indicates that the patient is fully active, ambulant and able to carry
all activities without restriction whereas a PS of 5 is applied to a patient that is deceased. Most
trials would permit a patient with a PS of between 0 and 1 or 2 (partially restricted in physical
activity (PS=1) and unable to carry out work activities but remain ambulatory and self-caring
(PS = 2)). Another commonly used assessment score for performance status is the Karnofsky
Performance Status (KPS) score which has more specific gradations between 0% (dead) and
100% (asymptomatic without complaints) in 10% increments [18, 19].

Itis well documented that patients with a poorer performance status have an inferior prognosis
overall when using either the KPS or ECOG PS [20-23]. It has been shown that an ECOG PS of
3 indicates a prognosis of less than 3 months and a PS of 4 of less than 1 month.

A number of other factors can be used to predict the prognosis of oncology patients. For
example, the primary malignancy impacts greatly on the prediction of patient survival. For
instance, patients diagnosed with metastatic carcinoid tumours often survive for a number of
years compared to patients with metastatic pancreatic cancer who have a median overall
survival of less than 12 months even with the best treatment currently available [24, 25].
Various laboratory data has also been associated with a poor prognosis such as hypoalbumi-
naemia, raised inflammatory markers (including leukocytosis, raised C-reactive peptide
(CRP), lymphopenia and certain metabolic abnormalities such as hypercalcaemia [26, 27].

A number of tumour-specific prognostic scores have been developed to help stratify patients
into various treatments based on their risk. A good illustrative example of this is the Memorial
Sloan-Kettering Cancer Center (MSKCC) risk criteria for metastatic clear cell renal cell
carcinoma. These criteria, published by Motzer and colleagues in 1999, were developed with
five pre-treatment features that were associated with a shorter patient survival [28]. The five
prognostic factors were low performance status (KPS <80%), high serum lactate dehydrogen-
ase (>1.5 times upper limit of normal), low haemoglobin (< lower limit of normal), high
corrected serum calcium (>10 mg/dL) and absence of prior nephrectomy. Patients with three
or more risk factors were considered to be in a “poor risk’ category with a median survival time
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of 4 months compared to the ‘favorable-risk category containing patients with zero risk factors
and a median survival of 20 months.

A large number of molecular tests have been shown to have prognostic value in various
malignancies. Examples of molecular results that confer a poorer prognosis in advanced
cancers include BRAF mutations in colorectal cancer and melanoma, human epidermal growth
factor receptor 2 (HER?2) positivity in breast cancer and phosphatidylinositol-3,4,5-triphos-
phate 3-phosphatatse (PTEN) deficiency in prostate cancer to name a few [29-32]. Interestingly,
recent developments in targeted therapies have led to the use of newer agents directed against
some of these molecular or genetic abnormalities, in some cases resulting in significant
improvements in prognosis and overcoming the negative prognostic implications of the result
in the first place.

In addition to various clinical, molecular and genetic factors, circulating tumour cells (CTCs)
can be used and have been shown to be prognostics in a variety of malignancies. CTCs are
shed from solid tumours in to the circulation. Recent improvements in technology has led to
a variety of laboratory methods that are able to effectively detect and isolate these CTCs which
are usually very rarely found in the circulation. The CellSearch System® (Janssen Diagnostics,
Inc) is the most frequently used and is the only FDA cleared device for measuring CTCs as an
aid for clinicians treating patients with prostate, breast and colon cancers. A series of key
studies conducted approximately 10 years ago showed that patients with higher levels of CTCs
in the circulation had a poorer prognosis. For example, patients with castrate refractory
prostate cancer and a CTC count lower than 5/ 7.5mL had a median overall survival of 21.7
months compared to patients with a CTC count greater than 5 that had a survival of 11.5
months [33]. Similar results were seen in patients with breast and colon cancer whereby a
particular cut-point of CTC counts could be used to clearly differentiate patients with a
favourable prognosis from those patients with an unfavourable prognosis [34, 35]. Although
there are currently limitations with the technology and its implementation into routine clinical
practice, this field is developing rapidly and will likely play a part in patient selection in the
future.

Overall, the prediction of a patient’s individual prognosis is challenging, complex and involves
a variety of factors related to their clinical situation, the characteristics of the cancer, the
molecular biology of the cancer as well as other factors including circulating tumour cells
(Figure 2).

3.2. Phase I patient selection criteria

A number of prognostic scores have been published in recent times with the aim of improving
patient selection for phase I clinical trials [36-40]. Probably the most important of these scores
and the only one that has been prospectively validated is the Royal Marsden Hospital (RMH)
score (see Table 1).

Arkenau and colleagues initially performed a retrospective analysis of 212 patients that were
enrolled onto phase I trials and reviewed their demographic data as well as anumber of clinical
and analytic variables [38]. Using a multivariate analysis model, three independent variables
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* Driver mutations
* Druggable targets

Figure 2. Factors impacting on optimal patient selection for phase I clinical trials in oncology.

were determined to be associated with a poor overall survival — an elevated lactate dehydro-
genase [LDH] (above the upper limit of normal [ULN]), low albumin (<35 g/L), and more than
two sites of metastases. Using these variables, a score was developed that could separate these
patients broadly into two groups, those patients with a good prognosis (RMH score 0 to 1) and
those with a poor prognosis (RMH score 2 to 3). This retrospective analysis subsequently led
to the prospective validation of this score in a separate publication by the same group. In this
validation study, 78 prospective patients that were treated within one of 19 phase I trials were
evaluated [36]. 95% of patients had an ECOG performance score of 0 to 1 and were mostly
treated with new biologic agents (68%) with a minority (32%) receiving cytotoxic-based
treatment. The patients had a broad range of malignancies with over 80% having gastrointes-
tinal, breast, gynecologic, sarcoma or urologic cancers. All patients were required to have
evidence of disease progression before study entry. Five patients had a partial response to their
treatment (7.5%) and fourteen (17.9%) achieved stable disease at three months as per the
Response Evaluation Criteria in Solid Tumours (RECIST). The median overall survival for the
entire study population was 27.1 weeks with an OS of 33.0 weeks for patients with a score of
0to1, compared to an OS of 15.7 weeks with a score of 2 to 3 (P=0.036). These findings represent
the first prospectively validated prognostic score that might assist in the optimal selection of
patients for entry into phase I trials.
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The RMH prognostic score was further validated at the MD Anderson Cancer Center in their
Phase I trials patients [41]. They retrospectively reviewed 229 consecutive patients with lung,
pancreatic and head and neck tumours that were treated on 57 phase I trials. They applied the
RMH score to these patients and found that the patients with a good RMH prognostic score
had a longer median survival than those with a poor prognostic score (33.9 weeks vs 21.1
weeks, P<0.0001). The authors of this study therefore showed that the RMH prognostic score
can be accurately applied to patients treated at a separate institution across a range of malig-
nancies treated in a range of trials.

Stavraka and colleagues used a multivariate approach to attempt to identify variables that
predicted survival in patients referred to the phase I oncology unit at their institution to devise
the Hammersmith Score (HS) [37]. Analyses were carried out on 118 patients with 52 patients
(44%) treated in one of 7 phase I trials. Of these patients that actually entered a study, only 1
(2%) had a partial response and 15 (28%) had stable disease. The median OS in patients that
entered a study was 22 weeks compared to 11 weeks in those patients that did not enter a
study. The multivariate analysis identified four independent negative predictive factors for
OS - albumin <35 g/dL (P=0.01), LDH >450 IU/dL (P<0.001), sodium <135 mmol/dL (P=0.06)
and ECOG PS>2 (P=0.04). Based on three of these variables, excluding ECOG PS, a scoring
system was devised to stratify patients into either low-risk (HS score 0 to 1) or high-risk groups
(HS score 2-3). Patients in the low risk group had a median OS of 31.2 weeks compared to a
median OS of 8.9 weeks in the high-risk group (P<0.001).

Chau and colleagues from the Princess Margaret Hospital in Toronto, Canada, assessed 17
potential clinical characteristics in 233 patients enrolled in phase I trials to create their own risk
score — the Princess Margaret Hospital Index (PMHI) [39]. In their cohort of patients, the
median overall survival was 320 days, significantly longer than the 27 weeks reported by
Arkenau for the Royal Marsden group. In the multivariate analysis they found that high LDH
(p=0.001), > 2 metastatic sites (p=0.004) and ECOG PS> 0 (p=0.05) were significantly associated
with OS. They found that 3 variables were associated with 90-day mortality — albumin
<385g/L (p=0.008), > 2 metastatic sites (p=0.02) and ECOG >1 (p=0.001). A single point was
assigned to each of these variables and patients with a PMHI score of 0-1 had lower 90-day
mortality rate compared to patients with a score of 2-3 (7% and 37% respectively).

A large, European, multicenter study was designed to generate and validate a prognostic
model for 90-day mortality which is a common eligibility criterion in phase I oncology trials
[42]. Data from 2,232 patients enrolled in phase I trials across 14 oncology units was evaluated.
The median overall survival was 38.6 weeks with a 90-day mortality rate of 16.5%. Two
prognostic models were derived using a variety of variables including ECOG performance
status, albumin, LDH, alkaline phosphatase, number of metastatic sites, lymphocytes, white
cell count and time per treatment index (TPTi). TPTi is a log ratio of the time interval between
diagnosis of advanced / metastatic and phase I trial entry over the number of lines of systemic
treatment. The most predictive combination of variables includes albumin, LDH with ECOG
PS or number of metastatic sites — similar to the RMH score. When compared to the RMH score
using receiving operator characteristic (ROC) curves, there were no statistically significant
differences seen. When the two models derived in this study (models A and B) were applied
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to patients with PS 0 to 1, patients with higher scores identified patients with OS of less than
11 weeks. When the RMH score was used to define the poorest risk group, their median OS
was 14.6 weeks. The prognostic score (derived from model B -“European score B’) was assessed
for its performance on a group of 200 patients that were eligible for phase I trials (PS 0-1) and
it reduced the 90-mortality by half and the total number of patients recruited by 20%. This
score performed almost identically to the RMH score when applied to the same population of
patients.

Along a similar but distinct line, prediction models have been devised to try to identify patients
at particularly high risk of drug toxicity. In one additional attempt to improve prediction of a
patients risk for serious drug-related toxicity (SDRT), a nomogram was developed by Hyman
and colleagues [43]. The data from 3,104 patients treated in 127 trials sponsored by the National
Cancer Institute Cancer Therapeutics Evaluation Program (CTEP) between 2000 and 2010 was
used for the derivation of a nomogram that could potentially estimate a patient’s risk for
developing serious toxicity. Data was from a large, prospectively maintained database. Trials
that were evaluating cytotoxic or molecularly targeted agents were included. Standard phase
I eligibility criteria were used to select appropriate patients. SDRT was defined as a grade >3
non-haematologic or grade > 4 haematologic toxicity attributed to study treatment which is
similar to the definition of a dose-limiting toxicity used by the majority of phase I trials. 728
patients (23.5%) experienced a SDRT and a total of 13 (0.4%) patients died as a result of drug
related toxicity. Several factors were found to be reliable (p<0.10) predictors of serious drug-
related toxicities in cycle one of trial treatment. Using a variety of statistical methods, a
nomogram was built incorporating ECOG PS, WBC, creatinine clearance, albumin, aspartate
transaminase (AST), number of study drugs and agent type (biologic or nonbiologic). This
nomogram was independently validated using an independent data set of 234 patients. The
authors concluded that by using their nomogram, improvements can be made in patient
selection for phase I trials, in particular by prospectively identifying patients at high risk for
drug toxicity.

There are a number of older retrospective series published and in a systematic review, Ploquin
and colleagues summarised the published literature regarding prognostic models for life
expectancy of patients enrolled in phase I trials up till the end of 2009 [44]. Nine publications
were identified with all of them being retrospective analyses, except for the RMH score by
Arkenau and colleagues in 2009 as described previously [36, 45-51]. Most of these studies fairly
consistently identified that patients at greatest risk of death included those with a poorer
performance status and greatest tumour volume (for example: increased number of metastatic
sites, raised LDH). A consistent limitation of these studies, with one notable exception, is the
use of retrospective data almost all were from single centre series which limits the generaliz-
ability of these studies.

One of the standard inclusion criteria in clinical trials is a life expectancy of greater than 12
weeks so it would be interesting to see how these scores might apply for this particular
inclusion criterion. The RMH score shows that patients in the good prognosis group have a
survival of 33 weeks, exceeding this particular criteria but even the median survival of the
poor prognosis group exceeds the 12-week threshold (15.7 weeks). The patients in the high-

73



74  Drug Discovery and Development - From Molecules to Medicine

risk group as defined by the HS, albeit retrospectively, had a survival shorter than 12 weeks
(8.9 weeks) so potentially patients that fall into this category can be excluded from phase I

trials.

With a number of scores now published it is unclear which of these is superior in predicting
patient survival and this would require a separate prospective trial to clarify this question. As
it currently stands, the RMH score is the only score that has been prospectively validated and
therefore has the strongest evidence supporting its use. This is reflected in its more widespread
use however further research is required to validate its utility in sites outside the Royal

Marsden Hospital and indeed across other countries and across a broad cross-section of patient

populations.
Prospective Overall Survival
Score L Parameters P-value  HR
validation (weeks)
Royal Marsden
LDH (>ULN) =1
Hospital Score Score 0-1: 33.0
Yes Albumin (<35 g/L) =1 0.036 14
[36] . Score 2-3: 15.7
> 2 sites of metastases = 1
Arkenau 2008
Hammersmith LDH >450 IU/dL =1
Score 0-1: 31.2
Score [37] No Albumin <35 g/dL =1 <0.001
Score 2-3: 8.9
Stavraka 2014 Sodium <135 mmol/dL =1
Princess Margaret
High LDH
Hospital Index o
o >2 metastatic sites
(39]
ECOG PS>0
Chau 2011
Score 0: 141 -
Albumin <35 g/dL =1
Score 1: 61 2.00
LDH (>ULN) =1
Score 2: 54 2.54
European Model B > 3 sites of metastases = 1
Score 3: 37 0.036 (log- 3.24
[42] No Low TPTi (<24 weeks/treatment) = 1
Score 4: 29 rank) 4.57
Olmos 2012 Increased ALP (>ULN) =1
Score 5: 21 6.20
Low lymphocyte count (<18%) =1
Score 6: 11 14.1
High WBC (>10,500/uL)
Score 7: 10 14.1

Abbreviations: LDH = lactate dehydrogenase; PS = performance status; TPTi = time per treatment index, a log ratio of
the time interval between diagnosis of advanced / metastatic and phase I trial entry over the number of lines of system-
ic treatment; ULN = upper limit of normal; WBC = white blood cell count

Table 1. Key publications of prognostic scores for phase I oncology trial patients.
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4. Challenges

4.1. Impact of novel agents — Targeted therapies

Conducting phase I oncology trials has anumber of inherent challenges. Traditionally, patients
enrolled into these trials have exhausted all prior standard available therapies and by virtue
of them having an incurable malignancy and very limited future treatment options, have a
shortened life expectancy. There has therefore existed a paradoxical situation whereby the
ideal patient has an advanced and often heavily pre-treated cancer but requires a prognosis
that is suitable for the exposure of a novel investigational drug. The landscape in this field has
shifted over recent years with phase I trials increasingly investigating targeted, biological
agents as opposed to cytotoxic agents. The result of this change is that patients are being
enrolled into phase I trials earlier in their disease course, including in the first line setting. The
implications of these changes in practice will in some ways make the task of predicting a
patient’s prognosis slightly more straightforward as they are earlier in their disease course.
On the other hand, predicting the prognosis of treatment-naive patients might be more

unpredictable as the natural history of their cancer has not been allowed enough time to be
established.

Further complicating the situation is the advent of targeted agents that have rapid and
significant responses. Examples of this include crizotinib in ALK-rearranged metastatic lung
adenocarcinoma, vemurafenib in metastatic melanoma harbouring BRAF V600 mutations,
EGEFR inhibitors such as gefitinib and erlotinib in EGFR mutated lung cancer and idelalisib, a
PI3K-delta inhibitor, for indolent lymphomas [7, 52-54]. These new agents increasingly have
biomarkers that strongly predict for a response to treatment that can be quite rapid. The
presence of these predictive biomarkers might mean that patient selection could potentially
be relaxed because of the higher likelihood of a response. An illustrative example of this is the
use of EGFR inhibitors in non-small-cell lung cancer. In the initial, large phase III trial of
erlotinib, an EGFR inhibitor, compared to placebo in previously treated metastatic non-small-
cell lung cancer, an unselected group of patients were treated [55]. The objective response rate
in the erlotinib group was only 8.9% although it did result in an improved overall survival in
this group of patients. This was an important trial but it certainly did not represent a large step
forward for this group of patients. At the same time as these EGFR inhibitors were being
developed, it was becoming apparent that the presence of an EGFR mutation, either a base-
pair deletion at exon 19 or a point mutation at exon 21 (L858R) predicted for a good response
to these targeted agents [56]. Mok and colleagues subsequently published a trial comparing
another EGFR inhibitor, gefitinib, to chemotherapy in patients with metastatic adenocarcino-
ma [54]. In this trial, patients found to be harbouring an EGFR mutation had a 71% response
rate to gefitinib, far higher than the 8.9% response rate seen in an unselected group of patients.

The advent of these targeted agents and their improved response rates and often improved
safety profiles means that the traditional paradigm of patient selection will need be adapted
and should evolve with this change in therapeutic agents. A potential consequence of more
clearly defining the patient selection criteria for phase I trials is that the criteria could become
too selective. If patients that are entered onto phase I trials are ‘super-selected’ for the best
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prognostic population, the toxicity that would be seen might not be entirely reflective of the
general population. This might mean that the resulting maximum tolerated dose (MTD) and
therefore the recommended phase II dose (RP2D) of the trial drugs would be too high and
would potentially create more drug toxicity in the phase II and phase III patients. As we have
expressed previously, the cascading effects of an increased rate of drug toxicity due to overly
aggressive calculation of MTD could impact on drug development and trial costs and could
ultimately have a bearing on the success or failure of that drug [57].

4.2. Impact of novel agents — Immunotherapies

Another major advance in the treatment of advanced malignancies has been the development
of so-called ‘immune-checkpoint inhibitors’. Modern immunotherapy agents include CTLA-4
inhibitors such as ipilimumab and tremelimumab which block the CTLA-4 molecule which is
important for down-regulating T-cell activation, thereby enhancing immune activation.
Inhibition of the programmed cell death 1 (PD-1) receptor and its primary ligand (PD-L1) with
an ever growing number of drugs such as nivolumab, lambrolizumab and pembrolizumab
improves the anti-tumour T-cell immune response in a more specific mode of action than
CTLA-4 inhibitors. This class of compounds have provided significant improvements in
patient outcomes with gains being made in tumour responses and most importantly in patient
survival in a broad range of malignancies such as melanoma, renal cell carcinoma and lung
cancer amongst others [58-60].

These immunotherapies, in particular the PD-1 and PD-L1 inhibitors, seem to be largely well
tolerated, particularly when compared to chemotherapy, and can induce deep tumour
responses that are durable [61]. From the initial trials of these agents there appear to be a
significant minority of patients that have very prolonged durations of response, far greater
than would otherwise be expected with ‘traditional” treatments or previous standards of care.
For example, patients with metastatic melanoma that were treated with Ipilimumab, a CTLA-4
inhibitor, of the approximately 10% of patients that achieved a response to treatment, many
of these continued to have a response more than 12-24 months (median 19.3 months) after
treatment was commenced. This is in sharp contradistinction to the patients treated in the
‘standard’ therapy arm with chemotherapy (dacarbazine) where the median duration of
response was 8.1 months [62]. It is not entirely clear how the above patient selection such as
the RMH and PMH scores would perform for this class of agents and whether they are
applicable. Further research is required to determine the applicability of the phase I prognostic
scores to patients enrolled onto trials using these immunotherapies.

5. Future of trial design

With the enormous number of novel therapeutic agents being developed and studied in phase
I trials, the future for oncology patients seems bright. With the new immunotherapies,
including combination therapies, the concept of curing patients with advanced malignancies
has even been considered [61]. Adapting trial eligibility criteria and optimising patient
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selection is vital for the future of a safe and cost-effective drug development process. It is clear
that determining the appropriateness of a particular patient for a particular phase I trial is more
complex than applying a variety of scores or nomograms. When studying treatments that are
personalised for a particular tumour or biomarker or even a mutation it is also important to
individualise patient selection. The tendency and temptation is have an easily generalisable
patient selection criteria because of its simplicity and reproducibility. The reality is that the
behaviour of malignancies differ not only between organ of origin (for example prostate cancer
compared to pancreatic cancer) but also within the same cancer type based on its phenotype
(for example oestrogen receptor positive breast cancer compared with oestrogen / progester-
one / HER-2 negative breast cancer) or genotype (for example BRAF mutated compared to
BRAF wild type melanoma).

Given the complexity of patient selection described above, patients should be rationally
selected with consideration given to tumour characteristics, patient factors as well as the
investigational agents being assessed. Importantly, a degree of flexibility is essential when
designing phase I trials for unselected populations to allow for the often extensive inter-patient
and inter-tumour variability. The best way forward for optimizing patient selection is to
rapidly adapt, in an evidence-based way, to the ever-evolving drug classes being developed
as well as the ongoing financial pressures of drug development and not least of all patient
expectations and the need for ongoing patient safety.
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1. Introduction

Lung cancer is the leading cause of cancer deaths in both men and women, with more than 1
million deaths worldwide each year [1]. Unfortunately, this difficult therapeutic area has
shown the highest failure rate in clinical trials over the last 30 years [2] and hitherto, there is
no effective treatment for patients with lung cancer. The reasons for this drug attrition are
multiple, but one major explanation is considered to be the lack of relevant preclinical models
to appropriately validate potential drug targets and rank novel therapeutic agents before
engaging in clinical trials [3].

Genetically engineered mice, ectopic and orthotopic xenotransplantation of tumors into
immunodeficient mice are common models used as surrogate of patients to evaluate drug
candidates before clinical testing. Although animal models can recapitulate important facets
of human responses, their limitations as preclinical cancer models have now been widely
documented [4-7]. Fundamental differences in transcriptional regulation [8], telomerase
activity [9], neoplastic transformation mechanisms [10], cytokines production [11] as well as
matrix metalloproteinases biology [12] are but a few features which compromise the design of
efficient cancer therapies. Even the patient derived xenograft model (PDX), which better
recapitulate the phenotypic features of the human tumor, displays a number of inherent
limitations [13]. In this system, the tumorgraft established from primary tumor fragments has
to be maintained through serial transplantations into mice, which will lead to the loss of the
human stroma environment after 2-3 passages [14]. Clearly, such a replacement of the original
tumor microenvironment by murine host components has significant consequences on growth
features as well as response to therapies. Indeed, a number of oncogenic mouse ligands fail to
cross-activate their related human receptors [15, 16] while stromal mediators have been
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identified as a critical source triggering tumour cells resistance to treatment [17, 18]. These
observations highlight the importance of considering tumor-extracellular matrix interactions
in the design of in vitro cancer models. Modern tumor biology has moved away from the
traditionalist view conveyed for years by 2D cultures saturated with growth factors by
revealing that the many varieties of cells that compose a tumor don’t just grow on their own
but constantly integrate and react to signals coming from the extracellular matrix components.
Solid tumors are now regarded as complex organs able to instruct the surrounding tissue to
promote their own growth and progression, but also dependent on both molecular and
mechanical signals coming from the adjacent healthy environment [19, 20]. Therefore,
experimental models recapitulating true human cancer biology are mandatory for the
validation of therapeutic agents in order to keep away from the risk of studying no more than
adaptive cancer biology in a wrong environment that will eventually result in translation

failure.
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Figure 1. (A) Cancer deaths anticipated in 2014. Estimated leading cancer sites mortality in European Union for the
year 2014 expressed as percent of total cancer deaths. Column diagram highlights the mortality rate within the popula-
tion specifically affected by lung cancer. (B) Age-standardized (world population) EU male (blue) and female (red)
lung cancer death rates per 100,000 from 1982 to 2014. The graph shows the unfavourable trend for female lung cancer
with a regular increase in case numbers over the last 30 years. Source: Malvezzi et al, Annals of oncology, 2014; 25(8):
1650-6. and Bosetti et al, Annals of oncology, 19: 631-640, 2008.

In this article we report the significant efforts ongoing within academia and industry to
developing in vitro novel complex human tumor models that should improve the identification
and selection of efficient lung cancer therapies. We first focus on the human lung cancer cell
lines currently available, their contribution to lung cancer biology and their use in research.
Then, we will move from cell monolayers to three-dimensional (3D) cultures, exploring at first
the function of natural and synthetic extracellular matrix before to document some recent
advances in the field, including spheroids, bioscaffolds, decellularized lung matrix models and
precision-cut lung tumor slices. Finally, we will present the bioengineering of a new generation
of lung cancer models: OncoCilAir™. These 100% human models, which combine in vitro both
tumor nodules surrounded by a functional airway epithelium and stroma, open new ways to
test simultaneously drug efficacy, side toxicity and tumor recurrence in a single, integrated
and accessible 3D model.
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2. Lung cancer, current treatments and perspectives

Lung cancer (LC) is one of the major health concerns in the western world. LC is the most
frequently diagnosed cancer in men and women and represents the most common cause of
cancer-related deaths, both in the United States and in Europe, with a significant rate of 27%
and 21% of total cancer deaths, respectively [21] (Fig.1A). The LC epidemic has been clearly
linked to tobacco smoking [22], and while mortality rate in men has regularly fallen over the
last decades (53 lung cancer deaths for every 100,000 European males in the late 1980s to
41.1/100,000 in 2009) thanks to strong measures for smoking control and prevention in middle-
aged men, female LC rates are predicted to rise 8% in 2015 [1] (Fig.1B). There are two main
types of lung cancer: non-small lung cancer (NSCLC) which account for about 85% of all lung
cancers and small cell lung cancer (SCLC, 15%). SCLC is the most aggressive form of LC, with
fast growing cells leading to large tumors. Histologically, NSCLC includes 3 subgroups:
adenocarcinoma, squamous cell and large cell carcinoma [23]. As in many other forms of
cancer, LC does not display too many symptoms, develops slowly over a period of several
years, and only manifests itself in advanced stages (Il or IV), where five-year survival rates
are less than 10% because of high degree of metastasis. The overall median survival in stage
IV is only about 8-10 months [24]. Platinum and taxane based chemotherapies (cisplatin,
paclitaxel) has remained for years the treatments of choice, but more recently LC patients have
been selected based on their tumor mutation profile. In most cases, oncogene driver mutations
are exclusives (EGFR, ALK/EML4, KRAS, PTEN, etc...) and importantly, they divided patient
populations into molecular subsets that do not show the same sensitivity to different treat-
ments [25]. This patient stratification has enabled the introduction of targeted therapies
directed against specific signaling pathways whose tumors are dependent on. Indeed,
humanized recombinant antibodies directed against the vascular endothelial growth factor
(VEGF) (bevacizumab) or small molecule inhibitors of EGFR-TK (erlotinib, gefitinib and
afatinib), ALK and MET (crizotinib, ceritinib) have recently been used as a promising new line
of therapies to treat lung cancer. Unfortunately, this drug portfolio extends survival only by
a few months (Table 1) since most of the patients develop resistance to treatments, leading
invariably to the recurrence of the disease [26-32]. Huge efforts are now undertaken to
understand and circumvent drug resistance mechanisms. First observations have pointed out
two main mechanisms for drug resistance acquisition: the selection of another pre-existing
oncogene mutation or the activation of a bypass track, i.e. the deregulation of an alternative
growth signaling pathway to maintain cell proliferation and tumor progression [33]. In
EGFR-mutant lung cancer treated with the EGFR-TK inhibitors erlotinib and gefitinib,
resistance is generally mediated by the T790M EGEFR second-site mutation (~50% of the cases)
[34] or phosphatidylinositol 3-kinase PI3K-AKT pathway activation via focal amplification of
MET as second signaling pathway (~5%) [35]. For ALK-mutant lung cancer treated with
crizotinib, mechanisms of resistance include the gatekeeper mutation L1196M (~30% of the
cases) and KIT and EGEFR signaling pathways activation as bypass track (~45%) [36]. Overall,
these findings argue for the use of combined therapies in a manageable way. But recent data
based on the analysis of tumor specimens at the time of acquired resistance suggest a much
more complex landscape. In fact, multiple mechanisms, as diverse as epigenetic changes [37],
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epithelial to mesenchyme transition (EMT) or conversion from a LC histological type to
another (EGFR-dependent NSCLC to SCLC), are induced under the selective pressure of
targeted therapies [38, 39]. These observations imply the arrival of a personalized medicine,
where a careful profiling of patient tumor’s mutation status (germline and somatic) and
epigenetic signature will be mandatory all along the therapy to identify and adapt the correct
treatment strategy. However, such scheduled combinatorial regimen would require the
development of multiple-generation inhibitors to overcome specific subsets of resistance
mutations and induce durable remissions. But the ability to escape multiple types of treatment
could well be a hallmark of cancer cells. With this in mind, alternative strategies are worth
considering. Instead of constraining tumor cells signalling through exogenous therapies
making them overreact, a different approach might be to restrict tumor progression through
its own microenvironment. The original 1975’s experiment of teratocarcinoma injection into
blastocysts from Mintz and Illmensee was the first example of tumor repression by the
microenvironment [40]. Today, tumor reprogramming through stroma instruction is emerging
as a new treatment paradigm [41-43]. From this perspective, advanced human three-dimen-
sional (3D) cell culture approaches modelling tumor-stroma communication could be key to
accelerate the development of new lung cancer therapeutics.
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Table 1. Targeted therapies approved by the Food and Drug Administration in the treatment of lung cancer. The
median time to progression on targeted therapy (Progression Free Survival - PES) is given in months. rtHMADb:
recombinant human monoclonal antibody. Source: National Cancer Institute database, 2014.

3. Lung cancer cell lines

Cell lines derived from human tumors provide an unlimited, self-replicating source of
malignant cells that can be studied by investigators throughout the world. Therefore, even if
cell lines represent only a highly selected fraction of the original tumor, their ease of access has
resulted in the production of a very large body of literature. Indeed, it is acknowledged that
most of our understanding of the molecular mechanisms involved in LC comes from studies
done on mouse or human cell lines [44].
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3.1. Lung cancer cell lines collection

To date, more than 250 LC cell lines have been established, mainly from Western population.
Currently, the American Type Culture Collection (ATCC, Manassas, VA) catalog lists 121
human lung tumor cell lines. Among this panel, SCLC is less represented, first due to the lower
frequency of the disease, and second because SCLC tumors are rarely surgically resected.
Indeed, only small tissue samples from biopsy examinations, malignant aspirates, and rare
malignant effusions are available for research use. Moreover, the fact that SCLC tumor cells
lack the ability to adhere to culture dishes and required to be grown in vitro as floating cell
aggregates or spheroids has precluded for a long time their expansion as cell lines. SCLC was
first successfully cultured in Japan in 1971 [45].

Regarding NSCLC, primary and metastatic tumor materials are more easily accessible, even
through routine bronchoscopy [38, 39]. However, although cells from metastatic tumors,
especially from malignant effusions, are relatively easy to culture, cell cultures from primary
solid tumor are not obvious to establish, with success rates ranging from 2.6 to 5% [46, 47].
Various protocols are in use, but on the whole, tumor tissues minced in small pieces are either
directly cultured as fragments in a matrix (e.g. Matrigel®) or subjected to enzymatic dissoci-
ation (collagenase/hyaluronidase) and then suspended in culture medium. Clearly, positive
results are higher when starting from material corresponding to advanced stages as MHC III
and IV [46]. The culture medium composition is also critical and the development of serum-
free chemically defined media (e.g. ACL4) has significantly improved success rates [48].

The resulting current LC cell lines depository represent therefore a unique resource that can
be extremely valuable in term of genetic manipulation, high-throughput screening and
development of more complex co-culture models.

3.2. Lung cancer cell lines as in vitro model

LC cell lines have been used for decades in functional studies with the aim to identify new
oncogene drivers or tumor suppressors. Thus, LC cell lines compared to normal human
bronchial epithelial cells were instrumental to generate list of differentially expressed genes
that could account for tumorigenicity and represent therefore new therapeutic targets. As an
example, this strategy lead to the detection of ERBB3, a gene associated with the EGF signaling
pathway, among the genes over-expressed in LC cell lines [49]. Interestingly, this result was
validated later on by another study that identified the activation of ERBB3 signaling as a
mechanism of resistance to gefitinib [35]. Since these initial findings, ERBB3 has been recog-
nized as a key node of LC progression and several humanized anti-ErbB3 antibodies are
currently in pre-clinical development [50].

However, cell lines limitations have emerged as our knowledge about the disease increased.
As an example, several studies have shown that differences in genetic background are
important in defining cancer biology as well as in drug sensitivity [51]. Thus, a potential
shortcoming of the current LC collection may reside in its under-representation of some
populations, like the East Asian population, possibly introducing bias in research and drug
discovery. Indeed, epidemiologic surveys have revealed that in the US, 10% of patients with
NSCLC have tumour associated with EGFR mutations, while this number increases to 35% in
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East Asia, suggesting different selection mechanisms or sensitivity for lung cancer subtypes
among different ethnic groups.

Accordingly, the recent classification of lung cancers into genetic subsets based on mutations
in driver oncogenes (see previous section) prompted the community to accurately characterize
the LC cell lines collection at the genomic and genetic levels. In this perspective, the Sanger
Cancer Institute has initiated the genetic characterization of a panel of cancer cell lines (The
Cancer Genome Project, http://cancer.sanger.ac.uk/cancergenome/projects/cell_lines/). Using
current high throughput techniques this program provides information on mutations, copy
number variations, single nucleotide polymorphisms (SNPs) and microsatellite instability of
136 cell lines representative of the different type of lung cancers (adenocarcinoma, small cell
carcinoma, etc...) with the aim to define a genetic profile predictive of drug sensitivity. Such a
signature should contribute to stratify patient population and to identify efficient targeted
therapies.

Another emerging use of LC cell line is related to the identification of resistance mechanisms.
As documented in section 2, so far all the approaches used in the treatment of lung cancer have
resulted in the acquisition of resistance by the patients. One successful approach to discovering
resistance mechanisms has been to culture sensitive cell lines with increasing concentrations
of the drug until resistance emerges. The resistant cell line can subsequently be analysed to
identify the resistance mechanisms, leading to the identification of resistance biomarkers and
new strategies to overcome resistance [36].

Undoubtedly, cell lines have proven to be useful in elucidating important aspect of lung cancer
biology. However, thanks to modern deep-sequencing technologies, we now know that lung
tumors are composed of population of cells with distinct molecular and phenotypic properties
[52] and consequently, that cell lines do not fully recapitulate human tumor biology. Clearly,
the scientific community has taken into account these limitations, as shown by the growing
interest for the establishment of complex in vitro cell models intended to bridge the gap
between animal models and human studies.

4. Biocompatible matrices for 3D cell culture

In this section, we will try to briefly resume different ways and techniques used to culture the
cells in 3D. Maintaining a 3D structure is critical to reproduce the tumour-stroma environment,
communication between tumour cells, and the interaction with other surrounding cell types
such as epithelial cells or fibroblasts [19]. Advances in materials chemistry and processing
technologies, as well as developmental biology have led to the design of 3D cell culture
matrices and bioscaffolds that better represent the geometry, chemistry, and signaling
environment of natural extracellular matrix.

To obtain 3D cell cultures, cells are generally seeded onto/into biocompatible scaffolds or
matrices. The 3D differentiation of cells depends on various parameters but it is generally
accepted that best results are obtained when the natural environment is closely imitated [53].
Natural extracellular matrices are mainly composed of fibrous network made of collagen,
elastic fibers, water and other materials like glycosaminoglycans, proteoglycans and glyco-
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proteins [54]. To mimic the natural extracellular environment of the cells important parameters
have to be taken into account [55]:

1. The matrix composition (collagen, fibrin, alginate, etc.)
2. The structure (pore size, pore distribution, pore geometry, etc.)

3. The manufacturing method (electrospinning, 3D printing, inverted colloidal crystal,
spontaneous polymerization, etc.)

4. The biocompatibility

As the fate of a cell is largely determined by its environment, the elaboration of the right
extracellular context is critical to promote the correct differentiation of a cell population.

For example, it is well known that epithelial cells have to be cultured at the air-liquid interface
to differentiate. This could be easily obtained by seeding cells onto micro porous supports or
scaffolds allowing nutrients to come from the back. The apical side of the cells remains
generally exposed to the air [56]. This basic principle of air-liquid interface cultivation can be
transposed to most of epithelial cells such as airway, vaginal, buccal, intestinal, etc. However,
this approach is no more suitable when the cells are not from epithelial origin [57, 58].

It is typically the case for fibroblasts that are not able to survive when directly exposed to the
air. To culture fibroblasts in 3D, a different type of environment is required. Cells can be
embedded into a biocompatible matrix based on various components [53]. Among the most
used we find collagen and fibrin. Collagen is the major component of connective tissues, it is
naturally produced by fibroblasts and can be easily isolated from many type of tissues such
as dermis, bone, tendon, etc...

Whereas collagen is easily obtained, applications for human therapies and 3D cell culture
remain limited because of contamination risks between animals and humans (e.g. Creutzfeldt-
Jakob). Moreover, the gel polymerization can be difficult to control thus reducing the field of
applicability. Another drawback is the variation between batches to batches. These weaknesses
have led to the development of new generations of synthetic matrices and scaffolds where
polymerization as well as intrinsic properties of materials (elasticity, porosity, permeability,
hydration, etc.) can be more easily controlled. The matrices used today for 3D cell culture can
be divided into 3 groups:

a. Natural compounds: collagen, gelatin, hyaluronate, glycosaminoglycan, chitosan,
alginate, silk, fibrin, dextran, matrigel®, etc...

b. Synthetic compounds: polyglycolic acid (PGA), polylactic acid (PLA), polylactic-co-
glycolic acid (PLGA), polycarpolactone (PCL), polyethylene glycol (PEG), polyvinyl
alcohol (PVA), polypropylene fumarate (PPF), polyacrylic acid (PAA), etc...

¢. Mixed compounds, made of natural compounds synthetically modified. These included
peptide-coupled alginates, chitosan, hyluranan, tyrosine-derived polymers, etc...

Each material has its own strengths and weaknesses and therefore it is fundamental to select
matrix components in function of the needs. In the context of lung tumor cell model, it is
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pertinent to determine the final end-point studied. For example, if cells invasion has to be
studied, it is necessary to use matrix components where cells are able to adhere, migrate and
proliferate [59]. Moreover, some cells have the ability to digest and transform the scaffold and
elaborate a new environment adapted to their needs. In that case it will be valuable to select a
natural matrix component like collagen or fibrin. If the goal of the experiment is to obtain a 3D
scaffold for human therapy, the best choice will be the use of synthetic matrices where all
components can be defined and controlled [60]. If the sensitivity of a cancer cell to a drug has
to be studied, a relevant choice could be the use of cell spheroids embedded into a non
degradable matrix component, like alginate [61]. In that case, cells are immobilized and their
drug susceptibility can be determined using a simple viability test. Alginate scaffold has been
optimized for 3D tumor modeling using H460, A549 and H1650 NSCLC cell lines [62]. In this
study the anticancer effects of various chemotherapeutic agents were studied and compared
with conventional 2D cell culture models. Results have shown that cells grown in 3D demon-
strated a more realistic drug response with higher resistance to chemotherapy [62].

Clearly, there is a tremendous flexibility to reconstitute a scaffold and the choice of synthesis
should be guided by the type of cells, the application and the desired physical properties [53].
In addition, new perspectives are offered by bioprinting technologies. The possibility to
organize extracellular matrix into precise geometries should help engineering 3D complex
tumor tissues for in vitro assays [63].

5. Tumor spheroid models for lung cancer research

Numerous anchorage-independent assays have been developed for drug discovery. The most
popular is the spheroid model because it allows both 3D self-organization of tumor cells and
drug screening in high-throughput format. Many normal and malignant cell types can be
grown as sphere-shaped cell colonies, so called spheroids. Cells that don’t form spheroids
spontaneously can be induced to do so by co-culturing with spheroid-forming non-clonogenic
feeder cells [64]. As spheroid environment can be controlled, effects on tumor cell viability can
be carefully examined. This model is particularly adapted to high throughput screening in 96-
well plate assays, and numerous solutions are commercially available.

Phenotypic and functional differences between lung tumor cells grown as 2D monolayer
cultures, versus cells grown as 3D spheroids have been observed. Indeed, the 3D spheroid
culture changed the cellular response to drugs and growth factors suggesting to be more
accurately mimicking the natural tumor microenvironment than classical culture of lung cell
line [65]. Multi-cell type tumor spheroids are a valuable model to reproduce cellular hetero-
geneity and provide more comprehensive assessment of tumor response to therapeutic
strategies. 3D co-culture model using NSCLC cell lines in combination with lung fibroblasts
can be prepared [66]. To date, co-cultures involving up to three different cell types in a single
spheroid (tumor cells, fibroblasts and endothelial cells) have been established, but without any
proof of micro-capillary functionality [67]. Recent studies report that NSCLC can acquire
epithelial-mesenchymal transition and cancer stem-like phenotypes within chitosan-hyalur-
onan membrane-derived 3D tumor spheroids [68].
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6. Microfluidic chip-based 3D co-cultures

In the continuity of the pioneering work of Donald Ingber (organ on chip), a series of 3D lung-
on-a-chip microfluidic devices have been developed. Briefly, lung-on-a-chip is a biomimetic
microsystem that reconstitutes the critical functional alveolar-capillary interface of the human
lung, with periodic mechanical stretching and flow of the medium carrying immune cells.
Using this micro-fluidic device, the authors were able to replicating the immune responses
against bacterial infections in vitro [69]. Afterwards, devices were optimized as a drug
screening platform to select individualized treatment for lung cancer. In these systems, lung
cancer and stromal cell lines were co-cultured as 3D spheroids under continuous media
supplementation, mimicking the circulation of nutrients and metabolic waste out of the
cultures [70]. Another similar model has been developed for chemoresistive testing of pleural
mesothelioma cancer spheroids. Interestingly, growth inhibitory concentration of cisplatin
showed higher concentration in perfused tumor spheroids compared with spheroids cultured
under static conditions [71]. These systems represent therefore valuable tools to get informa-
tion about the efficacy of chemotherapeutic drugs in a dynamic microenvironment which
recapitulate the actual in vivo situation, but they do not address side-toxicity on normal lung
physiology. The challenge will be to improve the model so that it incorporates normal and
functional tissues. That could be achieved by connecting such devices with other microphy-
siological organotypic chips, representative of healthy lung tissues.

7. Ex vivo 3D lung cancer model based on decellularized matrix

As it is not obvious to identify the ideal matrix components and conditions suitable for the
development of various lung tumor types, an alternative strategy is to take advantage of
existing natural matrices. This methodology relies on the initial work of Ott and colleagues
that first succeed in regenerating a bioartificial organ from a rat cadaveric lung [72]. Briefly, in
this model the organ of interest is perfused with a detergent in order to remove donor cells
and leave the components of the extracellular matrix. The resulting decellularized matrix is
then reloaded with human lung adenocarcinoma tumor cells. In addition to their well-adapted
composition, decellularized matrices also display specific elasticity which has been pointed
out as critical for tumor cell growth. To date, rat decellularized lung matrix [73] and porcine
decellularized intestinal submucosa [17] have been used as scaffold. Interestingly, tumor cell
lines (A549, H460 and H1299) engrafted in this microenvironment formed 3D lung tumor
nodules and displayed histological features reminiscent of the original primary tumor [74].
They also recovered functionalities (e.g. MMP-9 production) that were lost in 2D culture [73].
These ex vivo 3D models can be kept in culture for up to 28 days and exhibit sensitivity to
treatment comparable to what is observed in clinic [17]. Although relevant for fundamental
research, current ex vivo 3D lung models clearly show limitations. First, they are difficult to
produce, the cultivation of the cells must take place in a special incubator, and consequently
they cannot be used for high-throughput screening. Second, they do not recapitulate the
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human - human interactions between tumor and stroma. Indeed, epithelial and mesenchymal
cells have been removed from epithelial space by the decellularization process. Third, they
necessitate large amount of tumor cells (~25 millions) in order to colonize the matrix, preclud-
ing personalized medicine. And finally, they required the sacrifice of animals for matrix
supply. However, ex vivo 3D lung models must be seen as the gold standard to be reached by
3D bioprinting technologies combined to synthetic matrices.

8. Precision-cut lung tumor slices

As previously mentioned, the tumor microenvironment provides essential signaling necessary
for establishing and maintaining tumor specific morphogenic programs. Precision-cut lung
slices (PCLS) obtained from freshly isolated human lung cancer tissues maintain both the
original cancer microenvironment and preserve the complexity of the tumor-stroma interac-
tion [75, 76]. Usually thin tissue slices (~200 pM) are prepared with a vibratome and cultured
submerged into medium for several days. PCLS constitute a valid tool for the in vitro evaluation
of tumor morphology, proliferation, viability and resistance to therapy [75]. Moreover, a major
advantage of this model is the preparation of multiple experimental replicates from a single
tumor, allowing performing drug efficacy studies. Indeed, dose-response experiments with
the PIK3 inhibitor LY294002 have shown that PCLS cultures from lung cancer may be used to
predict tumor sensitivity to drugs in a patient-specific manner [75]. In a different study, tumor
PCLS were used to investigate nanoparticles delivery of antisense as lung cancer treatment.
The model was instrumental to demonstrate that nanoparticles could penetrate into tumor
tissue and target telomerase activity, without disturbing adjacent tissue architecture or
inducing significant side-toxicity [76]. PCLS established from human lung tumor tissue
represent therefore a useful in vitro tumor model that has the potential to enhance preclinical
drug evaluation studies. However, an obvious limitation of PCLS is their short lifespan, ~5
days, which prevents long-term exposure, and therefore chronic treatment evaluation.

9. Engineered 3D lung tumor tissues: The OncoCilAir™ model

Tissue engineering is an innovative technology designed at first to produce artificial functional
tissues to repair or replace portion of injured tissues. While initially seen as unrealistic, this
field has made tremendous progress over the past decade, and regenerative medicine will soon
become a routine technique [77]. Today, it is possible by combining human cells with suitable
bioscaffolds to produce in vitro tissue equivalents from many sources (e.g. corneal, cartilage,
intestinal, muscle, respiratory, skin, etc...). More recently, this promising technology has been
applied to the field of oncology with some attempts to develop engineered tumor tissues for
pre-clinical research (e.g. human melanoma model) [78]. Here we took advantage of our tissue
engineering know-how in the respiratory field [79] to develop a complex, but accessible, 3D
lung cancer model: OncoCilAir™ [80, 81]. To this purpose, human primary bronchial cells,
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lung fibroblasts and lung adenocarcinoma cell lines were co-cultured at the air-liquid interface
in a transwell insert (Fig.2). After appropriate differentiation, the system closely reproduces
malignant pulmonary nodules invading a human functional airway epithelium (Fig.3).

Hd‘l’rr |l.. r'ﬂ'h b i

Figure 2. Schematic representation of the OncoCilAir™ lung cancer model. OncoCilAir™ is a complex cellular mod-
el based on the co-culture at the air-liquid-interface of three different human components: bronchial cells, lung fibro-
blasts and NSCLC cell lines. After 30 days, the cells differentiate into a functional respiratory epithelium which
comprises ciliated cells (pink), goblet cells (blue) secreting mucus (light blue), basal cells (yellow), fibroblasts (brown)
and tumor nodules (green).

Figure 3. Cultured at the air-liquid interface in a convenient 24-wells format (A), the OncoCilAir™ model mimics the
in vivo lung tissue of a patient with characteristic tumour lung nodules (B & magnification in C).

Several properties contribute to make OncoCilAir™ a relevant pre-clinical in vitro alternative:
First, it is a 100% human three-dimensional model which summarizes human tumour-stroma
interactions to assess therapies targeting host-tumor interactions (Fig.4). Second, it is a flexible
system: depending on the cell line used to build its tumour component, OncoCilAir™ offers
the possibility to recapitulate distinct molecular subsets of lung cancers (EGFR, KRAS, etc...)
and thus to simulate patient stratification. Third, it is a bi-competency model: the fact that it
includes both compromised and healthy tissues brings the possibility to experiment simulta-
neously drug efficacy and drug side-effect within a single culture. Lastly, its long lifespan (>3
months) allows to test chronic treatments and recurrence while reducing animal testing.
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OncoCilAir 530 A2

Figure 4. A tumor nodule expanding within the OncoCilAir™ human airway epithelium. Adenocarcima cells GFP+
(green) and human bronchial epithelial cells nuclei DAPI+ (blue) were visualized by confocal laser scanning microsco-
py. Scale bar represents 100 um.

Accordingly, a dose response efficacy study with the investigational MEK inhibitors selume-
tinib and trametinib demonstrated that OncoCilAir™ showed responsiveness to anticancer
drugs in agreement with previously reported data, and therefore can be used as a predictive
tool for anticancer drug evaluation [82].

10. Future perspective

Hanahans and Weinberg highlighted six cancer hallmarks which provide us with a framework
to understand this complex disease. These hallmarks include (i) sustaining proliferative
signaling, (ii) evading growth suppressors, (iii) resisting cell death (iv) enabling replicative
immortality, (v) inducing angiogenesis, and (vi) activating invasion and metastasis [83, 84].
However, in essence, cancer is a genetic disease with germ or autosomal mutations affecting
genes implicated in cell division and/or in tissue integrity. These genetic alterations lead to
unrestricted cell division and formation of a clone of cells which undergo further genetic
changes. Some of these mutations promote features that endow cells with a selective advantage
over normal cells, thus creating a more aggressive subclone with an even higher mutation rate,
eventually leading to tumor formation [85]. The clonal theory has been corroborated by several
decades of cancer researches: we now know that mutation in some specific genes, so-called
oncogenes and tumor supressors, are primary cause for cancers. For lung cancers, the com-
ponents of EGF signaling, such as EGF receptor and its downstream effectors (KRAS, BRAF,
ALK, etc...) are the main drivers [33]. With the advance in biotechnology, it is now possible to
rapidly identify the underlying mutations of the lung cancers for diagnostics and for person-
alized treatment.
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Table 2. Current and future in vitro lung cancer models sorted according to cancer hallmarks.

However, a genetic change is only one side of the same coin. It is generally recognized now
that the microenvironment surrounding the cancer cells plays also a crucial role in cancer
development [19, 83, 84]. Indeed, tumor cells have to overcome at least six barriers in order to
become invasive [86]. The extracellular matrix, stroma cells, immune cells, etc... form an
integral part of the tumor, therefore should be taken into account. In fact, not all the cancer
cells can grow in standard cell culture conditions: out of 160 tumors, only 8 Chinese NSCLC
cell lines have been established in culture [47].

Therefore, for tissue engineering, the most important, as well as the most challenging task is
to recreate the in vivo-like tumor micro-environment.

Another important issue is to maintain the heterogeneity of the tumor populations. Despite of
huge progresses made in cancer research, the toll cancer claims in both human lives and funds
spent on health care has been only marginally reduced, and in some cases even increases [87,
88]. One of the reasons for this situation is the drug resistance. The underlying cause is the
heterogeneity of the tumor cells: within a tumor several clones with different mutations may
co-exist. Furthermore, another process termed the community effect may be involved. Studies
have suggested that the ability of a cell to respond to a signal may be enhanced by, or even
dependent on, other neighboring cells reacting in the same way at the same time [89]. This
effect helps to explain the formation of blocks of tissue from sheets of cells, and could be of
widespread occurrence and significance in various morphogenesis processes, including tumor
development. The underlying mechanism of the community effect could be the autocrine or
paracrine positive feedback loops, which have also been suggested and identified during
tumor formation. Several studies have outlined the importance of autocrine IL-6 signaling in
lung and breast cancers. For example, one group found a positive correlation between
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persistently activated tyrosine-phosphorylated STAT3, found in 50% of lung adenocarcino-
mas, and IL-6. Further investigation revealed that mutant EGFR could activate the oncogenic
STATS3 pathway via upregulated IL-6 autocrine signaling [90].

The fact that most of the cancer cells, even the aggressive ones, cannot grow in culture once
dissociated strongly supports this notion. In other words, all the cancer hallmarks are the
hallmarks of the tumor as a whole, not that of individual cancer cells. This has to be taken into

account during the development of in vitro cancer models.
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Table 3. Strengths and weaknesses of the different human in vitro models for lung cancer.

Ideally, in vitro lung cancer models should recapture all the hallmarks of human lung cancer.
Each model has its own strength and weaknesses (Table 3). But depending on the application,
simple models may be more relevant and sufficient. Models can therefore be sorted by
complexity:
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1. Cell lines

2. Assimplest 3D model, the tumor spheroids represent already a progress with regarding
to monolayer culture of tumor cell lines or primary tumor cells: the cell-cell interaction is
restored. Stroma cells and or matrix could also be added to better mimic the in vivo
situation.

3. Since the lung tumor cells are located at air-liquid interface, co-culture with the normal
airway epithelial cells and fibroblast cells at air-liquid interface, illustrated by OncoCi-
1Air™, is another realistic scenario for modeling the lung tumors.

4. Invitro PnP (Plug and Play) models with primary tumor derived from the patient.

In addition, Table 2 summarizes how the current, as well as the future in vitro cancer models
can replicate some or all the cancer hallmarks, their use and limitations for drug development.

Finally, we would like to propose an ideal in vitro lung cancer model based on the above
considerations, so-called in vitro PnP (Plug and Play) model (Fig.5).

Artificial blood vessels

In!uutput"; ) G o uPe
Immune cells

Figure 5. Schematic representation of an ideal in vitro PnP (Plug and Play) lung cancer model. A primary tumor
derived from the patient is incorporated into a fully differentiated and healthy airway epithelium and cultured at air-
liquid interface in a setting similar to OncoCilair™ (Mas et al., 2015); Then this co-culture model is plugged into a mi-
cro-fluidic device with artificial blood/or lymphatic vessels (pink color) containing circulating immune cells (blue
color); liver cells (hepatocytes as spheroids, brown color) can also be integrated into the circuit through the plug num-
ber 2, providing metabolic capacity of drugs. If needed, other cells/organs can be further inter-connected in similar
way. An input/output plug allows the addition of drug or the uptake of medium for analysis. The lung tissue culture
remains accessible to apical exposure during all the experiment.

A primary tumor derived from the patient is incorporated into a fully differentiated and
healthy airway epithelium and cultured at air-liquid interface, a setting similar to OncoCilair™
[82]. Then this co-culture model is plugged into a micro-fluidic device with artificial blood/or
lymphatic vessels containing circulating immune cells; liver cells (hepatocytes as spheroids)
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can also be plugged into the circuit, providing metabolic capacity of drugs. If needed, other
cells/organs can be further inter-connected in a similar way.

We are convinced that, with the development of new technologies such as microfluidic devices
and 3D bio-printing, such models should quickly emerge and strengthen in vitro pre-clinical
cancer research.
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1. Introduction

In multicellular organisms the regulation of growth, development and metabolic homeostasis
involves extensive intercellular communication. This is achieved by diverse endocrine signal
molecules that often address intracellular receptors which regulate gene expression in a ligand-
dependent manner. Proteins involved in up- or down-regulation of gene expression are termed
transcription factors. It is estimated that about 10 % of the human genome encodes proteins of
this family [1]. An important class of transcription factors are nuclear receptors (NRs). So far,
48 different NRs have been identified in humans. However, due to alternative splicing the
number of different functional NRs is substantially larger [2]. Similar to other protein families
(e.g. G protein-coupled receptors) a unified nomenclature system has been established in order
to overcome problems due to multiple names for the same gene [3].

NRs recognize and bind small molecules that comprise, for example, steroid and thyroid
hormones, vitamins as well as fatty acids and their derivatives [4]. In fact, for only about half
of human NRs an endogenous ligand has been identified so far. The involvement of several
members of the NR superfamily in various diseases has made this class of transcription factors
highly attractive for pharmaceutical industry. As described below, several members of the NR
family are already addressed by drugs and more receptors are under investigation [5].

Understanding nuclear receptor function requires knowledge of the NR structure. The
composition of nuclear receptors is modular and involves 5-6 domains with distinct functions
(Figure 1). Evolutionary most conserved domains are the DNA-binding domain (DBD) and
the ligand-binding domain (LBD). Other domains show a considerable variation in length and
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sequence such as the N-terminal domain, the hinge region - connecting DBD and LBD - as well
as the C-terminal domain.

The N-terminal domain (NTD) possesses a ligand-independent activation function 1 (AF-1)
and contains several post-translational modification sites [6, 7]. The NTD size may vary
considerably, ranging from 23 to 602 residues. Although no X-ray crystal structures of this
domain are available, circular dichroism studies have indicated the presence of some secon-
dary structures upon posttranslational modifications [8]. The DBD domain consists of about
70 highly conserved amino acids and contains two zinc-finger motifs which are essential for
DNA binding [9]. The DBD organisation allows binding to specific DN A sequences (responsive
elements) [9]. The core region of the response elements is organised as hexameric motif with
the consensus sequence 5-AGGTCA-3’ [8]. The number of motifs as well as their organisation
and spacer length between the repetitive elements and the flanking regions affect the specificity
of NR binding [10, 11]. A typical response element presents two repetitions of the core motif
that can be organised in inverted, everted or direct repeats [12].

A

Figure 1. Assembly of nuclear receptor and their interaction partners. A: Nuclear receptors are composed of several
domains. Main domains are i) the N-terminal domain (NTD) of variable length that carries the ligand-independent ac-
tivation function 1 (AF-1), ii) the DNA-binding domain (DBD) that binds to the response elements in the promoter re-
gion of target genes and iii) the ligand-binding domain (LBD) that harbours the ligand-binding pocket (LBP), the
ligand-dependent activation function (AF-2) as well as a binding site for coregulatory proteins (CoR) and other nuclear
receptors.Most nuclear receptors bind as dimers to their response elements. B: X-ray crystal structure (PDB code 3DZY
of the PPARY (violet) and RXRa (orange) DBD and LBD (cartoon representation) bound to DNA (CPK representation).
Structure was solved in complex with NR agonists (shown in CPK representation) rosiglitazone (PPARY) and 9-cis ret-
inoic acid (RXRa) as well as coactivator peptides (blue ribbons).

The second large domain is the ligand-binding domain (LBD) that is connected to the DBD via
the hinge region. As the name already indicates, the LBD is capable to bind small molecules
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in its ligand-binding pocket (LBP) [12]. In addition, the LBD carries the ligand-dependent
activation function 2 (AF-2), located on its C-terminal helix (helix 12, H12) [13]. In addition,
the LBD contains a dimerisation motif that allows binding of other NRs and an interaction site
for co-regulatory proteins that are important for activation and inhibition of target gene
expression [14, 15]. The LBD comprises about 250 amino acids and is mainly composed of a-
helices, arranged in a so-called three-layered helix sandwich. The ligand-binding pocket is
found between both outer layers. Size and amino acid composition of the LBP differ substan-
tially among different NRs resulting in LBP volumes ranging between 100 A® (ERRa) and 1300
A? (PPARY) [13, 14]. In some cases, for example NURR1, no ligand-binding pocket is present,
suggesting a ligand-independent mechanism of action [23].

Ligand-binding to the LBP modulates the conformation of helix 12 (AF-2). Agonists induce
AF-2 to adopt a helical conformation that covers the ligand-binding pocket like a lid. By this
process, a binding site for co-activator proteins is generated. These bind to the receptor via
their nuclear receptor interacting domain (NRID) which contains a highly conserved LxxLL
motif (L =leucine, x = any residue) [15]. Several co-activators (e.g. SRC-1) contain an intrinsic
histone acetyltransferase function which results in decondensation of the chromatin at the
promoter region, thereby improving accessibility of further transcription factors. In addition,
co-activators recruit other proteins with histone modifying capabilities as well as proteins of
the basal transcription machinery. Eventually, these processes initiate target gene expression.
In contrast, NR antagonists displace H12 from the active conformation, which is often
associated with partial unfolding of the helix. This event induces binding of co-repressor
proteins to the receptor. Similar to co-activators, further proteins are recruited that lead to
chromatin condensation (e.g. by histone deacetylases), thereby silencing gene expression.

""\"II\._._.' . i
E%:'\r?'u\d-t:: - ; = |-" w\:—" 1

Enzalutamide Tamoxifen Saroglitazar

Gemfibrozil Etofibrate Clofibrate

Figure 2. Examples for approved drugs targeting nuclear receptors.
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Besides other drug target classes such as G protein-coupled receptors, ion channels or receptor
tyrosine kinases, nuclear receptors represent another major receptor target class. As of 2011,
76 approved drugs targeting 17 nuclear receptors were available (See Figure 2 for selected
examples) of which several generate more than 1 billion dollar sales each year [5]. In this
chapter we will highlight selected NRs which are targeted by approved drugs and provide
insight into current efforts to address additional receptors using small molecules. A focus will
be on novel mechanisms of receptor inhibition as shown by co-activator-binding inhibitors. In
addition, currently used methods for studying nuclear receptor function in drug discovery are
described.

2. Pharmaceutically relevant nuclear receptors and their drugs

Most nuclear receptors addressed by approved drugs belong to the subfamilies 1 (thyroid
receptor like receptors) and 3 (estrogen receptor like receptors). Main indication areas are
cancer, hormone replacement and metabolic diseases.

An NR that is targeted by both, agonists and antagonists, is the estrogen receptor (ER),
belonging to the steroid hormone receptors. Two ER forms exist, called a and 3 (NR3AL,
NRB3A2). An endogenous ligand of both ERs is the steroid hormone 17B-estradiol. While
estradiol preferentially binds to the a-form (Figure 3A & C), the third estrogen produced in
humans (estriol) favors the B-form. Both ERa and ERf{ bind as homodimers to their response
elements. The natural ligand estrogen is also applied in hormone replacement therapy.

Of main pharmaceutical relevance is ERa. In the majority of breast cancers (~70 %), ERa is
overexpressed in breast tissue (ERa-positive cancer). Since the natural ligand estradiol plays
an important role in breast cancer development and progression, antagonists targeting ERa
have been developed for treatment of ERa-positive breast cancer [16]. A frequently used drug
thataddresses ERa is tamoxifen (Figure 2), a potent antagonist of the receptor. Being a prodrug,
tamoxifen requires conversion to the bioactive forms 4-hydroxytamoxifen and N-desmethyl-4-
hydroxytamoxifen in the liver by cytochromes CYP2D6 and CYP3A4. Both metabolites possess
up to 100-fold better affinity to the receptor than the prodrug [17]. Tamoxifen and its metab-
olites belong to the class of selective estrogen receptor modulators (SERMs), which are
chemically different to the natural ligand estradiol. In breast tissue, tamoxifen metabolites act
as competitive inhibitors of the natural ligand estradiol in the ER ligand-binding pocket, while
in other tissues such as the endometrium, the compounds act as potent ER agonist [18]. This
agonistic effect is problematic as it substantially increases the risk of uterine cancer and
therefore the compound is not used for long-term treatment [27].

Another selective estrogen receptor modulator is the benzothiophene raloxifene which is
applied for treatment and prevention of osteoporosis in postmenopausal women but also for
reducing the breast cancer risk. The compound is not a prodrug like tamoxifen as it already
contains two hydroxyl groups that form hydrogen bonds with the same LBP-residues as the
tamoxifen metabolites. Also a difference is the mechanism of action as raloxifene does not show
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Figure 3. Protein-ligand interactions in estrogen receptor a (ERa). A: ERa (cartoon representation) in complex with the
natural agonist estradiol (capped sticks representation, carbon atoms in green, oxygen atoms in red). Helix 12 (violet)
is in the active conformation enabling coactivator binding (NRID in blue). B: Antagonist binding (raloxifene) displaces
H12 from the active conformation thereby disrupting the coactivator binding site. C & D: Binding modes of estradiol

(C) and raloxifene (D) within the ERa LBP. Both compounds have an identical hydrogen bond interaction pattern
(black dotted lines). In addition, raloxifene forms a salt bridge with Asp351.

any antitumor activity. Instead, the compound is used for preventing osteoporosis and may
also reduce the incidence of breast cancer in postmenopausal women.

Both SERMs are T-shaped molecules. X-ray crystal structures of estrogen receptor a co-
crystallized with 4-hydroxytamoxifen and raloxifene have revealed the binding mode within
the LBP (Figure 3B & D).The core structure of both compounds is planar and binds in a similar
orientation into the ligand-binding pocket as the natural ligand estradiol (Figure 3A & C).
Several hydrogen bonds shared with the receptor ensure tight binding. Hydrogen bond
formation with the receptor is only possible for the metabolized forms of tamoxifen and
explains why these molecules are much more potent compared to the prodrug. The side chain
protruding from the core structure of tamoxifen metabolites and raloxifene sterically displaces
H12 from the active conformation, resulting in an inactive NR [25, 26].
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Another member of the nuclear receptor superfamily targeted by drugs is the androgen
receptor (AR, NR3C4). Natural AR ligands are the androgens testosterone or dihydrotestos-
terone (Figure 4A), both activating the receptor. AR is expressed in several tissues of which
the prostate and adrenal gland are representing the main expression sites [19]. Besides its role
in sexual differentiation in utero and male pubertal genesis, AR is involved in maintenance of
libido, spermatogenesis, muscle mass and strength, bone mineral density and erythropoiesis
[20]. Several diseases such as prostate cancer or androgen insensitivity syndrome have been
linked to AR [19]. For treatment of prostate cancer hormone deprivation using chemical
(luteinizing-hormone-releasing hormone analogues, LHRHa) or surgical castration is a
standard therapy that is initially effective in reducing the number of circulating tumor cells.
But almost invariably resistance emerges after few years. This type of cancer is then referred
to as castration-resistant prostate cancer (CRPC) with poor prognosis. By virtue of AR gene
overexpression and amplification as well as mutations within the AR gene, androgen receptor
activity is upregulated in CRPC. In order to treat CRPC, AR antagonists, also termed anti-
androgens, have been developed.

Both steroidal and non-steroidal AR antagonists have been developed. Low efficacy and
hepatotoxicity as well as cardiovascular side effects and problems with libido and potency
have limited the use of steroidal antiandrogens. These side effects are largely due to the effect
of the drugs on other nuclear receptors recognizing steroid hormones (e.g. progesterone
receptor, or glucocorticoid receptor). Non-steroidal anti-androgens (NSAA), which have been
introduced about 25 years ago, are mainly used in advanced and metastatic prostate cancer
treatment [21]. First generations of NSA As were flutamides and their derivatives bicalutamide
or nilutamide, which are chemically related compounds. The mode of action of these drugs is
to compete with the natural ligand for AR binding and thereby antagonizing the receptor and
inhibiting tumor growth. While flutamide is usually used in combination with LHRH-a,
bicalutamide is also applied as monotherapy. In contrast to steroidal anti-androgens, side
effects due to binding to other steroid hormone receptors are less severe.

Enzalutamide (Figure 2), introduced in 2009, is a second generation NSAA used in treatment
of CRPC. Besides competing with the natural ligands, the drug also reduces nuclear translo-
cation and, as a consequence, DNA binding of the receptor [22]. Enzalutamide prolongs life
of cancer patients, who did not receive chemotherapy before, with only a few registered side-
effects [23]. However, in many CRPC-patients resistance occurs after several months of
treatment which had been linked to a mutation within the LBD [24].

In order to overcome resistance problems and to establish therapeutics not targeting the ligand-
binding pocket, an alternative approach is to address the protein-DNA interactions of the AR
by molecules binding to the DBD. By now several studies have already reported successful
identification of compounds targeting DBD of enzalutamide-resistant ARs [25, 26].

Another example for receptors targeted by already approved drugs is the group of peroxisome
proliferator-activated receptors (PPARs). Three PPAR subtypes have been identified: PPARq,
PPARD (also termed PPARQ) and PPARYy. Unlike ER, all PPARs form heterodimers with the
retinoid X receptor. Another difference to steroid hormone receptors is a considerably larger
LBP. Natural ligands of PPARs include various fatty acids and eicosanoids. Some compounds
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Figure 4. Protein-ligand interactions in androgen receptor (AR). A: AR in complex with testosterone (capped sticks
representation) and coactivator peptide (blue). H12 is shown in violet. B: AR in complex with small molecule (AV6)
bound to AF-2 site. C: AR in complex with flufenamic acid bound to BF-3 site. D & E: Binding modes of AV6 (D) and
flufenamic acid (E) within AF-2 and BF-3 pockets (shown as surface). AV6 shares a hydrogen bond with the receptor
as indicated by the white dotted line.

specifically address single PPAR subtypes. For example leukotriene B4 activates only
PPARa while a variety of prostaglandins are ligands for PPARy.

All currently approved PPAR drugs target o and y subtypes and are used in treatment of
metabolic diseases. PPARa is addressed by fibrates, e.g. clofibrate or gemfibrozil (Figure 2).
Upon receptor activation, a large set of genes is upregulated, including many enzymes
involved in lipid metabolism, e.g. lipid transport, oxidation, lipogenesis or cholesterol
transport [27]. Compounds of the thiazolidinedione class have been developed for targeting
the subtype PPARY (e.g. rosiglitazone, pioglitazone, troglitazone). Rosiglitazone and piogli-
tazone are used in treatment of type Il diabetes, both activating PPARY and thereby increasing
the sensitivity of adipocytes to insulin which lowers glucose blood levels. Due to liver toxicity,
troglitazone has been completely withdrawn from the market.

Another class of PPAR-addressing molecules has been introduced recently. The so-called
glitazars are dual PPAR agonists, activating PPARa and PPARy. In 2013, the first glitazar
(saroglitazar) was approved as drug in India while other glitazar research programs have been
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discontinued due to safety reasons. Saroglitazar (Figure 2) is used for treatment of diabetic
dyslipidemia and hypertriglyceridemia.

Most nuclear receptors are addressed due to their direct involvement in a disease. However,
some members of the NR superfamily are interesting because of their involvement in drug
metabolism. This process comprises three phases that involve compound modification (e.g.
oxidation by cytochrome P450 enzymes), coupling reactions with hydrophilic substances
(e.g. glucuronic acid, glycine) and finally excretion of the metabolised molecules from the cell
via transporter proteins. Both, pregnane X receptor (PXR) and the constitutive androstane
receptor (CAR), are mainly expressed in liver and intestine and are responsible for ligand-
dependent induction of gene expression of proteins involved in all phases of drug metabolism
[50]. Due to their ability to bind structurally and chemically diverse molecules, including many
prescription drugs and other synthetic compounds that enter the human body, CAR and PXR
are also termed xenosensors [28].

Comparing both receptors, PXR is most promiscuous and recognizes a large set of prescription
drugs, among them calcium channel blockers, statins, antidiabetic drugs, HIV protease
inhibitors and also artemisinin and its derivatives [29, 30]. PXR X-ray crystal structures have
unravelled the basis for the pronounced ligand promiscuity of the receptor. The receptor LBD
deviates from the canonical NR fold (H6 unfolded, H7 broken, long H1-H3 loop which is part
of LBP), resulting in a large LBP with considerable plasticity that adapts to structurally and
chemically diverse molecules [31, 32]. The molecular weight of compounds binding to PXR
varies from 200 to more than 800 Da. Rifampicin is the largest known PXR agonist.

Similar to PXR, CAR binds structurally diverse ligands, however the spectrum is less pro-
nounced since the ligand-binding pocket is much smaller and less flexible [33]. Known ligands
are 5-androstan-3-ol and 5-androst-16-en-3-ol as well as pregnanedione [34-36]. Also prescrip-
tion drugs such as artemisinin and meclizine have been identified as CAR ligands, (meclizine
acts as inverse agonist) [29, 37]. Besides direct activation upon ligand binding, CAR can be also
indirectly induced in a yet unknown manner by compounds such as phenobarbital or pheny-
toin, respectively [38].

3. Current status of NR drug discovery research

3.1. Other nuclear receptors as potential drug targets

Current NR research not only continues to develop improved modulators for receptors already
targeted by approved drugs as described before, but also intends to address other NRs that
have been identified to be involved in various diseases with agonists or antagonists. Repre-
sentative examples for these nuclear receptors are the liver X receptor (LXR), farnesoid X
receptor (FXR) or PPARD.

LXR exists in two isoforms: LXRa (NR1H3) and LXRpB (NR1H2). While LXRa is mainly
expressed in the liver, LXRf is ubiquitously expressed. Endogenous LXR ligands are oxyster-
ols, oxigenated derivatives of cholesterol (e.g. 27-hydroxycholesterol, cholestenoic acid) and
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cholic acid [39]. Both isoforms are involved in transcriptional control of genes involved in
uptake, transport, efflux and excretion of cholesterol in a tissue-dependent manner as well as
inflammatory responses in the CNS [40, 41]. LXRa and LXRf bind as heterodimers (RXRa) to
the response elements of LXR target genes which comprise (among others) ABC transporters,
apolipoprotein A and fatty acid synthase. Therefore, compounds modulating LXR are
considered as potential therapeutics for metabolic and neurodegenerative diseases. Many
small molecules targeting LXR have been identified in the last decades and several have
reached clinical phases [42]. A problem of LXR agonists are adverse effects due to LXRa
activation in the liver, resulting in increased hepatic lipogenesis, hypertriglyceridemia and
liver steatosis. As both isoforms share 77 % sequence homology in DBD and LBD, the identi-
fication of selective agonists is not a trivial task. Nevertheless, some selective LXR[3 agonists
have been reported. The first identified selective agonists (N-acylthiadiazolines) activate the
[-isoform several times more efficient than the a-isoform [43]. A phenylsulfone-substituted
quinoxaline compound has been identified as partial agonist of LXRf (potent activator in
kidney cells, low induction in liver cells) and revealed poor affinity towards LXRa [44]. Very
recently, LXRB-selective compounds have been identified using pharmacophore modelling
and shape-based virtual screening which activated LXR up to 1.8-fold over the a-isoform [45].

As described above, two members of the PPAR subfamily are already addressed by approved
drugs. Current research also focuses on the third member, PPARS. Expressed in most meta-
bolically active tissues, the receptor regulates expression of a set of genes involved in glucose
homeostasis and fatty acid synthesis/storage, mobilization and catabolism [46]. Due to its
physiological functions, agonists of PPAR® are considered as potential therapeutics of the
whole spectrum of metabolic syndromes including diabetes, atherosclerosis and obesity [46].
In addition, PPARS agonists have been shown to stimulate oligodendrocyte differentiation
and thus are considered as potential therapeutics in demyelinating disorders such as multiple
sclerosis [47].

So far, a large bunch of receptor agonists have been identified that advanced research on this
PPAR subtype and its physiological role [48]. Recently, a benzisoxazole has been identified as
PPAR®-selective agonist with an EC;y-value of 4.5 nM as determined using a cell-based assay
[49]. Another example is GW501516, a PPAR® ligand developed by GlaxoSmithKline that has
been identified by combinatorial chemistry and structure-based design [50]. The compound
revealed high affinity and potency against PPARd while showing a more than 1000-fold
selectivity over PPARa and PPARY. Despite its favorable effect on the receptor and no toxicity
in human trials, the compound was not developed further. Later studies in animal models
revealed the compound to possess a substantial carcinogenic potential.

Besides the discovery of receptor-selective compounds, the development of dual agonists
activating two PPAR subtypes or pan-agonists activating all members of the PPAR subfamily
isalso actively pursued. Although a compound of the glitazar class has recently been approved
as drug, no further compounds have reached so far the market.

Another example of a promising nuclear receptor drug target is the farnesoid X receptor (FXR)
which binds bile acids, the final product of the cholesterol metabolism [51]. Due to the toxic
properties of bile acids their levels have to be tightly regulated. FXR can regulate the bile

115



116  Drug Discovery and Development - From Molecules to Medicine

homeostasis by activating other nuclear receptors (such as CAR, PXR and VDR) [52], cell
surface receptors (G protein-coupled bile acid receptor 1), receptor and calcium-gated
potassium channels. FXR signaling is involved in the regulation of intestinal bacterial flora
[53], liver regeneration [54] and - in case of misregulation - to hepatocarcinogenesis [55, 56]).

FXR is considered as a suitable drug target for the treatment of dyslipidemia, atherosclerosis
and cholestatic disorders, and some effort has been spent on identification and development
on agonists [57]. From the already approved drugs, the antiparasitic drug ivermectin has been
identified as a FXR agonist [58]. In spite of some side effects related to trygliceride misbalance,
FXR agonists are able to recover cholestasis and antidyslipidemic effects [59, 60].

3.2. Co-activator-binding inhibitors as a future therapeutic approach?

All currently approved drugs targeting NRs address the ligand-binding pocket. In recent years,
novel approaches for inhibiting NRs have emerged in order to overcome limitations of LBP-
targeting drugs. Problems may be side effects due to displacement of the natural ligand,
thereby disturbing physiological homeostasis, but also limitations of the ligand diversity as
imposed by the shape and composition of the LBP as well as resistance of the receptor due to
mutations [61].

In order to overcome these limitations, non-LBP pockets have been investigated for their
potential to harbour small molecules and thereby modulate receptor activity. In particular,
sites involved in NR-co-activator interactions or receptor-DNA contacts have been investigat-
ed in detail. The modulation of NR-co-activator interactions has been studied extensively in
recent years and several studies have reported the successful discovery of co-activator binding
inhibitors (CBI) which confirms the applicability of this approach [62]. Nevertheless, the
development of CBls is challenging due to specificity issues (more than 300 coregulators have
been identified in humans so far) as well as the general conformational flexibility of NRs.

Most studies have concentrated on the co-activator binding site (AF-2 site). Several alternate
mechanisms have been proposed for explaining the deleterious effects of interference with
AF-2. Besides inhibition of co-activator binding , this may involve corepressor recruitment,
increase on the NR turnover levels, blockage of the dimer formation, or inhibition of interac-
tions between the N- and C-terminal domain [8].

Because of the anti-androgen resistance phenomenon of prostate cancer [63], modulators
addressing the AF-2 site have attracted attention. The effect of AR co-regulator binders is
considered to function by inhibition of the N/C interaction that occurs between AF-1 and AF-2
which is considered as crucial for stabilization of the receptor-ligand complex in the active
conformation [61]. Interestingly, AR not only binds co-activators carrying the LxxLL motif but
also the more bulky FxxLF motif. X-ray crystal structures of the AR LBD revealed the presence
of deep pockets at the AF-2 site, enabling accommodation of the large FxxLF side chains. Not
only synthetic peptides, based on a pyrimidine core, were able to selectively displace AR co-
activator molecules, as corroborated by FRET assays, and interfere with transcription activa-
tion [64], but also small molecules have been identified to disrupt co-activator binding using
a virtual screening campaign with subsequent experimental validation (Figure 4B & D) [65].
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Another receptor for which AF-2 binders have been identified is the thyroid hormone receptor
(TR). TR subtypes are a target for treatment of hyperthyroidism or cardiac arrhythmias. The
co-activator binding site of TR has been successfully targeted using macrolactam-constrained
co-activator peptides [66]. Another approach to address TR is the use of suicide inhibitors.
The proposed pro-drug, DHPPA (or 3-(dibutylamino)-1-(4-hexylphenyl)-propan-1-one)) is
able to interact with the AF-2 surface in a similar way as he co-activator SRC-1 [67].

Also the xenosensor PXR has been investigated for inhibition by CBls. As described before,
the receptor has not been addressed for specific treatment. Instead, PXR AF-2 inhibitors are
intended to prevent premature drug metabolism, leading to prolonged half-lifes that may
result in lower dosages and less side effects. In addition, PXR antagonists may be applied to
prevent drug-drug-interactions in patients treated with combination therapies or multimorbid
patients exposed to a variety of drugs. Antibiotics such as fluconazole, enilconazole and
ketoconazole inhibit PXR, resulting in reduced expression levels of CYP3A4 and MDRI1 [68].
It has been shown that the compounds inhibit PXR-SRC-1 interactions by binding to the AF-2
site using site-directed mutagenesis [69]. Based on the proposed binding mode and the
resulting receptor-ligand interactions, a pharmacophore has been generated [70]. In a follow-
up study the pharmacophore has been utilized for the identification of several small molecule
antagonists of PXR, including the FDA approved prodrug leflunomide [71].

In addition to the AF-2 site, other regions of the LBD also have been successfully targeted by
small molecules that modulate the interaction of the receptor with co-activator proteins.
Recently, a small hydrophobic pocket formed by amino acids located on helix 1, the H1-H3
loop as well as helix 9 has been identified on the AR surface (termed BF-3 site) to be addressable
by small molecules [67]. By testing a set of approximately 55,000 compounds from various
sources using fluorescence polarisation and X-ray crystallographic screenings, several small
molecules such as 3,3’,5-triiodothyroacetic acid, T3 or flufenamic acid have been identified to
bind to BF-3 (Figure 4C & E) [67]. The BF-3 site is conserved among steroid hormone receptors
such as progesterone receptor, mineralocorticoid receptor and glucocorticoid receptor,
suggesting that a similar approach could also lead to the identification of CBIs against these
receptors [72]. Compounds binding to BF-3 seem to allosterically interfere with co-activator
binding to the AF-2 site [73]. In the last years, several studies have reported the successful
discovery of additional small molecules targeting the BF-3 pocket. Using virtual screening in
combination with biochemical and cell-based tests, a set of structurally diverse AR inhibitors
has been identified. Binding to BF-3 has been confirmed by solving the X-ray crystal structure
of the receptor-ligand complex. In a follow-up study, one of these molecules was further
developed to AR inhibitors with IC,, values at low micromolar range [74]. Subsequently the
crystal structure of the AR in complex with 2-((2-phenoxyethyl)thio)-1H-benzimidazole
confirmed molecule binding at the BF-3.

4. Methods to assess ligand binding and/or activation of nuclear receptors

In the last thirty years several molecular and cell biology standard methods have been applied
to investigate nuclear receptor functions and regulations [75]. For example cDNA cloning has
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been used to identify the genes encoding orphan nuclear receptors. In order to discover
hormone-response elements, electrophoretic mobility shift assays (EMSA) and chromatin-
immunoprecipitation (ChIP) have been applied as well as different GST pull-down assays
[76-78].

To investigate the biological effect of a compound, a variety of binding assays have been
developed. A standard ligand-binding how a ligand competes with a known labeled ligand
in binding to the receptor [79]. In recent years a variety of non-radioactive activity assays such
as biochemical-based fluorescent polarization and time-resolved fluorescence assays have
been developed [80]. Detailed analyses of the macromolecular interaction of ligand binding,
including affinity- and binding kinetics, have been performed by the surface plasmon reso-
nance (SPR) technology (see also below) [81].

Due to their relevance as therapeutic targets [83] the pharmaceutical industry prioritised the
development of novel assay systems that allowed to accelerate the throughput and the
screening of large compound collections. Therefore, a couple of academic laboratories as well
as pharmaceutical and biotech companies have spent much effort in the development of high-
throughput screening compatible screening assays in the last decade [84, 85]. These efforts led
to modified methodologies with higher throughput and less variability. A couple of NR
screening campaigns have used smal molecule libraries such as Sigma-Aldrich LOPAC,
Biomol and Tocris/TimTec bioactive collection and U.S. Food and Drug Administration 1 and
2 collection [86]. Despite the fact that most of the assays have been designed for certain targets
the principles could be expanded to any NR, making these assay formats accessible to drug
discovery applications.

In the following, a selection of relevant biochemical and cell-based assays as well as in silico
methods is presented that is frequently used in NR research, both in academia and pharma-
ceutical industry.

4.1. Transactivation assays

The most common test systems for nuclear receptor activation are cell-based transactivation
assays. These assays rely on the potential of nuclear receptors to activate transcription upon
ligand binding [87, 88]. In general, this is achieved by transfection of cells with an expression
vector for the receptor and a reporter vector that contains the binding site for the receptor and
also encodes for a protein that, when incubated with the appropriate substrate, result in a
detectable signal.

Standard protocols involve transient transfection of the receptor and a response element-
reporter gene construct [89]. The general advantage of these cell-based assays is that they allow
screening of large compound libraries in a reproducible fashion [85]. Until now many cell lines
have been described as possible recipients of these vectors, including CHO, HuH7, MCF-7,
HEK?293, HepG2 and Caco-2 cells [90]. Using transient transfection systems a couple of
investigators identified activators for various nuclear receptors [62].
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4.2. Corregulator-recruitment (mammalian two-hybrid, CARLA)

An alternative transactivation assay system is the mammalian two-hybrid system. This assay
represents a powerful approach for detecting protein-protein interactions in cells, which has
evolved from the original two-hybrid system into a method for identifying NR ligands. The
system is based on the finding that co-activators and co-repressors are involved in the
regulation of NR function. Following ligand binding, many NRs perform a conformational
change and form a specific co-activator binding pocket, which permits co-activator binding.
In the mammalian two-hybrid approach, chimerical receptors containing the LBD of interest
are fused to the DBD of the yeast transcription factor GAL4, which binds to specific NR
response elements. The interaction between the NR and its co-activator is detected using a
reporter gene containing multiple copies of the GAL4 upstream activating system.

Examples are mammalian two-hybrid assays consisting of the LBD of human CAR and co-
activator SRC-1 fused to GAL4 DBD. In this assay the ligand binding enhances the interaction
between LBD and SRC-1, which is detected by the reporter gene activity [91]. Using a similar
assay a set of agonists and inverse agonist were identified to bind to the human CAR even if
some results were contradictory [92, 93]. It was speculated that the use of truncated chimerical
receptors resulted in subtle conformational changes and unspecific protein-protein interac-
tions [90], which led to the conclusion that utilization of full-length receptors is more sensitive
and better reflects the in vivo situation [85].

An assay type that allows monitoring of co-activator recruitment is the Co-Activator-depend-
ent Receptor Ligand Assay (CARLA) [100]. CARLA is based on the principle that ligand-
binding stimulates interaction between the NR and a co-activator protein which is part of the
normal pathway for transcriptional activation. Technically, CARLA is a GST pull-down assay
using a GST-receptor fusion protein and a labelled co-activator. The GST fusion protein is
immobilized on glutathione-sepharose beads and incubated with the co-activator in the
presence or absence of potential ligands. In this setup an actual ligand of the receptor enhances
the interaction of the receptor with the co-activator and thereby increases the amount of co-
activator that is pulled down. In summary, CARLA is a functional binding assay that reports
on the molecular consequence of ligand binding.

Originally, the assay has been developed for the PPARs [94-96]. However, with some modifi-
cations the assay format can be used for any nuclear hormone receptor and several co-
activators including SRC-1, CBP/p300, Tif2, Rac3, GRIP-1, and RIP140 [97].

4.3. Surface plasmon resonance, biochemical assay formats, AlphaScreen® and LANCE®

Detailed analyses of the macromolecular interaction of ligand-binding including affinity and
binding kinetics is performed by Surface Plasmon Resonance (SPR) [81]. This technology
overcomes the common limitations of indirect non-equilibrium methods due to its high
sensitivity [82]. In the standard SPR approach, only small amounts of receptor protein are
immobilized onto solid phase while different concentrations of the ligand are passed in flow
over the surface. In NR research, SPR has been applied to detect and quantify receptor-DNA,
receptor-receptor, as well as receptor-ligand interactions [81]. In the past it has also been used
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to characterize binding of co-regulators of a variety of nuclear receptors including thyroid
receptor, estrogen and androgen receptor [98-101]. With regard to high-throughput applica-
tions, a variety of non-cell based assay formats based on the AlphaScreen® or LANCE®
technology have been described [102-104].

AlphaScreen®is a non-radioactive homogeneous proximity assay that relies on energy transfer
between an acceptor and a donor bead brought into proximity via biological interaction. The
donor beads are embedded with a photosensitizer, which converts oxygen to an excited state
upon illumination. If a biomolecular interaction drags an acceptor bead into close proximity
of a donor bead, the excited singlet oxygen will transfer its energy to the acceptor bead leading
to emission of light depending on the fluorophore in the acceptor beads. Each donor bead is
capable of generating up to 60,000 singlet oxygen molecules with a half-life of 0.3 seconds,
allowing measurements in a time-resolved mode and with substantial signal amplification.
The technology can used to rapidly develop high-throughput screening (HTS) assays for NRs
[105-107].

A nuclear receptor AlphaScreen® assay is based on the ligand-activated biomolecular interac-
tion between NR and its co-activator, followed by the detection of this interaction using
AlphaScreen® compatible reader technology. For many NRs a consensus co-activator peptide
sequence (LxxLL motif) is sufficient for the interaction of the agonist-bound receptor with LBD.
The detection can be realised by various strategies depending on the nature of the involved
binding partners. Rouleau & Bossé (2006) described such an AlphaScreen® Assays, for estrogen
receptor a (ERax) and retinoic acid receptor y (RARY) [107]. Other configurations depending
on the availability of respective detection reagents, tags and beads are also possible which have
already been described for e.g. FXR receptor [105].

Another well validated assay type for studying NR-ligand interactions is based on the
LANCE® Technology [102]. In the LANCE® assay, a signal is generated when a donor molecule
labelled with chelate europium (Eu) gets into proximity of the acceptor molecule labelled with
allophycocyanin (APC). When a biological interaction brings the donor and the acceptor into
close proximity, excitation of the Eu-chelate at 340 nm allows Fluorescence Resoncance Energy
Transfer (FRET) to the acceptor APC molecule resulting in fluorescence emission at 665 nm.
Long stakes shift and excited-state lifetimes of Europium complex (hundreds of microseconds)
warrant Time-Resolved FRET (TR-FRET) analysis.

In LANCE® nuclear receptor assays the same biomolecular interactions between the ligand
binding domain and the NR box are addressed. In principle different binding partners can be
used depending on their stability and availability: Examples for combinations are: i) Interac-
tion between agonist-bound receptor or receptor LBD and LxxLL motif-containing peptide
and/or ii) interaction between an apo- or holo-receptor and the co-repressor interaction
domain.

There are a few examples in literature where LANCE assays based on the interaction between
receptor and co-activator-derived peptide have been applied [108-110]. Most of the assays
reported involve the interaction of biotinylated LxxLL peptides and a tagged receptor LBD.
The complex formation is detected using Eu-labelled antibody and APC-labelled streptavidin.
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Alarge variety of Lance Eu- and APC-labelled reagents is commercially available which allow
the capture of differently tagged receptors and coactivators [111]. A great advantage of
applying the LANCE technology is the long signal stability, which can be more than 48 h.

4.4. Identification of NR modulators using in silico methods

Besides experimental approaches, computational methods have also been extensively applied
in order to identify novel agonists or antagonists. The availability of LBD crystal structures
allows employment of structure-based virtual screening techniques, for example molecular
docking of virtual compound libraries. If the desired NR structure is not available, homology
modeling techniques can be used to obtain structural data. Since the LBD structure is highly
conserved this approach often results in high-quality protein models.

Once LBP-bound ligands have been co-crystallized, further methods such as pharmacophore-
based searches can be applied that make use of specific protein-ligand interactions. The method
is also often used as filtering step to reduce the number of compounds to be docked when
applying structure-based virtual screening techniques. In any case, a virtual hit requires
experimental investigation for validating its modulating effect on the nuclear receptor.

Many studies have reported the successful application of virtual screening approaches for the
identification of NR agonists and antagonists, thereby confirming the suitability of these
methods. Besides crystal structure data, also homology models have been utilized for the
identification of NR agonists as described for the glucocorticoid receptor (GR) and the
constitutive androstane receptor (CAR) that were modeled on the basis of the solved crystal
structure of progesterone receptor (GR model) or PXR and VDR (CAR model), respectively
[112, 113].

5. Final considerations

Nuclear receptors are an important protein family involved in many physiological processes.
So far, several NRs have been successfully addressed by drugs in order to treat various
diseases. Despite significant progress in the understanding of the physiological role of several
NRs, the function of many receptors is not well understood which is mainly due to missing
information of endogenous ligands. Since only a proportion of receptors are addressed by
drugs, there is a tremendous potential for future drug discovery campaigns. The existence of
a pronounced ligand-binding pocket renders many receptors addressable to drug-like
molecules. The availability of alternative areas addressable by small molecules, for example
protein-protein interaction sites on the NR surface, suggests further possibilities for modulat-
ing the function of NRs. In order to study NR function and to identify novel receptor modu-
lators, a large set of experimental and computational methods has been developed and
successfully applied in many research projects.
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1. Introduction

The discovery of liposomes initially came from studies by Bangham and Horne who observed
by electron microscopy the self-association of the lipid phosphatidylcholine (mixed with or
without cholesterol) in water formed ‘spherulites’ of varying sizes which had not a recogniz-
able lamellar shell comprising a lipid bilayer [1]. The self-assembling ‘spherulites’, subse-
quently named liposomes from the greek lipo (fat) and soma (body), were recognised to be
functionally analogous to studied biological membrane systems due to the similar rates of
diffusion of ions [2]. However only when an ionophore, valinomycin, was utilised demon-
strating selective diffusion of K* over Na* from liposomes containing equal concentrations of
the ions, could liposomes be confirmed as entirely sealed membrane vesicles [3]. Furthermore
Papahadjopoulos and Watkins showed the differential permeability to anions and cations
could be significantly altered with liposomes of different phospholipid compositions [4].
Natural liposomes have bilayers composed of phospholipids and/or cholesterol and as such
are poorly antigenic, typically non-toxic and physiologically inert. Liposomes can vary in size
from 25nm to 2.5 um and are classified within three broad categories [5]: Multilamellar vesicles
(MLV), which structurally resemble an onion with multiple concentric phospholipid bilayers
separated by aqueous layers,large unilamellar vesicles (LUV) and small unilamellar vesicles
(SUV) which have a single lipid bilayer surrounding the aqueous core. Typically multiple
unilamellar vesicles of differing sizes can form inside of each other generating multilamellar
structures.

The concept of liposomes as drug-carriers to aid in selectivity was explored in the early
nineteen seventies predominantly through the work of drug-transport scientists such as
Gregoriadis who initially looked at the fate of protein-containing liposomes delivered into
animals [6]. The theory that liposomes stay intact and circulate in the bloodstream before
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accumulating in specific tissues where they release their molecules into cells was confirmed
using radiolabelled proteins entrapped in liposomes. The radioactive signal from the proteins
was barely detected in the bloodstream, but predominantly in the lysosomes of cells of the
liver and spleen, showing the liposomes stayed intact prior to the radiolabelled proteins being
taken up by the cells. This and related studies revealed the physiological behaviour of
liposomes such as their integrity and long life span in the mammalian bloodstream. It was only
through the use of cell culture it was confirmed that cargo carried by liposomes was directly
delivered through endocytosis into the lysosomes and thus into the intracellular environment
of cells [7]. These initial studies demonstrated the huge potential for liposomes as model
systems, and a number of various applications were subsequently explored as listed here: The
effect of surface charge on ion permeability [8]; their susceptibility to phospholipase hydrolysis
[9]; the function of integral membrane ion transporters [10]; the delivery of active enzymes to
functionally deficient cells [11]; their use as immunological adjuvants [12]; as stimulants of
interferon production [13]; their interaction with polyene antibiotics [14]; their incorporation
of local and general anaesthetics [15]; the inclusion and presentation of virus surface proteins
[16]. Since those early experiments, there has been a continued interest in the use of liposomes
and currently there are applications in a wide variety of scientific fields (Figure 1).

In this chapter we will focus on the use of lipids and liposomes in the enhancement of a number
of health related areas and cover the development of new synthetic molecules, which have
great potential in advancing improvements in health and the treatment of disease.

Figure 1. A schematic representation of a liposome. The liposome can facilitate the carrying of various cargo, water-
soluble drugs, DNA or RNA, in the internal hydrophilic region, water-insoluble drugs within the hydrophobic region
of the bilayer, or protein linked or incorporated into the phospholipid bilayer.
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2. Current applications in treating disease

2.1. Non-communicable diseases

It is evident that with their physiological attributes, liposomes are an attractive means to
deliver drugs to treat a variety of communicable and non-communicable diseases. Typically,
drugs for the treatment of human diseases can often have a number of biochemical and
pharmacological issues such as poor stability and solubility, rapid breakdown and lack of
targeted delivery. As a result there are common problems in the use of such drugs, including
the lack of a strong therapeutic cure and the necessity to consume high doses, which can result
in unwanted side effects. If the disease is localised to a specific body tissue, the lack of selective
targeting can result in poor bioavailability of the drug at the required site, potentially resulting
in toxicity in other tissues, thus restricting the dose concentration. The use of natural phos-
pholipid based liposome formulations having minimal toxicity, extended stability in the
human body, tissue selectivity and a delayed release of the active compound at the site of
action suggests clear benefits for drug development and treatment. In addition multiple
compounds can be distributed by the same liposomes for added therapeutic impact. Equally,
compounds of varying lipophilicities can transported, partitioning in the different hydropho-
bic and hydrophilic environments of the liposomes. Particle size is a critical factor both in the
circulatory half-life of liposomes and also (along with the number of bilayers) dictates the
amount of encapsulated drug [17]. In general, drug delivery systems are on the nanoscale,
liposomes having diameters of 100 nm or less tend to have a good therapeutic index compared
to conventional anticancer therapies. Typically liposomes for drug therapies approved for
humans contain the neutrally charged phosphatidylcholine as the major membrane constitu-
ent, though occasionally cholesterol (up to a third of the total lipid content) is incorporated to
reduce membrane instability due to serum protein binding. Thirty years ago, the application
of liposomes to deliver an anti-cancer anthracycline drug doxorubicin trapped in negatively
charged or neutral liposomes (called OLV-DOX) showed that it retained its antitumour activity
in mice [18]. Importantly the use of the liposomal formulation reduced the accumulation of
the drug in murine cardiac tissues, minimising toxicity and thus significantly improving their
survival. When tested in humans however the OLV-DOX worked poorly, being rapidly cleared
from the bloodstream with significant premature release of the drug, giving rise to potential
cardiotoxicity [19]. These failings limited the application of liposomes in cancer treatment at
that time, only resolved by the subsequent experimental trialling of polyethylene glycol (PEG)
incorporation in phospholipid liposomes. The PEG was found to create a hydrophilic surface
on the liposomes, reducing uptake by the reticuloendothelial system and thus increasing the
circulation time of these so-called ‘stealth’ liposomes. This resulted in a revolution in liposome
design and so in 1995 Doxil (PEGylated liposome-trapped doxorubicin) the first of the so-called
27 generation was approved by the US Food and Drug Administration as the first liposome
drug delivery system for human use [20]. Doxil was found to have extended stability in the
bloodstream and reduced compound leakage resulting in increased accumulation in solid
tumours (up to 22-fold) and reduced toxicity to non-target organs. Every year over 300,000
patients with ovarian cancer or Kaposi’'s sarcoma are now routinely intravenously treated with

133



134  Drug Discovery and Development - From Molecules to Medicine

Doxil [21] and it is occasionally utilised in cases of breast cancer and also in combination with
bortezomib for multiple myeloma.

Alongside Doxil, to date five other liposomal formulations are approved for human cancer
treatment (Table 1). Myocet, a related non-PEGylated liposome formulation of doxorubicin is
used in combination with cyclophosphamide for breast cancer [22]. DaunoXome, a liposome
formulation of daunorobicin is similarly used to treat Kaposi’'s sarcoma [23]. DepoCyt, a
formulation of unusually large liposomes containing cytarabine is active against malignant
lymphomatous meningitis [24], while Marqibo is a more typical nanoscale formulation of
liposomes of vincristine utilised for acute lymphoblastic leukemia [25]. Recently, more success
has come from the trial use of such liposome formulations in combination with standard anti-
cancer drugs, one example being a Doxil and carboplatin composition which shows a better
therapeutic index and less toxicity than the standard paclitaxel/carboplatin mixture used to
treat ovarian cancer in the elderly [26]. Similarly in comparison to a standard treatment, a
combination of Doxil, bortezomib and dexamethasone showed a strong therapeutic response
and improved tolerability in patients with multiple myeloma [27].

Market Product Drug used Target diseases Company

Doxil or Caelyx Doxorubicin Kaposi’s sarcoma SEQUUS, USA

DaunoXome Daunorubicin Kaposi’s sarcoma, breast NeXstar, USA
& lung cancer

Amphotec Amphotericin-B Fungal infections, SEQUUS, USA
Leishmaniasis

Ventus Prostaglandin-E1 Systemic inflammatory The liposome company, USA
diseases

Alec Dry protein free powder of Expanding lung diseases in Britannia Pharm, UK

DPPC-PG

babies

Epaxal-Berna Inactivated hepatitis A Hepatitis A Swiss serum & vaccine
Vaccine virions institute, Switzerland
Avian retrovirus Killed avian retrovirus Chicken pox Vineland lab, USA
vaccine

Novasome Smallpox vaccine Smallpox Novavax, USA
Depocyt Cytarabine Cancer therapy Skye Pharm, USA
Topex-Br Terbutaline sulphate Asthma Ozone, USA

Table 1. Current products utilising liposomes

A major issue in cancer treatments is the failure of many forms of chemotherapy due to the
phenomenon of multidrug resistance. As a result, the tactic of using drug combinations has
become widely adopted due to the greater therapeutic index and efficacy in reversing the
multidrug resistant phenotype [28]. In a combination treatment drugs can have one of three
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effects, synergistic, additive or antagonistic and this can be shaped by their specific molar ratios
in the formulation [29]. Unfortunately in an in vivo setting, the combinatorial effect can be
weakened due to disrupted pharmacokinetics of the drugs in the system, leading to incorrect
dose ratios at the site of action [30]. Based on prior research, it was clear that the pharmacoki-
netic issues of combination therapies can be eliminated by the use of liposome formulations,
resulting in delivery of the drugs to their site of action at the correct effective ratio [31]. Equally
important in the enhancement of health is the use of liposomes in the treatment of cardiovas-
cular disease, the leading cause of deaths worldwide. Again relatively early in liposome
research, it was observed that liposomes carrying the MRI contrast agent 9mTc-DTPA
accumulated in regions of the heart experimentally induced to undergo myocardial infarction
(MI), a common cause of death [32]. In MI, during the ischemic phase, the exhaustion of
nucleotide pyrophosphates causes extensive myocardial cell damage [33]. The obvious
solution, the infusion of adenosine triphosphate (ATP) intravenously to increase myocardial
cell energy levels is sub-optimal due to the molecule’s short circulatory half-life and strong
charge. The relatively unstable ATP could however be protected and successfully delivered
using liposomes and clearly accumulated in canine myocardia damaged by ischemia [34].
Subsequently it was discovered that targeted ATP-containing liposomes can significantly
protect against the subsequent effects of ischemia in an ex vivo rat heart model [35]. When
translated into an animal model, ATP-loaded liposomes reduced the amount of irreversible
myocardial damage by greater than 50% compared to control treated rabbits [36].

Another significant agent in the prevention and treatment of ischemic injury and indeed heart
failure, coronary artery disease and hypertension in general, is Coenzyme Q10 (CoQ10) [37].
Evaluation of CoQ10 loaded liposomes again in the aforementioned rabbit model revealed
that only 30% of the affected myocardia was at risk of irreversible damage compared to the
control, indicative of significant protection and great potential in this approach [38]. In
humans, the use of large-scale trials of adenosine on clinical patients with acute MI has shown
some promise but again is a poor compound with a short half-life and hypotensive and
brachicardic inducing properties [39]. These issues may be overcome based on an experimental
study using PEGylated liposomes of adenosine which generated non-toxic and cardioprotec-
tive effects against MI in rats [40]. In treating another common cause of ischemic damage,
thrombus formation, a range of thrombolytic drugs have been developed. Due to its need for
constant infusion and potential to cause haemorrhage, one of the first thrombolytic drugs,
heparin was quickly assessed in a liposomal formulation [41]. Liposomal heparin was much
more effective in its thrombolytic effects, being retained in the plasma longer and generated a
prolonged activity due to a gradual release of the agent. Ultimately an inhalable formulation
successfully replaced the intravenous version in rat models of deep vein thrombosis and
pulmonary embolism giving promise to future clinical trials [42].

2.2. Communicable diseases

As significant as the development of liposomes in the treatment of non-communicable human
diseases has been, the field of anti-parasitic drug development generated the first liposomal
formulation to be mass marketed. With no vaccines effective against any of the primary
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parasitic infections, anti-parasitic drug treatment remains the main approach. Many current
anti-parasitic compounds were developed over 50 years ago and though effective, are hardly
comparable to the modern view of the biochemical and clinical properties of an ideal drug.
Due to the fact that many anti-parasitic drugs have solubility issues, low bioavailability and
poor absorption by the gastrointestinal tract, it was an obvious choice to test the potential of
liposomes for anti-parasitic drug delivery. AmBisome, a natural liposome configuration of the
potent anti-leishmanial amphotericin B was the first liposome drug based formulation to be
commercialised in 1990 (Table 2) [43]. A sterol biosynthesis inhibitor, amphotericin B is the
standard second-line treatment for visceral leishmaniasis (caused by Leishmania donovani) and
is essential in endemic disease areas in India due to the extensive development of resistance
against the standard pentavalent antimonial compounds [44]. AmBisome is particularly
effective against Leishmania (2 to 5-fold more potent than the free drug) due to the fact that the
parasite infects the very macrophages which clear the liposomes from the bloodstream,
increasing the therapeutic effect and additionally reducing the nephrotoxicity of amphotericin
B. Initially liposomes containing antimonial compounds were tested in a hamster model of
visceral leishmaniasis and were greater than 700 fold more active than the free drug version
showing the significant potential of liposome use [45]. Interestingly antimonial encapsulated
liposomes were also shown to be potent against cutaneous leishmaniasis where the parasites
alternatively reside in peripheral tissues [46].

Drug Route of Administration Targeted Diseases
Amphotericin-B Oral Mycotic infection, Leishmaniasis
Insulin Oral, Ocular, Pulmonary and Transdermal Diabetic mellitus

Ketoprofen Ocular Pain muscle condition
Pentoxifylline Pulmonary Asthma

Salbutamol Pulmonary Asthma

Tobramycin Pulmonary Pseudomonas infection, aeruginosa
Benzocain Transdermal Ulcer on mucous surface with pain
Ibuprofen Oral Rheumatoid arthritis

Adrenaline Ocular Glucoma, Conjectivitis

Penicillin G Pulmonary Meningococal, staphylococcal
Methotrexate Transdermal Cancer

Table 2. Therapeutic applications utilising liposomes

While AmBisome remains the only liposomal antiparasitic agent on the market, other liposome
formulations have been developed showing potency against Leishmania spp. Liposomes
modified with sugars improved the targeting of antileishmanial pentamidine to infected
macrophages with increased potency as a result [47]. Similarly, delivery of the alkylphospho-
lipid miltefosine (hexadecylphosphocholine) in a liposomal form proved twice as active
against L. donovani and actually even increased the susceptibility of a miltefosine-resistant
parasite line [48]. Far less exploration has been done to assess the value of liposomal agents
against the causative agents of Human African Trypanosomiasis (HAT) and Chagas’ disease,
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Trypanosoma brucei and Trypanosoma cruzi respectively. Both species of parasite have dissem-
inating infections and localise to tissues of the body where there is limited interaction with
liposomes. However a number of in vitro and in vivo studies using liposomes have evaluated
potential anti-trypanosomal effects. Two related investigations demonstrated that phospha-
tidylcholine/stearylamine only liposomes at low concentrations (100 uM) non-toxic to eryth-
rocytes, rapidly killed both T. cruzi [49] and T. brucei [50] through destabilization of their
plasma membranes. Notably this effect was not seen with identical concentrations of the
individual lipid components, suggesting the vesicle structure was important for activity. The
surprising failure of liposomes containing benznidazole to improve on the potency of this
classical anti-T. cruzi treatment was hypothesised to be due to a lack of drug delivery [51],
though the anti-leishmanial AmBisome demonstrated some success in supressing T. cruzi
infections in vivo [52].

With so many anti-malarial drugs commercially available and in development, the focus of
liposome development in this field is on the protection of drugs from premature metabolism,
to generate a slow release to improve the therapeutic index and reduce toxicity. To this end,
liposomes of Artesunate, a semi-synthetic derivate of artemisinin, were found to release only
30% of the drug in 24 h in an in vitro test, giving promise to this method as a means to reduce
the dosing frequency of antimalarial drugs [53]. In a rabbit model, Arteether directed for
chloroquine resistant Plasmodium falciparum, when trapped in dipalmitoylphosphatidylcho-
line, dibehynoylphophatidylcholine, cholesterol liposomes persisted longer with greater
bioavailabilty in the gastrointestinal tract when compared to the aqueous suspension [54].
Similarly, liposomes of chloroquine, the widely used 4-aminoquinoline antimalarial, modified
with an antibody to selectively deliver to infected erythrocytes were found to cure the majority
of chloroquine-resistant Plasmodium berghei-malarial infections in mice [55], proving that
targeted liposomes can be very efficient in overcoming drug resistance. In the treatment of
systemic mycoses such as aspergillosis, there are few antifungal agents available, but due to
its broad spectrum of action amphotericin-B is potent against a wide range of fungi. In the
form of AmBisome and other related formulations (e.g. Abelcet and Amphocil) they are even
more effective in treatment of infections [56]. These formulations have also proved valuable
in treating Candida albicans infections inimmunocompromised patients, eradicating an efficient
pathogen that is able to form fungal biofilms [57].

Understandably as the second most lethal infectious disease, many therapeutic cures for
tuberculosis (TB) have been available for over 50 years, but there are often patient issues with
the length of treatment and dose burden. As a result, treatment failures are common and can
promote the development of multi-drug resistant strains. Due to their potential to overcome
these problems, the development of drug carrying liposomes has become an important focus
in anti-tubercular studies. A ground-breaking study demonstrated that gentamicin loaded
liposomes had significantly greater antibacterial activity than the free drug, reducing the
bacterial load in the spleen and liver in a mouse model of Mycobacterium avium [58]. As well
as similar results utilising second-line antibiotics, lung-targeted liposomes were created
comprised of a mixture of phosphatidylcholine, cholesterol, dicetylphosphate, O-steroyl
amylopectin and monosialogangliosides, distearylphosphatidylethanolamine-poly(ethylene
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glycol) 2000 to deliver with less toxic effects, isoniazid and rifampicin for more efficient
chemotherapy [59]. As the predominant site of infection for TB is the respiratory system, many
efforts are now being made to develop aerosolised liposome formulations to successfully
deliver anti-tubercular drugs to the lungs by inhalation [60].

The strength of liposomes in supporting in the treatment of disease goes beyond purely as
drug delivery vehicles as they can be powerful tools to deliver vaccines, notably against viral
infections (Table 1). Significantly, liposomes can be engineered to deliver a variety of immu-
nogenic molecules, whether protein, nucleic acid or carbohydrate to stimulate a strong
protective response. A notable commercially available preparation, Epaxal is a vaccine based
on inactivated intact Hepatitis A virus adsorbed on to liposomes (thus named virosomes)
which in a single dose are well tolerated and highly immunogenic giving good seroprotection
[61]. Marketed nearly twenty years ago, Inflexal V, a vaccine preparation against Influenza
virus consists of the viral heamagglutinin and neuraminidase surface proteins displayed in
phosphatidylcholine based liposomes [62]. In particular, Inflexal V mimicking a natural
influenza infection is a paradigm for liposome based vaccines with its safe but strong immu-
nogenicity covering a wide range of ages and health conditions.

2.3. Other medical conditions

In addition to the treatment of disease, liposomes have the capability to aid in many other
medical-related conditions (Table 2). Notable examples of their use include in analgesia,
alleviation of macular degeneration, and as surfactants for pulmonary diseases. A variety of
liposome preparations have been marketed for use in analgesia or post-surgical pain-relief.
DepoDur and EXPAREL are liposome preparations of morphine and bupivacaine respectively
and when intravenously injected, demonstrate stability and extended release properties to give
prolonged anaesthesia or analgesia [63,64]. The typical therapy for neovascular age-related
macular degeneration requires repeated intravitreal injections of an anti-vascular endothelial
growth factor drug, effective in stabilising vision but an encumbrance for patients. The creation
of Visudyne, a liposome based formulation of the photosensitiser Verteporfin which requires
only intravenous injection has simplified patient treatment with relative success [65]. A
common problem in pulmonary diseases such as respiratory distress syndrome is a lack of
pulmonary surfactant, the phospholipid-protein complex needed to contribute a functional
respiratory surface at the mammalian lungs. Curosurf, a modified natural surfactant isolated
from pig lungs contains the essential phospholipid-associated surfactant proteins B and C, and
is widely used successfully in clinical treatment [66].

3. New approaches utilising synthetic lipids and fatty acids

3.1. Non-natural lipids and fatty acids

While having many advantages, natural liposomes utilised for the treatment of disease have
some drawbacks. Typically they are difficult to produce and are inherently unstable reducing
the potential storage time. In recent years a new generation of liposomes have been developed
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with altered biochemical properties designed to improve stability, functionalization and drug
release in addition to altered immunogenic and selective targeting properties. Construction of
these liposomes was only possible due to the use of non-natural fatty acids and lipids in the
particles. As an alternative to the standard inclusion of cholesterol in liposomes for increased
stability, a series of sterol-modified phospholipids were constructed [67]. These involved the
covalent attachment of cholesterol to the glycerol backbone of phosphatidylcholine, replacing
a fatty acid chain and resulting in sterol modified liposomes (SML). Other hydrophobic
molecules such as porphyrins and photosensitive agents can similarly replace a fatty acid
chain, [68]. In generating synthetic lipids, there are also many simple changes to the lipid
headgroup possible, vastly changing their chemical and biophysical properties [69]. Common
modifications can include the addition of a polymer, nucleic acid, carbohydrate, amino acid
or an assortment of functional chemical moieties for the downstream covalent attachment of
ligands.

3.2. Advantages of using synthetic lipids in liposomes

As mentioned above, liposomes incorporating synthetic lipids can have three main advantag-
es, extended stability of the liposome, directed cell targeting and controlled release of the cargo
and examples of the modifications are discussed here:

Sterol modified liposomes carrying doxorubicin had similar therapeutic efficacy to the
standard Doxil in a colon carcinoma model, but with greater overall stability in circulation,
improved uptake into the liver and spleen [70]. This and other studies show the potential of
SMLs as drug delivery systems that are easy to synthesise from commercially available
molecules. Similarly the use of synthetic lipids incorporating porphyrins or photosensitive
agents to generate liposomes known as porphysomes which have applications in photody-
namic therapy and diagnostics. Importantly these porphysomes demonstrate good pharma-
cokinetics in mice, are safe at high doses, accumulate in tumours and can be imaged for
diagnostic purposes [68]. The use of the synthetic polyethylene glycol (PEG-2000) modified
1,2-distearoyl-sn-glycero-3-phosphoethanolamine in liposomes greatly altered the surface
hydrophilicity and by decreasing cell uptake, extended the circulatory half-life as mentioned
previously for Doxil [20].

Utilising liposomes constructed with synthetic lipids can create a number of novel functions.
In addition to the aforementioned polymer coating, modified headgroups are useful for the
attachment of cargo or specific ligand targeting. Often these modifications result in improved
targeting and biodistribution of liposomes by interacting with ligands present on specific cells
or tissue types. One notable example is nucleic acid modified lipids, which can result in the
physical interaction of the liposomes with single-stranded nucleic acids via base pairing. This
has proved biologically important in the efficient targeting of the nucleic acid binding drug
cisplatin to its site of action overcoming previous limitations in drug delivery and showing
potency against a number of sensitive and resistant cancer cell lines [71]. Liposomes have also
been generated using lipids synthesised with a range of functional groups to bind a number
of ligands. Most common is a maleimide lipid, although others with ester, ether, avidin, thiol,
hydrazine and carboxylic acid moieties in the headgroup have also been constructed [72]. The
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maleimide group can react with a free thiol and thus can allow liposomes to couple to any
exposed cysteine on a protein such as a single chain antibody. This approach has proved useful
in the modification of amyloid-p-targeting liposomes, made of sphingomyelin/cholesterol/
phosphatidic acid and functionalised through a terminal maleimide group on PEG-phospha-
tidylethanolamine to display an anti-transferrin receptor antibody. This design gave the
liposomes the ability to cross an in vitro blood brain barrier model of human brain capillary
endothelial cells and thus hold huge potential for the successful delivery of therapeutics to the
central nervous system targeting amyloid-3 and other defective proteins in Alzheimer’s
disease [73].

In an ideal scenario in the liposomal drug delivery system, the liposomes should be stable in
the circulation till they reach their destination and rapidly release their contents to have the
desired effect. In optimising the release of cargo from liposomes, a number of methods are
possible. Some such as altering the liposome formulation to destabilise the membrane or
increasing the hydrophilicity of the cargo are applicable to natural liposomes. However,
through the use of synthetic lipids, it is possible to control the release of liposome content with
various environmental cues, either external such as heat, light or ultrasound; or internal e.g.
pH or redox environment. This relies on the use of lipids to create liposomes that are sensitive
to specific stimuli to trigger the delivery of material at the appropriate time and place. This is
particularly useful in the delivery of small interfering RNAs (siRNA) where the use of pH
responsive ionisable lipids containing amine headgroups means that liposomes release the
nucleic acid only into the cytosol of the cell [74].

4. The use of lipids and liposomes as molecular tools

4.1. Molecules for imaging

The routine application of modified or synthetic lipids in liposomes and their subsequent
biocompatibility in vivo or ex vivo demonstrated that such particles could also be visual-
ised through the incorporation of fluorescently tagged lipids. This methodology effective-
ly replaces the original inconsistent approach of using liposomes carrying fluorescein as
cargo for imaging studies [75]. There are a number of commercially available synthetic lipid
species which have a fluorophore replacing a lipid fatty acid chain or alternatively replacing
or conjugated to a phospholipid headgroup. Common fluorophores attached to lipids
include non-polar 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), polar nitrobenzo-2-
oxa-1,3-diazole (NBD) and dansyl groups, hydrophobic pyrene and the highly fluorescent
rhodamine dyes [76]. Importantly, in selecting a fluorophore to use in labelling lipids and
liposomes, it is common to use dyes that emit light in the 650-1100nm far red/near infrared
region to avoid the conflict with the UV responsive autofluorescence of most eukaryotic
tissues. When fluorescent lipids are constructed into liposomes, the simple visualisation of
the labelled particles has aided in the study of a number of areas of research such as drug
delivery, disease diagnosis and membrane fusion events. A recent study using fluores-
cence microscopy specifically revealed that carbocyanine dye modified liposomes contain-
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ing the antileishmanial agent meglumine antimoniate were taken up faster by Leishmania
major infected macrophages compared with non-infected cells, most likely due to parasite-
modified phagocytosis [77]. The attachment of the fluorescent curcumin molecule to 1,2-
dipalmitoyl-3-(2-(1,7-bis(4-hydroxy-3-methoxyphenyl)-3,5-dioxohept-6-enylthio)ethyl
phospho)-sn-glycerol (DPS) has a clinically relevant application for the diagnosis of
Alzheimer’s disease. As curcumin targets the AP peptide, injection of DPS-curcumin
containing liposomes into the brains of mice revealed the nanoparticles could successfully
target and stain the pathology causing AP deposits in vivo [78]. These types of imaging
based studies may be further extended in a dual approach, for example in the efficient
bimodal imaging of tumour angiogenesis through the use of rhodamine conjugated
phosphatidylethanolamine and gadolinium-DTPA-bis(stearylamide) lipids for optical
imaging and magnetic resonance imaging studies respectively [79]. These liposomes were
additionally constructed with RGD cyclic peptide moieties conjugated to maleimide-PEG-
DSPE, specifically to target the avp33 integrin highly expressed in angiogenesis. This and
other studies [reviewed in 80] have strongly validated the use of these modified lipids in
an effective streamlined approach for the in vivo visualisation and treatment of angiogene-
sis, a critical process in metastatic tumour biology.

4.2. Immune system modulators

Due to their biophysical properties, cell targeting and entering abilities, liposomes were
candidate adjuvants to aid in the modulation of the human immune system. Initially it was
observed that negatively charged liposomes of a certain composition of natural phospholi-
pids carrying diphtheria toxin could induce an enhanced antibody response prior to release
of the true antigen [81]. Subsequently this use was more deliberate, for example in the
delivery of Shigella flexneri lipid A containing liposomes to stimulate an immune reaction
[82]. To date, the wide use of liposomes containing monophosphoryl lipid A has proved
highly effective in safely enhancing immune responses to candidate vaccines to HIV-1,
malaria and a number of cancers [reviewed in 83]. Significantly, liposomes have been
developed to act as primary adjuvants, incorporating lipids whose headgroup is covalent-
ly bound to antigens. Through the use of synthetic lipids like 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide], a range of peptide,
carbohydrate, lipid and even antibody-like molecules can be attached [84]. These modi-
fied liposomes can be administered via oral or nasal routes rather than injection and in
addition to little or no toxicity have significant capability to be both prophylactic and
therapeutic vaccines. One caveat however is that even early in liposome research it was
clear that in certain circumstances any headgroup modified lipids could be adjuvants, and
based on the evidence to date, it is likely that most synthetic lipids will induce some sort
of immune response [69]. While the use of liposomes to stimulate the immune system to
exert a seroprotective effect as discussed is desirable, there are situations where an immune
suppressive effect may be desired. A directed suppression of the immune system is a
desirable goal in the treatment of autoimmune disease, allergies and preventing the rejection
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of organ transplants. Administering liposomes coated in the bisphosphonate aldronate
successfully caused an anti-inflammatory effect in a rabbit model through the systemic
inactivation and depletion of macrophages and monocytes [85], similarly seen in models of
tissue graft rejection [86] and arthritis [87]. These and other related liposomes based
strategies have great potential to deliver therapeutic success in a safe manner for many
immune-related conditions [88].

4.3. Nucleic acid carriers

It is clear liposomes have an enormous ability to transport an assortment of molecules to
a variety of cells and tissue types and a rapidly expanding field is the delivery of nucleic
acid into cells. In genetic modification, the delivery of genetic material to augment the
existing genes or alternatively silence and/or remove genes has become essential. Some
current approaches to deliver genetic material into cells and tissues include chemical-
based and viral based methods and can be inefficient with membrane permeability issues
and potentially cytotoxic effects. Particularly in exploring the concept of gene therapy,
replacing a defective copy with a functional wild-type copy, the development of non-
viral based vectors to deliver nucleic acid into cells has focused on liposomes due to their
ability to carry large fragments of DNA and their low toxicity and immunogenicity. In the
development of liposome based nucleic acid delivery systems, it was discovered that a
cationic synthetic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride
(DOTMA) would form liposomes that would readily interact with negatively charged DNA
and stably hold it in the aqueous interior [89]. Typically cationic lipids have a positively
charged polar amino head group on top of a lipid-like hydrophobic domain. In contrast,
neutral or negatively charged lipid based liposomes can’t form electrostatic interactions to
bind and hold any negatively charged molecules. This ground-breaking research opened
up the field of using cationic liposomes to deliver material and there are a now a wide
range of synthetic phospholipid and cholesterol analogues that generally form positively
charged liposomes [90]. Cationic liposomes have great promise as nucleic acid delivery
agents as they are highly efficient, readily interacting with negatively charged mem-
branes for uptake into cells to deliver their cargo. Since the initial discovery, many cationic
liposomes have been used to deliver nucleic acids not just into cells in culture, but also
animals and even in patients in phase I and II clinical trials though with some dose-
dependent toxicity issues [90].

More recently, a revolution in the use of liposomes in nucleic acid delivery has come about
through the discovery of small interfering RNAs (siRNA). These siRNA are molecules which
are designed to bind the messenger RNA of a specific gene and thus silence its expres-
sion. This approach could potentially revolutionise the treatment of diseases such as cancer
where suppression of gene expression is of paramount importance. However, the use of
siRNA in a clinical setting has been restricted because the molecules have a short half-
life, show poor uptake into cells and are rapidly cleared from the system. Again the
application of liposome technology has resurrected this form of therapy with the poten-
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tial of liposomes specifically targeting the siRNA to the appropriate tissue in high concen-
trations, preventing degradation of the molecule and therefore providing a safe non-toxic
delivery system in humans and animals. Typically by using phosphatidylcholine based
neutral liposomes, an efficient and stable targeted delivery of siRNAs into tumour tissues
was observed in a variety of animal models, significantly with a concomitant inhibition of
tumour growth [reviewed in 91].

4.4. Decoys for pathogens

Possibly the most unusual application for liposomes comes from the development of
particles that when administered into an individual would impersonate the host cell type
recognised by invading pathogens, trapping the infectious agent and thus reducing the
potential for disease. A recent example is the use of liposomes bearing the glycan sialylneo-
lacto-N-tetraose c (LSTc), an analogue of the influenza virus targeting sialic acid molecule
found on the surface of respiratory tract cells. Decoy liposomes containing LSTc conjugat-
ed to 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine successfully bind influenza virus
particles in competition assays in culture and in a mouse model prevent virus spread and
increase the survival time even under challenge of a lethal dose [92]. This is significantly
better than using free sialic acid analogues, which have shown some success, but are not
suitable due to toxicity and solubility issues. Importantly due to their mode of action, the
decoy liposomes should have the ability to successfully target both newly emerging and
established drug resistant influenza strains without discrimination. This approach has the
possibility to become a key preventative treatment against a wide range of pathogens that
target specific cell surface receptors.

5. Lipid analogues as cytotoxic molecules

5.1. Alkyllysophospholipids

Of all the lipid analogues that have be synthesised to date, the alkyllysophospholipids
(ALPs) are probably the most studied for their toxicity to cells. This series of ether lipids
was born out of the observation that the natural lipid lysophophatidylcholine (lysoPC)
possessed potent immunomodulatory properties but was rapidly metabolised, reducing its
effectiveness [93]. To increase the stability but retain the activity of this molecule, lysoPC
analogues were synthesised that incidentally had inhibitory effects on tumour growth [94].
With a chemical structure containing a long alkyl chain, ALPs insert into the lipid bilayer
of cell membranes and act similarly to a detergent at high concentrations causing cell lysis.
At more physiologically relevant concentrations, ALPs have a number of biological effects
relating to the disruption of cell membranes, including influencing membrane domains,
phospholipid turnover and lipid associated signalling pathways [95]. The consequences of
these diverse modes of action include growth inhibition, cell stress, cell cycle arrest and
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apoptosis. The most commonly studied ALPs are listed in table 3 showing the timeline of
their development and primary publications. For their chemical structures see [95].

Alkyllysophospholipid Year Targeted disease Ref.

Edelfosine (ET-O-CH,) 1967 Cancer, Leishmaniasis, Human African 96
Trypanosomiasis

Miltefosine (HePC) 1983 Cancer, Leishmaniasis, Human African 97
Trypanosomiasis

Ilmofosine 1984 Cancer, Leishmaniasis, Human African 98
Trypanosomiasis

Erucylphosphocholine (ErPC) 1992 Cancer 99

Perifosine (D-21266) 1997 Cancer, Leishmaniasis 100

Erufosine (ErPC3) 2002 Cancer 101

Table 3. Common alkyllysophospholipids used for disease treatment.

5.2. Anticancer

The first ALP to be studied in detail, edelfosine was demonstrated to have a cytotoxic effect
on a wide range of cell types, both tumour derived and normal [96]. However it was apparent
that edelfosine demonstrated a high selectivity towards tumour cells, strongly stimulating
apoptosis by an unknown mechanism. Over the next forty years a number of analogues of
edelfosine were similarly investigated for their cytotoxic anti-cancer properties. Although the
most potent of the ALPs, the clinical use of edelfosine has remained limited to the treatment
of acute leukaemia patients in the purging of bone marrow prior to autologous tissue trans-
plantation [102]. Miltefosine, even though it is metabolised in cells unlike the other ALPs, still
has potent anti-tumour activity in some animal models [103]. Unfortunately due to its
haemolytic properties, its clinical use is restricted as a topical formulation, promising in phase
II trials in the treatment of cutaneous metastases of breast cancer [104]. The most recent ALPs,
the homologous erucylphosphocholine and erufosine are suitable for intravenous injection
having longer 22 carbon chains and a double bond which causes them to associate in aqueous
environments as non-haemolytic lamellar rather than micellar structures. They are valued
ALPs in the development of cancer treatments as they have the ability to cross the blood-brain
barrier, accumulate in the brain and show anti-tumour effects both in vitro [105] and in vivo
[106]. Perhaps the ALP with the most therapeutic potential, perifosine, created by replacing
the choline in miltefosine with a heterocyclic piperidine group, demonstrated good pharma-
cokinetics and strong cytotoxicity against a wide variety of tumours [107]. Its poor performance
in single agent phase II trials however, has stimulated its use in successful application in
combination with various anti-tumour treatments that affect other pathways in the cell.
Perifosine has showed highly promising anticancer therapy in combination with inhibitors of
the anti-apoptotic mTOR signalling network. Individually, drugs targeting mTOR are less
effective as often the inhibition is overcome through induction of a positive feedback loop by
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the protein kinase Akt to upregulate mTOR [108]. The additive effect generated with the
combinational approach is due to perifosine inhibition of Akt causing suppression of the
positive feedback loop.

5.3. Antifungal

In the treatment of invasive mycoses, the use of miltefosine has demonstrated some broad
spectrum fungicidal activity in vitro and in a mouse model of cryptococcosis [109]. In general
however the application of ALPs to treat fungal infections in humans has been restricted by
the limited therapeutic effect against cryptococcal infections in animals [110]. This may be in
part due to their apparent mode of action in inhibiting cytochrome C oxidase in Saccharomyces
cerevisiae and phospholipase B in Cryptococcus neoformans, two non-essential yeast proteins
[109,111]. The use of ALPs as potent antifungal agents might be resurrected in part by two
recent developments. The synthesis of new analogues based on existing structure-antifungal
activity relationship (SAR) information of ALPs has given hope that this class of compounds
can have benefit in the treatment of invasive or device-related fungal infections [112]. Fur-
thermore, in a study of combinational therapeutics, some synergy was observed in a number
of fungal strains with miltefosine and the broad-spectrum drug voriconazole which may
develop with further research into clinical relevance [113].

5.4. Antiparasitic

It is in the field of parasitology where the ALPs have shown great promise. Initially, alongside
their anti-cancer effects, a range of ALP analogues were found to have strong anti-protozoal
activity against the free-living ciliate Tetrahymena pyriformis [114] and Leishmania donovani, the
causative agent of visceral leishmaniasis [115]. Subsequent research demonstrated that
different ALPs had varying potency against different protozoan species and lifecycle stage. In
general however a range of Leishmania species, Trypanosoma brucei and T. cruzi parasites have
showed significant susceptibility to these ALPs with effective dose killing responses in the low
micromolar range [reviewed in 116]. The development of ALPs as potential anti-parasitic
drugs in a clinical setting came from the discovery that miltefosine completely prevented L.
donovani infection in mice with very little side effects [117]. Ultimately this research led to the
development of a clinically approved formulation of miltefosine, Impavido in 2000, still to date
the only approved oral drug for leishmaniasis [118]. Impavido is approved for the treatment
of cutaneous and mucosal leishmaniasis but is particularly utilised for the first-line treatment
of endemic visceral leishmaniasis in Asia. In addition, the use of miltefosine has been shown
to be effective in curing patients infected with L. donovani parasites unresponsive or resistant
to antimony treatment [119]. Similar to the anti-cancer effects of ALPs, the mode of action of
miltefosine against Leishmania spp. is not entirely clear. There is a notable structural damage
to the plasma membrane of most ALP treated parasites, suggestive of alterations to the lipid
content [116]. Recent modern metabolomic approaches have defined cellular changes in
miltefosine action against Leishmania and indicate disruption of the lipid metabolism of the
cells as a primary target [120]. Issues with the development of resistance to miltefosine (partly
due to weak therapeutics and rapid metabolism) have led to the development of ALP loaded
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liposomes. These have proven to be more active than the ALP alone in the treatment of animal
models and as in other studies they have shown efficacy against the drug-resistant cell lines
[121]. It is clear that the combined use of liposomes and ALPs is a powerful tool, giving a
potential dual target approach to combat parasite infection and drug-resistance.

6. Lipids and liposomes in health and nutrition

6.1. Fatty acids and lipids

It is well documented that omega-3/omega-6 polyunsaturated fatty acids (PUFA) are essential
for normal growth and development, especially for visual and neurological development in
infants [122, 123]. These fatty acids have also been shown to have numerous beneficial effects
on various aspects of human health, and as such the recommended minimal daily intake is set
at 250 mg [124]. As humans we are unable to de novo synthesise omega-3 PUFA, as we do not
have the necessary fatty acid desaturase enzyme(s) and thus rely solely upon dietary intake
of these PUFA. Two crucial PUFAs are eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), these are primarily accessed via marine sources, i.e. fish or krill oil, while a-linolenic
acid (ALA), is found in numerous plant sources such as nuts and seeds. The biological activities
of omega-3/omega-6 PUFA have been under extensive study for several decades and their
beneficial effects on several diseases have been well documented, some of which will be now
be discussed.

Dietary changes in fatty acid composition have been show to change the proportion of different
types of PUFA in inflammatory and immune cells and thus influencing their function, this is
thought to be because they can act as precursors to lipid mediators (eicosanoids/docosanoids)
or as ligands for transcription factors [125]. Various omega-3 supplements also seem to boost
the effectiveness of anti-inflammatory drugs, several clinical studies have reported that fish
oil supplementation has beneficial effects in rheumatoid arthritis, inflammatory bowel disease,
and among some asthmatics, supporting the idea that omega-3 PUFA trigger anti-inflamma-
tory and immunomodulatory activities [126]. Along the same lines the PUFA arachidonic acid
(AA) is a precursor for prostaglandins, leukotrienes, and related compounds acting as
secondary messengers, modulating various roles in inflammation and immunity. Even
gamma-linolenic acid a non-essential fatty acid, present in high levels in borage oil has been
shown to have several beneficial effects in the treatment of rheumatoid arthritis, atopic eczema
and diabetic neuropathy, as well as in the reduction of cholesterol levels [127].

The changing diet of Western societies since industrialisation has been argued to have
promoted the pathogenesis of many inflammatory-related diseases, including depressive
disorders. Researchers have found a correlation between cultures that eat foods with high
levels of omega-3 PUFA also have lower levels of depression [128]. Several epidemiologi-
cal studies have also shown a significant inverse correlation between intake of oily fish and
depression and bipolar disorders [128, 129]. However it has been suggested that the
preventive role of omega-3 PUFA may depend on other factors, such as overall diet quality
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and the social environment. Accordingly, some research suggests that omega-3 PUFAs may
be effective in several ways in protecting people against Alzheimer's disease and demen-
tia by reducing the rate of gradual memory loss linked to aging and enhancing the
effectiveness of antidepressants [130].

It is common knowledge that fish and fish oil consumption (high in omega-3 PUFA) can
significantly reduce the risk of cardiovascular diseases (CVDs) and slow the formation of
plaque in the arteries [131]. It is now becoming clear that it is increasingly important to
know which fatty acids especially EPA and DHA are attached to which lipid species. This
has recently become apparent as no significant statistically correlation is observed be-
tween omega-3 PUFAs and the reduced risk of cardiovascular diseases (CVDs) when 20
studies on 68680 patients were re-evaluated. The latest evidence suggests the true biologi-
cally active component, or parent lipid species, has a direct influence on its delivery and
subsequent usage/in vivo activity [132 and references therein]. Despite the various and
numerous biological activities of omega-3 PUFA and their corresponding health benefits
being extensively studied for several decades. However, the potential different forms in
which these could be delivered via dietary intake such as triglycerides (TGs) versus ethyl
esters or phospholipids (PLs), has largely been neglected. The fatty acid chain length and
unsaturation on the lipids affects their intestinal absorption efficiency, whereas the chemical
structure of the lipids (TGs versus PLs) determines their digestion products prior to
absorption. The enrichment of essential fatty acids in particular phospholipids for in-
creased dietary uptake and nutritional activity in the body is important. Several studies
show evidence that dietary PLs have a positive impact in several diseases and potentially
reduce side effects of some drugs [133, 134].

Modern diets are often depleted of complex and diverse mixtures of PLs due to increased use
of refined oils and purified raw materials, which had led to an overall reduction in the uptake
of PLs. Hence, the supplementation of marine PLs may serve three important functions within
the functional food segment: (a) emulsifying properties, (b) supplementation of omega-3
PUFAs and (c) beneficial nutritional effects of the PLs themselves [135]. A better understanding
of the impact of PL supplementation and its health benefits is required.

The potential anti-obesity effect of conjugated linoleic acid, and its mode of action lowering
body fat mass has recently been reviewed by Kennedy ef al [136]. Conjugated linoleic acid
(CLA), a group of conjugated cis and trans isomers of octadecadienoic acid that have been
converted from linoleic acid by microbes in the gastrointestinal tract of ruminant animals and
often found in beef, dairy foods, and dietary supplements, reduces adiposity in several animal
models of obesity and in some humans. CLA was discovered by Pariza and colleagues in 1987,
and was first identified as an anti-carcinogen, but subsequently shown to exhibit anti-
atherosclerotic and more recently anti-obesity properties [137]. Interest in CLA as an alterna-
tive treatment to conventional diabetic and weight loss therapies has increased over the past
decade. Supplementation with a mixture of CLA isomers decreased the body fat mass in many
animal and some human studies. The major 10,12 isomer of CLA, seems to be responsible for
the antiobesity effects. Commercial preparations of CLA are now made from the linoleic acid
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of safflower or sunflower oils under alkaline conditions. Kennedy et al have summarised the
recent in vivo and in vitro findings and propose potential mechanisms by which CLA reduces
adiposity including its impact on energy metabolism, adipogenesis, inflammation, lipid
metabolism, and apoptosis [136].

6.2. Liposomes

Liposomal encapsulation technology used by medical researchers to deliver drugs effective-
ly to specific areas or organs in the body, as discussed earlier, is also being used to target
delivery of a number of poorly soluble and high molecular weight bioactive dietary
components including natural products such as carotenoids, phytosterol, omega-3 PUFAs,
vitamins and other antioxidants to the body. The liposomes provide a number of advantag-
es to other delivery systems and this is why a number of nutritional companies are now
utilizing this technique in the oral delivery of dietary supplements and nutrients that are
not prematurely decomposed and are pinpointed to specific tissues and organs. This
approach has the added bonus that the doses can be reduced by 5 to 15 times less than
normal supplement intake, i.e. tablets and capsules. The beneficial action of liposomes in
oral delivery of nutrients is due to several modes of their action, including improved
nutrient solubilisation and protection against environmental conditions such as moisture,
oxygen and degradation by the presence of enzymes in oral and esophageal digestive juices
prior to being absorbed into the body [138-140]. The phospholipids of the liposomes are
able to repel undesirable activities of the digestive juices of the gastrointestinal tract, until
the contents have reached the target tissue and are endocytosed, delivering their cargo into
the intra-cellular space. It is important to note that more conventional delivery routes for
nutrients, such as tablets, capsules etc., offer different and complementary forms of nutrient
bio-availability, however the various food additives used in tablets and capsules, such as
binders, fillers, gelatins and sugar affect the absorption process and may cause incom-
plete disintegration, hence reducing bioavailability of the active components.

More than 50 products and product combinations have been formulated using liposomal
delivery systems, some of them are listed in Table 4. A key example of the full potential of
using oral liposomal encapsulation is vitamin C, which causes a ~10-fold increase of vitamin
Cinto cellular systems compared to oral tablet/capsule formulations, with no negative effects,
such as gastric distress, urinary output or extra load on the liver [141].

Vitamin/herb/botanical ~ Active compound(s) Health benefits

Vitamin A Retinol Retina function, Epithelial tissue growth, Bone growth, Embryonic
development

Vitamin B2 Ribofiavin Essential for metabolizing carbohydrates, fats, and lipids

Necessary for the function of vitamins B6, folic acid, and niacin

Vitamin B12 Cyanocobalamine Deficiency causes pernicious anemia, muscle and nerve paralysis

Vitamin C Ascorbic acid Antioxidant




Lipids and Liposomes in the Enhancement of Health and Treatment of Disease
http://dx.doi.org/10.5772/59665

Vitamin/herb/botanical ~ Active compound(s) Health benefits

Vitamin E alpha-Tocopherol Detoxifies free radicals, Prevents damage to cell membranes.

Enhances immune response,

Antioxidant
CoEnzyme Q10 Ubiquinone-50 Increased mitochondria function, cofactor in oxidative respiration
DHEA Dihydroepiandrosteindione Increased libido, Feelings of well being Decreased viral load
Echinacea Echinacosides Immuno-stimulation
Gingko biloba extract Gingolides Dementia, Equilibrium disorders,Intermittent claudication
Glucosamine sulfate Glucosamine Osteoarthritis, Bone, cartilage, and Muscle growth
Grape seed extract Procyanidines Antioxidant, Inhibits tooth decay, Source of essential oils
IGF-1 Insulin, Growth Factor-1 Anti-aging
Kava kava Kava lactones Anxiolytic, insomnia
Ma huang Ephedra Cough, Bronchitis, Appetite suppression
Melatonin Melatonin Insomnia, Jet lag
Milk thistle Silymarin Hepatoprotection, Cirrhosis, Hepatitis, Inmunomodulation
St. Johns wort Hypericin, pseudohypercin ~ Anxiolytic, Depression, Topical inflammation, Wound healing
Zinc gluconate, zinc Zinc ion Essential part of more than 200 enzymes involved in digestion,
sulfate metabolism, reproduction (sperm formation), and wound healing.

Involved in sense of taste. Role in function and structure of cell
membranes. Major part of the immune system. Component of insulin

deficiency

Table 4. Liposomal nutritional products on the market

Dietary polyphenols, including flavonoids, have long been recognized as a source of important
molecules involved in the prevention of several diseases, including cancer. However, due to
their poor bioavailability, polyphenols remain difficult to be employed clinically. The recent
use of liposomes, as a means of improving their pharmacokinetics and pharmacodynamics,
hence their bioavailability means there is a renewed interest into the therapeutic benefits of
wide range of polyphenols [142, 143].

7. Future perspectives

Liposomes are being used in a wide range of applications from drug and gene delivery to
diagnostics, cosmetics and food nanotechnology being able to be administrated orally,
parenterally or topically. Liposome formation and entrapment of various different types of
cargo is now a well established methodology, allowing them to stabilise the encapsulated
materials against a range of environmental and chemical changes, including enzymatic and
chemical modification, as well as buffering against extreme pH and temperature [144].
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There are a rapidly increasing number of new applications for liposomes in the drug and food
industry, due to their biocompatibility and biodegradability. The natural composition of the
liposomes, which helps in overcoming regulatory hurdles, and if required newly developed
formulations can quickly be implemented. However, use of multiple lipid sources (e.g. animal,
plant, synthetic sources) often requires additional characterisation and comparability studies.
The quality and purity of the lipid starting materials for lipsome formulations are essential to
maintain the quality of the later drug or encapsulated product. Therefore the appropriate
characterization and specification of the lipid starting material is considered as vital as the
product being delivered, as laid out by EU directive 2001/83/EC, along with guidance on
process validation CHMP/QWP/848/99 and EMEA/CVMP/598/99 and marketing authorisa-
tion of a medicinal product (EMEA/CHMP/QWP/396951/2006).

The remarkable biocompatibility of liposomes probably stems from the fact that they are
closely analogous to both naturally occurring endosomes that circulate in the bloodstream
before accumulating in specific tissues, and lamellar bodies known to lubricate and protect
tissue surfaces and serve in specialist functions, i.e. act a surfactant in the lungs to allow oxygen
to pass from the air into the bloodstream. The depletion of lamellar bodies is also implicated
in a range of diseases, including serious progressive respiratory conditions, including Cystic
Fibrosis and Chronic Obstructive Pulmonary Disease [144]. These are obvious areas of research
where liposome technology could be a game changer.

In order to extend and take full advantage of this highly biocompatible and safe biodegradable
delivery system, future research should focus on the production of the lipid vesicles through
safe, scalable methods, as well as accessing the required high quality/purity of lipids in a cheap
and sustainable manner.
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1. Introduction

Targeted medical intervention for the treatment of rheumatoid arthritis (RA) has significantly
revolutionized clinical outcomes for this autoimmune disease. Until the development of
biological drugs which have the capacity to block the activity of most of the critical pro-
inflammatory cytokines involved in RA as well as a host of immune cell-mediated events, the
medical therapy of RA was limited to the use of first-line treatments including, non-steroidal
anti-inflammatory drugs, sulphasalazine, and several immunosuppressive agents, such as
glucocorticoids, prednisone and dexamethasone, methotrexate, and anti-malarial drugs (e.g.
hydroxychloroquine) [1-5]. Agents that blocked the proliferation of T-lymphocytes, such as
leflunomide, abatacept and/or B-lymphocytes (e.g. rituximab) were also employed, but mainly
as second-line therapies [6-9].

The momentous development of additional biological drugs for RA arose through the
identification of those pro-inflammatory cytokines that were intimately involved in initiating
and perpetuating the RA process. Thus, blocking tumor necrosis factor-a/tumor necrosis
factor-a receptor, interleukin-1f (IL-1f) IL-1p receptor and IL-6/IL-6 Receptor/gp130 signaling
pathways with either monoclonal antibodies or engineered fusion proteins prominently
entered into the armamentarium for the medical therapy of RA [10-15].

However, what does all of this mean for the future development of additional novel
therapies for this chronic and debilitating synovial joint disease? For one thing the
revolution in new drug development implies that although additional cellular targets
including vascular endothelial growth factor (VEGF), adhesion molecules (e.g. vascular cell
adhesion molecule-1; VCAM-1; CD106) and chemokines (e.g. CXC, C, CX3C and their
corresponding receptors, CXCR, CCCR, CR and CX3CR) [16-26] which fit securely into a
system of well-orchestrated RA pathophysiologic processes in man have been validated

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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through in vitro studies as well as from impressive clinical results and ex vivo cell analy-
ses with rodent models of human RA. Although none of the CC chemokine receptor
antagonists have thus far yielded drugs effective in a rheumatology clinical practice, there
are CXCR4 small drug antagonists in clinical trials for cancer, human immunodeficiency
virus and the rare WHIM immunodeficiency condition [27].

One aspect in the study of human RA progression revolves around successfully translating
from “hypothesis” to experimental validation and then going forward to drug development.
This advancement has occurred by recognizing the crucial role played by signal transduction
pathways in perpetuating the inflammatory state of RA. Thus, signal transduction has also
been identified as the crucial cellular pathway that can cause “apoptosis-resistance” resulting
in the aberrant survival of activated T-lymphocytes, B-lymphocytes and synoviocytes in RA
synovial tissue [28, 29]. Signal transduction has also been identified as playing a role in the
elevated frequency of apoptotic chondrocytes in RA articular cartilage [30, 31]. In that regard,
blocking the phosphorylation of specific protein kinases involved signal transduction was
explored as a mechanism to not only restore the appropriate balance between cell survival and
cell death, which is skewed towards cell survival in RA, but also for blocking those protein
kinases involved in up-regulating pro-inflammatory cytokine and matrix metalloproteinase
(MMP) gene expression that is so integral to perpetuating inflammation and therefore, the
destruction of synovial joints in RA [32-36].

Over the past 8 years or so, we have extensively detailed the genesis of interest in, and the
extent to which, kinase activity of mitogen-activated protein kinases (MAPK) and the phos-
phatidylinositide-3-kinase/AKT/mammalian target of rapamycin (mTOR) (PI3K/AKT/mTOR)
pathways influence MMP gene expression and cell survival, respectively [37-41]. We and
others have also focused attention on the Janus Kinase/Signal Transducers and Activators of
Transcription (JAK/STAT) pathway which was identified and targeted for drug development
in RA because JAK/STAT signaling was found to play a major role in RA by promoting pro-
inflammatory cytokine gene expression and abnormal cell survival [42-48]. Thus, this latter
research focus resulted in the first JAK3-selective small molecule inhibitor (SMI), tofactinib,
for use in the treatment of RA [reviewed in 49, 50].

This chapter will critically analyze the current state of drug development for novel protein
kinase SMlIs for RA, including a brief update and perspective on newer JAK SMI, besides
tofacitinib, which are likely to be the targets for future drug development as well as additional
protein kinase targets for RA.

2. Newer JAK SMIs

There are 4 members of the JAK family: JAK1, JAK2, JAK3 and Tyk2 [51]. JAK1 and JAK3 bind
constitutively to the cytoplasmic region of the common gamma chain of cytokine receptors.
This domain is the common subunit for many cytokines involved in T-cell and natural killer
cell development in addition to B-cell activation making JAK1/JAK3 pertinent targets for
intervention in RA [47, 52]. In addition to the JAK3-selective SM], tofacitinib [54], several other
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JAK SMIs, with activity towards JAK 1 and JAK?2, including baricitinib [55], CEP-33779 [55],
INCB028050, PF-956980 [56, 57], filgotinib (INCB-039110), decernotinib, ruxolitinib, pefcitinib,
ABT-494, INCB 047986 and AC-410 [58] are currently in various stages of preclinical testing
and/or clinical assessment for altering the clinical course of RA, organ transplant rejection and
psoriasis [59].

It has been widely held that JAK1 and JAKS3 are essentially regulated by specific tyrosine sites
within their respective activation loops [60], including the NH,-terminal kinase domain [45].
As such the activity of both JAK1 and JAK3 need be blocked to ensure inhibition of IL-2-
induced STAT5 activation [47]. This assertion is bolstered by evidence that JAK1 has a
dominant role over JAK3 [61] likely making selective ATP-competitive JAK3 inhibitors less
effective by themselves at the cellular level. Thus, the targeting of suppressor of cytokine
signaling as a means to suppress JAK/STAT signaling [45, 62, 63] is also being investigated for
its potential to block cytokine-mediated STAT activation.

3. Update on tofacitinib — 2014

The approval of tofacitinib by the United States Food & Drug Administration in 2012 for the
treatment of moderate-severe RA has paved the way for the development of other JAK
inhibitor compounds [64, 65]. The clinical data emerging from 4 Phase II and 4 Phase IIIl RA
clinical trials involving tofacitinib was recently summarized [Malemud CJ: Submitted]. In the
Phase III RA trials where tofacitinib was compared to placebo a significant American College
of Rheumatology-20 (ACR20) response was consistently demonstrated in the tofacitinib arm
together with an improvement in the Health Assessment Questionnaire Disability Index and
ACRS50 response after 3 months of treatment with tofacitinib [66]. Most critically, these Phase
III trials demonstrated that the clinical efficacy of tofacitinib was similar to the clinical
responses achieved with the TNF inhibitor, adalimumab. Several common adverse events
observed in these clinical trials were associated with the tofacitinib group and raised some
concerns. This included an increase in the incidence of infections, infestations and creatinine
along with an increase in the LDL-cholesterol/HDL-cholesterol ratio and decreased neutrophil
counts. However, a recent meta-analysis of various RA clinical trials involving tofacitinib
concluded that the frequency of adverse events was not increased by tofacitinib [67].

In another clinical trial where the clinical efficacy of tofacitinib was compared to methotrexate
[68], 3 cases of confirmed lymphoma in 5 patients receiving tofacitinib compared to 1 subject
in the methotrexate arm was reported. However, the ACR70 response was greater in the
tofacitinib group compared to methotrexate, but the mean change in number of bone erosions
inboth the tofacitinib and methotrexate groups was modest. Importantly the subjects receiving
tofacitinib had less cartilage loss at 6, 12 and 24 months of treatment.

Malemud and Blumenthal [50] recently reviewed the variety of cellular mechanisms that have
been shown to be altered by tofacitinib which likely contributed to the clinical efficacy of the
drug in human RA clinical trials, including the relative selectivity of tofacitinib for JAK1 and
JAKS3 over JAK2 in ameliorating the severity of arthritis in the rat-adjuvant model [69] as well
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as data showing that multiple cytokines and signaling pathways in addition to JAK/STAT were
inhibited by tofacitinib at effective clinical doses which was distinct from conventional disease-
modifying antitheumatic drugs [70].

Although it is expected that the efficacy of tofacitinib in rheumatology clinical practice will
have to be continuously monitored, tofacitinib will likely emerge as an important option for
RA patients who inadequately respond to low-dose glucocorticoids, methotrexate and the
several biologic drugs that are now routinely prescribed for the management of moderate-to-
severe RA [50, 71, 72].

4. Selective JAK inhibitors in development

4.1. Baricitinib

Baricitinib (alternatively known as 1187594-09-7; INCB028050; UNII-ISP444213Y; LY3009104;
LY-3009104 (Figure 1) [72] is anovel orally administered JAK inhibitor compound with relative
selectivity for JAK1 and JAK2 [74]. In a study conducted among normal volunteers, baricitinib
showed a dose-linear and time variant pharmacokinetics with low oral-dose clearance (i.e.
17L/h) and minimal systematic accumulation. Baricitinib also inhibited STAT3 phosphoryla-
tion in whole blood ex vivo, the results of which correlated with plasma concentrations of the
drug. Although baricitinib was well-tolerated with negligible adverse events, the expected
reduction in neutrophil counts was also recorded [75].

Figure 1. The chemical structure (IUPAC Name) of 2-[1-ethylsulfonyl-3-[4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)pyrazol-1-
yl]azetidin-3-yl]acetonitrile (Baricitinib) [73]
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4.2. Decernotinib

Decernotinib (Figure 2) alternatively known as VX-509, is an orally administered selective
JAKS3 inhibitor compound which is being evaluated for the possible medical management of
RA [58, 76]. In a recently completed study the results of which were reported at the 2014
European League Against Rheumatism (EULAR) annual meeting, the pharmacologic activity
of decernotinib was compared to tofacitinib, filgotinib (GLPG 0634) and baricitinib with
reference to the blockade of several cytokine signaling pathways in whole blood cell cultures
from normal subjects. The cytokine pathways evaluated were the type I and type Il interferon
(i.e. INFa and INFy) pathways, the common vy chain cytokine pathways involving IL-15 and
IL-21, and the IL-6 and IL-27-mediated signaling [77]. Although the results of this study
showed that each of the JAK inhibitor compounds were relatively similar to each other in terms
of their ability to block INFa and INFvy, IL-15, IL-21, IL-6 and IL-27 signaling, tofacitinib and
baricitinib were more potent than decernotinib and filgotinib. Of note, these JAK inhibitor
compounds exhibited lesser activity towards IL-10, IL-12, IL-23 and erythropoietin, which also
signal via JAK/STAT [45]. Moreover, the results of the ex vivo studies evaluating the effect of
these JAK inhibitor compounds on inhibition of cytokine signaling showed that they had
markedly similar activities at clinically relevant doses.

Hi
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Figure 2. The chemical structure (IUPAC Name) of disodium N2-[2-(1H-Pyrrolo[2,3-pyridin-3-yl)pyrimidin-4-yl]-N-
(2,2,2-trifluoroethyl)-D-isovalinamide (Decernotinib) [76]

A recently completed 24-week randomized, placebo-controlled, double-blind, phase II study
compared 4 dosing regimens of orally administered decernotinib given to 358 active RA
patients, measured by increased C-reactive protein levels and in RA patients with at least 6
swollen and 6 tender joints who had an inadequate clinical response to methotrexate [78]. After
24 weeks, the clinical response to decernotinib was statistically significant by ACR20, ACR50
and ACR70 criteria and by positive changes in the Disease Activity Score-28 outcomes
measure. However, the percentage of patients with any adverse event was higher in the
decernotinib arm relative to placebo (i.e. a stable dose of methotrexate) which led to 9.1% of
patients in the decernotinib group and 8.5 patients in the placebo group, respectively, to
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discontinue treatment. Of note, safety profiles were comparable across all dosage levels of
decernotinib.

5. Compounds that inhibit TyK2

Tyrosine kinase-2 (TyK2) is the fourth member of the Janus kinase family. However, the
development of TyK2-selective SMIs has lagged significantly behind the development of SMIs
with activity against the other 3 members of the JAK family [79, 80]. Thus, this remains an
ongoing controversy for developing additional small compounds for RA despite the purported
critical importance of TyK2 in driving IL-12-related cytokine IL-23 signaling which plays a key
role in RA [81, 82].

In RA IL-23 is widely recognized as a key cytokine because of its role in perpetuating the
inflammatory response as well as its involvement in the development of the IL-17-produc-
ing Ty17 T-cell subset, the latter developing as a distinct T-cell lineage apart from the
cytokine-producing Tyl and Ty2 T-cells [82]. Although the IL-23 receptor was the initial
potential target for intervention in RA, inflammatory bowel disease, psoriasis and multi-
ple sclerosis [83], a few laboratories focused on designing and synthesizing diamino 1, 2,
4 triazole compounds which could potentially demonstrate differential inhibition of TyK2
and JAKs 1-3 [81] or small molecule compounds such as APY0201 which was reported to
directly inhibit IL-23 production [84].

Until recently, there were no patents filed for the design or production of selective TyK2
inhibitors. In that regard, both tofacitinib and one other small molecule compound, CMP6,
failed to markedly inhibit TyK2. However, results with another small molecule compound,
Cmpd1, showed some promise in preclinical analyses [85, 86]. For example, Qi et al. [87]
recently demonstrated in human cervical cancer HeLa cells that apoptosis was enhanced after
incubation of these cells with TNF-a but only if TNF-a-induced heat shock protein (HSP)27
phosphorylation was suppressed by Cmpd1, or by MAPKAPK2 knockdown or by overex-
pression of a non-phosphorylatable HSP27 mutant, HSP27-3A. Thus, these results reported
for Cmpd1 could indicate a role for TyK2 inhibition as influencing apoptosis in HeLa which
may be useful to “cure” the apoptosis-resistance characteristic of RA synovial tissue [88].
However, in that study, HSP27 phosphorylation also facilitated TNF-a ubiquitination and
phosphorylation of TAK1 as well as activation of p38 MAPK and ERK, the TAK1 pro-survival
pathway downstream of p38 MAPK and ERK. Therefore, the extent to which further devel-
opment of TyK2 small molecule inhibitor compounds such as Cmpd1 go forward will likely
depend on its capacity to alter arthritis severity in rodent animal models of RA which will be
solely dependent on the design and successful synthesis of selective TyK2 SMIs.

6. The spleen tyrosine Kinase (SyK) inhibitor, fostamatinib

SyK and the C-chain associated protein-70 (ZAP-70) are non-receptor kinases which are
preferentially produced by hemopoietic cells of the spleen, mast cells, polymorphonuclear
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leukocytes and macrophages [89]. In the context of adaptive immunity relevant to RA, Syk
and ZAP-70 are major components in T-cell and B-cell receptor signaling [90]. Based on those
findings, Syk was considered to be a promising target for RA primarily because of its involve-
ment in regulating, not only T-cell and B-cell proliferation as well as those proliferating cells
with the Fy-activating receptor, but also in mediating immunoreceptor signaling by inflam-
matory cells and in signaling pathways regulated by immune complexes [91, 92].

Several years ago, Pine et al [93] showed that R788, which is the prodrug of the novel SyK SMI,
R406, suppressed the severity of arthritis in collagen-induced arthritis (CIA), a well-validated
mouse model of human RA. In addition to the finding that R788 showed significant clinical
efficacy in mouse CIA, several surrogate molecules known to play important roles in inflam-
matory arthritis, namely the CXCR2 ligand KC-GRO-a, macrophage chemoattractant pro-
tein-1, IL-1 and IL-6 were also reduced in mice with CIA treated with R788 compared to the
vehicle control. Of note, the release of cartilage oligomeric matrix protein (COMP), a biomarker
of extracellular matrix degradation in articular cartilage, was also suppressed by R788
suggesting a possible chondroprotective effect of R788.

More recent studies have been conducted to assess the pharmacokinetic/pharmacodynamic
(PKPD) of R788, alternatively known as Fostamatinib disodium; R935788; R 935788 sodium;
FosD, tamatinib fosdium (Figure 3) [94]. Results of these studies revealed that the converted
form of the drug, R406, exhibited a PKPD relationship with changes in blood pressure [95].
Thus, the PKPD analysis revealed a concentration-dependent increase in blood pressure with
increasing concentrations of R406. Nevertheless Baloum et al. [96] showed that R406 was
rapidly absorbed with a terminal t;;, of 12-21 hrs. Furthermore, the solid dosage forms of
fostamatinib provided a drug administration regimen whereby fostamatinib could be admin-
istered once daily or twice daily to achieve therapeutic levels of the drug.

What additional parameters of adaptive immunity were found to be altered by fostamatinib?
Although R406 reduced the responsiveness of dendritic cells to immune complexes adminis-
tered to mice, R406 did not reduce specific CD4'T-cell proliferation in these mice after
immunization with these immune complexes [97]. However, R406 did reduce the interactions
that occur between dendritic cells and antigen-specific CD4'T-cells. This resulted in reduced
proliferation of these antigen-specific CD4*T-cells compared mice treated with the vehicle
control. This change in antigen-specific CD4"T-cell proliferation in response to R406 was also
characterized by a reduction in the level of several T-cell co-stimulatory biomarkers, namely,
inducible T-cell co-stimulator and PD-1 as well as diminished production of the pro-inflam-
matory cytokines, INF-y and IL-17. Taken together, these ex vivo results provided additional
support for the indication that inhibiting SyK activity with fostamatinib could be an effective
drug therapy to eliminate FcR-driven CD4*T-cells responses in RA.

So how did fostamatinib fare in RA clinical trials? The results of several RA clinical trials
assessed the clinical efficacy of fostamatinib [98, 99]. Thus, Taylor et al. [98] reported that
treatment of moderate-severe RA subjects with fostamatinib improved the DAS-28/C-reactive
protein (CRP) score from baseline versus placebo injection at 6 wks at 2 dosage regimens: 100
mg twice daily for 24 wks plus placebo injection every 2 wks and 100 mg twice daily for 4 wks,
followed by 150 mg once daily up to wk 24. However, DAS-28/CRP failed to improve when
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Figure 3. The chemical structure (IUPAC Name) of [6-[[5-fluoro-2-(3,4,5-trimethoxyanilino)pyrimidin-4-ylJamino]-2,2-
dimethyl-3-oxopyrido[3,2-b][1,4]oxazin-4-ylJmethyl phosphate (Fostamatinib Sodium) [94]

fostamatinib was administered at 100 mg twice daily for 4 wks, then 100 mg once daily up to
wk 24. Most critically, in a comparator analysis, fostamatinib was less effective than the TNE-
ablocker, adalimumab, at wk 24 based on the DAS-28/CRP criteria. The most common adverse
effects of fostamatinib in this clinical trial were similar to those previously reported which
included increased hypertension and diarrhea. Thus, although fostamatinib demonstrated
significant clinical efficacy when employed as a monotherapy using DAS-28/CRP criteria at 6
wks, fostamatinib was inferior to adalimumab at wk 24.

Three additional RA clinical trials measured the effectiveness of fostamatinib on subchondral
bone erosions using the modified total Sharp score as an indicator of whether inhibition of SyK
retarded the destruction of subchondral bone over a period of 6 months. ACR response criteria
were also measured [99]. Once again, hypertension was the most relevant adverse event
affecting 40% of fostamatinib-treated subjects with other common negative responses,
including, diarrhea, neutropenia and increased hepatic enzyme levels. Some of the fostama-
tinib-treated RA subjects also developed infections. Most critically, although RA subjects
treated with fostamatinib showed a positive clinical response by ACR criteria, none of the 3
clinical trials revealed any significant effects on erosive bone damage over the 6 months of
treatment.

Although SyK was shown to play an influential role in regulating the aberrant proliferation of
several immune cell types critical to the RA process in vitro and ex vivo, the results of several
RA clinical trials with fostamatinib were not impressive enough to warrant further develop-
ment of this SyK SMI for RA.
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7. A perspective on the future development of protein kinase SMIs for RA

The current state of affairs regarding the future development of additional protein kinase small
molecule compounds for the treatment of RA should arise from the paradigm employed that
ultimately led to the US FDA approving tofacitinib for moderate-to-severe RA. An assessment
of the extent to which tofacitinib would be regularly prescribed for the treatment of RA recently
concluded that most-marketing surveillance data will ultimately determine the extent to which
tofacitinib will only be used to treat RA patients with inadequate responses to conventional
DMARDs and/or the several types of biologic drugs now available to treat RA or whether
tofacitinib will be employed as a first-line therapy for RA [50]. Although this assertion appears
to have some validity based on the current thinking by rheumatologists regarding the use of
tofacitinib, decisions must be made by the biopharmaceutical industry as to whether to
develop other JAK SMIs for future therapy of autoimmune diseases. Some of these newer small
molecule compounds were shown to inhibit JAK1 and JAK3, whereas others may be designed
to selectively inhibit JAK2. In that respect, the structure of the JAK3 enzyme may be instructive
(Figure 4). It was recently pointed out that tofacitinib was originally introduced as a JAK3-
selective SMI, but in reality tofacitinib also inhibits JAK1 and JAK2 [100]. In addition, Chrencik
et al. [101] indicated that computational analysis comparing tofacitinib with the TyK2 SMI,
CMP-6, showed that kinome-selectivity will be a challenge as a consequence of the overall
similarities in structure between JAKs 1-3 and TyK2, as well as the fact that the JAK3 SMI binds
to the ATP-binding cavities in an orientation which is similar to JAK1 and JAK2. Therefore,
the jury is still out, so to speak, as to whether or not immune-mediated inflammation and other
pathophysiologic abnormalities associated with aberrant JAK/STAT signaling in RA can be
regulated by focusing on developing a JAK SMI specific for a single member of the JAK family
or whether small molecule compounds which are designed to inhibit more than one JAK form
would be a more effective RA therapy.

FERM SH2 Kinase-like  Tyrkinase
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Figure 4. The JH domains and phosphorylation sites of JAK3 [45]

The drug armamentarium for treating RA now include, immunosupressants such as metho-
trexate, as well as immunomodulatory drugs which block TNF-a, anti-IL-1, and T-and B-cell
activation among other pathways. Therefore the extent to which JAK and/or SyK inhibitors
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will be employed with equal footing to these well-established drugs with clinical efficacy for
RA remains to be determined.

Then there is a host of data that supports a role for other protein kinases in the RA process.
However, it can be stated at this time that the results of preclinical and RA clinical trials
analyses are more compelling for developing small molecule compounds to inhibit TyK2 than
SyK.

Recently, we pointed out that in addition to JAK, TyK2 and SyK, it may be prudent for
investigators to consider the role that abnormalities play in other signal transduction pathways
associated with RA as future targets for therapeutic intervention [40]. The data supporting a
robust level of “cross-talk” between several signaling pathways that contribute to cytokine,
matrix metalloproteinase, pro-apoptosis and anti-apoptosis gene expression is well-proven
[28, 29, 35, 40, 41] and should be taken into account. In that regard, aberrations found in RA
in the PI3K/Akt/mTOR pathway, transforming growth factor kinase-1, bone marrow kinase,
nuclear factor kB-inducing kinase and Bruton’s tyrosine kinase could become a focus of future
small molecule inhibitor drug development.
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1. Introduction

Forty years ago Mario Rizzeto’s group identified a new antigen-antibody system (delta
antibody and delta antigen (HDAg)) in HBsAg carriers with severe hepatitis [1, 2]. Further
experiments in chimpanzees showed that this HDAg marked transmissible pathogen requires
coexistence of HBV infection for its life cycle, proving its defective nature which requires
HBsAg for transmission and replication [3]. As the cause of hepatitis D was identified, a virion
particle (Figure 1.) composed of outer coat containing HBV envelope proteins (HBsAg) and
inner nuclocapsid was described [4]. Internal nuclear like structure is comprised of single
stranded, circular RNA molecule of 1700 nucleotides associated with two distinctive forms of
hepatitis D antigen (HDAg), small and large subunit [5, 6]. Although HDV in its structure
possesses HBsAg, HDV is classified as separate pathogen with own genus called Deltavirus [7].
This unusual virus is the smallest infectious pathogen in human virology, with unique
replication cycle unknown to animal cells. During replication process a viral RNA is transcri-
bed by hosts RNA polymerases [8], which usually transcribe DNA molecules, and after
transcription HDV RNA is cleaved by its own ribozyme [9].

Dependence on the HBsAg presence results in two patterns of HDV infection. HDV can be
transmitted simultaneously with HBV (co-infection pattern) or infection may occur at preced-
ing HBV infected individual (super-infection pattern). Due to differences of HDV acquisition
clinical course and outcome of HDV infection varies. However, many studies have shown that
HDYV infection causes more severe liver disease [10] and more rapid progression to cirrhosis
[11] than HBV mono-infection alone.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.
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Figure 1. Structure of HDV virion. HDV is composed of outer membrane, HBV envelope proteins within a phospholi-
pid bilayer, and inner nucleocapsid consisting of viral RNA and hepatitis delta antigens. L-HBsAg=large hepatitis B
surface antigen. M-HBsAg=medium hepatitis B surface antigen. S-HBsAg=small hepatitis B surface antigen. HDV
RN A=hepatitis D virus RNA. L-HDAg=large hepatitis D antigen. S-HDAg=small hepatitis D antigen.

Although many details regarding HDV viral cycle are revealed, therapy of HDV has not
progressed. To date, treatment options of HDV infection are limited to interferon regimes with
open issues about effectiveness of current approaches. Due to the unsatisfactory results further
studies of novel drugs and therapy protocols are required. In this chapter current treatment
procedures as well as novel therapeutic strategies to combat chronic HDV infection will be
discussed.

2. Epidemiology

It is estimated that 15-20 million of HBsAg positive individuals are infected with HDV, but
these numbers are not accurate because of absence of systematic screening in HBV infected
individuals [12]. Interestingly, HDV infection is worldwide distributed; however the distri-
bution is not uniform. Areas of HDV high prevalence are: Central Africa, Mediterranean
countries, Middle East and South America, while in Western world HDV infection is limited
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to intravenous drug abusers [13]. Decrease of HDV incidence in industrialized world is caused
by improvement of socioeconomic conditions such as implementation of HBV vaccination and
systematic screening of blood and blood products. However, reduction in the number of
infected individuals in developed countries has stopped, mainly due to the increased immi-
gration from endemic areas [14]. Prevalence of anti-HD among HBsAg positive individuals in
Western Europe has been stable during last decade ranging from 8.5 to 11.0 % [15, 16].

So far, eight HDV genotypes have been described. Most frequent is genotype 1 [17], which is
prevalent worldwide, while genotypes 2 and 4 are mainly found in the Far East and genotype
3 is limited to Amazonian basin [18]. HDV genotypes 5-8 are found in patients originating
from Africa [19]. Different HDV genotypes have impact on variations in clinical course of
disease, thus genotypes 1 and 3 cause more severe disease, while genotype 2 is associated with
milder form. Also, multiple genotypes of HDV can be found in high risk patients [20].

3. Transmission of HDV

HDV, as its helper HBV, is transmitted parenterally through the exposure to the blood and
body fluids. In the developed countries the main route of transmission is by infected syringes
among intravenous drug users. Although, there is an evidence for sexual transmission [21], it
seems that HDV does not have the same rate of sexual transmission as HBV[22]. Due to the
screening of the blood products, there is no more risk of HDV infections for the blood receiving
patients. Despite the fact that HDV is parenterally transmitted, inapparent parenteral trans-
mission within household [23] represents major route of transmission in the areas of the high
prevalence. Therefore vaccination against HBV of all household members of infected individ-
ual is the crucial step in prevention of HDV infections. Vertical transmission from mother to
the newborn is rare.

4. Clinical features

As defective virus, HDV replication depends on HbsAg synthesis, therefore HDV can be
transmitted only in the presence of accompanied HBV infection. Based on the previous HBsAg
status of the infected individual two major patterns of infection are distinguished: simultane-
ous HBV/HDV co-infection or superinfection by HDV of chronic HBsAg carriers [18].

In the simultaneous infection the fate of HDV depends on the host response to the HBV. When
the expression of HBsAg is restrained, the HDV infection may result with abortive response,
while abundance of HBsAg enables the full expression of HDV pathogenicity. As a result of
this interaction between the two viruses, disease expression may vary. Clinically, HDV/HBV
co-infection is usually similar to HBV mono-infection, although acute co-infection can be more
severe and can be manifested as acute liver failure [24]. The rate of progression of HDV
infection to chronic form is equal to that for acute hepatitis B, less than 5% [19].
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Superinfection is defined as HDV infection of a chronically HBV infected individual. Preex-
isting chronic HBV infection represents perfect environment for replication of defective
hepatitis D virus, resulting with abundant HDV expression and suppression of HBV replica-
tion. HBV suppression will become permanent, if HDV infection progress to chronic form [20].
Furthermore, superinfection is generally presented as severe acute hepatitis with shorter
incubation time and will exceed to chronic HDV infection in high percentage of patients, up
to 80% [25]. Clinically, HDV superinfection is manifested as a worsening of present HBV
disease or as a new hepeatitis in previously undiagnosed HBV infected individual. Along with
detection of HDV serum markers, correct diagnosis of superinfection is clarified by negative
IgM anti-HBc [21].

5. Symptoms and course

Symptoms of acute hepatits D infection are similar to the other forms of viral hepatitis. Initial
phase of acute infection is characterized by nonspecific symptoms such as: fatigue, anorexia,
nausea and lethargy accompanied with high increase of serum alanine aminotransferase and
aspartate aminotransferase. Sometimes this phase is followed with icteric phase, characterized
by jaundice, dark urine, clay-colored stools and elevated levels of serum bilirubin. Acute
hepatitis is more severe in superinfection pattern, due to the fact that preceding HBV infection
facilitates multiplication of HDV. Furthermore, acute disease can occur as fulminant hepatits,
named as acute liver failure (ALF). ALF is a rare form of acute hepatitis; which is more often
seen in acute hepatitis caused by HDV than other hepatothropic viruses. Clinically, ALF starts
with nonspecific symptoms, such as fatigue and malaise followed by jaundice and hepatic
encephalopathy and ultimately leading to coma. ALF is characterized by massive necrosis of
hepatocytes, rapid clinical course; ultimately result with death of individual in 2-10 days.
Without liver transplantation, ALF has lethal outcome in 80% of cases [26].

Choronic hepatitis D is the rarest form among chronic viral hepatitis, although it is the most
severe and most progressive one. Chronic hepatitis D has three times higher risk for cirrhosis
development than HBV chronic infection [27]. Clinically it is initially expressed as acute
hepatitis in the half of the cases, probably due to initial acute superinfection [28]. However,
symptoms of chronic hepatitis D are variable. Chronic hepatitis D can be manifested as fatigue,
malaise and anorexia or its clinical course can be without any symptoms [9]. When cirrhosis
is developed disease may be stable and asymptomatic for a long period or it can be manifested
with complications related to the cirrhotic process. Once developed, a high number of patients
with HDV cirrhosis will die of liver failure or hepatocellular carcinoma unless liver transplan-
tation is performed [29].

6. Diagnosis

First step in diagnostic procedures is detection of HDV markers in the blood of HBsAg positive
individual, due to the fact that HDV replication is possible only in the presence of HBV.
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Actually, guidelines suggest that all HBsAg positive individuals should be screened for HDV
infection, as well as members of high-risk group’s like intravenous drug users, hemodialysis
patients, health care and public safety workers. Also in the case of clinical deterioration of
chronic HBV infection, superinfection with HDV should be considered.

Specific markers of HDV infection in serum are: Hepatitis D virus RNA, HDAg and anti-HDV.
HDV RNA is detected in serum by molecular hybridization [30] or more sensitive RT-PCR [31],
thus serum HDAg and anti-HDV are detected by enzyme-linked immunosorbent assay
(ELISA) [32] and radioimmunoassay (RIA). During the diagnostic procedure, along with
confirmation of HDV presence, it is necessary to clarify the stage of the infection due to the
differences in clinical course and progonosis. Based on the interactions between two viruses,
three patterns of HDV infections are distinguished: acute HDV/HBV co-infection, acute HDV
infection of HBsAg positive carrier and chronic HDV infection.

Acute HBV/HDV co-infection is characterized with a high titre of IgM anti-HBc, a marker of
acute HBV infection which enables to distinguishing confection from acute HDV superinfec-
tion. HDAg appears in the early phase of the acute infection and it is only transiently detectable
in serum, unless patient is imunodeficient. Then HDAg can be detected for a longer period
due to the weak immune system [33]. HDV RNA is also detectable in the early phase of acute
infection [34] and represents a sensitive marker for virus replication present in 90% of patients.
Nowdays, an active HDV infection is confirmed by detection of HDV RNA in the serum by
sensitive real time PCR assays [35]. Although, HDV RNA test can be false negative due to the
variability of the genome sequence, so that sero-conversion and detection of IgM anti-HDV is
still helpful to establish diagnosis of acute infection.

In chronic HDV infection the high titre of IgG anti-HD antibodies persist even after viral
clearance. Also, a large proportion of patients has positive IgM antiHD, a characteristic marker
of acute infection. Persistence of anti-HD IgM antibodies indicates progression of disease to
the chronic form. HDV RNA is present in the serum of chronically infected patients as HDAg.

Individual’s positive for HDV serum markers should be subjected to the liver biopsy to
determine histological stage of the liver disease, due to the fact that HDV serum markers or
values of liver test do not reflect severity of liver damage [36]. Also, all the HDV positive
patients should be tested for HCV and HIV because of the high frequency of co-infection with
these parenterally transmitted viruses [37].

7. Treatment

Presence of HBsAg is necessary for the replication of the HDV, hence the therapeutic aim is to
eradicate both pathogens. HDV is considered eradicated if HDV-RNA in serum and HDAg in
the liver are negative 6 months after therapy [24]. Despite the sustained viral response, there
is still a possibility of reactivation of HDV in HBsAg positive individual, due to the limitations
of diagnostic procedures to detect a low level of HDV copies (1000 copies/ml). Experimentally
in animal model, the posibillity to transfer HDV infection with serum diluted up to 10! was
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demonstrated [38]. Although HDV is considered eradicated when serum HDV RNA and
HDAg in the liver are persistently undetectable, only eradication of HBsAg represents a
complete cure and it is ultimate goal of HDV treatment. Eradication of virus results in
normalization of ALT levels and stopping of liver fibrosis process, while developed anti HD
antibodies will prevent re-infections [24].

So far only approved therapy for Hepatits D is standard interferon-a (IFN- «). Long-term
administration of high-dose standard IFN- a, 5 million units daily or 9 million units three times
per week for 12 months, results in normalization of alanine aminotransferase serum values,
clearance of serum HDV RNA, and histological improvement in 50 percent of patients with
chronic hepatitis D [39]. High-dose IFN therapy improves the long-term clinical outcome and
survival rate of the patients, even if they have advanced disease and active cirrhosis before
therapy induction [40]. There are still arguments going on with regard to duration of interferon
treatment. Interferon therapy administered through 12 months has better results comparing
to 6 months therapy [39], although prolongation of IFN therapy to 24 months does not result
with increasing response to the treatment [41]. Unfortunately, large number of patients will
appear relapse usually 2-6 months after termination of treatment [39]. Thus interferon therapy
is insufficient for the majority of patients with chronic HDV, characterized with incomplete
sustained viral response and common biochemical and virological relapses after cessation of
treatment [42, 43]. Interferon treatment is often accompanied with numerous side effects,
which requires a continuous supervision of the patients during treatment. Most common side
effects are influenza like symptoms such as fatigue and weight loss [44]. Severe psychiatric
disorders can appear as a result of prolonged high dose interferon therapy [42, 45], which
disables interferon application to the certain number of patients. Another compulsory reason
for cessation of interferon therapy is decompensation of liver disease, due to the fact that high
number of patients has advanced disease and cirrhosis [46, 47].

Lately, pegylated form of interferon-a (Peg-IFN-a) is introduced in therapy of HDV. It is
characterized by longer half-life, which allows longer intervals between drug administrations.
Treatment with Peg-IFN-a showed better response in naive patients and in previous nonres-
ponders compared to standard IFN-a treatment [48, 49]. Patients not achieving SVR with
standard interferon therapy, may eradicate serum HDV RNA after a 6-month treatment with
Peg-IFN-at [50]. For the lowering of HDV RNA beyond detectable level, it is demonstrated that
even standard doses of Peg-IFN- o are more successful than high doses of standard IFN- a,
although in that case seroconversion of HBsAg is not taken into consideration [51]. However,
the rate of clearance of HBsAg is greater with Peg-IFN-a, but overall clearance and serocon-
version of HBsAg is low, only in 3-5% of cases [52]. Generally, it is difficult to assess the
effectiveness of IFN-a therapy due to differences in study strategies that examined the effect
of the treatment. Studies usually differ in forms of drugs, doses, duration of the treatment and
patient follow-up period, making comparison of results a difficult task (Table 1.). Considering
these differences in the previous studies, overall sustained viral response varies from 17 to 43
% [53]. Currently the largest hepatitis delta multicenter study is HIDIT I trial, which is carried
out by the German Network of Competence for Viral Hepatitis (Hep-Net) in collaboration with
centers from Turkey and Greece. In total of 90 patients with hepatitis D, the effect of Peg-IFN-
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a-2a in combination with adeofovir versus either drug alone was examined. Overall, 28% of
the patients had sustained viral response after treatment with Peg-IFN-a-2a for 48 weeks, with
no difference in efficacy between combined therapy compared with Peg-IFN-a-2a monother-
apy [54]. From the results of current studies it is evident that treatment with Peg-IFN-a-2a has
limited efficacy as a therpy of hepatitis delta, thus further investigations of potential tretment

options are needed.

Patients Duration
Study and year Therapy Results
(n) (weeks)

1st group (n=14), Lamivudine
BR: 1st(64%), 2nd(63%), 3rd(18%)
(100mg/day) plus IFN-a-2a (9

EOTR: 1st(50%), 2nd(50%),
MU/3x week)

Yurdaydin, 2008. 3rd(12%)
39 vS. 48
[74] SVR: 1st(36%), 2nd(50%), 3rd(12%)
2nd group (n=8), IFN-a-2a
Combination treatment was not
vs.

superior to IFN therapy.
3rd group (n=17), Lamivudine
BR: 50%
Gheorghe, 2011.
5] 49 Peg-IFN-a-2b (1.5ug/kg/week) 48 EOTR: 33.3%
75
SVR: 25%
No significant difference between
96 weeks (n=11)
Ormeci, 2011. two groups in terms of HDV-RNA
18 Peg-IFN-a-2b (1.5ug/kg/week) and 48 weeks
[76] suppression and ALT
n=7
o7 normalisation.
1st group (n=31) Peg-IFN-a-2a (180
ug/week) plus Adeofovir (10 mg/ BR: 1st(32%), 2nd(28%), 3rd(7%)

Wedemeyer, 2011.

7] 90 daily) vs. 48 EOTR: 1st(23%), 2nd(24%), 3rd(0%)
2nd group (n=29) Peg-IFN-a-2a vs. SVR: 1st(26%), 2nd(31%), 3rd(0%)
3rd group(n=30) Adeofovir

Karaca, 2012. - Peg-IFN-a-2a (180 pg) or Peg-IFN- % EOTR: 50%

[78] a-2b (1.5 pg/kg) per week SVR: 47%

Kabagam, 2012. Ineffective in chronic hepatitis

13 Entecavir (1 mg/day) 48
[79] delta.
BR:51.3%
Samiullah, 2012.
[50] 238 Peg-IFN-a-2b (1.5 ug/kg/week) 48 EOTR: 29.8%
8
SVR:29.4%

BR: Biochemical response is determined by a normalization of ALT at the end of the treatment.
EOTR: The end of treatment response is defined by a HDV-RNA negative status.

SVR: A sustained virological response is defined by undetectable serum HDV-RNA at six months after the end of treatment.

Table 1. Recent studies for treatment of chronic delta hepatitis
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Last 30 years many antiviral drugs are tested in the therapy of hepatitis D, but with limited
succsess. Particulary it was tested efficiency of nucleoside and nucleotide analogues (NUCs)
such as: lamivudine, adeofovir, famciclovir and entecavir; due to the fact that NUCs have some
therapeutic efficancy against HBV. The effect of tenofovir was observed in a group of patients
with concomitant presence of HCV, HBV and HDV infection. It seems that the prior long term
treatment with lamivudine and tenofovir before introduction of IFN therapy might help
fastering decline of HDV RNA copies in such patients. However, seroconversion of HBsAg
was not observed. Patients who suffer from multiple infections with HCV, HBV and HDV
present another group difficult to treat. Unfortunately, the consequence is a progressive liver
fibrosis. It is shown that neither IFN monotherapy or combination therapy with NUCs and
IFN are effective. Those patients are less sensitive to IFN therapy [55]. Babiker et al. report the
case of successful depletion of serum HDV RNA in a patient with acute HDV superinfection
due to 65 weeks treatment with tenofovir and lamivudine. But, after the cessation of the
treatment HDV RNA levels began to increase [56]. Another combination therapy is the therapy
with entecavir and PEG IFNa-2a. In this case also, quantitative HBsAg was used as the
treatment response guidance for dual infection with HBV and HDV. The seroconversion of
HBsAg and undetectable HDV RNA levels were achieved after 35 months of such therapy. In
this patient, the stage of liver fibrosis has also improved significantly. The consolidation
therapy during next 12 months after the seroconversion was continued and the patient
remained seronegative during 12 months after cessation of the therapy [57].

Possible new drug candidates for the therapy are the ones affecting the interaction between
HD virion and HBsAg, as well as posttranslational modifications of HDV proteins, such as
prenylation. Also, it seems IFN- A could be possible alternative for IFN-a because in the
treatment of chronic hepatitis C, IFN- A proved to cause less side effects [53].

8. Liver transplantation in HDV patients

HDV infection is characterized with more severe disease than HBV monoinfection. Studies
showed two times higher relative risk of cirrhosis and threefold risk increase of hepatocellular
carcinoma in patients coinfected with HBV and HDV compared with HBV monoinfection [27,
58]. Consequently, liver transplantation (LT) represents only therapeutic option for the
patients with end-stage liver disease, as well as for hepatocellular carcinoma and fulminant
hepatitis due to the coinfection or superinfection with HDV and HBV.

Prevention of allograft reinfection is the main requirement for the long term survival. Major
risk factor predicitng HBV-HDV recurrence after LT is a high level of HBV DNA (>10° copies/
ml) at transplant, fortunately that is unusal feature of HDV disease course [59]. Therefore,
patients coinfected with HBV and HDV generally do not require pretransplant antiviral B
therapy. In case when pretransplant antiviral treatment is needed, entecavir or teneofovir are
preferred rather than lamivudine, while IFN therapy is not recommended during the pre-
transplant period. Other predictors of a low risk of HBV-HDV recurrence are low levels of
HBV replication markers, HDV coinfection and fulminant hepatitis [60]. Coinfection with
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human immunodeficiency virus and recurrence of HCC represent a risk factors for HBV
recurrence [61, 62].

The patient's prognosis and overall outcome after LT is on satisfactory level with current
posttransplant therapy. Golden standard for prevention of recurrent disease is combination
of hyperimmune serum against HBV(HBIg) and potent nucleoside analogue. Therapeutic
strategy of low dose intramuscular HBIg in combination with lamivudine is the most cost-
effective profilaxis [63], with the rates of the recurrence level as low as 4% at 4 years [64].
Therefore, the outcome of LT due to HDV related liver disease is similar to or better than in
other indications of LT [65, 66].

Due to LT, HDV RNA becomes negative within the first days after transplantation, followed
by a decline of HbsAg with almost identical pattern. However, HDVAg can be detected in the
hepatocytes of the graft for several months after treatment [54]. This HDV latency in the graft
represents a potential source of HDV recurrence, because of possible HBV superinfection and
reexpression of HBsAg. Thus, transplanted patients should be monitored for HbsAG and HBV
DNA every 3 months and for HDV RNA every 6 months.

9. Perspectives for a vaccine development against HDV

Since the details in pathophysiologic respose to HDV infection still aren't enlightened, there
are difficulties in finding the effective vaccine against it. In the case of HDV infection, the
antigen is nucleoprotein and the imunization means the activation of T cells (CD4+ and CD8+)
which would destroy infected cells and prevent replication of the virus. Preclinical studies
have been done on woodchuks. In this model of chronically infected woodchuks with
woodchuck hepatitis virus (WHV), it is possible to achieve the superinfection with HDV. So
far, T cell vaccine prevented the coinfection with WHV- HDV, but it failed to prevent the
superinfection of chronic carriers of WHV. Further studies have to be done to resolve the
problem of preventing the superinfection by stimulating T cells. This would mean that chronic
carriers would have to be vaccinated frequently to activate a large number of T cells before the
patient is exposed to HDV. [67]

10. Novel therapeutic strategies for future treatment

So far, the treatment outcome of hepatitis delta is not satisfactory. Thus, new therapy aproaches
are necessary (Figure 2.). Interferon-a targets the HbsAg, whose depletion is crucial for
succesful treatment of hepatitis delta. The major difficulty with such therapy are numerous
adverse effects, since IFN-a receptors are also present in other tissues than hepatic. Additional
problem is the necessity of long term application of IFN-a to achieve therapeutic response.
Better candidate could be IFN- A, since its receptors are present only on epithelial cells [68]. It
has been shown that pegylated IFN- A used as monotherapy, or in combination with ribavirin,
has significant antiviral activity against hepatitis C virus. Also, as expected, it causes less
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undesirable side effects. [69] Further studies must be done to evaluate the effectivness of IFN-
Ain treatment od chronic hepatitis delta.

Hepatocyte

Delta virion / ucleus \
/ ic "\

R HBsAg

HDV RNP= hepatitis D virus ribonucleoprotein. HBsAg= hepatitis B surface antigen.
HSPG=highly sulphated proteoglycans. HDAg=hepatitis D antigen.

Figure 2. Potential drug targets in HDV treatment. 1. Neutralizing of negativly charged HSPG may prevent HDV and
HBV attachment to hepatocyte membrane. 2. Gene therapy targets genes which encode HDAg 3. Inhibition of HDV
ribozymes would prevent virus replication, 4. Interferring with posttranslational modifications of HDVAg enables viri-
on assembly.

Other strategy for therapy development is to interfere with posttranslational modifications of
HDVAg. Such modifications are prenylation, acetylation, metylation and phosphorylation of
HDVAg. Prenylation inhibitors proved effective in cell culture model and are currently in
clinical studies. [54] Drugs interferring with other types of HDV posttranslational modifica-
tions haven't been developed yet. [70]

Since HDV genome is too small to code all the necessary particles for it's own replication, it
almost entirely depends on the host's replication mechanisms. For example, it deceives host's
RNA polymerases so they copy HDV genome. HDV replication is known as rolling replication
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mechanism, meaning that HDV circular genome is elongated into multimeric linear transcripts
and than cleaved into multiple genome size monomers by it's own RNA. This type of RNA is
known as ribozyme, which is actually HDV RNA with enzymatic activity.

Small interfering RNAs (siRNAs) are up to 25 nucleotides long double stranded RNAs which
silence particular gene by binding to mRNA. After binding to target mRNA,siRNA causes it's
degradation. In therapy of HDV infection, silencing gene which codes LHD-Ag would disable
HD virion replication [16].

Ribozymes can also serve as target for therapy. It has been shown that amoxicillin, apramycin
and ristomycin in complex with copper (II) bind to HDV ribozymes and inhibit them. [71]
Further studies are necessary to investigate the therapeutic potential of such treatment.

Not only large HDAg (LHDAg) is important for the lifecycle of hepatitis delta virus, but also
the small delta antigen protein (SHDAg). Therefore, it can also be the target for new drugs in
development for HDV treatment.

It has been shown that the negatively charged highly sulphated proteoglycanes (HSPG) play
aroleinboth HBV and HDV attachement to hepatocyte membrane. Those weak forces between
opposite charged subjects enable virus attachment to the cell. [72] This kind of target could be
good for developing the drug which would prevent binding of both HBV and HDV to
hepatocyte surface by neutralizing the negative charge of HSPG.

Gene therapy would target HDVAg, which is proved to have crucial role in lifecycle of HDV.
Design of specific molecule which binds to gene which encodes delta antigen is in progess.
Some computational analyses have been done to simulate the silencing of target gene. [73]

11. Conclusions

HDV is an unusal, defective hepatotropic virus which causes severe acute hepatitis and most
progressive chronic viral hepatitis. Despite the efforts in eradication of HDV, as its obligatory
helper HBV, prevalence of HDV in developed countries remains stable and represents a
relevant public health concern. Current conventional therapy of hepatitis delta is characterized
with poor overall response, thus further investigations of novel treatment options are needed.
Continuous research of virology and pathogenesis is necessary to provide fundamentals for
development of novel approaches in treatment of HDV.
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1. Introduction

The application of the prototype antibiotics penicillin and streptomycin to bacterial infection
in the 1940’s marked a historic milestone in medicine and heralded a new era of antimicrobial
therapy as the modern standard for infectious disease management. Yet, even in those early
days of discovery, scientist Joseph Bigger noted an unexplained phenomenon. Although
penicillin treatment of Staphylococcus aureus infection killed the great majority of the bacterial
population, a small subset of cells (~1 in 10°) continued to persist and remained recalcitrant to
antibiotic-mediated killing.[1] When re-grown in the absence of antibiotic, the bacterial
community once again became sensitive to antibiotic-mediated killing and resembled the
original culture (~1 in 10° persisters), providing conclusive proof that these organisms were
not drug-resistant strains that had evolved via genetic mutations (in which case all bacteria in
the final population would be drug-resistant). (Fig. 1) Instead, persister cells are phenotypic
variants that are genetically identical to the susceptible bacterial population, buthave modified
their physiology to survive environmental stress. These bacteria exhibit antibiotic tolerance
that is non-heritable and reversible upon removal of the antibiotic, a completely different
phenomenon than the more well-studied antibiotic resistance mechanisms mediated by
genetic mutation. Persistence is akin to a community “insurance policy” in which surviving
persister cells hedge against unlikely but catastrophic events, while still maintaining near
optimal growth at the population level.[2, 3]

In this review, we will discuss the known molecular mechanisms that underlie bacterial
persistence, the impact of persistence on infectious disease, and the different strategies that
are being developed to target persisters in disease. The human toll of pathogen infection has
been compounded by the rampant use of antibiotics in the last half-century, leading to the
rapid evolution of drug-resistant strains to practically every approved antibiotic. There is a
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Figure 1. Bacterial persisters are recalcitrant to antiiotic killing. After removal of antibiotic, bacterial community ex-
pands to contain both wild-type and persister sub-groups, indicating that the persisters are phenotypic variants in-
stead of containing genetic mutations.

great public health need to identify novel strategies for development of therapeutics to treat
pathogen infection. Development of novel therapies that either kill persisters directly or
stimulate their reversion to logarithmic growth may effectively reduce disease relapse and
shorten the treatment period.[4] It may be the case that a combination therapy comprised of
conventional antibiotics that kill replicating pathogens and new drugs that target the meta-
bolically-inactive persisters can also reduce the rate of emergence of antibiotic resistance.

2. Impact of bacterial persistence on infectious disease

Without question, bacterial persistence greatly contributes to the burden of infectious disease,
where persisters survive antibiotic treatment to re-infect patients in a frustrating cycle of
chronicinfection. Many antibiotics have been shown to be only active against dividing bacteria.
[5] Persisters are thought to be dormant cells that greatly slow down essential cellular functions
that antibiotics generally target, including trancription, translation, cell wall synthesis, and
DNA replication. Persisters are found at relatively higher levels in stationary phase compared
to logarithmic cultures, consistent with a dormant state. The persistence state has been found
in many different bacterial species, including E. coli, Mycobacterium tuberculosis, and Pseudo-
monas aeruginosa, underscoring the evolution of persistence as a survival strategy in different
stressful environments.[6]

There is also increasing evidence that persisters mediate drug tolerance in biofilm formation
associated with chronic diseases, including endocarditis, gingivitis, and osteomyelitis.[7]
Biofilms form a protective environment for persisters, shielding them from the host immune
system.[8] (Fig. 2) Biofilms can form readily on in-dwelling devices, such as catheters and
prostheses, or on physiological surfaces, such as P. aeruginosa infection of the lung in cystic
fibrosis patients. The dormancy of persisters and the different pathways that lead to their
formation contribute to the unique challenge in treatment of chronic infections, especially in
immunocompromised patients where biofilms can form deep in the soft tissues. In addition,
the presence of different subpopulations of persistent pathogens with varying antiobiotic
susceptibilities further complicates treatment with optimizing drug efficiencies.
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Figure 2. Biofilm formation with persisters. Biofilms can contain both wild-type replicating and persister cells. Addi-
tion of antibiotics and host immunity can kill both wild-type and persister cells in the biofilm and extracellular milieu.
The biofilm matrix can protect persisters from killing and can lead to re-population of pathogen in the biofilm after
antibiotics are removed.

3. Molecular mechanisms of bacterial persistence

Despite observance of the persister phenotype since the 1940’s, the genetic regulatory path-
ways that switch bacteria into the persister phenotype remain poorly understood. Further
research on bacterial persistence rapidly declined with the availability of potent antibiotics.
Furthermore, there were technical difficulties in obtaining sufficient numbers of persister cells
for analysis and a lack of sophisticated and sensitive methods to study rare biological events
at single cell resolution. With the recent emergence of antibiotic-resistant bacterial strains,
interest in the mechanisms of bacterial persistence has slowly resurged, amid rapid advances
in microfluidics and advanced imaging that can be applied to single cell analysis. [9, 10] A list
of genes and pathways linked to persistence is listed in Table 1.

In the 1980’s, a genetic screen was performed to select for E. coli mutants that exhibited
increased persistence in response to ampicillin exposure.[11] hipA (high persistence) was the
first gene identified that modulated the frequency of persister formation, with the gain-of-
function allele hipA7 inducing ~1% persisters in culture, an ~1000 fold increase in persisters
compared to a wild-type strain. HipA is a component of a toxin-antitoxin (TA) module that
plays a role in inhibition of protein and nucleic acid synthesis in response to stress. HipA
functions as a kinase that phosphorylates the essential translation factor Elongation Factor Tu
(EF-Tu) to inhibit translation.[12]

The increased level of persister cells has led to the use of hipA mutants in multiple studies on
bacterial persistence, including integration of microfluidics and single cell microscopy[13] and
microarray analysis.[14] These types of studies can enable quantitative analysis of single cell
behavior and gene expression dynamics to measure cell-to-cell heterogeneity in a clonal cell
population. For example, growth patterns of fluorescently-labeled E. coli hipA mutants in the
channels of a microfluidic device suggested that slow-growing persister cells were already
present in the bacterial culture prior to antibiotic exposure, suggesting that the persistent state
may partially stem from stochastic mechanisms.[13] This study led to the identification of two
different persister types. Type I persisters are non-growing cells that enter at stationary phase,
a dormant state that protects them from the lethal action of several antibiotics known to affect
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mainly actively growing cells. Type II persisters do not require a starvation signal to enter the
persister state and are continuously generated during exponential growth in a fashion that
seems to depend on the population size. Although Type I and II persisters exist in wild-type
populations of E. coli, their differentiation has only been achieved using time lapse single cell
microscopy. Bacterial cells were also shown to still express proteins for a short period of time
prior to entering into full dormancy, indicating a gradual downregulation of essential cellular
processes during switching to the persistence state.[15]

While HipA contributes to persistence in E. coli, the absence or poor conservation of hipA in
other bacteria that have exhibited persistence suggested the existence of other persistence
mechanisms. Several other genetic screens have led to identification of additional metabolic
genes that function in cell dormancy, including GlpD[16], an enzyme that functions in
glycerol-3-phosphate metabolism, PhoU[17], a negative regulator that inhibits energy metab-
olism and nutrient transport, the global regulators DksA and DnaK][18], and the HipA-like
toxin proteins RelE and MazF.[19 - 21] Transient ectopic overexpression of chaperone Dna]
and PmrC were also shown to increase the number of persisters by up to 1000-fold.[19]

There is also increasing evidence that bacterial communication via chemical signaling may
play a role in establishing persistence. Recently, indole signaling has been implicated in
triggering persistence, leading to enhancement of persister formation in E. coli by ~10-fold in
response to multiple antibiotics.[22] This indole signaling is dependent on activation of the
OxyR and phage-shock pathways and enables the bacterial community to alter its frequency
of persistence as a survival mechanism. Another mediator of bacterial cell-cell communica-
tions, the quorum-sensing peptide CSP pheromone was also implicated in the formation of
stress-induced multidrug-tolerant persisters in the oral pathogen Strepfococcus mutans, the
leading etiological agent of dental biofilm.[23] In addition, gaseous ammonia released by
stationary phase bacterial cultures was found to modify the antibiotic resistance spectrum of
bacterial neighbors.[24] Ammonia release increases the level of intracellular polyamines,
which modulates membrane permeability to different antibiotics.

These results suggest that persisters may form through independent parallel mechanisms and
do not follow a single linear regulatory pathway. The underlying commonality is that each of
these mechanisms leads to a small subset of quiescent or slowly-dividing cells within an
otherwise rapidly dividing population. The fact that the great majority of candidate persister
genes have been identified in E. coli leaves open the question of whether persistence mecha-
nisms are universal or species-specific. For example, P. aeruginosa infection in cystic fibrosis
patients is thought to be exacerbated by persister cells in biofilm formation and subsequent
recalcitrance to antibiotic treatment.[25] However, the majority the E. coli persister gene
candidates do not have confirmed homologs in P. aeruginosa. An independent screen of a
transposon insertion library from P. aeruginosa identified a separate list of genes, including a
putative DNA helicase and type IV pilus response regulator, as putative persister genes.[26]
Another study developed computational algorithms based on systems biology data such as
transcriptomics profiles and functional interactions networks to predict novel M. tuberculosis
genes required for long-term persistence in mouse lungs.[27] In this study, 18 novel genes were
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experimentally validated to play a role in persistence. To date, clear understanding of the
molecular mechanisms that regulate persister formation has yet to emerge.

Key gene/pathway Mechanism Ref

Toxin/antitoxin

HipA/B Kinase that phosphorylates EF-Tu [11-12]
RelE Ribosome-dependent endonuclease [20]
RelA (pippGpp synthetase 35-36]
TisB Antimicrobial peptide that opens membrane channel [38-40]
MazF Endonuclease [21]

Other genes

GlpD Glycerol-3-phosphate metabolism [16]
Phol Negative regulator of energy metabolism [17]
DksA Transcriptional regulator of rRNA [18]
DnaK] Chaperone [18]
FmrC Transfer of phosphoethanolamine to lipid A [19]
DinG DMA helicase in P. acruginosa [26]
FilH Type IV pilus response regulator in P. aeruginesa [26]

Other molecules

Indole Activation of OxyR and phage-shock pathways [22
CsP Quorom-sensing peptide [23]
Ammonia gas Increase in intracellular polyamines [24]

Table 1. Selected molecular pathways that lead to bacterial persistence

4, Toxin/Anti-toxin (TA) modules

One common gene family that has been linked to bacterial persistence is the TA loci, which
function in adaptation to rapidly changing environmental conditions in many bacteria and
Archaea.[28] TA modules are present in the genome of diverse bacteria, with more than 50
modules in Mycobacterium tuberculosis, a pathogen that enters dormancy as part of its disease
lifecycle. Type II TA modules typically encode for a pair of co-transcribed stress-inducible
proteins, a stable toxin that inhibits cell growth, and a more labile anti-toxin that regulates the
activity of its cognate toxin. (Fig. 3) The toxin and anti-toxin form a tight complex and repress
their own expression. Depletion of the anti-toxin leads to release of its cognate toxin, which
interferes with an essential cellular target, such as mRNA, DNA gyrase, or DNA helicase, to
induce cell cycle arrest or inhibit metabolic functions. There are three types of antitoxins: type
I TA antitoxins encode small antisense RNAs that repress toxin gene translation, type II loci
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encode protein antitoxins, and type III loci express small RNA antitoxins.[29 - 31] It should be
noted that the term “toxin” can be considered a misnomer, since the toxin genes do not kill the
bacteria, but rather repress cell growth.

Since the initial mapping of the hipA toxin to a TA locus, several other studies have linked TA
function to bacterial persistence. E. coli becomes dormant if toxin levels exceed a specific
threshold, with the amount determining the length of time bacteria remains in dormancy.[32]
Persister cells increased their TA expression levels, and deletion of ten TA loci that encoded
for mRNA endonucleases in E. coli led to a marked reduction in frequency of persister
formation.[33] Furthermore, overexpression of the toxin can induce a persistence state from
which cells can be resuscitated by expression of anti-toxin gene transcription.[34] This evidence
supports a model in which TA loci play a key role in switching on the persistence state in
response to environmental stressors.

Other TA loci, in addition to hipA/B, have been implicated in mediating persistence. For
example, the toxin RelA has been shown to be required for the long-term survival and
persistence of M. tuberculosis in mice.[35] Interestingly, Rel A encodes for (p)ppGpp synthetase,
which functions in the synthesis of (p)ppGpp, or guanosine tetra-and pentaphosphate, a
signaling molecule that has been shown to be indicative of the persistent state.[36] (p)ppGpp
is a central mediator of the stringent response, which modulates cell expression to survive
stress and nutrient limitations.[37] Persisters exhibit relatively higher levels of (p)ppGpp,
which is consistent with the slowed growth rate and metabolically inactive state in persisters.
Damage of DNA induces the SOS response and expression of the TisB toxin, an endogenous
antimicrobial peptide that causes persister formation by opening an ion channel.[38 - 40] This
decreases the proton motive force and ATP levels, leading to target shutdown and a dormant,
drug-tolerant state.

Toxin/Antitoxin
Protease complex

antitoxin toxin @ processes

P
Free @,@ NG e L inibitessental ol
: <

— *

Antitoxin gene Toxin gene

Figure 3. Co-expression and regulation of the TA loci. The anti-toxin regulates toxin activity by forming a tight com-
plex with the toxin. The antitoxin is generally produced at a higher rate than the toxin and is degraded by cellular
proteases.

Since both toxin and anti-toxin transcripts are co-expressed from a single promoter, the
imbalance between the two transcripts is primarily caused by accumulation of specific
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proteases, such as the Lon protease in E. coli, that target the anti-toxin for degradation. Deletion
of lon, but not other protease-encoding genes, led to a decrease in persistence, indicating that
Lon plays in specific role in induction of persistence.[33] Lon was also identified in a screen of
a P. aeruginosa PAO1 luciferase fusion library as a differentially-regulated gene upon exposure
to a sub-inhibitory concentration of gentamicin and was shown to be essential for biofilm
formation.[41]

5. Isolation of bulk and single cell persisters

Persisters are a difficult cell population to manipulate, due to their transient nature, low
frequency, and mechanistic heterogeneity. A variety of methods have been utilized for
persister enrichment and have leveraged hipA mutant E. coli strains as the starting material to
maximize persister numbers. Persister cells have been isolated based on sedimentation of
surviving cells following antibiotic treatment.[3, 14] Transcriptomics profiling from the
persister population indicated that genes involved in energy production were downregulated,
consistent with a dormant phenotype. However, since each antibiotic and microbe exhibits
unique killing and survival kinetics, respectively, treatment to isolate persisters is highly
dependent on the individual system. Prolonged exposure to antibiotic agents may also activate
stress response mechansims, which have been recently linked to induction of persistence.
Another isolation method utilized an E. coli strain expressing a green fluorescent protein (GFP)
reporter fused to a ribosomal RNA promoter rrnBP1.[42] Since persisters display low metabolic
activty, sorting of dimly green cells by FACS will concentrate persisters that exhibit little of no
transcription from the rrnBP1 promoter. Finally, persisters have also been isolated by using a
combination of alkaline and enzymatic lysis that targets the cell membrane and kills normally
growing cells.[43] This strategy took 25 min compared to >3 hrs for previous methods and
hence is less likely to induce a stable stress response. Furthermore, persisters isolated with this
protocol did not exhibit activation of the SOS response, indicating that stress response was not
activated.

6. Therapeutic strategies that target bacterial persistence

Initially, investigators sought to identify the genetic determinants that mediate persister
formation as potential targets to prevent or reverse persistence. Given the number of disparate
genes that appear to be involved in persistence, such an approach may prove to be difficult.
Nevertheless, identification of bacterial proteins that are essential even in persisters can
provide novel targets for drug development. Since persisters exist in a slowed metabolic state,
it is likely that changes in environmental parameters can shift pathogen metabolism from
persistence to a replicating state. In the last several years, compounds have been identified that
have exhibited promise in the switching of persisters into growing cells susceptible to antibiotic
killing or in the direct killing of persisters. (Table 2) These strategies can be integrated with
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current antibiotics regimens to develop novel viable therapies for treatment of infectious
disease.

6.1. Metabolite stimulation of aminoglycoside-mediated bacterial killing

A promising strategy for the eradication of persistent bacteria is the combination of an
antibiotic that kills actively replicating bacteria with a metabolite that may enhance the
susceptibility of the persistent bacteria to antibiotics. An elegant example of this strategy was
the addition of metabolites to stimulate cellular metabolism and switch E. coli and S. aureus
persisters back to the wild-type state to be susceptible to aminoglycosides.[44] Multiple carbon
sources that maximize coverage of glycolysis, the pentose-phosphate pathway and the Entner-
Doudoroff pathway were tested for their ability to potentiate aminoglycosides against E. coli
persisters. Metabolites that enter upper glycolysis, including glucose, mannitol, and fructose,
and one that enters lower glycolysis, pyruvate, led to a reduction in persister viability in
response to the aminoglycoside gentamicin, by three orders of magnitude. Other metabolites
that enter the latter two pathways (e.g. arabinose and ribose) did not have a significant effect
on persister death. This potentiation was found to be specific to aminoglycosides, and did not
occur in persisters exposed to quinolone or -lactam antibiotics, which target DNA and the
cell wall, respectively. The metabolic stimuli were found to generate a proton-motive force
(PMF), which facilitates aminoglycoside uptake and subsequent bacterial killing. Treatment
of persisters with an inhibitor of PMF, the ionophore CCCP, abolished aminoglycoside
potentiation by the metabolite/gentamicin treatment. These results indicate that persisters,
although dormant, are nevertheless primed for metabolic uptake and energy metabolism.

In both an E. coli biofilm model and a chronic biofilm-associated infection in mice, a combi-
nation of mannitol and gentamicin reduced biofilm viability by several orders of magnitude
compared to antibiotic alone. In the infected mice, the dual treatment inhibited bacterial spread
to the kidneys, compared to no treatment or antibiotic alone, demonstrating the feasibility for
potential clinical use. Metabolite-enabled killing of persisters was also shown to be effective
in the Gram-positive pathogen Staphylococcus aureus, although with fructose as the most
effective metabolite, due to the differential expression of metabolite transporters in S. aureus.
Thus, delivery of PMF-stimulating metabolites may be a novel strategy to complement current
aminoglycoside treatments to generate more effective antibacterial therapies.

6.2. Hyperactivation of ClpP protease kills persisters

Modulation of target protein function that is lethal for microbes is a novel approach for
persister cell elimination. In a recent paper, activation of the CIpP protease by the antibiotic
acyldepsipeptide 4 (ADEP4) was shown to kill persister cells by degrading over 400 cellular
proteins.[45] ADEP exhibits anti-bacterial activity against Gram-positive bacteria in vitro and
in several rodent models of bacterial infection.[46] CIpP is a proteolytic subunit that normally
pairs with different ATPase regulatory subunits to degrade misfolded proteins in the bacterial
cytoplasm. Binding of ADEP to ClpP maintains the catalytic chamber of ClpP in an open
configuration to enable promiscuous cleavage of proteins and decouple protein degradation
from dependence on ATP hydrolysis. Null mutants of cIpP were resistant to ADEP4, but were
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found to be highly resistant to killing by multiple antibiotics. This uncontrolled proteolysis
ultimately resulted in bacterial autolysis and cell death. Treatment with ADEP4 exhibited a
decrease in cell count of S. aureus stationary cells by 4 log,, in two days. Conventional antibi-
otics, including rifampicin, linezolid, and ciprofloxacin, were inactive against stationary phase
S. aureus. However, treatment with a combination of ADEP4 and a conventional antibiotic led
to eradication of S. aureus persisters in growing and stationary cultures. Furthermore, this
combination treatment cleared a chronic biofilm infection in a mouse model that was previ-
ously untreatable with just conventional antibiotics.[45] These studies demonstrate that
persisters are not invulnerable to killing and that ADEP4 is an effective antibiotic against
persisters in a deep-seated biofilm infection. Conventional antibiotics were likely not effective
against persisters due to pathogen tolerance rather than the inability to diffuse within the

biofilm.

Compound Mechanism Ref

Metabolites Metabolite stimulation o generale a proton-molive force [44]

(e, mannitol, fructose) for aminoglyeoside-mediated killing

ADEP4 Activation of the Clp protease to promiscuously cleave [45]
target proteins in persisters

HTa1 Drug compound depolarizes and breaks down bacterial [47]
cell wall

C10 Drug compound killed persisters in combination with [48]
antibiotics

Pyrazinamide Byproduct pyrazinoic acid activates multiple essential [33
cellular processes

Diarlyquinolines Inhibitor of AT synthase to block energy metabolism [53]

(TMC207) in TB

Imidazopyridines

Benzimidazoles } Drug compounds that reduced ATF content in both [58]

Thiopenes replicating and persistent Mycobacteria

Muropeptides Activation of PrkC to stimulate translation [&0]

Rpf (Resuscitation Degradation of peptidoglycan as mediators o induce [61]

promotion factor) cell growth

Table 2. Strategies to defeat bacterial persistence
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6.3. Drug screening against metabolically-inactive bacteria

Small molecule library screens have been performed to identify compounds that specifically
target persisters. A quinolone-derived library was screened against non-multiplying S.
aureus using a long-term stationary phase culture.[47] One compound in particular, termed
HT61, exhibited 6 logs killing compared to 1 log for commercially-available antibiotics, such
as amoxicillin and linezolid, in S. aureus persisters and clinical methillicin-resistant S. aureus
strains. HT61 acts via depolarization of the bacterial cell membrane and subsequent break-
down of the cell wall. HT61 also displayed significant bactericidal effects against other Gram
positive pathogens, including Streptococcus pyogenes and Streptococcus agalactiae, but was less
potent for actively-replicating S. aureus and not effective against Gram negative bacteria such
as E. coli and Klebsiella acrogenes. In a mouse skin bacterial colonization model, HT61 effectively
killed surface S. aureus and did not induce adverse effects in a minipig skin model. Importantly,
HT61-resistant S. aureus were not detected even after 50 passages of exposure, suggesting that
compounds that target persisters may bypass development of antibiotic resistance in normally
replicating bacteria.

Another screen was performed to identify compounds from a library composed of 6800
chemicals, based on scaffolds and physicochemical properties, that can effectively kill persist-
ers.[48] Compounds were downselected based on enhanced killing of E. coli K-12 in combi-
nation with both ampicillin and norfloxacin, two antibiotics with different mechanisms of
action. In particular, one compound denoted C10, 3-[4-(4-methoxyphenyl)piperazin-1-
yl]piperidin-4-yl biphenyl-4-carboxylate, exhibited a marked decrease in E. coli and Pseudo-
monas aeroginosa persistence frequency in combination with fluoroquinolone antibiotics, but
did not affect normal antibiotic-sensitive cells. While persisters were killed when treated with
a combination of C10 and norfloxacin, they also exhibited fast re-growth in the presence of
C10 alone, suggesting that C10 may induce reversion of dormant persisters into replicating
antibiotic-sensitive cells. It will be necessary to identify the binding target of C10 to more fully
understand the mechanism of action on bacterial persistence.

6.4. Combination therapy to treat tuberculosis

Combination treatments that target both replicating and persistent bacteria will likely prove
to be an effective strategy to combat chronic infections. A good example of this approach is
the multiple drug treatment of tuberculosis (TB), a global disease mediated by Mycobacterium
tuberculosis, that causes ~2 million deaths per year. Dormant TB can survive within a host for
decades, thus requiring long-term treatment. Treatment of active M. tuberculosis by a front-line
cocktail of four drugs, isozianid, rifampicin, pyrazinamide, and ethambutol, can be effective
in controlling the disease in the first several months. Isoniazid is effective against rapidly
growing bacilli in lesions, whereas rifampicin and pyrazinamide are thought to be more
effective in killing persistent bacilli.[49] These persistent bacilli localize in macrophages within
tissue cavities. Upon exposure in a low O, (hypoxic) and nutrient environment, they enter a
low-metabolic, dormant state by downregulation of protein and nucleic acid synthesis and
formation of a thick cell wall. TB persister cells escape both host immune detection and killing
by isoniazid, which can lead to disease relapse upon exit out of the dormant state in the host.
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Interestingly, the mechanism of action of the front-line drug pyrazinamide, known for >50 yrs,
has only recently been deciphered. Pyrazinamide is activated by a mycobacterial amidase to
yield the bioactive compound pyrazinoic acid, which has been linked to multiple essential
cellular processes, including ribosome function[50], fatty acid synthase II[51], and respiratory
activity.[52] Trapping of pyrazinoic acid in the cell leads to a rise in acidity, which kills the
pathogen.[53] Other existing antibiotics, such as moxifloxacin and gatifloxacin, have also been
shown to enhance rates of M. tuberculosis persister death when combined with conventional
drug treatments.[54]

Although in a latent state, M. tuberculosis still performs respiratory energy conversion to
maintain requisite metabolic functions, providing a potential target for novel drug develop-
ment. Dormant mycobacteria were found to express a functional ATP synthase to generate
energy that drives basal cellular reactions. A newly-discovered inhibitor of ATP synthase,
diarylquinoline TMC207, was recently identified as a potent anti-mycobacterial compound
against replicating M. tuberculosis.[55] Significantly, nanomolar concentrations of TMC207
were able to kill dormant pathogen by blocking ATP synthase activity at a higher efficacy than
observed for replicating mycobacteria, despite ATP synthase being transcriptionally downre-
gulated in latent M. tuberculosis.[56] TMC207 also exhibited potent sterilization in an infected
lung mouse model, comparable to the triple drug combination of rifampicin, isozianid, and
pyrazinamide. The high efficacy of TMC207 may stem from killing of both actively-growing
and dormant pathogen. These results suggest that basal ATP synthase activity is essential for
the survival of dormant M. tuberculosis, and ATP homeostasis may represent a viable target
for development of persister-directed drugs. TMC207 is presently in Phase II clinical trials for
TB treatment. Furthermore, medicinal chemistry optimization effortsled to generation of novel
diarylquinoline chemotypes that targeted Gram-positive pathogens, including S. aureus in
replicating planktonic and metabolically resting biofilm states, potentially broadening the
antibacterial spectrum of diarylquinoline-based antibiotics.[57]

To further identify novel inhibitors against dormant mycobacteria, a hypoxic model system
was established to screen >600,000 compounds for those that lowered ATP content in a non-
replicating M. bovis BCG recombinant strain.[58] The screen yielded 140 non-cytotoxic
compounds, including imidazopyridines, benzimidazoles, and thiopenes, which modulated
respiratory function against both replicating and non-replicating mycobacteria. Reduction of
cellular ATP levels was shown to correlate with cell death in bacteria treated with the three
compound clusters. Thus, these clusters may form the basis of antibiotic compound develop-
ment against mycobacteria.

6.5. Bacterial factors that trigger exit from dormancy

Sporulation is another form of persistence in which both pathogen and environmental
microbes enter a metabolically-inactive state and become resistant spores under unfavorable
conditions. For example, in nutrient-poor environments, Bacillus and Clostridium species
undergo tightly regulated transcriptional and morphological changes to form a dormant but
robust spore that is resistant to extreme stress conditions, such as high temperatures, desicca-
tion, and toxicity. In the laboratory, Bacillus subtilis spores have been shown to germinate and
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exit the spore state in response to treatment with various nutrients, such as amino acids.[59]
Binding of these nutrients to receptors on the inner membrane of the spore leads to rehydration
of the cell interior and breakdown of the peptidoglycan spore layer. B. subtilis has also been
shown to exit dormancy in response to peptidoglycan-derived muropeptides, consisting of a
disaccharide-tripeptide with a meso-diaminopimelic acid (m-DAP) residue in the third
position.[60] Peptidoglycan from growing cells, but not stationary cells, have been shown to
more effectively induce germination, suggesting that these muropeptides may function as
signaling molecules that can stimulate dormant cells. In response to muropeptide binding to
its extracellular domain, the serine/threonine kinase PrkC has been shown to phosphorylate
elongation factor G (EF-G), which modulates ribosomal activity and initiation of translation
to induce microbial exit from dormancy.[60]

Other protein factors expressed by microbes have been reported to stimulate growth of
dormant cells. The environmental microbe, Micrococcus luteus, secretes a resuscitation-
promoting factor (Rpf), which can stimulate exit from dormancy when added to M. luteus
cultures.[61] M. luteus Rpf has been shown to hydrolyze peptidoglycan at picomolar concen-
trations and stimulate aged cultures of M. tuberculosis, thus exhibiting cross-species activity.
[62, 63] M. tuberculosis expresses five endogenous Rpfs that function in reactivation of chronic
tuberculosis in animal models.[64] Although the exact function of Rpfs remains unclear, it has
been suggested that Rpf-mediated proteolysis of peptidoglycan can generate muropeptides
for PrkC-like kinases to activate protein translation.[65]

7. Conclusion

The rise in antimicrobial drug resistance, alongside the failure of conventional research efforts
to discover new antibiotics, will eventually lead to a public health crisis that can drastically
curtail our ability to combat infectious disease. Bacterial persistence is an underexplored
mechanism by which to develop novel treatments to complement or extend the current
repertoire of antibiotics.[66 - 68] Although persisters do not cause overt disease, they act as a
pool from which bacteria can emerge from dormancy to cause recurrent infection. Mechanisms
of persister formation appear to be highly redundant across different bacterial species, which
contributes to the difficulty in identification of universal mechanisms to target and eradicate
persistence. To date, the more successful strategies in the lab have been to target cell functions,
such as basal energy metabolism and cell wall integrity, that are also essential for persister cell
maintenance.[69] Of particular note, addition of metabolites such as mannitol or fructose was
shown to potentiate aminoglycoside-mediated killing by generating a proton motive force to
stimulate aminoglycoside uptake.[44] Several medicinal chemistry strategies to screen for
small molecules effective against persisters have also identified lead targets for potential
optimization and rational drug design.

By developing treatments against both persisters and replicating pathogens, it may be possible
to shorten antibiotic regimens, especially for deep-seated diseases such as tuberculosis, and
reduce relapse rates in patients. Another advantage to combination therapies is potential
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extension of the useful life of current antibiotics to kill pathogen at a faster rate, and thus slow
down the further emergence of antibiotic resistance. Additional strategies to optimize pulse-
dosing regimens using multiple antibiotics that include anti-persister drugs may be able to
sterilize particularly recalcitrant chronic infections. These types of therapies may be designed
for the individual patient as part of an increasingly personalized approach to medicine. Aside
from the clinical relevance of bacterial persisters, non-genetic heterogeneity has been found to
play important roles in other systems, including susceptibility of cancer cells to treatment[70],
host response to viral infection[71], and bacterial responses to other stresses.[72] Thus,
understanding the mechanisms of cell-to-cell variability will provide insights into the general
adaptation of life to variable environments.
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1. Introduction

High throughput screening (HTS) has evolved as an indispensable aspect of drug discovery,
whereby small organic molecules are identified as potential therapeutics or as probes to aid
in the understanding of biological processes. Large screening endeavors tend to encompass
massive collections of compounds, which may exhaust resources in terms of time, effort and
reagent. As such, it is imperative to firmly validate any assay prior to implementation in HTS.
The validation process should be able to discern the robustness and reliability of the assay. In
this chapter, we intend to discuss statistical and data visualization approaches as well as factors
to consider for predicting a successful HTS campaign.

1.1. HTS assay validation

In the past several decades, HTS has evolved to such an extent that a considerable array of
assay types can be successfully implemented [1, 2]. The wide spectrum of biochemical assays
includes enzymatic reactions, and interaction studies among proteins, peptides, oligonucleo-
tides and ligands. With the rapid progression of cellular engineering, cell-based assays have
become predominant in HTS facilities, with most of the assays performed to detect cytotoxicity,
reporter gene activity, or other phenotypic changes in response to compound treatment [3-5].

Substantial effort and time can go into assay development, which may not be necessarily
amenable for HTS. Often times, assays need to be adapted to smaller volumes in a process
known as assay miniaturization, whereby experiments are conducted in microtiter plates of
high density, typically in a 96-, 384- or 1536-well format [6]. The driving force behind minia-
turization is the generation of large data sets in a fast and efficient manner, while reducing
reagent consumption and space. Moreover, the experimental protocol might have to be
modified to accommodate instrument availability, automation capabilities, reagent stability,
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and screening duration among others. Therefore, assays designed in a basic research labora-
tory may not necessarily perform to the same standards as those in HTS.

Assay validation ensures that assays meet certain criteria for effective execution during HTS
campaigns. Even though assay validation is not universally applied, it is a crucial step that
should not be overlooked. The advantages and benefits include:

* A priori knowledge of an inadequate assay can reduce the chances of a failed HTS endeavor,
which could signify tremendous waste of resources, time and effort.

* The information generated during assay validation can be valuable for assay improvement.

* The assay validation report provides confidence in the assay and serves as a standard for
further studies, particularly when working with teams of various scientific backgrounds.

* When dealing with different reagent batches throughout the venture, assay validations
serve as an important quality control checkpoint to ensure consistency.

1.2. Instrumentation in HTS

Specialized instrumentation is needed to run HTS, many of which have direct and significant
impact on the quality of the data. The most basic setup includes various liquid handling devices
and plate readers, all of which being potential sources for poor assay performance if not
appropriately maintained and utilized. In addition, peripheral components such as tempera-
ture-controlled incubators can have a detrimental effect on assay quality. Therefore, it is
imperative to consider these technologies during assay validation.

One of the most commonly used liquid handlers is the bulk liquid dispenser, which is generally
utilized to deliver single assay component at a time, quickly and uniformly across the wells
on a plate [7]. Compound delivery in smaller volumes is accomplished using transfer devices,
which is an umbrella term for instrumentation that encompasses a wide range of technologies
and capabilities.

The plate reader is a specialized device capable of acquiring spectroscopic signal relatively fast
with minimal user intervention. The raw data can be conveniently created in a matrix format
following the layout of the type of microtiter plates utilized, which facilitates subsequent data
analysis. Several typical detection modes provide the scientist with vast flexibility in assay
development, including absorbance, fluorescence intensity, fluorescence polarization/
anisotropy (FP/FA), fluorescence resonance energy transfer (FRET), time-resolved FRET (TR-
FRET) and luminescence. Even though endpoint detection (i.e. a single value per well) is
commonly employed, wavelength scans (in the case of absorbance and fluorescence intensity)
or kinetic analysis are possible. Because of increased sensitivity and robustness, filter-based
detectors are preferable to devices employing monochromators, the latter one needed when
wavelength scanning is required.

The incubator is an integral part of fully-automated robotic decks, where it is being used to
store microtiter plates, pipette tips and other labware. Incubators with capabilities for con-
trolling temperature, humidity, carbon dioxide and nitrogen content are particularly prone to
cause artifacts or affect negatively the assay signal. This is largely observed in assays where
the signal increases over time, such as cell-growth, reporter-based and enzymatic assays.
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2. Protocol of a typical assay validation

A typical assay validation process consists of multiple major components such as repeating
the assay of interest on multiple days with the proper experimental controls, verifying the
optimum assay conditions using the high throughput instruments in subject and exploring the
overall assay quality with various statistical metrics and visualization tools. A reference
commonly-used by many HTS facilities is the HTS Assay Validation guidelines provided in
the Assay Guidance Manual by Eli Lilly & Company and the National Center for Advancing
Translational Sciences [8]. Here, we review the contents of a typical assay validation report
and highlight the significance of this information for a successful assay performance in high
throughput format.

As with any other scientific experiments, maintaining detailed documentation of the assay
validation experiments is of high importance to achieve maximal reproducibility in the
proceeding screening campaign. For this purpose, generating a validation report for each
project in a standard format, such as in a spreadsheet format with multiple tabs, is an adequate
way to organize and store project-specific information as well as the numerical data and its
analysis in a single file. The report generally consists of the following sections.

* Biological significance of the target and the goal of the assay
* Description of positive and negative assay controls

* Details of the assay protocol in manual mode (i.e. off-deck and non-high throughput format),
which include assay design, known bottlenecks and references

* Details of the automated assay protocol (i.e. high throughput format)

* Automation flowchart, which is a graphical layout of the different operational steps, such
as dispensing, incubation, compound-transfer (“drugging”) and plate reading

* Automation instruments (manufacturer, model, instrument parameters)

* Reagent details (vendor, catalog number, lot number, cost, storage conditions, sensitivity to
light/temperature, shelf life, preparation)

* Cell line details (if applicable) (source, catalog number, phenotype, passage number, split
ratio, media, culture protocol)

* Analysis details (readout, hit cut-off, normalization method)
* Raw data and statistical analysis of the validation experiments

The assay validation experiments are conducted on three different days with three individual
plates processed on each day (Figure 1). Each plate set contains three layouts of samples that
mimic the highest, medium and lowest assay readouts (hereafter defined as “high”, “medium”
and “low” signals), while ideally retaining biological relevance. The “high” and “low” signal
samples are typically chosen to be the positive and negative controls, so that the upper and
lower boundaries of the assay readout (i.e. signal window) are assessed as part of the validation
process. In an inhibition or antagonistic assay (“signal-decreasing” assay), the “low” signal

223



224 Drug Discovery and Development - From Molecules to Medicine

would correspond to the response by the positive control. In contrast, the “high” signal would
represent that of the positive control in experiments involving activators or agonists (“signal-
increasing” assay).

On the other hand, the “medium” signal sample needs to lie between the controls in the activity
plot and possesses a crucial role to determine the capacity of the assay to capture “hit”
compounds during the screen. The “medium” signal is often obtained from a sample at a
concentration that results in the ECs, of the positive control compound. Additionally, the
“high”, “medium” and “low” signal samples are distributed within plates in an interleaved
fashion, such that each of the three plates processed on each given day contains samples in
different column-wise order: “high-medium-low” (plate 1), “low-high-medium” (plate 2) and
“medium-low-high” (plate 3). In order to capture the full characteristics of the assay, it is
important to prepare fresh set of samples on each day and to avoid introducing any additional
variables between experiments.

Day 1 Day2 Day3
i HEE R EE] [

. E 4 SEa H Medium signal
| = : E::: R = Low signal

i = B = =

Visual inspection ™=  No edge affect, drift o pattems

High signal = CV=20%

Medium signal ™= OV =20% AND SIS i ermtit] 5 20

Low signal - oV 20% OR  Stdev(S,,) s (Stdev(S,,.) AND Stdev(S, )

Quality Metrics ==$ Zdactorz04 OR  Signal Windowz 2

Figure 1. Standard assay validation protocol

With the above-mentioned procedure, three major aspects are aimed to be addressed at the
end of the validation process. While the statistical analyses of the “high”, “medium” and “low”
signals provide substantial information about the overall magnitude and tightness of the assay
control data, they also give an idea of the potential plate-to-plate and day-to-day variations.
The interleaved plate setup substantially helps to capture any positional effects that may be
caused by the incubation conditions such as edge effects, or by other systematic factors such
as drift.

To perform the quantitative assessment of the assay quality, several statistical tests are
conducted on the validation data. Primarily, Z'-factor is a well-accepted dimensionless
parameter used to calculate the signal separation between highest and lowest assay readouts
taking the signal means and standard deviations (stdev) into account under the assumption
of normality [9]. Likewise, signal window is computed as another metric of the range of
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controls. While the Z’-factor and signal window are the most common parameters for overall
assay quality measurements, the “high”, “medium” and “low” signal trends can also be
captured by their respective signal averages, standard deviations and the coefficient of
variations (CV).

3 x (stdev(Sygn) + stdev(Sy,, )/ 1)

mean(Shigh) -mean(S,,,,)

Z'-factor=1 -

(mean(shigh)_ mean(S,,,))- 3 x (Stdev(shigh) + Stdev(slow))/"/;

Signal Window = gy ()
n
stdev(S))/w/n
Cv= mean(S) (3)

where, n is the number of replicates of the test compounds in the actual screen.

Besides passing the visual examination for any systematic errors, the data collected from the
3-day validation experiments needs to quantitatively meet the minimum quality requirements,
which are evidently set in the HTS Assay Validation guidelines [8]. According to these criteria,
the CV values of the raw “high”, “medium” and “low” signals are required to be less than 20%
in all nine plates. If the “low” signal fails to meet the CV criteria in any of the plates, then the
standard deviation of the “low” signal has to be less than the standard deviations of the “high”
and “medium” signals within that plate. Also, the standard deviation of the normalized
(percent activity) “medium” signal is supposed to be less than 20 in plate-wise calculations.
By nature, Z'-factor is a parameter that ranges between 0 and 1, with 1 indicating a perfect
assay. For validation purposes, achieving a Z’-factor of greater than 0.4 or a signal window
greater than 2 in all plates is considered acceptable.

S, - mean(S,,,,)

Percent Activity = yXx100 4)

mean(Shigh)—mean(SlO\

3. Plot interpretation

A very useful and informative way to monitor assay quality is to utilize scatter plots. The left
charts in Figures 2 and 3 are such examples (using simulated data), with each plot corre-
sponding to a single 384-well plate, where the values are extracted in a row-wise fashion to
generate the order of the data points in the plot (i.e. from well position A1 to A24 followed by
B1 to B24, and so on). In this particular case, the “high”, “medium” and “low” signals are
represented in green, pink and blue, respectively. The charts on the right side are the combined
representations of all 9 assay plates in a typical assay validation, grouped in sets of 3 plates in
3 different days (vertical gridlinesdenote data from individual 384-well plates): for each of the
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3 types of signals (i.e. “high”, “medium” or “low”), the values were extracted in a column-
wise manner.

When troubleshooting, these plots can provide valuable information that can lead to the cause
of the problem. Patterns created by these data points can be normally ascribed to specific
causes. The most typical ones are:

* Figure 2A: This is one of the most common cases of edge-effect, where the outer rows of the
assay plate display the highest signal, with decreasing intensity moving towards the center
rows. This is due to temperature gradients, where the biological activity (e.g. enzymatic
activity or rapid growth of bacteria expressing reporter genes, typically in assays with
shorter incubation time) is higher at the more elevated temperature of the outer wells. The
bowl-shaped effect can be upside down, in which case evaporation in the outer wells due
to prolonged incubations lowers the intensity, being commonly seen in assays involving
slow-growing cell (typically in assays with extended incubation time).

* Figure 2B: Edge-effect with a linear profile, with the highest intensity observed in the last
row.

* Figure 2C: Another edge-effect profile, with the intensity values decreasing from the first
column to the last.

* Figure 2D: Linear edge-effect, with the highest signal observed in the last column.

* Figure 3A: The lack of consistency in reagent preparation for each run leads to variations in
signal intensity for the cumulative data points. In this specific example, there is uniformity
in all three assay plates for a given run, but inconsistencies are observed among experiments
performed in the three separate days. Batch to batch variation is typical when dealing with
cell-based assays, particularly with transient transfection. Enzymatic assays with substrate
concentrations at or below the K, are markedly sensitive to small concentration changes.
Reagent instability during long-term storage can also lead to signal heterogeneity. These
issues might not be of great concern if the signal window is adequate and the signal is
normalized to internal controls (“in-plate controls”). It is therefore important to include such
internal controls in each plate.

* Figure 3B: Pintool devices are commonly found in screening facilities, which are utilized to
transfer compounds from a compound stock plate to the assay plate. It is a contact-based
liquid handler, requiring direct physical contact with the fluid to be transferred. As such, it
is susceptible to cross-contamination if compounds adsorb avidly at the pins, or if the
washing steps between transfers are not adequate. The assay validation protocol described
in this chapter makes use of compounds arranged in three different layouts, so pins exposed
to compounds in the first plate (corresponding to columns with “low” or “medium” signals
in an inhibition/antagonistic assay) can release the chemicals in the second or even third
plate, affecting mostly the “high” signal corresponding to columns with negative control
(dimethyl sulfoxide, DMSO). The opposite effect would be observed in experiments with
agonistic mode. During screening, normally the same well positions for all plates are
allocated for control compounds, so carry-over in this instance is not relevant. However, it
is an indication that the pin washing protocol may not be appropriate for the compounds
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to be screened. In addition, compound build-up at the pins due to inappropriate washing
can affect the signal quality of the controls over time (as discussed in greater length below

in sections 4. and 5.).
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Figure 2. Contribution of edge-effects to the signal pattern commonly encountered during assay validation.
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Figure 3. Signal profiles potentially encountered during assay validation.

* Figure 3C: Bulk-reagent dispensers are one of the most widely used liquid handlers for
screening. In between dispensing, the reagents are usually kept in the tubings. For long
delays between plate dispensing (as in a complex automation protocol), heterogeneous
components in the reagent can settle in the tubings, creating gradient zones of material,
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which is then pushed to the plate in the next dispensing cycle. The pattern observed in the
plot might not be evident without considering that in a 384-well plate, an 8-channel liquid
handling cassette dispenses fluid every other row to be later offset by a row in the return
dispensing steps. In addition, the tubing length and the way it is tangled affect the shape of
the pattern. To prevent this, one can use the “empty/prime” mode, whereby the solution is
reverted to the reagent source after plate dispensing. An alternative is to use prolonged
priming of the solutions between dispensing in order to discard existing reagent in the
tubings.

Figure 3D: The background signal increases over time due to degradation of the substrate
in an enzymatic assay from the spectroscopically silent species to the active form. This is a
typical example of autohydrolysis of a fluorogenic substrate, whereby the quenching moiety
in the molecule is released, leading to buildup of the fluorescent label. This issue becomes
problematic at larger-scale screening projects that require prolonged screening times.
However, modest upward shifts in the background signal have no major impact due to
normalization with internal controls, further demonstrating the importance of including
such internal controls in each plate.

4. Considerations

There are several important factors to consider during assay validation for a successful
screening campaign. The following points can be used to uncover or solve setbacks during the
validation process.

4.1. Biological reagents

4.1.1. Reagent consistency

It is preferable to use the same batch of a particular reagent during assay validation and the
entire screening campaign in order to reduce variations that result from (Figure 3A):

Differences in biological activity: For instance, the folding of purified proteins can be
inconsistent between productions, leading to changes in enzymatic activity, binding
affinities with ligands or solubility. The response in cellular assays can display marked
variations between batches, particularly when using cells with very different passage
numbers.

Differences in concentration: Often times, the concentration of substrate or cofactor in an
enzymatic assay is at or below the K, due to solubility issues or due to excessive cost, making
the assay very sensitive to subtle concentration changes.

Differences in purity: This is notable in the presence of mixtures of active and inactive
species. Such cases can be observed in samples with different post-translational status
(proteins) or when using chiral compounds (substrates or inhibitors).
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4.1.2. Reagent stability

An extremely important point to consider in validating an assay is the stability of each reagent
that comprises the assay, which could alter screening strategies considerably. Besides the
inevitable inherent chemical or biological properties that hinder long-term stability (Figure
3D), the most common reasons to consider are contamination (e.g. mycoplasma in mammalian
cells, proteases in purified proteins) and freeze/thaw effects.

4.1.3. Sequence of reagent addition

The sequence in which reagents are combined in the assay plate could influence significantly
the degree of inhibition or activation by compounds to be screened or used as positive controls,
which may be reflected during the validation procedure. Taking as an example a biochemical
binding assay such as TR-FRET or FP (Table 1), the outcome for each of the five cases could be
different if there is no sufficient equilibration (incubation) time. In such conditions, cases 1 and
4 would display a more pronounced inhibition/activation value. In some cases, there could be
differences between dispensing of the compound into an empty plate (cases 4 and 5) and
dispensing the compound to an aqueous solution (cases 1-3), especially when the compound
is being transferred from a DMSO stock.

The choice of the order of reagent addition is often limited by the availability of instrumenta-
tion or convenience in automation. Some devices allow for accurate compound transfer to dry
surfaces (e.g. acoustic-based devices), while others require a wet surface (pintool systems).
When using automation decks with only a single bulk-dispenser, it is normal to dispense a
pre-mixed solution of protein and probe (cases 2, 4 and 5).

Case Sequence of reagent addition
1 Protein — compound — probe
2 Protein — probe — compound
3 Probe — compound — protein
4 Compound — protein — probe
5 Compound — probe — protein

Table 1. Possible ways of combining reagents in a biochemical binding assay for HTS.

4.2. Consumable composition

Wide ranges of consumables are used in almost every step of an HTS assay. The selection of
these consumable materials is highly dependent on the instrument types that will be employed
to perform the assay and other budgetary constraints. Microtiter plates, disposable tips,
dispenser tubing cartridges and cell culture tools are some examples of consumables that come
in direct contact with the assay reagents. Therefore, these products need to be selected with
caution and kept consistent throughout the course of the assay validation and the screening
endeavor to achieve maximum data reproducibility.
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4.2.1. Consumable batch/lot variations

The batch of the consumable items is an important factor that plays a crucial role in the final
data quality. Proper records of the batch information of all the reagents and the consumable
products used for an assay should be documented as part of the assay validation report. For
instance, the screener may experience unexpected intermittent drift effects if varied batches of
plates are used on different days of a screening project. Material drift effects may be caused
by a manufacturing fault in a particular plate batch. The disruption of the overall assay quality
due to drift can be caught during the 3-day validation experiments and be avoided in the
proceeding screening runs so long as the single batch of plates, which passed the validation
criteria, are consistently used.

4.2.2. Leaching and adsorption behavior of consumables

One of the main concerns with the plastic consumable materials used in liquid handling tasks
is the leaching behavior of the plastic labware. It is known that chemical impurities leaching
out of the plastic disposable tips, reagent reservoirs and assay/compound storage plates may
interfere with the biological reagents resulting in deceptive assay readouts [10-12]. The
leachates are mostly released from the plastic labware due to the exposure of the plastic
surfaces to strong solvents, such as DMSO. If this behavior is providentially detected at the
assay validation phase, alternative solutions may be conceived to pursue the assay with
minimal interruption. On the other hand, cell culture media loaded with proteins and other
essential nutrients tend to react with certain plastic reservoir materials leading to formation
of contaminants affecting the overall health of the cells in subject. One way to test this
phenomenon would be to store the cell suspension in the reservoir for the anticipated screening
time, after which the final solution should be visually and quantitatively examined for any
unpredicted properties.

Consumable labware is something to be vigilant about when used in HTS assays because of
its potential for absorbing the test chemicals or other assay reagents. In a study by Palmgren
et al., it was shown that negatively charged polystyrene surfaces absorb lipophilic and
positively charged basic drug compounds leading to unreliable final drug concentrations,
although this effect may be negligible at high drug concentrations and proper buffer conditions
[13]. In another study, it was demonstrated that the polypropylene tips used by automated
liquid handling instruments adsorb certain compounds, therefore, increased contaminant
concentrations are observed with lower transfer volumes [14]. It was also mentioned that the
discrepancy in the transfer volume is enhanced if the polypropylene tips are used for serial
dilution experiments with aqueous diluents.

In biochemical assays, non-specific binding of the enzyme to the plastic components (namely
dispense tubing cartridges) of the high throughput bulk dispensing instruments is a concern-
ing phenomenon (Figure 3C). Especially because the consequences of the binding effect may
only become obvious when dispensing large number of plates; the issue may be easily
overlooked in the assay validation. One can avoid sticking of the enzyme to the plastic tubing
elements by coating their surfaces with blocking agents, such as protein blockers or non-ionic
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detergents [7]. Alternatively, the blocking agents may be added to the assay buffer as long as
they do not interfere with other assay components.

4.3. Plate type selection

The selection of the appropriate assay plate type is important and mainly depends on the assay
detection method. The light reflecting properties of the assay plate surfaces profoundly affect
the final signal intensities, background noise levels and well-to-well crosstalk. Black, solid
bottom, opaque-walled plates are recommended for fluorescence-based reading technologies
to achieve lower background signal and minimal crosstalk, while white plates are good for
luminescence signal detection to enhance light output. On the other hand, clear-bottom plates
are needed for colorimetric assays, as well as for cell-based assays, where the cells need to be
monitored by microscopy throughout the course of the experiment.

Despite these general selection guidelines, a suitable assay plate type should be carefully
chosen in compliant with the overall project goals. For instance, in a luminescence assay with
low signal window and relatively high assay volume/well, where the “hit” compound is
defined as the test sample that causes a drop in the signal intensity in comparison to the
negative control, detection of the “hits” may be impaired if white plates are used. That is
because a well containing the active compound with low signal intensity would be surrounded
by several inactive wells with high signal intensities, and the crosstalk from the surrounding
wells would greatly alter the original signal magnitude in the active well leading to increased
false negative rates. In such luminescence assays, where the scientist is aiming to detect a signal
decrease, black plates would be more appropriate to conduct the experiment.

High content assays commonly require specially designed microtiter plates to attain the
maximal scan performances, when high content imagers are used. These plates are generally
intended to have optically clear, very thin and uniform well bottoms to ensure high quality
images. Additionally, the assays that require fixation and staining processes, and involve
multiple washing steps may necessitate plates that enhance cell retention. For this purpose,
plates with poly-D-lysine, poly-L-lysine and collagen-coated surfaces are available to promote
cell adhesion and growth.

Many more types of plates are offered for different assay methodologies, such as low attach-
ment plates for cell-based assays using cells in suspension, and non-specific binding surface
plates for protein-binding experiments. Besides, selection of the correct plate type for multiplex
assays may require extra effort and testing process, especially if luminescence and fluorescence
signals are being measured within the same plate. Performing a detailed search of the available
plate options for the assay of interest is a time worthy practice, which would eventually save
the scientist from developing and validating the assay repeatedly.

4.4. Incubation conditions

In high throughput practices, a large number of plates are processed on a daily basis, and the
environment in which the plates are stored during the screening runs exerts high impact on
the assay data quality. Automation compatible incubators are manufactured to optimize
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storage conditions for high-density plates while maximizing space utilization. Incubators with
wide range of storage capacities and temperature settings are available in the market. Obvi-
ously, optimum cell culture conditions need to be maintained particularly for the assays
conducted with living organisms. Therefore, choosing a good quality incubator that can
maintain sufficient air circulation throughout the storage chamber is crucial to achieve a
uniform temperature gradient inside the unit and to assure consistent data quality plate- and
experiment-wise.

Failure to sustain even distribution of temperature and gasses (i.e. carbon dioxide, nitrogen
and oxygen) inside the incubator often results in significant edge effects (Figure 2). In some
instances, the wells facing the center of the storage unit are exposed to higher temperatures,
or vice versa, resulting in higher evaporation rates in those wells, which subsequently lead to
varied effective drug concentrations in different regions within the plates. In such cases, it may
be necessary to normalize the data for row-wise, column-wise or bowl-shape edge effects.
Various statistical algorithms, such as median polishing, B-score and BZ-score [15, 16], may
be applied to reduce these patterns. However, it may sometimes be inevitable to repeat the
screening experiment. Non-uniform incubation conditions may also result in spatial patterns.
As an example, plates located at the top of the stackers may be exposed to lower temperatures
with respect to the plates at the bottom. Since these patterns are observed in an experiment-
wise fashion, they may be less of a concern for the researcher who always includes in-plate
controls for “hit” picking purposes, so long as the biological activity is not compromised by
the perturbed temperature distribution. Some temporal or spatial patterns may also be caused
due to the over-crowdedness of the plates inside the incubation chamber. To avoid this pitfall,
one can choose to allocate the plates more sparsely on the stackers allowing improved air
circulation around each plate, although the capabilities of the automation software and the
robotics may be alimiting factor. Such decision needs to be made on a case-by-case basis, taking
into consideration the impact of the variations caused by the incubators, and the capacity of
other instruments used.

4.5. Proper use of internal assay controls

4.5.1. Non-biologically vs. biologically-relevant controls

In an HTS assay, selection of the experimental controls is a major factor in screen quality
valuation and “hit” picking process. It is very important to use well-defined controls that suit
the assay objectives the best. When choosing positive and negative controls for an assay, the
screening scientist should always be aware of the biological question that is aimed to be
answered by conducting the screening campaign. For instance, one can prefer to use a known
inhibitor compound as a positive control in a biochemical assay to identify “hit” compounds
that display higher inhibitory potency than the control compound. Instead, in the same assay,
one can choose to simply omit the enzyme and use the “no enzyme” condition as the positive
control (to mimic “100% inhibition”) to follow a different normalization approach for “hit”
selection, especially when there is no known inhibitor, or the known inhibitor is prohibitory
expensive. Screening of the same sample library with two different control setups, with and
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without biological relevance, could result in varied “hit” lists, despite the same “hit” cut-off.
Thus, it is an important concept to consider whether to choose a non-biological control over a
biologically relevant control.

Preferably, biological/chemical relevance is sought while choosing controls in any experimen-
tal design, meaning that the mechanism of action of the controls should be pertinent to the
biology that is being studied. As an example, staurosporine is a popular control compound
used in cytotoxicity assays to induce cell death. Studies have shown that staurosporine can
mediate cell death through apoptosis or necroptosis pathways in caspase-dependent or -
independent manners [17, 18]. Depending on the mechanism of interest, its caspase depend-
ency and the timing of cell death, staurosporine may not be a suitable biologically relevant
positive control for all cell viability assays.

Under certain circumstances, the use of artificial controls is inevitable, especially due to the
lack of suitable biological control agents for some assay designs. Omitting essential experi-
mental components; such as probes or cells, from the biological system to mimic 100%
inhibition might artificially lead to lower standard deviations than when biologically relevant
controls are used. Although not ideal, using artificial controls has become a common practice
in some HTS campaigns due to various limitations. Hence, it is critical to know what have been
used as assay controls when comparing the performance of similar screens performed by
different groups.

4.5.2. Interaction of positive controls with reagent

The control agents used in the assay validation process play a significant role in foreseeing the
potential issues in the proceeding large-scale screening runs. While some of these problems
may be very obvious from the statistical analyses and can be easily fixed, some less obvious
issues may be simply overlooked. For instance, control compounds containing certain
chemical structures may modulate the activity of the reporter luciferase enzyme in the assay
detection kit. If the insidious reaction mechanism of the control compound of interest is not
well established, the output signal may be misinterpreted and confused with real biological
response. Similar phenomenon may be experienced with autofluorescent or fluorescence-
quenching compounds in fluorescence-based assays. Although one needs to be vigilant about
using these compounds as controls, they may still be utilized in the absence of “real” biological
controls.

4.5.3. Hill slope steepness and “medium” signal stability

The compound concentration used to generate the “medium” signal in the assay validation is
typically around the ECs, value for a potent compound. However, the reproducibility of the
“medium” signal can be severely affected if the Hill slope of the corresponding dose-response
curve is very steep (i.e. high coefficient values), as small disparities in the concentration of the
control amplifies signal variation. To avoid this, a moderately potent compound, if available,
can be used at higher concentration (e.g. ECy) to generate the “medium” assay signal.
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4.5.4. Stability and solubility of positive controls

It is important to gather as much information as possible regarding the stability of positive
controls, some of which may become evident during assay validation. Factors to consider
include:

* Compound solubility in the stock solution (DMSO) and buffer/media of the assay at the
concentrations to be screened

* Multiple freeze/thaw cycles can cause compound precipitation

* Compound precipitation or degradation over time in DMSO or buffer/media within the
same screening run due to autohydrolysis or oxidation

* Light-sensitive compounds

4.5.5. Appropriate washing protocols for liquid transfer components when dealing with “persistent-
binding” positive controls

Liquid handling devices with permanent or reusable components that are in contact with the
compounds are predisposed to contamination (Figure 3B). Such is the case when dealing with
pintool systems or pipettes with fixed tips. Persistent binding of these chemicals can be
prevented by extensive washing or using a more adequate washing solution. For instance, the
standard DMSO/isopropanol washing cycles for pintool devices are not suitable for inorganic
salts used as positive controls. Instead, acidic aqueous solutions are needed as first step to
remove the salt precipitates at the pins.

4.5.6. Negative control selection

Typically, the negative control in the screening of small molecules is the solvent in which the
test compounds are dissolved. DMSO is one of the standard solvents for dissolving chemical
compound libraries in drug discovery. All biological assays are sensitive to certain DMSO
levels, which should be determined beforehand. This information is crucial to finalize the
screening workflow, such as whether intermediate-dilution plates with lower DMSO content
would be needed.

5. Potential limitations

Unforeseen problems can still arise during screening even after a thorough validation of an
assay. These complications become evident when handling much larger numbers of plates
than tested in the assay validation process. Therefore, it is imperative to scrutinize the data
after each run during screening, particularly at the initial stages. Figure 4A illustrates a scenario
(using simulated data) within a single screening run, where the first few plates behave as
expected, but the positive control precipitates over time at the pins of the pintool device due
to inappropriate selection of pin washing protocols, causing significant reduction in com-
pound transferred with concomitant increase in signal variation.
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Even after the first few successful runs, data quality can be significantly compromised at a later
period. The case depicted in Figure 4B resembles a large screening campaign, where the reagent
decomposes slowly (in a time-frame of weeks or months), resulting in a reduction of Z’-factor.
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Figure 4. Examples of actual screening problems not revealed during initial assay validation.

6. Conclusion

HTS plays a major role in early drug discovery, but the massive amount of data generated in
these endeavors can come with a high price tag in terms of effort, time and cost. Assurance of
a successful screening campaign depends largely on the quality and reliability of the assay,
which should be scrutinized using standard validation protocols that examine every possible
scenario for potential setbacks. If possible, the assay validation process should include as
closely as possible all the experimental conditions, mimicking an actual screening run.

Abbreviation

HTS: high throughput screening

FP: fluorescence polarization

FA: fluorescence anisotropy

FRET: fluorescence resonance energy transfer
TR-FRET: time-resolved FRET

stdev: standard deviation

CV: coefficient of variation

DMSO: dimethyl sulfoxide
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1. Introduction

The era of rational drug design started with conclusion of Paul Ehrlich that substances, which
are used to dye bacteria for their visualization under the microscope, must interfere with
bacterial cells. If so, some of them may interfere lethally and therefore Ehrlich started system-
atic search on the action of various dyes (and further other organic compounds) on bacterial
growth. In that manner he had discovered first synthetic antibacterial agent — arsphenamine,
Salvarsan (Figure 1), a cure for syphilis [1]. These studies initiated the concept of chemotherapy
and brought him the Nobel Prize in 1908. Paul Ehrlich studied medicine at the University of
Wroctaw (then Breslau) and therefore this chapter is dedicated to him and his achievements.

Gerhard Domagk who, at the Bayer Laboratories of the IG Farben conglomerate in Germany,
studied the effect of new synthetic dyes on streptococci continued his idea [3]. One of the dyes,
namely sulfonamidochrysoidine, namely Prontosil Rubrum (Figure 1) for its red color, appeared
to be promising antibacterial agent in mice [4]. Researchers at the French Pasteur Institute
found, at the end of 1935, that prontosil is metabolized to sulfanilamide, which acts as real
antibiotic. It inhibits multiplication of bacteria by acting as antimetabolite of p-aminobenzoic
acid in the folic acid metabolism cycle. Sulfanilamide is considered as isosteric and isoelec-
tronic analogue of p-aminobenzoic acid because its three dimensional and electronic structure
resembles closely that of the metabolite (Figure 2).

This discovery started an era of effective and popular technique called structural analogy,
which has been popularly used for designing and development of innovative drugs.

In 1939 Domagk received the Nobel Prize in Medicine for discovery of the first drug effective
against bacterial infections but he was forced by Nazi regime to refuse the prize. He received
it after the war in 1947.

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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2. Direct similarity as a basic tool of structural analogy

Concept of structural analogy gave an impetus to general search for antimetabolites of
therapeutic utility. The principal approach involves introduction of minor changes to the
chemical structure of chosen metabolite by replacement of its specific functional groups by
related ones, most likely isosteric and isoelectronic. The invention of anticancer drug, metho-
trexate, is one of the oldest examples of successful implementation of this methodology [5].
Methotrexate is N-methylated aminopterine, a formal antimetabolite of folic acid. In the case
of aminopterine and methotrexate hydroxyl group of pteridynyl fragment of folic acid is
replaced by amino moiety (Figure 3).
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Figure 3. Structures of folic acid and its analogues

A good example how minute modifications introduced to the structure of the drug change the
activity of the new molecule is a comparison of the activity of analogues of morphine [6].
Morphine is an opioid analgesic drug and the main psychoactive component of opium. In
order to avoid its addictive action a wide variety of structural analogues of this drug have been
synthesized, with representative ones shown in Figure 4. This example also illustrates that the
application of the theory of structural analogy is quite cumbersome because it requires
synthesis of many new structurally related chemical entities in order to evaluate how small
structural changes introduced to parent molecule affect its biological activity.

Sometimes quite surprising results are obtained as it is illustrated by the activity of phosphinic
acid analogue of y—aminobutyric acid (GABA). GABA is a chief inhibitory neurotransmitter
in mammalian central nervous system. There are two classes of GABA receptors: GABA, and
GABAjg. GABA, receptors are ligand-gated channels, whereas GABA; are G protein-coupled
receptors. In order to understand their physiologic functions a molecular tools able to switch
one of the receptors when not influencing the other one are required. The activating affinity
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Figure 4. Structure-activity relationship in morphine analogues

of GABA to the two receptors is equal and values 20 nM. Fortunately, its phosphinic acid
analogue is 4,500 times more selective towards GABA; receptor, with affinity of 1 nM [7].
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Figure 5. GABA and its phosphinic acid analogue

Theory of structural analogy is most commonly used to modify structures of the known drug
molecules. This process is called drug optimization and is done in order to enhance drug
secondary properties such as: absorption, stability, distribution, metabolism and toxicity. This
is also cumbersome and time-consuming process. However, there are some indications that
help to achieve the goal. A useful example is modification of geldanamycin, an antimelanotic
compound isolated from Streptomyces hygroscopicus. It binds to Heat Shock Protein 90 and alters
its function inducing degradation of proteins that are mutated in tumor cells. Despite its potent
antitumor potential, geldanamycin presents several major drawbacks as a drug candidate,
with hepatotoxicity being the most dangerous. That is why Kosan Biosciences introduced
improved geldanamycins obtained by replacement of methoxyl at the 17 position by allyla-
mine group (Figure 6) [8]. This modification additionally improved solubility of the drug.

Another example is the modification of the structure of valacyclovir, an antiviral agent
produced by GlaxoSmithKline, active against Herpex simplex and Herpex zoster. It is a prodrug
since the hydrolysis of L-valine releases popular antiviral agent — acyclovir. Replacement of
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valine by aminocyclopropanecarboxylic acid (Figure 6) improves the stability of the prodrug
and results in the increase of its oral availability [9].
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Figure 6. Improvement of drug action by use of structural analogy approach

In some cases small modification of the drug structure led unexpectedly to change of its mode
of action [10,11]. This might be considered as both shortcoming and advantage of this techni-
que. For example, modifications of promethazine (Figure 7), which is a first generation of H1
receptor antagonist being used medically as antihistamine antiemetic to prevent motion
sickness, nausea or vomiting and itching associated with allergies, led to chlorpromazine,
which works on a variety of receptors in the central nervous system, producing anticholinergic,
antidopaminergic, antihistaminic and weak antiadrenergic effects. Thus, it is used to treat
psychotic disorders such as schizophrenia and bipolar disorder. Another minute modification
of promethazine structure led to imipramine, which is mainly used for the treatment of major
depression, panic disorder and enuresis (inability to control urination).

A new dimension to the structural analogy approach was brought by development of combi-
natorial chemistry. It is essentially a collection of techniques, which allow rapid and parallel
synthesis of multiple compounds at the same time and then to select the compound of the
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Figure 7. Structures of promethazine, chlorpromazine and imipramine

highest activity. These techniques are now largely automated, what causes that collections of
compounds (libraries) are made easily and might be fast evaluated towards chosen molecular
target. Thus, application of combinatorial chemistry enables to overcome long-lasting and
cumbersome stepwise synthesis of structural analogues of certain drug candidate [12].

In humans, 23 matrix metalloproteinases (MMPs) have been identified. The association of
MMPs with a variety of pathological states has stimulated impressive efforts over the past 20
years to develop synthetic compounds able to block efficiently the uncontrolled activity of
these enzymes [13]. Extremely potent inhibitors of MMPs have been developed, but in most
cases these compounds act as broad spectrum ones [14]. The development of selective
inhibitors for each MMP is a difficult goal to achieve because of the high structural similarity
between the different members of this enzyme family [15]. Synthesis based on a combinatorial
approach and screening of libraries containing pseudopeptides with an isoxazole motif in the
P1’ position (Figure 8) has led to the identification of a highly selective inhibitor of the
macrophage elastase (MMP-12), a potential drug against atheroma plaque rupture [16].

CO0H
Figure 8. Discovery of selective inhibitor of MMP-12 by combinatorial approach

Another modification of structural analogy approach is to use protein structures found by X-
ray crystallography or NMR as a template to design potential drugs by computer-assisted
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procedures. Idea of this technique is similar to combinatorial chemistry in that the libraries of
structural analogues of certain drugs are designed. Then the computer “docks” each molecule
from the chosen library into target’s binding site and scores its geometric and electrostatic fit.
There are quite a big number of docking programs available and all of them predict the possible
binding of a ligand by calculating the contribution of certain types of interactions to overall
affinity. Thus, it is possible to analyze in silico drug activity from the first principles of quantum
mechanics and to determine the key interactions crucial for inhibitory activity [17]. Finally,
most promising compounds are being synthesized and their physiologic activity is evaluated.

Tuberculosis is one of the most wide-spread infections with the highest mortality among
diseases caused by a single pathogen [18]. Due to the multi-drug resistance strains of Myco-
bacterium tuberculosis-disease’s causative agent, novel antituberculosis drugs are rapidly
needed. It releases significant amounts of proteins to the extracellular space, among which
glutamine synthetase is one of the most abundant. Glutamine synthetase is the major enzyme
involved in nitrogen metabolism in plants and bacteria. It catalyzes reaction of glutamate with
ammonium ion, in the presence of ATP, which leads to glutamine [19]. Additionally, in case
of pathogenic mycobacteria it is crucial for biosynthesis of cell wall component, poly-L-
glutamate/glutamine. X-ray structure of bacterial glutamine synthetase complexed with
phosphinothricin [20], a potent inhibitor of this enzyme, was used for computer-aided
structure-based design of the inhibitors (Figure 9), in which the methyl group of phosphino-
thricin was chosen as the modification site. Thus, the classic structural analogy approach was
used. Among 25 structures predicted by used LUDI program [21] the compounds with amino
and hydroxyl moieties introduced into the phosphinic acid portion of the lead molecule were
found to interact with ammonium binding site in the active cleft of the enzyme and also
appeared to be the effective inhibitors of glutamine synthetase [22].
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Figure 9. Inhibitors of glutamine synthetase predicted by computer-aided technique basing on phosphinothricin struc-
ture

It is worth to mention that not all the structures designed by program had been synthetically
available and that chemical synthesis still is the most challenging step in innovative drug
development as illustrated in Figure 10 summarizing approaches to obtain these two ana-
logues of phosphinithricin.
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Figure 10. Synthetic routes to analogues of phosphinothricin

3. Modification of structural analogs — How far the structure of drug may
differ from the parent molecule

Methotrexate was developed to inhibit mammalian folate metabolism and thus act as anti-
cancer drug. Its discovery is considered as one of the milestones in modern chemotherapy [23].
It is used to treat various cancers but also severe psoriasis and rheumatoid arthritis. Interest-
ingly, first developed to treat malignancies it is now used to treat gynecological problems [24].
As shown in Figure 11, the structure of methotrexate could be divided into some blocks, for
which structural analogues might be designed. In the first step these modifications are minute
ones and mainly relay on the replacement of chosen fragments by isosteric and isoelectric ones
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as represented by such drugs as: Leucovorin, Talotrexin, Tomudex and Alimta [25-27]. Further
modifications lead to the drugs less and less resembling folic acid, as it is well demonstrated
by the structures of antimalarial drugs Trimethoprim and Cycloguanil [28].
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Figure 11. Analogues of methotrexate

There is a growing medical need for new antibacterial agents due to increasing number of
multidrug resistant pathogens. Lipid A (endotoxin), the hydrophobic moiety of lipopolysac-
charide (LPS), is a glucosamine-based saccharolipid that makes up the outer monolayer of the
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outer membranes of most gram-negative bacteria [29]. It is the hydrophobic anchor of LPS and
is essential for bacterial survival. There are approximately 10° lipid A residues in Escherichia
coli. Thus, the biosynthesis of LPS (Figure 12) represents an attractive target for the develop-
ment of novel antibiotics. LpxC catalyzes simple deacetylation of UDP-3-O-(R-3-hydroxymyr-
istoyl)GIcNAc, the committed step in the biosynthesis of lipid A. This enzymatic reaction has
been a major research focus for industrial groups and academic laboratories in the last two
decades.
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Figure 12. Lipid A biosynthetic pathway
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Simple replacement of acetyl group of UDP-3-O-(R-3-hydroxymyristoyl)GIcNAc by
hydroxamate moiety gave promising inhibitor of LpxC. Further reduction of its structure
by removal of hydroxyl from hydroxymyristic acid (and thus removal of chiral center)
followed by limiting the length of hydrophobic part of the molecule (Figure 13) afforded
low-molecular inhibitor of LpxC (TU 519) shown in Figure 13. Such modifications were
possible because lipidic part of the substrate is not bound by the enzyme and is freely
exposed to the environment (Figure 13).
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Figure 13. Stepwise reduction of lipidic part of LpxC inhibitor leading to TU 519 and explanation of the molecular ba-
sis of this process by X-ray structure of the enzyme bound with substrate

Further modifications of the structure of TU 519 molecule, enforced by analysis of crystal
structures of enzyme-inhibitor complexes afforded nanomolar inhibitors of LpxC, however,
none of them reached phase of clinical studies. Anyway, this approach is a good illustration
that stepwise modifications of chemical structure of substrate afford inhibitors, structure of
which is substantially different than parent one.

Neurotensin is a 13-amino acid peptide found in the central nervous system and the gastro-
intestinal tract. It has been shown to play the seemingly unrelated functions in the central
nervous system and the periphery and thus is involved in a wide range of physiologic and
pathologic processes throughout the body [29]. By selective targeting or blockade of specific
neurotensin receptors potential drugs for use in the treatment of schizophrenia, alcoholism,
chronic pain, or cancer have been found [30].

Meclinertant (SR-48692) is a drug, which acts as a selective, non-peptide antagonist of neuro-
tensin receptor 1. It is used in research to explore the interaction between neurotensin and
other neurotransmitters in the brain and is considered as potential anticancer agent [31].
Comparison of the modes of binding of neurotensin and SR-48692 indicates that they are



252 Drug Discovery and Development - From Molecules to Medicine

governed by the same interactions (Figure 15) and illustrates how far the structure of the drug

differs from the structure of parent compound [32].

b .
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Figure 14. Inhibitors of LpxC obtained by stepwise modification of TU 519 structure

Figure 15. Binding of neurotensin and meclinertant to NRT1 receptor is governed by the same interactions. Amino
acids of the receptor interacting with specific portions of effectors are represented by colored balls.
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4. Mapping of structural preferences of binding sites of receptors of
peptidyl hormones and enzyme inhibitors

Throughout the body, peptides are active regulators and information brokers with skill sets
that make them interesting for drug discovery. The most commonly the search on peptide-like
drugs is concentrated at discovery of agonists and antagonists of certain hormones and
neuroregulators. On the other hand, short peptides, their analogues and mimetics are com-
monly applied as inhibitors of proteinases.

In order to introduce a peptide as a drug their low stability in body fluids and the fast clearance
must be overcame. The simplest solution is replacement of terminal amino acids of lead
compound by their enantiomers. This usually improves peptide hydrolytic stability, since
enzymes do not hydrolyze peptide bond formed by D-amino acids.

Replacement of one or few amino acids of chosen hormone by their analogues is perhaps the
oldest and most exploited technique for designing new drugs. Analogues of gonadotropin
releasing hormone may serve as a good example here. This idea is well illustrated by com-
parison of the structures of four drugs with the structure with gonadotropin releasing hormone
(GnRH) (Figure 16).

GnRH is the hypothalamic factor that mediates reproductive competence. This peptide
composed of 10 amino acids triggers sexual development and it is essential for normal sexual
physiology of both males and females [33]. In both sexes, its secretion occurs in periodic pulses
usually occurring every 1-2 hours. GnRH secretion from the hypothalamus acts upon its
receptor in the anterior pituitary to regulate the production and release of the gonadotropins
luteinizing hormone (LH) and follicle-stimulating hormone (FSH). LH and FSH then stimulate
sex steroid hormone synthesis and gametogenesis in the gonads. Therefore, analogues of
GnRH are considered as drugs against sexual disorders [34].

Goserelin (Zoladex) obtained by modifications introduced at C-terminal glycine and serine-4
stops the production of sex hormones (testosterone and estrogen) and is used to treat hormone-
sensitive cancers of the prostate and breast (in pre-/perimenopausal women) [35]. Cetrorelix
(Cetrotide) obtained by modifications of GnRH chain in positions 1, 2, 3, 6 and 10 is a synthetic
decapeptide with gonadotropin-releasing hormone antagonistic activity. It is used in assisted
reproduction techniques to prevent premature LH surge in women undergoing controlled
ovarian stimulation allowing the follicles to mature for planned oocyte collection [36].

Third analogue, Leuprolide (Lupron, Leuprorelin), which differs from parent hormone by
modification of both glycines (positions 6 and 10), is used for the palliative treatment of
advanced prostate cancer. In many cases, Lupron may slow or stop the growth of cancerous
cells and relieve some of the associated symptoms [37]. Finally, Nafarelin (Synarel), which was
obtained by replacement of glycine-6 by bulky aromatic non-proteinous amino acid, is used
torelieve the symptoms of endometriosis, including menstrual cramps or low back pain during
menstruation [38]. Synarel is also indicated for use in controlled ovarian stimulation programs
prior to in vitro fertilization [39].
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Figure 16. Comparison of structure of GnRH with its four analogues.

Of course, it is not possible to predict how the introduced change will reflect in certain activity.
Therefore, cumbersome trials are needed to find out proper drug amongst thousands of
synthesized analogues. It is worth to note that the replacement of each of ten amino acids in
GnRH by 20 proteineous amino acids gives 10 combinations. If considering that each natural
amino acid could be replaced by many structurally different analogues (representative
structures of analogues of phenylalanine are shown in Figure 17) not systematic approach but
only luck may help to find interesting new drug. Therefore, application of combinatorial
chemistry seems to be an obvious technique here [40].

The approach basing on substitution of amino acids surrounding active centers of proteinases
is also applied for the design of peptidyl or peptidomimetic inhibitors of proteases. In this case,
however, a new technique emerged, which is basing on screening of the activity of large
libraries of fluorogenic substrates of chosen enzymes. This enables to determine substrate
preferences of certain enzyme and thus to provide a set of data useful for the preparation of
their selective inhibitors [41]. This approach, called enzyme profiling, was successfully used
for differentiation of the binding requirements of the same enzymes isolated from different
sources (orthologs) [42-44], which ensures that the inhibitors designed on the basis of this
profiling would be species specific. The utility of this approach was validated by the prepa-
ration of potent inhibitors of M1 alanine aminopeptidase from Neisseria meningitides [45], a
gram-negative diplococcus bacterium, which is the main causative agent of meningitis. It is
the inflammation of the membranes lining the brain and spinal cord. This disease is particularly
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Figure 17. Representative variations of the structure of phenylalanine

dangerous as it can result in brain damage and eventually, if not treated promptly or left
untreated, can lead to death. It mostly threatens children during the first year of life [45].

5. Inhibitors mimicking three-dimensional structure of active peptides and
protein epitopes

It is well established that only several exposed amino acids of the hormone are responsible for
physiologic effect. Therefore it is of interest to place their side chains in such a way that they
ensure interaction with the appropriate receptor. Ocreotide (Sandostatin) is a drug elaborated
basing on that concept. Somatostatin is a hormone that inhibits the secretion of several other
hormones, including growth hormone, thyroid stimulating hormone, cholecystokinin and
insulin. It has two active forms produced by alternative cleavage of a single preprotein: one of
14 amino acids, the other of 28 amino acids [46]. Ocreotide is an octapeptide, in which similar
strain as in parent shorter hormone was introduced (Figure 18). It results in a similar exposition
of phenylalanine, tryptophan, lysine and threonine. Additionally D-tryptophan and D-
phenylalanine were applied to ensure higher hydrolytic stability of the drug. Ocreotide mimics
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somatostatin pharmacologically, though it is a more potent inhibitor of growth hormone,
glucagon, and insulin than the natural one. It is approved for the treatment of acromegaly,
diarrhea and flushing episodes associated with carcinoid syndrome, and for the treatment of
diarrhea in patients with vasoactive intestinal peptide-secreting tumors [47]. Lanreotide
(Somatuline) is a simple analogue of Ocreotide in which C-terminal threoninol was replaced
by threonine amide (Figure 18) [48]. It is also approved as a drug against acromegaly, a
hormonal disorder that results when the pituitary gland produces excess growth hormone
(GH). It most commonly affects middle-aged adults and can result in serious illness and
premature death.
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Figure 18. Somatostatin and its analogues: Ocreotide and Lanreotide

The next generation of analogues started with discovery of Ocreotide structural analogue,
L-363,301 hexapeptide (Figure 19) bearing properly exposed side chains of phenylalanine,
tryptophan, lysine and threonine and displaying high biological activity in inhibiting the
release of growth hormone, insulin, and glucagon [49]. Quite interestingly N-methylation of
tryptophan, lysine and phenylalanine of this peptide resulted in its elevated oral bioavailability
[50]. This finding served as inspiration for the development of somatostatin analogues, in
which the side-chains of four amino acids responsible for physiologic effect are placed on cyclic
scaffolds. The representative examples of compounds obtained by this approach are shown in
Figure 19 and include: a backbone-cyclic somatostatin analogue PTR 3046 [51], a selective
agonist of one out of five receptors (SSTR5 receptor); tetrapeptide composed of four 3-amino
acids [52]; N-peptoid analog of the cyclo 3-peptide of low micromolar affinity but strong
selectivity towards SSTR5 receptor [53] and somatostatin mimetic, based on the D-glucose
scaffold considered as the landmark on this field [54]. Unfortunately none of these compounds
have found an application in medicine, however, discovery of Pasireotide (Signifor) (Figure
19) is an example of successful implementation of this strategy. Pasireotide is an orphan drug
approved in U.S.A. and Europe for the treatment of Cushing’s disease in patients who fail or
are in ineligible for surgical therapy [55].
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Figure 19. Analogues of somatostatin built-up on cyclic scaffolds

Similar approach was used for design antagonists and agonists of y-agatoxin IVB. It is one of
the toxins extracted from American funnel web spider Agelenopsis aperta. This 48 amino acid
protein is a very selective antagonist of the P-type calcium channels. Because y-agatoxin IV
docks to the channel protein via loop composed of eight amino acids, which are located
between the 11 and 18 amino acids, this fragment was chosen to find the minimal sequence,
which possesses the activity of calcium channel modulators. Therefore, constrained cyclic
analogues with three-dimensional arrangement corresponding to the native structure of the
loop were designed (Figure 20). The neurophysiological experiments confirmed the proper
choice of the mimetics and the necessity of the presence of properly directed tryptophan (an
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amino acid fundamental for activity) residue for toxin-channel interactions [56,57]. The
synthesized agonists might be useful for the development of treatment for patients with
calcium like migraine, related to decreased calcium influx.

Figure 20. Structure of y-agatoxin IVB and two of its simplified analogues.

Human immunodeficiency virus (HIV) entry is a complex and intricate process that facilitates
delivery of the viral genome to the host cell. For entry to occur the outer viral envelope protein
gp120 sequentially engages the host protein CD4. The exact mechanism by which the virus
enters the cell is not known in detail; however, it is known that gp120 plays a critical role here
[58]. Its role is to seek receptors suitable for viral entry and to fix the viral particle to the cell.
Since gp120 is trimeric, trivalent synthetic miniproteins CD4M9 (analogues of scorpio scylla-
toxin) [59], mimicking DC4 receptor, were designed to target the CD4-binding sites displayed
in the trimeric gp120 complex of HIV-1 (Figure 21). These miniproteins bound via thiol
moieties to symmetrical scaffolds demonstrated significantly enhanced anti-HIV activities
over the monomeric ones [60].
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Figure 21. Triad of miniproteins CDM9 bound to synthetic scaffolds

6. Topographical complementarity as a mean for inhibitor design

Human hormone effectors such as: meclinertant (neurotensin receptor, Figure 13), ezlopitant
(neurokinin receptor) [61], CP-154,526 (corticotropin-releasing hormone receptor) [62],
SM-130,686 (growth hormone secretatogue) [63], asperlicin (cholecysatokinin receptor) [64] or
galantanamine (nicotinic receptor) [65], have been discovered either by serendipity or were
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isolated from natural sources. Their structures are significantly different from natural hor-
mones (Figure 22) and therefore it is very difficult to design drugs basing on binding modes
of these hormones with their receptors.
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Figure 22. Structures of chosen effectors of hormone receptors

Although today it is not possible to design rationally new drugs of this kind, some hope is
brought with development computer-aided methods. The search for compounds with similar
activity to the reference ligand but with different molecular frameworks have been named
“scaffold hopping” or “leapfrogging” [66]. It basically relays on three-dimensional similarity
searching. However, an adequate description of chemical structures in 3D conformational
space is difficult due to the high-dimensionality of the problem and this methodology might
be considered as being in its infancy so far [67].

Other solution is the application of peptidomimetics. They derive from natural peptides and
proteins and are obtained by structural modifications using unnatural amino acids, replace-
ment of peptide bond by appropriate surrogates or introduction of conformational restrains.
Peptidomimetics represent an important field in chemistry as they circumvent the limitations
of traditional peptides used in therapy. Self-structural organizations such as turns, helices,
sheets and loops can be accessed by this way [68,69].

Antimicrobial peptides are an important component of the natural defense of most living
organisms against invading pathogens. These are relatively small, cationic and amphipathic
peptides of variable length, sequence and structure. Magainins are a class of antibacterial
peptides isolated from the surface of skin of African clawed frog Xenopus laevis [70]. They
disrupt only the bacterial membranes possibly via toroidal-type pore formation and have
minimal interaction with the mammalian cell membranes. It is believed that the structure of
the magainins-in particular a long, repeating helix-is important to their bactericidal activities.
Although strongly active in vitro, are effective in animal models of infection only at very high
doses, often close to the toxic ones, reflecting an unacceptable margin of safety.
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A series of peptides composed of only two strained 3-amino acids (Figure 23) were designed
in order to posses helical structure and display required optimal amount of cationic residues
versus hydrophobic ones (in ratio 4:6) at the helical surface. They appeared to be strongly
antibacterial and actin a similar manner as magainins. Moreover, they appear to lack hemolytic
activity and are resistant to action of proteinases, which are the major drawbacks of the parent
compounds [71,72]. Similar, although less spectacular, effect was obtained with oligo-{3-
peptides obtained using analogues of natural amino acids [73].
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Figure 23. Amphiphilic structure of magainin and its topographical analog

N-Substituted poly(glycines), called peptidoids, are another subclass of peptidomimetics. Such
oligomers, mimicking magainins, with facially amphipathic, cationic, water-soluble sequences
have also been shown to form very stable helices and exhibit antibacterial properties [74].

The findings that nonhelical analogues are nonetheless active against bacterial pathogens
encouraged to further simplify search for new magainin mimetics and pursue alternative
design concepts. Application of poly(arylamides) appears to be successful. The structure of
these molecules is shown in (Figure 24) and indicates that their backbone design has nothing
in common with parent compounds. They have a rigid backbone made from amide-linked
aromatic repeat units, which are further stabilized by hydrogen bonding between a thioester
and the hydrogen on an amide group. This locks the pendant hydrophobic ¢-butyl groups and
the hydrophilic ammoniums group on opposite sides of the molecule as it is in the case of
magainins (Figure 24). It was shown that such foldamers were active against anumber of gram-
positive and gram-negative bacterial strains [75,76]. This finding stimulates an intensive
research on polymeric mimicks of magainins and shows that topographical similarity has not
to be very strict [77].

The described above topographical approach have been also used to produce mimetics of
enzymes, hormones [77] and lung surfactants [78,79]. Lung surfactants are a complex mixture
over 50 lipid species lining the alveolar air-liquid interface. They are indispensable for proper
functioning of the lungs and their absence or dysfunction leads to severe respiratory disease.
The application of exogenous lung surfactants to treat neonatal distress syndrome dramatically
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Figure 24. Poly(arylamides) mimicking the structure of magainins

improved premature infant survival and respiratory morbidity [80]. The possible application
of their stable analogues is considered as a next step in curing this disease.

7. Conclusions

Analogy plays an important role in scientific research. Analogue-based approach of drug
design is one of the oldest methodologies of medicinal chemistry and still is intensively
exploited one. It started from production of antimetabolites by simple replacement of small
functional groups in physiologically important molecules by isosteric and isoelectronic
substituents. The development of biochemistry and pharmacology resulted in search for
substances mimicking three-dimensional architecture of biologically active substances rather
than seeking for simple analogues. Enforced by new techniques, such as combinatorial
chemistry and computer-aided drug design, structural analogy is a reach source of new
substances of potential medical importance.
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1. Introduction

Until very recently, decisions about the medical treatment of children with acute or chronic
health conditions were based on the results of research conducted almost exclusively in
adults. Although differences in treatment effects between young and adult patients are well
known (e.g. regarding mechanism of action and metabolism), there were less clinical trials
(CTs) than needed to adequately evaluate the effects of new medicines in children. This
was mainly due to:

¢ the lack of appropriate rules for the conduct of paediatric CTs, especially with regard to
ethical considerations;

¢ the lack of an adequate methodology enabling to provide powered evidences while taking
into account the paediatric specificities [1];

* the lack of economic interest of the industrial developers due to the limited market offered
by children.

Starting from 1994, Food and Drug Administration (FDA) adopts different measures to
promote, incentive or oblige to conduct paediatric trials. More recently, for effect of the
Paediatric Regulation (EC) No 1901/2006 [2] requiring a sound scientific evidence for treatment
benefits in children and adolescents, the conduct of CTs testing medications for their use in
children and adolescents becomes mandatory in the European Union (EU).

Despite the high number,,(more than 1000) of Paediatric Investigation Plans (PIPs) applied to
receive an opinion by the Paediatric Committee (PDCO) at the European Medicines Agency

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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(EMA) since the Regulation entry into force very few advancements have been done in terms
of new studies, new trials and new paediatric approved medicines on the market. [3]. At the
same time, looking at the American side, we can observe that the implementation of the
existing rules has been and are still strongly problematic and under debate, allowing to recent
modifications of rules and guidelines.

The aim of this chapter is to describe the requisites for implementing paediatric CTs in
compliance with the principles of good clinical practice (Good Clinical Practice, GCP), and
with the regulatory standards in order to be part of an agreed PIP in EU or of a Pediatric Study
Plan (PSP) in the United States (U.S.).

It will include the following topics:
1. Paediatric trial regulatory aspects

Currently covered by the CTs Directive 2001/20/EC [4], rules on paediatric trials are changing for effect
of the recently approved CT Regulation that will enter into force by 2016 [5]. The transition phase and
the new context deriving by this transition will be considered in this chapter mainly in terms of a) trial
authorisation, b) rules and competencies of Ethics Committees, c) consent and assent from parents and
children, d) children privacy and confidentiality.

2. Paediatric Plans and paediatric trials methodology

The traditional drug development approaches do not satisfy the requirements of research in the paediatric
population. In particular, in paediatrics the following issues are challenging: large population needed
for Randomised Controlled Trials (RCTs), randomisation procedure, placebo use, validate paediatric
endpoint, appropriate outcomes, long-term effects evaluations, etc.

In the last years, the main activities performed at scientific and regulatory levels to cover these gaps
have been aimed to identify innovative methods of research to overcome the existing paediatric limita-
tions.

3. Paediatric trial incentives and main results of the existing legislation

By many years the U.S. legislation provides financial incentives to study medicines in children. This
has produced a significant increase in the number of paediatric trials conducted since 1997. The EU
paediatric medicines Regulation, which was adopted in 2007 [2] is also based on a series of incentives
and requirements and will lead to a further stimulation of paediatric drug development. This chapter
explores the distribution and other characteristics of recently conducted paediatric trials in EU and US
also providing a comparison between the two areas.

2. Paediatric trial regulatory aspects

2.1. The legislative framework to promote paediatric medicines and research

To overcome the lack of paediatric trials, many initiatives have been promoted both in U.S.
and in Europe.
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The first rule came from FDA in 1994 [1]. It was an attempt to use existing data (may be
extrapolated from adults) and additional pharmacokinetic (PK), pharmacodynamic (PD), and
safety studies, if the course of the disease and the response to the drug are similar in children
and adults. The 1994 law did not impose a general requirement to the manufacturers to carry
out studies when existing information was not sufficient and was not successful to obtain its
aim.

In 1997, for the first time, the FDA Modernisation Act [6] introduced incentives for conducting
paediatric studies on drugs for which exclusivity or patent protection exists, while off-patent
drugs were excluded. At that time it was not accepted that FDA would mandate timing and
other paediatric studies provisions to the manufacturers.

Today, the current U.S. regulatory framework includes:

* The Best Pharmaceuticals for Children Act (BPCA) [7], that provides incentives for drug
companies to conduct (after FDA Written Request) paediatric studies by granting additional
six months of marketing exclusivity.

* The Paediatric Research Equity Act (PREA) [8] that requires drug companies to study their
products in children under certain circumstances. When paediatric studies are required,
they must be conducted with the same drug and for the same use for which they were
approved in adults.!

Noticeably, BPCA provided mechanisms for studying on- and off-patent drugs and to test off-
patent drugs by:

* Identifying and prioritising drugs which need to be studied;

* Developing study requests in collaboration with experts at National Institutes of Health
(NIH), FDA and other organisations;

* Conducting studies on priority drugs after manufacturers decline to do so.

On the other hand, under the PREA as originally enacted, a proposed timeline and plan for
the submission of paediatric studies were not required to be submitted during the New Drug
Application (NDA).By July 9* 2012, for the first time PREA includes a provision that requires
manufacturers to submit a Pediatric Study Plan (PSP) early in the drug development process.
Pediatric Review Committee (PeRC) is a consultative body which reviews all activities under
PREA (the same committee is in charge for the activities foreseen under BPCA).

A similar intervention in the EU arrived almost 10 years later. In fact, the EU Paediatric
Regulation [2] entered into force in January 2007. After the Paediatric Regulation approval,
relevant changes have been implemented not only in Europe but also in the U.S.

The main pillars of the EU Paediatric Regulation are:

* to set up a new Committee at EMA named the Paediatric Committee (PDCO);

1 More details at: Drugs/DevelopmentApprovalProcess/DevelopmentResources/ucm049867.htm
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* torule a new type of Marketing Authorisation, the Paediatric Use Marketing Authorisation
(PUMA) only accessible to off-patent drugs;

* to introduce the obligation for the manufacturers to apply for a PIP early in the drug
developmental process;

* the obligation to conduct the paediatric studies in compliance with an approved PIP that
can also include waiver (exemption to conduct any paediatric studies) or deferral (the right
for the manufacturer to delay the paediatric study respect to the adults MA);

* to state that dedicated incentives should be provided under the European Research
Framework to develop off-patent drugs if included in a ‘Priority List’ published by the
PDCO-EMA

2.2. The current regulatory framework for approving clinical trials

The introduction of specific rules devoted to implement the paediatric research in the paedi-
atric population allowed an increased attention to the CT approval and conduct.

For many years, the traditional approach to diagnosis and treatment has been based on
symptoms and signs, which reflect, in the majority of the cases, the patient phenotype.
Accordingly, trials have been conducted by grouping patients into broad groups with similar
symptoms. Pharmaceutical and biotechnology companies have developed medicines for these
broad populations, and the regulatory assessment of risk and benefit has been based on the
average clinical response across these groups. This model has been strongly regulated with
the aim of performing ethically and methodologically well-conducted CTs.

In Europe several guidelines, directives and regulations have been released, including
Directives 2005/28/EC [9] and 2001/20/EC [4], GCP Guidelines (CPMP/ICH/135/95) [10], Reg.
(EC) No 726/2004 [11]. In particular, Directive 2001/20/EC has established specific provisions
regarding the conduct of CTs on human subjects involving medicinal products and recognises
GCP principles. As internationally agreed and in accordance with GCP [10], a CT may not
commence in EU if an Ethics Committee has not approved the study. The Directive
2001/20/EC also introduced the concept of “Competent Authority”, adding the legal obligation
to obtain an “authorisation” in addition to the positive opinion of the Ethic Committee.

However, the above mentioned provisions in Europe have never considered the paediatric
specificity until the approval of the CT Directive. In fact, the main novelty of the Directive has
been represented by the introduction of a dedicated article (art. 4) that refers to differences in
the ethical and methodological approaches between paediatric and adult trials and provides
the basis for including paediatric trials in the developmental process of adult drugs. Moreover,
following the approval of the Paediatric Regulation, destined to increase the number of
paediatric trials, the art. 4 of Directive 2001/20/EC was considered insufficient to protect
children involved in a trial [12]. The ‘Ethical Recommendations on paediatric trials’ issued in 2008
by the EU Commission [13], represent the more advanced regulatory framework for paediatric
research in Europe.

In U.S. the ethics framework for approval of CTs is quite similar. Every CT must be approved
and monitored by an Institutional Review Board (IRB) to make sure the risks are as low as
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possible and potential benefits are valuable. AnIRB is an independent committee of physicians,
statisticians, community advocates, and others people ensuring that a clinical trial is ethical
and the rights of study participants are protected. All institutions that conduct or support
biomedical research involving people must, have an IRB that initially approves and periodi-
cally reviews the research.

In the U.S. legislation, details on how to conduct trials in the paediatric population are included
into Subpart D (401-409) of the ‘Code of Federal Regulations TITLE 45 PUBLIC WELFARE, PART
46 PROTECTION OF HUMAN SUBJECTS’: Additional Protections for Children Involved as
Subjects in Research [14]. In the code different provisions are identified on the basis of the risk
level of the trial such as: 1- Research not involving greater than minimal risk; 2- Research
involving greater than minimal risk but presenting the prospect of direct benefit to the
individual subjects; 3- Research involving greater than minimal risk and no prospect of direct
benefit to individual subjects, butlikely to yield general knowledge about the subject's disorder
or condition.

In addition, research that presents a reasonable opportunity to advance the understanding,
prevention, or alleviation of a serious problem affecting the health or welfare of children can
be also approved under special conditions.

A great relevance is given to the procedures to obtain the children assent. The permission to
include a child in the trial is given by both parents in case of researches involving greater than
minimal risk, and by only one parent if only a minimal risk is concerned.

2.2.1. What is changing in the requlatory framework

After its entry into force, the EU Directive 2001/20/EC has been the object of many concerns
and debates leading to a new legislative process aimed to change and consolidate a EU
framework by the means of a Regulation® instead of a Directive. In line with different reports
and publications [15] the main problems dealing with the Directive were:

1. The need for harmonisation of aspects and procedures aimed at providing ethical protection

In contrast with the U.S. where only one Federal rule applies, in Europe Directive 2001/20/EC,
given its ‘non-binding’ nature, needed to be implemented by all the different Member States
(MSs). Therefore, the harmonisation of ethical issues and the authorisation procedures in
different countries were faced but not solved in the context of Directive 2001/20/EC, and this
holds true in the case of paediatric trials [16]. In addition, Directive 2001/20/EC does not
provide information on how competent authorities and Ethics Committees of each MS should
act in case of multi-centre and multi-national studies, while these studies prevail among the
trials aimed to a MA approval.

2. The increased burden of administrative and authoritative procedures causing delay in conducting
clinical trials in Europe

2Regulation, unlike Directive, supersedes national laws and it is directly implemented throughout Europe without the need for
transposition into national laws.
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The main cause for the decreasing number of trials conducted in Europe and for the increasing
of costs is due to the double obligation to obtain an “authorisation” from the Ethic Committees
and the Concerned Authorities to be repeated in all the concerned member states. As reported
in the EC Explanatory Memorandum preparing a new Regulation [15]: "The number of applica-
tions for clinical trials fell by 25% from 2007 to 2011. For non-commercial sponsors, the increase in
administrative requirements due to the Directive 2001/20/EC has led to a 98% increase in administrative
costs; the insurance fees have increased by 800% for industry sponsors; the average delay for launching
a clinical trial has increased by 90%, to 152 days’.

From 2016, with the application of the new EU Regulation on CTs (Regulation 536/2014) [5], a
unique central procedure will be applied to be carried out through a single EU CT portal, where
an homogeneous submission package (valid for all MSs) will be submitted in order to obtain
the CT authorisation. The centralised submission will include also the ethical assessment, both
for adults and paediatric trials.

Noticeable, the principal duty of the centralised assessment will consist in confirming or not
the nature of trial that could be ‘interventional” ‘low-risk interventional” or ‘non-intervention-

7

al’.

The category of ‘non-interventional trial is a novelty in the EU context and is based on a
recognised ‘minimal risk” of the trial (e.g. only limited procedures added to the current
therapy) to which a lower level of requirements (including insurance coverage) is needed.

A “Reporting Member State”, in charge to draw up an “assessment report” and the release of
the authorisation, will be proposed by the sponsor corresponding to the country where it
intends to carry out the Clinical Trial Application (CTA) at first. In case of multi-national trials,
the other involved MSs follow a simplified procedure of assessment focused on national and
ethical aspects (e.g. informed consent, recruitment of subjects, data protection, suitability of
investigators and trial sites, mechanisms of insurance compensation collection of biological
samples, submission fees, arrangements for rewarding/compensating investigators and
subjects) for their own territory compliance.

In case of paediatric trials, for effect of a large consultation process and after relevant amend-
ments provided by different stakeholders, in particular by the Paediatric Research Networks
(such as EnPREMAS?, TEDDY* and GRiP®), the new Regulation represents a potential positive
step in the process to increase the number and the quality of paediatric trials.

In more details, the Regulation states that:

* The application should refer to the PDCO opinions and related approved PIPs: The
Reporting MS shall assess the application with regard to the relevance of the CT, including
PDCOQO' opinions on PIPs.

3 EnPREMA is the Network of the existing Paediatric Network, stated in the Paediatric Regulation and set up at EMA

4 TEDDY is a European Network of Excellence for Paediatric Clinical Research. For more information, http://
www.teddyoung.net/

5 GRiP amendments are available here http://www.grip-network.org/index.php/sfPropelFileStorage/download/name/
GRiP+on+CT+regulation.pdf
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* As stated in the Paediatric Regulation [2], all paediatric studies should be registered in the
EU register of CTs, including studies that are part of an agreed PIP and carried out in third

countries.

With regards to the preparation of submission documents, besides the rules applying for every
type of trials, issues specifically dealing with paediatrics have been established as follow:

* the cover letter shall indicate the reference to trial population (minors), and a statement that
the trial is part of an agreed PIP.

* the link to the Decision of the Agency on its website must be indicated in order to demon-
strate that at the time of the Ethic Committee application, the Agency will have already
issued the Decision about the PIP;

* the protocol shall include a justification for including minors and detail the procedures for

inclusion of single subjects;

* the summary of the results of the CT shall include paediatric regulatory details (information
whether the CT is a part of a PIP).

Finally, some important requirements, already stated in previous non-mandatory documents,
such as the need for paediatric expertise or advice in Ethics Committees, become mandatory,
such as the involvement of minors in the informed consent procedure according to their age
and mental maturity. The table below shows the comparison between EU and U.S. rules on
specific key topics of paediatric trials.

u.s.
Europe
TOPICS (Subpart D (401-409) - Code of Federal

(Regulation 536/2014) . .
Regulations title 45-46)

The Reporting Member State and other MSs

involved authorise the trial.

The assessment includes the Ethics
Trial authorisation/ Committees review. An Institutional Review Board (IRB) approves
approval The reporting Member State shall assess the and monitors the trial.

application with regard to the relevance of

the clinical trial, including PDCO' opinions

on PIPs.

Experts in paediatric research are members

of Ethics Committees reviewing the IRBs are also allowed to invite individuals
Ethics Committee rules protocol. Alternatively the Ethics with special expertise or knowledge to provide
and competencies Committees take advice from external consultation and information on individual

experts on clinical, ethical and psychosocial protocols, where needed.

issues in the field of paediatrics.
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TOPICS

Europe
(Regulation 536/2014)

U.s.
(Subpart D (401-409) - Code of Federal
Regulations title 45-46)

Research involving

neonates

No specific rules. All rules intended to
paediatric research apply. Research on non
viable or of uncertain viability neonates are

not cited.

Specific rules apply to neonates: a) non viable,

b) of uncertain viability, c) viable (general rules

apply).

Risk/Benefit

No specific rules for paediatric population.

Each IRB shall approve only Paediatric
Research not involving greater than minimal
risk or involving greater than minimal risk if:
- presenting the prospect of direct benefit to
the individual subjects

- likely to yield general knowledge about the
subject's disorder or condition (if minimal risk
increase)

- research not otherwise approvable which
presents an opportunity to understand,
prevent, or alleviate a serious problem
affecting the health or welfare of children

(under special conditions).

Minimal Risk definition

Minimal risk could be defined as the
probability of harm or discomfort not
greater than that ordinarily encountered in
daily life or during the performance of
routine physical or psychological

examinations or tests

Minimal risk means that the probability and
magnitude of harm or discomfort anticipated
in the research are not greater than those
ordinarily encountered in daily life or during
the performance of routine physical or
psychological examinations or tests (this rule is

not a specific paediatric rule).

Consent and assent from

parents and children

Informed consent of the parents or legal
representative. Assent of the children, that
are entitled to receive information according
their age and maturity.

No minimum age is defined for providing
assent.

Need to obtain the consent if the subject
reaches the age of legal competence during

the trial

Parents (both or only one, according the level
of risk) or guardians provide permission
before children can be enrolled in research.
Researchers must seek a child’s assent unless
the IRB determines that the children to be
involved are not capable of providing assent,
given their age, maturity, and psychological
state.

The regulations do not describe the
information that must be provided to children
but rely on IRBs to use their discretion in

judging assent provisions.

Children privacy and

confidentiality

No specific rules for children issued in Reg.
536/2014 (as well as in the Privacy Directive
95/46/EC)

Children confidentiality and privacy is not

mentioned in FDA code.
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us.
Europe
TOPICS (Subpart D (401-409) - Code of Federal
(Regulation 536/2014) . .
Regulations title 45-46)
FDA regulation (50.25(a)(5)) states that in
seeking parents’ informed consent, (5) a
statement describing the extent, if any, to
The only reference is present in the EC which confidentiality of records identifying the
Ethical Recommendation,2008 subject will be maintained (including the

possibility of FDA inspection) must be
provided. However, this point is not cited with

reference to children’s assent.

Table 1. EU and U.S. regulations on paediatric research

3. Paediatric plans and paediatric trials methodology

3.1. Paediatric plans

As detailed before, both EU and U.S. legislation currently require that a developmental plan
(i.e. the PIP in EU and the PSP in U.S.) is approved by the responsible Official Bodies before
the paediatric studies will start.

PSP is required for each drug or biological product that includes a new active ingredient, new
indication, new dosage form, new dosing regimen, or new route of administration (including
a biosimilar product that has not been determined to be interchangeable with the reference
product).

FDA strongly regulates the timing to which the PSP should be presented (not later than 60
calendar days after the date of the end-of-phase 2 meeting or equivalent timing if the meeting
would not have place. A PSP should include;“(i) an outline of the paediatric study or studies
that the sponsor plans to conduct (including, to the extent practicable study objectives and
design, age groups, relevant endpoints, and statistical approach); (ii) any request for a deferral,
partial waiver, or waiver if applicable, along with any supporting information; and (iii) other
information specified in the regulations”

In EU the Paediatric Regulation [2] requires PIPs to be submitted to the Agency early, wherever
possible and the PIPs should:

* include a description of the studies and of the measures to adapt the medicineformulation
to make its use more acceptable in children, such as use of a liquid formulation rather than
large tablets;

* cover the needs of all age groups of children, from birth to adolescence;

* define the timing of studies in children compared to adults®.

279



280 Drug Discovery and Development - From Molecules to Medicine

The table below describes the main measures included in the EMA-PDCO and FDA guidance.

TOPICS EMA provisions (PIP)[17] FDA provisions (PSP) [18]

The sponsor of a “product not yet authorised’
(that NOT includes variations) (art.7).
The sponsor of a marketed patented drug
The sponsor of a ‘new active ingredient’ (that
willing to introduce variations (art. 8).
WHO includes variations) (this is an obligation under
The sponsor (even different from the MAH) PREA)
willing to develop a paediatric study on an old .
off-patent drug (art. 30. This is voluntary and

lead to a PUMA).

Early, wherever possible (in time for studies to

be conducted in the paediatric population,

where appropriate, before MAAs are

submitted).

PDCO requires: “not later than upon Not later than 60 calendar days after the date of

completion of the human PK studies and initial the end-of-phase 2 meeting (special rules apply
WHEN tolerability studies, or the initiation of the adult according with the FDA meetings timing).

phase-II studies (proof-of-concept studies), but For products for life-threatening diseases, at the

before pivotal trials or confirmatory (phase-III) end-of-phase 1 meetings.

trials are initiated.

Applications during confirmatory or phase-III

trials in adults, or after starting CTs in children,

are likely to be considered unjustified.

which AGE TO All the paediatric population’s groups (birth to All relevant paediatric populations (birth to 16
COVER 18 years). years).

Administrative and product information also

including;:

- A.5: Regulatory information on CTs related to

the

condition (EAA). n.a.

A.6: Marketing authorisation status of the
CONTENTS medicinal product.

A.7: Advice from any regulatory authorities.

A.8: Orphan drug status in the EEA.

Overview of the Disease Condition in the Overview of the Disease Condition in the
Paediatric Population: Pediatric Population:
- pathophysiology of the disease, - pathophysiology of the disease,

6 EMA website: http://www.ema.europa.eu/ema/index jsp?curl=pages/regulation/document_listing/document_list-
ing_000293.jsp&mid=WC0b01ac0580025b91
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TOPICS

EMA provisions (PIP)[17]

FDA provisions (PSP) [18]

- diagnosis,
- currently available treatments and/or
prevention

- incidence and prevalence of the disease.

- diagnosis,
-currently available treatments and/or
prevention

- incidence and prevalence of the disease.

Overview of the Drug or Biological Product:
- mechanism of action
- potential therapeutic benefits

- Other possible therapeutic uses of the drug

Overview of the Drug or Biological Product:
- mechanism of action
- potential therapeutic benefits

- Other possible therapeutic uses of the drug

Extrapolation could include:

- efficacy from adults to children or from older
to younger children,

- safety information from adults to children can
also be included,

- modelling of PK and/or PD if used for

decision-making.

Overview of Planned extrapolation to Specific
Paediatric Populations:

- any plans to extrapolate efficacy from adult or
from one paediatric age group to another
including neonates,

- extrapolation for other drugs in the same class,

can be considered as supportive information,

Request for Drug-specific waivers (global or
partial):

The requirement to submit a PIP shall be
waived for specific medicinal products or
classes of medicinal products that:

are likely to be ineffective or unsafe in part or
all of the paediatric population;

are intended for conditions that occur only in
adult populations;

do not represent a significant therapeutic
benefit over existing treatments for paediatric

patients.

Request for Drug-Specific Waiver(s):

(a) Necessary studies are impossible or highly
impracticable (because, for example, the
number of patients is so small or the patients
are geographically dispersed).

(b) There is evidence strongly suggesting that
the drug or biological product would be
ineffective or unsafe in all paediatric age
groups.

(c) The drug or biological product (1) does not
represent a meaningful therapeutic benefit and
(2) is not likely to be used in a substantial
number of paediatric patients

Partial waiver provision also apply:

-if attempts to produce a paediatric formulation
failed

- for a specific age group.

Planned Nonclinical and Clinical Studies and

timeline

Planned Nonclinical and Clinical Studies and

timeline

Paediatric Formulation Development

Pediatric Formulation Development

Table 2. Main provision to apply for PIP and PSP

Considering the two described systems, we noted some interesting differences. In particular,
while the EU Paediatric Regulation covers all the paediatric medicines (in-patent, off-patent,

under development) and deserves incentives only to the off-patent drugs, in U.S. two different
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regimens apply for: a) medicines to be granted a paediatric exclusivity after a solicited request
(Written Request) as stated in BPCA, and b) medicines for which a PSP is mandatory under
PREA. Noticeably, the medicines that are under PREA can also be granted a Written Request,
allowing to receive a paediatric exclusivity (see also Fig.1).

New Drug Development Process
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Figure 1. Paediatric drug regulatory process in EU and U.S. (source: FDA and EMA Paediatric Regulatory Process: |
Temek, MD, FDA website)

Moreover, the paediatric developmental plan procedures of the two Agencies are not com-
pletely aligned mainly due to the different regulatory status provided by the different
regulations and the different approaches of the two Committees. In particular:

InEU, unlikein the U.S., a MAA (Marketing Authorisation Application) (equivalent to NDA
in U.S.) must contain the results of the paediatric studies conducted in compliance with the
agreed PIP (or waiver or deferral). In lack of this, the MA cannot be granted.

In EU, the paediatric product development is requested earlier in the regulatory process
than in U.S.

In EU, the PDCO, the counter part to the PeRC in the U.S, unlike the PeRC, makes binding
decisions.

FDA “feasibility ” criteria for waivers do not exist in the EU legislation. Thus, a study may
be required in EU but waived in the U.S. under PREA.

FDA may request or grant paediatric studies under BPCA, using the voluntary financial
incentive, even during the PSP process, while in Europe patented drugs do not have access
to financial incentives.
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* Finally, unlike the U.S., the EU does not have a public process whereby paediatric focused
post-marketing safety reviews are presented to an Advisory Committee.

These differences still represent an obstacle to a prompt development of paediatric drugs in a
global context. An intensive work aimed at merging the paediatric efforts at the two levels is
highly required and desirable. To this aim, currently a process of ‘Information Exchange’ is in
place to discuss product-specific paediatric development issues and general scientific/
regulatory/safety issues. The Japan Pharmaceuticals and Medical Devices Act (PMDA) has
recently joined this initiative as observer.

3.2. Paediatric trials methodology

3.2.1. The ICH-E11 guideline

Before specific paediatric legislations were in place, regulators, companies and clinicians were
well aware that the current methodological approach, based on well-designed RCTs, could
result difficult to apply in selected cases such as the paediatric population.

In particular, in paediatrics the following issues are challenging large population available for
RCTs, randomisation procedure, placebo use, availability of validate paediatric endpoints,
appropriate outcomes, long-term effects evaluations, etc.

The ICH-E11 Guideline, issued in 2000 at international level [19], has represented the main
international reference for paediatric CTs and the methodological standard to perform
paediatric CTs scientifically correct, and ethical in the same time. It still represents the only
standard acceptable by the Regulatory Authorities.

The guideline milestones are:

* Paediatric patients should be given medicines that are properly evaluated for their use in
the intended population.

* Product development programs should include paediatric studies when paediatric use is
anticipated.

* Development of appropriated products in paediatric patients should be timely and, often
requires the development of paediatric formulations.

* The rights of paediatric participants should be protected and they should be shielded from
undue risks.

* Responsibility should be shared among companies, regulatory authorities, health profes-
sionals and society as a whole.

* Marketing Authorisation Holders (MAHs), and competent authorities/medicine regulatory
agencies are the two major stakeholders responsible for medicine safety at the time of
authorisation.

The approach to the clinical programme needs to be clearly addressed with the regulatory
authorities at an early stage and then periodically during the development process. To this
aim, the guideline has provided specific indications on trial characteristics, including;:
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* when initiating a paediatric program for a medicinal product (need of a medicinal products,
therapeutic benefits, lack of alternatives);

* timing of initiation of paediatric studies during medicinal product development (need that
preliminary safety/tolerability data are known in adults);

* types of studies (PK, PK/PD, efficacy, safety); according to the principle to avoid unneces-
sary studies in all paediatric age groups, large efficacy studies should be considered only
when extrapolation of results from adults (or from older children to younger) is not feasible;
on the contrary, PK studies and short and long term safety evaluations are always required.

* age categories: five paediatric ages have been identified from neonates to adolescents and
each paediatric group should be given medicines that have been appropriately evaluated
for their use;

* special rules for ethic approval of paediatric clinical investigation (including children right
to be informed and privacy).

3.2.2. The ICH-E11 modification process

Currently, a revision of the ICH-E11 guideline is ongoing. It derives by the relevant changes
occurred in the last years, both at scientific and regulatory levels. Innovative methods of
research are in progress to overcome the existing paediatric studies limitations and are having
a profound impact on the assessment procedures at the regulatory agencies level. The main
novelties in the field are:

* use of innovative PK/PD methodologies for dosing and efficacy extrapolation exercises [20];

* use of population PK PD (pop PKPD) models to assess different clinical scenarios without
exposing children to any risk to explore new drug [21];

* use of alternative statistical approaches to reduce the size of the experimental population
and the number of the trials needed in the clinical phase [22].

The updated E11 Guideline as proposed in August 2014, aims to include the new scientific and
technical knowledge advances in paediatric drug development in a new regulatory guidance.
To this aim, an addendum to the ICH Topic E11 guideline will be finalised by November 2015
with the following revised topics:

* Timing of paediatric development: need for more harmonisation and clarity to guide the
developers of paediatric medicines; it is proposed to focus on the multi-national/multi-
regional status of many paediatric trials for which the requirements of multiple regulatory
authorities should be satisfied.

* Age classification and paediatric subsets including neonates: there is the need for better
understanding the developmental process in paediatric subsets, especially neonates and
infants.

* Ethical considerations in paediatric studies: there is the need for enhance the ethical
considerations in paediatric studies.



Clinical Trials in Paediatrics — Regulatory and Methodological Aspects
http://dx.doi.org/10.5772/60611

* Types of studies and methodology of CTs: the advances in paediatric CTs design and
conduct should be incorporated in the ICH-E11 guidance including: innovative study
designs, development of clinical outcome assessments, development of validated age-
appropriate clinical endpoints and surrogate markers (biomarkers), specific scales for
measuring outcomes particularly in case of younger age groups,

* Common rules to apply appropriate principles for extrapolation of data (from adult to
paediatric populations or older children or different indication). This last point could
possibly lead both the Agencies to agree a Paediatric Algorithm firstly proposed at FDA
level and still now not regularly adopted at EMA level.

* Formulation challenges in paediatric drug development: need for developing specific
comprehensive guidance on formulation development for children.

Pediatric Study Decision Tree

Reasonable to assume (pediatrics vs adulis)
< similar disease progression?
¥ similar response to intervention?

:\'LL/ “\JYES T0 BOTH

«Conduct PK stadies Reasonable fo assume similar
“Conduct safety/eflicacy trials* concentratlon-response (C-R)
in pediatrics and adulis?

NO I y l}rs

Is there a PD measurement** Conduct PK studies to
that can be used 1o predict achieve levels similar to adults
efflcacy? *Conduct safety trials
) vEs
*Conduct PE/PD studies to get Conduct safety trials

C-R for PI) measurement
Conduct PK studies to achleve
target concentrailons based on C-R

Figure 2. Paediatric Study decision tree for bridging efficacy data in an adult population to a paediatric population
(source: FDA)

4. Paediatric trial incentives and main results of the existing legislation

As stated before, important changes both in U.S. and EU legislations both imposed the
pharmaceutical industry to study medicines in children, with the aim to increase the number
of paediatric trials to be conducted, to reduce the existing gap. A comparison between the two
regulations in terms of impact on paediatric trials is difficult, because of the existing differences
on requirements and incentives provided in the two contexts, as well as the very limited
amount of published data on the regulations results. As a general finding, it seems that public
funding provisions and active strategies both in Europe and US have a strong relevance in
improving the current situation through the conduction of studies in children and adolescent
in the world.
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4.1. Impact of paediatric regulation on paediatric trials

In Europe, the most recent available document summarising the main results of the Paediatric
Regulation has been released by the EC covering the period 2007-2012. It provides relevant
information on PIPs and paediatric trials approved in Europe. It states that:

By the end of 2012, the Agency had agreed 600 PIPs (more than 1.000 presented). Of these, 453
were for medicines that were not yet authorised in the EU (Article 7), while the remaining ones
are related to new indications for patent-protected products (Article 8) or PUMA (Article
30).These plans cover a broad range of therapeutic areas, as shown in the figure below and all
the paediatric ages including neonates.

Therapeutic areas addressed by the paediatric investigation plans (2007-2011)
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Figure 3. Therapeutic areas addressed by the PIPs (2007-2011).

Regarding the number of paediatric trials, the reference derived by the official source Eu-
draCT® demonstrates that the number of trials in children did not increase after the approval
of the Regulation but remained stable between 2006 and 2012, corresponding to an average of
350 trials per year. However, until recently EudraCT was limited to paediatric trials com-

7 Progress Report on the Paediatric Regulation COM (2013) 443 Final

8 EUDRACT is the EU register of all (ongoing, completed, prematurely terminated) trials with medicinal products taking
place in the European Union and those studying medicines for paediatric use contained in an agreed PIP carried out in
third countries.
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mencing in the EU, while data on paediatric trials that are part of a PIP and conducted outside
the EU have only become available since spring 2011.

2005 2006 2007 2008 2009 2010 2011 2012
Paediatric trials
{rember) 254 316 555 342 404 379 354 LY,

Paediatric trials
that are part of an
agreed PIP*
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Table 3. Paediatric Clinical Trials by year of authorisation.

Of the total number of trials conducted in the last years after the approval of the Paediatric
Regulation, only a few have been included in the Marketing Authorisation documentation, in
order to obtain a paediatric indication.

In particular, data from TEDDY-EPMD?, a database including information on the paediatric
medicines approved by EMA, demonstrate that, after the implementation of the Paediatric
Regulation, on a total of almost 70 new active substances approved for children by EMA, 33
applications include a paediatric plan (all available in “COM (2013) 443 Final’ at www.ema.eu-
ropa.eu). Additional 12 medicines received a paediatric indication using results of the existing
studies after reviewing all the studies at central level (art.45-46 of the Paediatric Regulation)
(26).

4.2. Impact of FDA rules on paediatric trials

Between the 1998 and 2011the FDA issued ~340 Written Requests for new paediatric studies,
today 533 labelling changes associated with BPCA and PREA acts have been approved (BPCA
only = 161; BPCA + PREA = 73; PREA only = 249; Rule = 49; None = 1), which is significantly
higher if compared to the number of labelling changes approved in Europe.

On the basis of these data, according to Lynn Yao it is possible to affirm that: ‘Before BPCA
and PREA became law, more than 80% of the drugs approved for adult use were being used

9 www.teddyoung.net
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in children, even though their safety and effectiveness had not been established in children.
Today that number has been reduced to about 50%. (http://blogs.fda.gov/fdavoice/index).

With New Pediatric Studies N°484
PK 122
Efficacy 133
Safety 281
With no New Pediatric Studies N°49
TOTAL N°533

Table 4. FDA- New Pediatric Labelling Information Database (1998-2014)

An analysis performed on 174 CTs completed for Pediatric Exclusivity published in May 2010
[23], demonstrated that the U.S. is the most frequent site for conducting CTs, followed by
Europe. However, 65% of paediatric trials were conducted in at least 1 country outside the
U.S. and 11% did not include any sites in the U.S. Fifty-four countries were represented, and
38% of trials enrolled patients in more than 1 site located in a developing/transition country.
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Figure 4. Location of 174 trials included in BPCA act.

Under these programs, ~436 separate studies that enrolled ~56,000 children were performed
over a 5-years period. An example of results achieved by public incentives to paediatric
research is provided by an extensive study evaluating outcomes of BPCA procedures granted
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from 2002 to 2007 [24]. This study, analysing 99 Written Request'® applications submitted to
FDA, reports that:

* 257 paediatric CTs (average 2.6 trials per application) have been conducted, covering
approximately 60 indications. The most commonly studied indications were bacterial
infections;

* the paediatric trials enrolled at least 46,000 subjects in 5,850 clinical centres;
* all paediatric ages have been addressed, but most of patients were aged 12-17 years old;

* in contrast with the sponsors’ trend to shift the location of adult trials away from the country,
the U.S. remains the dominant location for paediatric trials (54%), although most paediatric
drug programmes are global;

¢ The trials were distributed across more than 60 countries and the EU contributed 11% of the
centres and 7% of patients

4.3. Funded studies for paediatric medicines in EU and US

Both in EU and in U.S,, funding is devoted to better support paediatric drugs development.
Initiatives in this direction are justified under many points of view such as:

Relatively few trials specifically studying the younger age groups, (neonates, infants and
toddlers) were approved. In fact it has been demonstrated [23] that from 1998 through 2010,
only 23 (6 percent) of the 365 labelling changes, after the submission of new paediatric studies,
included the addition of information from studies with neonates.

The most commonly studied indications do not necessarily reflect greatest paediatric thera-
peutic needs but closely matched the distribution of these drugs over the adult market, and
not the drug utilization by children [23].

Off-label drugs are poorly studied. Neither the financial benefit for the pharmaceutical
companies in USA, neither the new MA, the PUMA, ad hoc created in EU, demonstrated to be
attractive for the commercial sponsors.

Strategies have putin place to overcome this limitation mainly based on funding ad hoc studies
and promoting non-commercial, research-driven paediatric trial. Positive examples of these
strategies in EU and in US are described below.

1.  FP7 Research Framework provisions to develop off-patent drugs currently used off-label in children

The EU supports research into paediatric medicinal products through its multi-annual
Framework Programme for Research and Technological Development.

According to article 40 of the Regulation, the European Research Framework Programs should
reserve funds to support PUMAs in case of off-patent drugs recognised as of high therapeutic
interest for children and included in a ‘Priority List’ (PL) adopted, on annual basis, by the EMA
(European Medicines Agency) through its Paediatric Committee.

10 A Written Request may be initiated by FDA or in response to a Proposed Pediatric Study Request (PPSR).
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In the last 6 years such EC funds have been delivered through the Seventh Framework
Programme for Research (FP7-FRP). In particular, with reference to HEALTH-(2007-2013)
Programme area, five calls for proposal have been released with reference to the topic 4.2-1 ‘to
develop off-patent medicinal products for the paediatric population’.

From 2007 to 2013, 20 projects were granted with funds. The total amount awarded to these
projects is 98.6 million Euros.

The twenty approved projects are investigating a total of 24 active substances, in 10 therapeutic
areas (see tab. 5). In particular a total of 71 studies have been funded, involving almost 400
investigational sites in EU and non-EU countries, 246 partners of whom 51 are private
companies and around 7000 children (representing 23% of all the paediatric patients included
in clinical trials in Europe from 2007 to 2011) were recruited. Eighty percent of the projects
include studies to develop new age-appropriate formulations or dosage form and all paediatric
subgroups are represented in the clinical trials with particular reference to preterm and/or term

newborns.
Project Active Substance(S) Addressed paediatric indication(s) Therapeutic area
TR Ciprofloxacin* treatment of infections in preterm and term
Fluconazole newborns
treatment of infections in preterm and term
TINN2 Azithromycin
newborns
treatment of late-onset sepsis in neonates and
infants aged <3 months Infections
NeoMero Meropenem
treatment of bacterial meningitis in neonates and
infants aged <3 months
treatment of late onset bacterial sepsis caused by
NeoVanc Vancomycin vancomycin susceptible bacteria in neonates and
infants aged under three months
Morphine
NeoOpioid treatment of acute pain
Fentanyl Pain
GAPP Gabapentin treatment of chronic pain
Loulla & Methotrexate*
. treatment of Acute Lymphoblastic Leukemia
Philla 6-Mercaptopurine*
Cyclophosphamide Malignant neoplasms
03K treatment of paediatric malignancies
Temozolomide
EPOC Doxorubicin* treatment of childhood cancer
HIP trial Dopamine management of hypotension in preterm newborns
NeoCirc Dobutamine treatment of systemic hypotension in infants Cardiology

LENA Enalapril cardiac failure in children
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Project Active Substance(S) Addressed paediatric indication(s) Therapeutic area
treatment of neonatal seizures in babies with
NEMO Bumetanide
hypoxic ischemic encephalopathy Neurology
KIEKIDS Ethosuximide treatment of absence and myoclonic epilepsy
treatment of adrenal insufficiency in neonates and
TAIN Hydrocortisone* .
infants Endocrinology
METFIZZ Metformin treatment of polycystic ovary syndrome
Intensive care/
CloSed Clonidine* Sedation in intensive care
anaesthesiology
DEEP Deferiprone* treatment of chronic iron overload Haematology
treatment of conduct disorder Child & adolescent
PERS Risperidone
treatment of schizophrenia psychiatry
Respiratory and
NEuroSIS Budesonide* prevention of bronchopulmonary dysplasia

cardiovascular disorders

* received an Orphan Drug designation (four in the same indication addressed by the project)

Table 5. FP7 approved projects in Europe ([25]

These data demonstrated that paediatric studies receiving support from the EU institutions
are attractive even outside Europe and also for the private companies engaged in view of the
final PUMA approval.

Furthermore, to date, 22% of the planned enrolment for these trials is completed, that is in
contrast with the reported low recruitment capacity and difficulties with the conduct of
paediatric trials in Europe.

2.  The Pediatric Trials Network (PTN)

Sponsored by the Eunice Kennedy Shriver National Institute of Child Health and by the
Human Development (NICHD), the Pediatric Trials Network (PTN) is an alliance of clinical
research sites located around the United States that are cooperating in the design and conduct
of paediatric CTs. PTN relates to BPCA since funds are devoted to develop research driven
studies in the area where the investments of private companies are very limited and the FDA
incentives resulted insufficient.

As European Consortia, the PTN is studying the formulation, dosing, efficacy, and safety of
drugs used in paediatric patients. In keeping with the goals of the Best Pharmaceuticals for
Children Act, data collected from PTN trials will help regulators to revise drug labels for safer
and more effective use in infants and children.

Currently 20 PTN trials are in progress, the results of 4 of them have been published. Notice-
ably, 3 active substances funded within PTN are also funded under EU FP7 projects. The list
of the projects is available on the FDA website and results are continuously updated.
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Trial Status
N Enrolment and analysis completed, clinical study report submitted to FDA, results
published
TAPE Enrolment completed in less than 2 months, results published
Acyclovir Enrolment complete, analysis in progress, results published
Hydroxyurea Enrolment completed
POPS Enrolment ongoing
Lisinopril PK Database locked; analyses in progress
Midazolam Data analysis in progress
Ampicillin Results published
Obesity informatics Analysis in progress
Anti-staph trio Enrolment ongoing
Sildenafil Enrolment ongoing, interim PK analysis
Clindamycin obesity Enrolment ongoing
Fluconazole safety Meta-analysis ongoing
Midazolam obesity Protocol in development
Acyclovir phase II Protocol complete, opening sites
Pantoprazole Enrolment ongoing
Pediatrix meta-analysis Protocol complete, analysis ongoing
Antibiotic safety (SCAMP) Protocol complete, selecting sites
Diuretic safety Protocol complete, opening sites
Methadone pharmacokinetics Enrolment ongoing

Table 6. PTN trials

Taking into account these results, we consider that the problems issued by paediatric drug
development are only partially solved. Regulations are now quite similar both with reference
to the requirements and the incentives provided but profound differences still exist in the
practical application.

The U.S. remains the dominant location for paediatric trials but the balance may change in the
future. EU results in increasing the numbers of paediatric approved drugs are still disappoint-
ing but in EU the number of studies in specific categories (neonates) and of projects responding
to real therapeutic need (off-label) is higher than in US. However the approved drugs in this
category still remain very few (on a total of 533 labelling changes in U.S. only 19 off-patent
drugs have been the object of a FDA Written Request while in EU only 2 PUMA have been
granted till now).
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5. Conclusive remarks

Despite many regulatory provisions have globally focused, in EU and in US, the attention on
the paediatric themes, some significant issues have to be further improved in order to fill in
the existing gaps. Some of the most relevant criticisms are summarised below.

1.

Especially in EU, it has been recognised that paediatric development strategy is still often
perceived as a regulatory obligation, more than an integral part of the whole medicinal
development process [26].

Paediatric provisions demonstrated not to be able to specifically address the paediatric
needs. For example, in Europe most of the therapeutic needs periodically identified by
expert groups at EMA/PDCO are still uncovered by PIPs and/or PUMAs. In the U.S. there
is a discrepancy between the drug prescription pattern in children and the drugs granted
paediatric exclusivity. Actually, the majority of drugs granted paediatric exclusivity is
rarely used by children and drugs frequently used by children are underrepresented in
the paediatric studies aimed to obtain exclusivity [27].

The field of neonatology is quite critical. In Europe, the number of neonates included in
clinical trials substantially increasedafter the Paed. Reg. entered into force [3]. However
many neonatal therapeutic needs recognised by EMA/PDCO are still unmet [28]. Simi-
larly, in the U.S. only a small percentage (6%) of the labelling changes involving the
submission of new paediatric studies included the addition of information from studies
with neonates [29].

With reference to the availability of drug formulations suitable for children, a lack of age-
appropriate formulations, in terms of safety of excipients, palatability, acceptability,
dosing flexibility, accuracy and practical handling still exists [3]. In U.S., a public-funded
Pediatric Formulations Platform' is trying to fill this gap but no similar initiatives have
been identified in Europe.

Deferral measures have been introduced in both regions to avoid delays, provoked by
paediatric development, to the availability of drugs for adults. As a negative counterpart,
deferrals are deeply impairing paediatric drug development: 63% of new medicines
intended for both adults and children have a deferral in the agreed PIP [3]. In the U.S,
despite nearly all (98%) of the rationales for deferrals were consistent with the law, the
amount of deferred studies delayed and/or pending is relevant (78%). It has been esti-
mated that the number of pending studies grew by 50%, while the number of delayed
studied increased by more than 80% [30].

Another example of criticism in paediatric drugs availability deals with rare diseases: both
in EU and in the U.S, very few medicinal products for rare diseases affecting children have
a paediatric indication'>. As a consequence, in the U.S. (but not in EU), specific orphan

11 http://bpca.nichd.nih.gov/collaborativeefforts/initiatives/pages/index.aspx

12 data deriving from EuOrphan, a database of EU and U.S. orphan drugs hosted by Gianni Benzi Foundation
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programs for paediatrics have been recently proposed (Rare Pediatric Disease Priority
Review Voucher Program). The first voucher was awarded under this program in February
2014, but it is still too early to measure the impact.

7. Finally, a lack of appropriate measures to incentive paediatric research has been ob-
served especially in EU. As already mentioned, the PUMA hasbeen unsuccessful untilnow
and, despite the positive results achieved by the projects for the development of off-
patentdrugs, thespecificfunding programmesetup from2007 to2013 under the EU Seventh
Framework Programme has not been renewed in Horizon 2020.

On the basis of these few considerations, EU and U.S. regulators should continue to discuss
coordinated approaches and to share results.

In particular, these efforts should be concentrate to minimize unnecessary paediatric trials and
to optimize trial design, so that the limited paediatric populations available are enrolled only
in ethically implemented, scientifically important trials.

Acknowledgements

This project has received funding from the European Union’s Seventh Framework Programme
for research, technological development and demonstration under grant agreement n°® 261060
- GRiP (Global Research in Paediatrics).

Author details

Adriana Ceci", Viviana Giannuzzi', Donato Bonifazi?, Mariagrazia Felisi?, Fedele Bonifazi? and
Lucia Ruggieri®

*Address all correspondence to: adriceci.uni@gmail.com
1 Fondazione per la Ricerca Farmacologica Gianni Benzi onlus, Valenzano, Italy
2 Consorzio per Valutazioni Biologiche e Farmacologiche, Pavia, Italy

3 Gruppo Italiano per gli Studi di Farmacoeconomia, Pavia, Italy

References

[1] U.S. Code 21 CFR Part 201, Specific Requirements on Content and Format of Label-
ing for Human Prescription Drugs; Revision of “Pediatric Use” Subsection in the La-
beling; Final Rule, December 13, 1994 (FR 59 64240).



[12]

[13]

Clinical Trials in Paediatrics — Regulatory and Methodological Aspects
http://dx.doi.org/10.5772/60611

European Parliament and Council of the European Union. Regulation (EC) No
1901/2006 of 12 December 2006 on medicinal products for paediatric use and amend-
ing Regulation (EEC) No 1768/92, Directive 2001/20/EC, Directive 2001/83/EC and
Regulation (EC) No 726/2004. Official Journal of the European Union, 2006,L 378/1.

EMA/PDCO 5-year Report to the European Commission General report on the expe-
rience acquired as a result of the application of the Paediatric Regulation (2012)
EMA/428172/2012.

European Parliament and the Council of the European Union. Directive 2001/20/EC
of 4 April 2001 on the approximation of the laws, regulations and administrative pro-
visions of the Member States relating to the implementation of good clinical practice
in the conduct of clinical trials on medicinal products for human use. Official Journal
L121, 01/05/2001.

European Parliament and Council of the European Union. Regulation (Eu) No
536/2014 Of The European Parliament And Of The Council of 16 April 2014 on clini-
cal trials on medicinal products for human use, and repealing Directive 2001/20/EC.
Official Journal of the European Union, 2014, L158.

Food and Drugs Administration, Food Safety Modernization Act (FSMA) of 1997 P.L.
105-115 111 Stat. 2296

Food and Drugs Administration, Best Pharmaceuticals for Children Act (BPCA) of
2002 P. L. 107-109. Stat. 1789

Food and Drugs Administration, Paediatric Research Equity Act (PREA) of 2003 P. L.
108-155. Stat. S 650

European Parliament and Council of the European Union. Directive 2005/28/EC of 8
April 2005 laying down principles and detailed guidelines for good clinical practice
as regards investigational medicinal products for human use, as well as the require-
ments for authorisation of the manufacturing or importation of such products. Offi-
cial Journal of the European Union, 2005, L91.

European Medicines Agency. ICH Topic E 6 (R1): Guideline for Good Clinical Prac-
tice. CPMP/ICH/135/95. July 2002.

European Parliament and Council of the European Union. Regulation (EC) No
726/2004 of 31 March 2004 laying down Community procedures for the authorisation
and supervision of medicinal products for human and veterinary use and establish-
ing a European Medicines Agency. Official Journal of the European Union, 2006,L
136/1.

Altavilla A, Giaquinto C, Giocanti D, Manfredi C, Aboulker JP, Bartoloni F, et al. Ac-
tivity of ethics committees in Europe on issues related to clinical trials in paediatrics:
Results of a survey. Pharmaceuticals Policy and Law. 2009; 11(1.2):79-87.

European Commission. Ethical Considerations for Clinical Trials on medicinal prod-
ucts conducted with the paediatric population - Recommendations of the Ad Hoc

295



296 Drug Discovery and Development - From Molecules to Medicine

[16]

[17]

(18]

[19]

[21]

[22]

[23]

[24]

[25]

Group for the development of implementing guidelines for Directive 2001/20/EC re-
lating to good clinical practice in the conduct of clinical trials on medicinal products
for human use, 2008.

Code of Federal Regulations, Title 45 Public Welfare Department of Health and Hu-
man Services Part 46 Protection of Human Subjects, 2009.

European Commission, Proposal for a Regulation of the European Parliament and of
the Council on clinical trials on medicinal products for human use, and repealing Di-
rective 2001/20/EC (COM(2012) 369 final), 17.7.2012

Altavilla A, Giaquinto C, Ceci A. European survey on ethical and legal framework of
clinical trials in paediatrics: results and perspectives. J Int Bioethique. 2008; 19(3): p.
17-48.

European Commission. Communication from the Commission — Guideline on the
format and content of applications for agreement or modification of a paediatric in-
vestigation plan and requests for waivers or deferrals and concerning the operation
of the compliance check and on criteria for assessing significant studies (2014/C
338/01).

Food and Drugs Administration, Guidance for Industry Pediatric Study Plans: FDA,
July 2013.

European Medicines Agency. ICH Topic E 11. Clinical Investigation of Medicinal
Products in the Paediatric Population Note for guidance on clinical investigation of
medicinal products in the paediatric population (CPMP/ICH/2711/99).

De Cock RF, Piana C, Krekels EH, Danhof M, Allegaert K, Knibbe CA. The role of
population PK-PD modelling in paediatric clinical research. Eur ] Clin Pharmacol.
2011 May;67 Suppl 1:5-16.

Knibbe C, Della Pasqua O, Danhof M. Personal communication: Introduction to pop-
ulation PKPD modelling in paediatric paediatric clinical pharmacology. Available at:
http://www.ema.europa.eu/docs/en_GB/document_library/Presentation/2009/11/
WC500009645.pdf

Ceci A, Catapano M, Manfredi C, Wong I et al. Drug Development — A Case Study
Based Insight into Modern Strategies, edited by Chris Rundfeldt, p.cm. ISBN
978-953-307-257-9.

Dunne J. et al. Globalization Facilitates Pediatric Drug Development in the 21st Cen-
tury, Drug Information Journal, Vol. 44, pp. 757-765, 2010.

Pasquali S. et al. Globalization of Paediatric Research, Paediatrics Vol 126: September
2010.

Ruggieri L, Giannuzzi V, Baiardi P, Bonifazi F, Davies EH, Giaquinto C, Bonifazi D,
Felisi M, Chiron C, Pressler R, Rabe H, Whitaker MJ, Neubert A, Jacqz-Aigrain E,
Eichler I, Turner MA, Ceci A; on behalf of the GRiP Consortium. Successful private-



[26]

[28]

[29]

[30]

Clinical Trials in Paediatrics — Regulatory and Methodological Aspects
http://dx.doi.org/10.5772/60611

public funding of paediatric medicines research: lessons from the EU programme to
fund research into off-patent medicines. Eur ] Pediatr. 2014 Sep 23.

General report on experience acquired as a result of the application of the Paediatric
Regulation, summary of the replies to the public consultation, Brussels,
SANCO/D5/FS/ci D(2013) 27105

Boots I, Sukhai RN, Klein RH, Holl RA, Wit JM, Cohen AF, Burggraaf J.Stimulation
programs for pediatric drug research — do children really benefit? Eur ] Pediatr. 2007
Aug;166(8):849-55. Epub 2007 Jan 17.

European Medicines Agency/Paediatric Committee (2007-2013) priority list for stud-
ies on off-patent paediatric medicinal products

Institute of Medicine. Safe and Effective Medicines for Children: Studies Conducted
Under the Best Pharmaceuticals for Children Act and the Pediatric Research Equity
Act. Washington, DC: National Academies Press; 2012.

Outcomes of Written Requests, Requirements, Studies, and Labeling Changes Cover
of Safe and Effective Medicines for Children in “Safe and Effective Medicines for
Children: Pediatric Studies Conducted Under the Best Pharmaceuticals for Children
Act and the Pediatric Research Equity Act.” Committee on Pediatric Studies Con-
ducted Under the Best Pharmaceuticals for Children Act (BPCA) and the Pediatric
Research Equity Act (PREA); Board on Health Sciences Policy; Institute of Medicine;
Field M]J, Boat TF, editors. Washington (DC): National Academies Press (US); 2012
Feb 29

297






Chapter 13

Intranasal Drug Administration — An Attractive Delivery
Route for Some Drugs

Degenhard Marx, Gerallt Williams and
Matthias Birkhoff

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59468

1. Introduction

Intranasal drug administration has a long tradition and was and is still used for medical as
well as recreational purposes. The most common use is for treatment of local symptoms e.g.
nasal congestion in the course of a common rhinitis or inflammation linked to allergic rhinitis.
The medications intended for local activity are well established and can be found across the
globe in every pharmacy and drug store. Examples for topical treatment of rhinitis are
decongestants (oxymetazoline, xylometazoline, naphazoline), anti-histamines (azelastine,
levocabastine, olopatadine) and glucocorticoids (e.g. mometasone, budesonide, fluticasone).
For this particular indication, drugs should act fast and only locally while systemic absorption
should be as low as possible; this to avoid systemic side effects which are linked with typical
oral formulations of comparable drug substances.

As described earlier [1] intranasal administration has much more potential. The nasal mucosa
can be used for non-invasive systemic administration of drugs. The surface of the nasal mucosa
in humans is around 150 cm?, a tissue which is well supplied by blood vessels. This ensures a
rapid absorption of most drugs, can generate high systemic blood levels and avoids the first
pass metabolism which needs to be taken into account following oral administration. This
bypassing of the gastrointestinal system even enables the delivery of peptide hormones [1].
Calcitonin and desmopressin are on the market for years now; insulin and glucagon were
under clinical development for this administration route [2].

The rapid absorption of drugs via the nasal mucosa is also utilized for pain medications (e.g.
fentanyl nasal sprays), rescue medications like naloxone for opioid overdosing or midazolam
for seizures in children. An important aspect for such medications is that intranasal adminis-

I m EC H © 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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trationis considered a non-invasive administration route and easy to do for self-administration
or for care-givers. It has a low potential for injuries or disease transmission (hepatitis B, HIV).
This is of special importance if fast relief from severe symptoms is required and patient’s ability
to deal with injections is impaired. Intranasal triptanes for migraine treatment, fentanyl to stop
cancer breakthrough pain and ondansetrone to relieve nausea are examples for this trend. For
these indications, single dose systems or multi-dose pumps with counting or lock-out mech-
anisms are available to reduce the risk of unintended overdosing or misuse [1].

Vaccines may also benefit from the intranasal route. Existing vaccines commonly utilize the
intramuscular and oral administration route. While the respiratory and gastrointestinal tract
is very immune competent and fights with microbes permanently, the muscle is not the first
choice. Intramuscular vaccination primarily induces systemic immune response, mainly via
formation of vaccine-strain specific circulating antibodies. Injections of vaccines were done
since the early days and they are indeed effective. So for most people today vaccination is equal
to getting an intramuscular injection which is linked to pain. For the health care professional
itis linked to fears of needle stick injuries, risk of disease transmission and dangerous medical
waste.

Figure 1. Multi-dose spray pumps can be fitted onto the bottles using a crimp ferrule, screwed-on or simply snapped
on (from left to the right). In the forefront different types of nasal spray actuators.

Intranasal vaccination provides a promising non-invasive and gentle alternative. The nasal
mucosa is continuously exposed to dust and microbes and therefore extremely immune
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competent. Due to the presence of the so called nasal-associated lymphoid tissue (NALT),
intranasal vaccination elicits broader protection. It induces mucosal (protection at the site of
infection) and systemic immunity, which includes antibody formation as well as activation of
circulating immune cells. It has also been reported that the nasal route induces cross-protection
against variant strains of e.g. influenza viruses, an observation which may contribute to the
development of so-called “universal vaccines”. There is also evidence that this administration
route may enable the development of therapeutic vaccines for chronic, hard-to-treat diseases
such as hepatitis B [3].

Intranasal administration is an attractive route for a wide range of drugs and indications. With
this review we will try to provide some insight into this technology and some considerations
for a successful development of such drugs.

2. Evolution of multi-dose spray pumps

Multi-dose spray pumps represent the highest share of delivery systems for intranasal
administration. This type of pumps was developed some 50 years ago and ousted step by step
droppers and pipettes. These multi-dose spray pumps now dominate the market because they
are very cost effective and convenient. The technical solution is quite simple: drug formulation
is filled into multi-dose bottles made of glass or different plastic materials, which are closed
by attaching the nasal spray pump including a dip tube. Nasal spray pumps are displacement
pumps and when actuating the pump by pressing the actuator towards the bottle, a piston
moves downward in the metering chamber. A valve mechanism at the bottom of the metering
chamber will prevent backflow into the dip tube. So the downward movement of the piston
will create pressure within the metering chamber which forces the air (before priming) or the
liquid outwards through the actuator and generates the spray. When the actuation pressure
is removed, a spring will force the piston and actuator to return to its initial position. This
creates an underpressure in the metering chamber which pulls the liquid from the container
by lifting up the ball from the ball seat above the dip tube at the bottom of the metering chamber
[1]. The metering chamber ensures the right dosing and an open swirling chamber in the tip
of the actuator will aerosolize the metered dose. In these pumps systems no measures are taken
to prevent microbial contamination when in use, thus the formulation must contain preser-
vatives, in most cases benzalkonium chloride (BAC). To date, most of the medications
administered nasally contain a preservative to support long storage times and proper in-use
stability. For some years now, most manufacturers of delivery systems offer so called “pres-
ervative free systems” (PFS) which are designed in such a way that no preservatives have to
be added. At least in Europe, authorities support the use of preservative-free nasalia and
request it for children and adolescents [4]. A switch from preserved to unpreserved medica-
tionsis also often used as a life-cycle management measure and the products are clearly labeled
as “without preservatives” or “does not contain preservatives”. Today, preservative free
systems are most widely used to moisturize the nasal mucosa using saline solutions or for
nasal decongestants.
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Figure 2. Components of a typical multi dose pump. For a fully functional system a dip tube, fixture and actuator need
to be added.

In December 2012, the US Consumer Product Safety Commission (CPSC) issued a rule to
require child resistant (CR) packaging for any over the counter or prescription product
containing the equivalent of 0.08 milligrams or more of an imidazoline [5]. This class of drugs
is widely used as decongestant for cough & cold medications. The reason for this request was
the high number of accidental uptake of such medications by children and resulting serious
health risks. The commission estimated that approximately 39 million units of nasal products
containing imidazolines are sold annually in the US. A great proportion of the nasal products
are presented with metering nasal spray pumps. In a comment [5] the CPSC stated that nasal
spray pumps even when crimped onto the bottle are not considered CR and that either the
pump action or the over cap must be child resistant. This forced the pharmaceutical industry
to introduce child resistant features for nasal decongestants intended for the US market.

3. A short introduction on intranasal administration

Nasal sprays or drops are widely used and therefor easy-to-use and cost-effective solutions
are already available for liquid or for dry powder formulated drug products. Also the basic
requirements for the development of nasal sprays are well known. An important point when
a development for nasal administration is considered: the product should have no unpleasant
smell and should not be irritating or influence the sense of smell. There should be also no safety
concern, if a dose is unintentionally shot into the eyes.

For most nasal spray pumps the dispensed volume per actuation is set between 50 and 140 pl,
and an administered volume of 100 pl per nostril is optimum in adults. Higher volumes are
prone to drip out immediately. So the anticipated dose should fit into a volume of roughly
100-200 pl when both nostrils are sprayed. Standard spray pumps will deposit most of the
sprayed dose into the anterior region of the nasal cavity (see Fig. 3) [6]. Surface tension of the
droplets and mucus layer will cause the immediate spread of the spray. Afterwards mucocili-
ary clearance will distribute the liquid layer within the nasal cavity. Since the nasal mucus
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layer is continuously renewed and discarded into the throat, the nasal residence time of the
administered drug depends on how fast it dissolves within the mucus layer and penetrates
into the mucosa [7].

Froetal sinus MNasal concha Sphenoid sinus

Widdie nass concha
Imlemad Faris

“target area” for nasal sprays

Infiarice nasal
chioncha

Estarmal nang

Some facts about the nasal cavity
= total surface area <150 em? (=10 % is olfactory epithelium)

= total cawty volume 15-20 mi
»  mucus layer is completely renewad within 15-20 min and discarded inlo

the pharynx

Figure 3. Anatomy of the nasal cavity.

If a nasal spray is considered, authorities will require a lot of data to describe the nasal spray
pump and its performance as part of the container closure system [8, 9]. Most of these required
parameters are used for quality control purposes. For nasal deposition efficiency, the spray
plume angle and administration angle are critical factors, while many other spray parameters,
including droplet particle size, have relatively minor influences on deposition within the nasal
cavity [10].

The nose is a very effective filter and most particles and droplets will be caught within the
nasal cavity. Only particles less than 10 um median aerodynamic diameter, so called fine
particles, can reach the lower airways during nasal breathing [11]. Most spray pumps will
generate an aerosol with a mean particle size from 40-100 um during the fully developed phase
which is recognized as fine mist. Such an aerosol will deposit well in the nasal cavity.

To date, nearly all drugs for intranasal administration are liquids and just some recreational
drugs are used as powders. Of course dry powder preparations can be used without the need
for reconstitution to a liquid. The particle size should be in the same range as droplets from a
nasal spray and fine particles should be minimized to avoid pulmonary deposition. The size
and structure of the particles must be a compromise between safe administration (no fine
particles, good deposition) and fast speed of dissolution of the particles within the mucus layer
[3]. Powders for nasal administration will most likely need protection from moisture uptake
though the moisture sensitivity may be formulation-dependent. Long term use of powder
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formulations may result in mucosal irritation and chronic use should be considered with
caution, but single administration should be of much lower risk.

4. Which technology is on the market?

For intranasal administration of drugs a lot of delivery systems are available, simple and low
cost as well as highly sophisticated. It ranges from droppers, to sprayers to be attached to a
syringe, to so called unit- and bi-dose systems as well as multi-dose solutions for liquids. This
wide range of available systems opens the door to tailored packaging.

There are some considerations to choose the right solution in a competitive environment.
Convenient and safe use and cost of goods need to be balanced. Also the availability of high
speed filling and packaging equipment for the selected presentation should be evaluated.
There are of course some other considerations for the different types of systems which should
be discussed here.

Droppers are the simplest and -just looking on packaging costs- the cheapest way to deliver
medication into the nose. The blow-fill-seal (BFS) technology is widely used. The BFS droppers
made of polyethylene or polypropylene are cheap but require special filling equipment. Also
the material for the dropper (e.g. adhesion profile, evaporation rate) as well as processing
temperatures during the BFS process may set some limitations. Splitting half doses from one
single container may be a challenge and so for each nostril (if the medication requires this) one
dropper needs to be considered. To deliver the right dose, some substantial overfilling is
required which can be neglected for cheap formulations but may be important for expensive
drugs.

Droppers for multi-dose presentations are still on the market but can be considered to be
obsolete. A preserved formulation for multi-dose presentations is mandatory but preservatives
will not solve all hygienic jaundices. Precise dosing is also close to impossible so that only
drugs with a wide safety margin can be used with such systems. Intranasal administration
using droppers is not very convenient. To get a good nasal deposition, the recipient should lie
down or bend the head backwards to improve deposition.

For some rescue medications like naloxone or midazolam or some intranasal vaccines spray
tips (see Fig. 4) attached to standard Luer-syringes are used to deliver the drug. The handling
is somehow inconvenient, because in most cases the drug must be transferred from a vial into
the syringe. Then the spray tip is attached and the system is ready for administration. The
generated spray and the quality of the nasal deposition depend much on the characteristics of
the spray tip and the smooth displacement movement of the plunger of the syringe. If no
mechanical aid is employed (e.g. removable clips to split 2 half doses), it is difficult to separate
doses for each nostril. Also, depending on the handling procedure, a dead volume of 70-130
ul for the spray tip + syringe combination must be considered. A concern for such kits may be
a possible confusion of the administration route. The used syringes are easily fitted with a
needle and there is some risk in real life, that the drug intended for intranasal administration
is injected. Most of these disadvantages can be avoided if prefilled systems are used.
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So called unit/bidose systems (see Fig. 5) for liquid formulations are state of the art for the
intranasal administration of drugs requiring exact dosing. They have been on the market for
more than 10 years for intranasal breakthrough pain and migraine management. The systems
contain one or two separated half doses ready for administration. They are optimized for easy
intuitive and safe handling. These systems will also ensure an optimal nasal deposition of the
drug. These advantages are linked to a somehow higher price. The filling is similar to the
procedure used for prefilled syringes and requires appropriate equipment.

Figure 4. Spray tips for syringes which are used for the intranasal administration of naloxone, midazolam or some in-
fluenza vaccines.

Figure 5. Examples of unit/bidose systems for liquids on the left with a glass vial which contains the one or two doses
of the drug product and dry powder devices on the right.
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Dry powder systems: In the near future, some drugs and vaccines will probably focus on dry
powder formulations to take advantage of improved storage conditions. It may be a challeng-
ing task to generate a powder with the right particle size. As mentioned before, the particles
must be designed for safe administration (no fine particle fraction), good deposition and fast
dissolution within the mucus layer. For dry powders, electrostatic charge and moisture ingress
must be considered. Systems which actively drive out the powder, using compressed air
generated by a pump-like mechanism, seem to be better accepted than passive ones, where
the powder is taken up by the nasal air flow. Dealing with dry powder needs of course different
manufacturing and filling technologies, which are already available for other medications.

Multi-dose solutions are by far the most widely used package solution. In Asia, simple
squeeze bottles are on the market which can be considered obsolete because exact dosing is
not possible and during use mucus may be sucked back into the bottle. The current standard
multi-dose solutions are metering nasal spray pumps attached to bottles containing 10-30 ml
of a liquid formulation. For this reason we would like to provide a closer insight into the
technology of spray pump systems. As mentioned earlier the manufacturer fills the drug
formulation into multi-dose bottles made of glass or Pharma-grade plastic materials. These
are then closed by attaching the spray pump including a dip tube. The pump may be fixed by
a screw closure, crimped on or simply snapped onto the bottle [1]. Now the system should be
tight and no leakage should be observed during subsequent handling. This filling process is
done on high-speed lines which can easily fill and close 60-200 bottles per minute.

Before the system can be used, the pump must be primed. This is normally done by the patient
just before first use. A number of priming strokes is required to purge the air off the system
and dip tube and to deliver the product at the intended dose volume. Spray pumps are
displacement pumps. When actuating the pump, a piston moves downward inside the
metering chamber. A valve mechanism with a ball sealing the metering chamber against dip
tube and container at the bottom of the metering chamber will prevent backflow into the dip
tube. So the downward movement of the piston will create pressure within the metering
chamber which forces the air (before priming) or the liquid outwards through the actuator and
generates the spray. When the actuation pressure is removed, a spring will force the piston
and the connected actuator to return to its initial position. This creates an underpressure in the
metering chamber which pulls the liquid from the container by lifting up the ball from the ball
seat above the dip tube at the bottom of the metering chamber [1]. For a proper repeated
function the spray pump should be held in upright positions to ensure that the end of the dip
tube is always submersed in the formulation.

4.1. Bottles

Bottles or containers are an integral part of multi-dose container closure systems and will also
influence the general appearance of the final product. Special shapes may be used to differ-
entiate a product from competitors. Glass bottles are less prone to cause interactions and will
give good protection to the formulation even for long storage intervals. Sometimes the glass
can influence the stability of the formulation (change in pH, release of trace metals). This
depends of course on the quality of the glass which is described by its hydrolytic class (classes
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I-IIT are normally used for pharmaceutical products). The disadvantages which glass bottles
may have are the higher weight and the risk to breakage when dropped [1].

Bottles are also made of plastic material (e.g. polyethylene, polypropylene, polyethylene
terephthalate). A pump supplier will most likely not manufacture these bottles because a
complete different technology is used. Parts for spray pumps are quite exclusively made by
injection moulding which gives high precision. Bottle manufacturers use a process referred to
as blow-moulding. The general principle is to make a hollow raw part and then blowing up
the material to the final dimensions. The most important disadvantage for all bottles made of
plastic material is evaporation/weight loss during storage. Plastic materials are not a perfect
barrier for gas or water evaporation. This problem can be tackled using laminated materials
but these are more expensive. Another potential risk has to be considered: inks and adhesives
from labels may migrate through the bottle wall and leach into the formulation [1].

Pure mechanics but critical for all types of bottles: the bottle opening must fit the pump exactly.
It needs to be tested and dimensions need to be controlled because variations may cause
leakages or damage the housing of the pump during final assembly. To avoid any issues,
consultation of the pump system supplier is highly recommended as these companies are
experienced in managing this interface. The pump supplier should be able to recommend a
range of suited bottles from suppliers which provide reliable quality. Before switching to
another bottle or bottle supplier, the compatibility with the pump system should be checked
in advance [1].

5. First steps to identify the right delivery system

One of the first steps in approaching the development of an intranasal drug administration
project is to select the appropriate system for delivering the drug formulation. The selection
of the delivery system is strongly governed by the type of formulation envisaged for delivery.
Most likely the formulation will be liquid (solution or suspension), but also powder or gel
formulations are possible. Of course the dosing frequency as well as legal restrictions (e.g. for
controlled substances) will influence the decision for a single or multi-dose presentation. Once
the basic type of system has been selected, it is then prudent to do some basic compatibility
investigation or studies in order to avoid any obvious incompatibilities between the compo-
nents and the proposed active pharmaceutical ingredient (API) and any known excipients
before moving on to the formulation development stage.

The materials used for the systems are selected by the manufacturer to warrant proper
mechanical function and low likelihood of chemical interactions. In practice potential interac-
tions between the formulation and parts of the spray pumps due to sorption or swelling should
be excluded. Typical tests that could be considered at this stage include immersion tests of the
functional parts of the pump in the formulation to detect swelling or discoloration. First tests
with assembled pumps from this immersion test will provide data on potential effects on
mechanical function (e.g. friction, metering).
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Material Typical functions
Polyethylene (PE) Functional parts of the pump, actuator and fixtures, dip tube, bottles
Polypropylene (PP) Functional parts of the pump, actuator and fixtures, dip tube, bottles

Polyoxy methylene (POM)

Functional parts (may release formaldehyde!)

Rubber or elastomers

Gaskets, seals, stopper

Stainless steel

Springs, balls for valve mechanism

Aluminum

Ferrules for crimped connections

Glass

Bottles, vials, balls for valve mechanisms

Table 1. Typical classes of materials used for nasal spray systems

A simple test for spray performance will assure that the formulation can be aerosolized by the
considered pump and the delivered particle size is appropriate for effective nasal deposition.
As mentioned earlier, the particle size should be in the range from at least 10 to a maximum
of 150 pm. Particle sizes above 10um assure that no product passes in to the lungs and impact
in the nasal cavity. Droplets greater than 150 ul should be avoided as they are prone to run
out of the nasal cavity immediately. It is not unwise to perform such preliminary compatibility

tests with a certain range of different pumps to get an impression which may provide the best

performance.

Type of materials

Chemical name / identity of the material

Chemical name of any monomer used

Supplier name

Compliance with relevant standards in relation to their intended use (e.g. pharmacopeias)

Complete qualitative composition when:

The material is not described in the European or national pharmacopeias

The monography authorizes the use of several additives (from which the manufacturer may choose)

Specifications

Identification

Reference to European Pharmacopeia or Member State monographs or in-house monograph (if not

described in EP or Member State monographs)

Non-compendial methods (with validation) should be included where appropriate

Table 2. General information on the container closure system related to materials of construction which should be

provided by the supplier of the system
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At the end of the whole development process the requirements from authorities are straight
forward: “For the final product (=formulation in combination with the whole container closure
system) the suitability of the container closure system used for the storage, transportation
(shipping) and use of the drug product should be discussed. This discussion should consider,
e.g., choice of materials, protection from moisture and light, compatibility of the materials of
construction with the dosage form (including sorption to container and leaching) safety of
materials of construction, and performance (such as reproducibility of the dose delivery from
the system when presented as part of the drug product)” [12].

6. Formulation development

Nasal drug formulations are broadly categorized into several types including solutions,
suspensions, powders or gels. A key factor in selecting the type of nasal formulation to be
developed is whether the therapy is intended for local or systemic application. Depending on
the application, factors such drug absorption rate from the nasal mucosa into the systemic
blood circulation and residence time in the nasal cavity become key elements in the formulation
development process.

Taking as examples spray solutions and suspension type formulations, the following factors
should be considered during nasal formulation development:

Drug, particles: consideration should be given to the desired therapeutic concentration for
each dose, keeping in mind whether the total dose to the nasal cavity will be one (single nostril
delivery) or two (one delivery into each nostril). For aqueous solutions and suspensions the
typical dosing volume ranges are 50-140ul and for solution or suspension in pressurized
metered dose inhalers (pMDIs) the typical delivery volumes are in the range of 25ul. The
primary particle size of the API in suspension formulations also needs to be considered with
regard to the droplet size delivered during dosing and any impact it may have on the disso-
lution of the particles once deposited in the nasal cavity.

pH/buffers: the pH inside the nasal cavity can influence the rate and extent of absorption of
ionizable drugs. The average baseline human nasal pH is reported to be around 6.3 [13] and
the pH of several commercially available nasal spray products are in the range of 3.5 to 7.0,
and the optimal range for pH of these nasal formulations is suggested to be 4.5 to 6.5 [14]. The
pH of the formulation can also affect the stability of the drug product during its shelf life so
this also needs to be considered during development.

Osmolality: Studies have shown that hypotonic nasal spray formulations improve drug
permeability through the nasal mucosa [15] and some marketed products report osmolality in
the range 300-700mOsmol/K.

Viscosity/surface tension: the majority of commercially marketed products contain agents
that modify the viscosity and surface tension of the formulations, they are included in order
to manage factors such as thinning and thixotropic behavior and are key elements in the
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performance of the dispensed product such as drop particle size, spray angles and also
influence the residence time of the product once delivered, in the nasal cavity.

Ingredients IIG limit for nasal route, %ow/w Function
Alcohol, 200 proof 2 Co-solvent
Anhydrous dextrose 0.5 tonicity
Anhydrous trisodiumcitrate 0.0006 buffer
Benzyl alcohol 0.0366 preservative
Benzalkonium chloride 0.119 preservative
Butylated hydroxyanisole 0.0002 antioxidant
Cellulose microcrystalline 2 Suspending agent, stabilizer
Chlorobutanol 0.5 preservative
Carboxymethyl cellulose Na 0.15 Suspending agent
Edetate disodium 0.5 Chelator, antioxidant
Hydrochloric acid Not reported pH adjustment
Methylparaben 0.7 preservative
Oleic acid 0.132 Penetration enhancer
PEG400 20 Surfactant, co-solvent
PEG3500 1.5 surfactant
Phenylethyl alcohol 0.254 Preservative, masking agent
Polyoxyl 400 stearate 15 surfactant
Polysorbate 20 2.5 surfactant
Polysorbate 80 10 surfactant
Propylene glycol 20 Co-solvent
Propylparaben 0.3 Preservative
Sodium chloride 1.9 tonicity
Sodium hydroxide 0.004 pH adjustment
Sulfuric acid 0.4 pH adjustment

Table 3. Examples of key nasal formulation excipients and their inactive ingredient guidance (IIG) dosing levels

Other excipients: in addition to buffer salts several types of excipients may be required in
order to develop a stable nasal spray formulation. These include solvents and co-solvents to
keep the active pharmaceutical ingredient (API) in the dissolved or suspended state, as well
as preservatives for non-sterile products. If the formulation is a suspension or emulsion,
surfactants and/or emulsifying agents, stabilizers and suitable oil-phase components may be
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required. Although there are numerous surfactants, emulsifying agents, solvents, co-solvents,
oils and preservatives available, only a limited number of excipients are listed in the US FDA
inactive ingredient guide (IIG) for nasal products. Table 3 lists some key excipients and their
IIG dosage levels, as reported in the FDA IIG database for nasal spray formulations [16].

Controlling residence time in the nasal cavity: increasing the residence time of the drug, once
delivered on the nasal mucosa, can be beneficial especially for local applications and can aid
drug absorption through the nasal mucosa. One approach is too increase the viscosity of the
formulation but this should be balanced against any impact on droplet size distribution during
delivery into the nasal cavity [17].

Penetration enhancers: these agents increase the penetration of drugs through the nasal
mucosa. Typical penetration enhancing agents are solvents, co-solvents, ionic and some non-
ionic surfactants, selected fatty acids, including oleic acid and certain lipids and cyclodextrin
[18, 19].

Powder and gel nasal formulations: in formulating nasal powders the key elements to manage
are controlling the primary particle size of the APl as well as the excipients to get efficient nasal
deposition, and selecting a system that provides acceptable protection of the powder during
storage and efficient delivery to the nasal cavity during dosing. For nasal gel applications the
formulations can be relatively simple and key elements will be stability and shelf-life and the
selection of the dispensing system used to deliver the gel to the nasal cavity.

7. Performance parameters

Nasal drug product performance characterization is driven by regulatory requirements which
allow for successful approval and marketing of these products. The most stringent regulatory
standards for nasal drug products are issued in the USA [20] and in Europe [21]. During the
development process information has to be documented on many factors in order to construct
a regulatory dossier. Typical expectations for development characterizations in the US and
Europe are detailed in Table 4.

Once approved and marketed these products have to be routinely controlled in order to assure
ongoing performance and quality and the typical regulatory expectations for marketed nasal
product specifications and testing are detailed in Table 5. The rationale behind these perform-
ance characterization tests are related to factors such as dosing accuracy, shelf life, product
robustness and user safety, the key ones being as follows:

Priming, re-priming: most nasal spray pumps need to be primed in order to fill the dosing
chambers before use and to assure full dosing of the product. In addition, some pumps do not
retain the dose in the metering chamber when stored for longer periods, i.e. 7 days, 1 month
etc. and may need to be re-primed before use after a specified period of non-use which will be
defined in the patient leaflet.
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Characterization test Us EU
Stability / shelf life \ V
Temp. cycle testing 3 v
Priming re-priming v v
Micro/bioburden \/ J
Extractables 3 v
Leachables 3 N/A
USP tests, 601, 87, 88, 661, 381... l N/A
Drop testing, vibration, shipping, air transport tests 3 v
Effect of orientation v N
Plume geometry \ N/A
Profiling near exhaustion Xl v
Performance in the hands of different users 3 J
Particulates J N/A

Table 4. Examples of product characterization test during development of nasal spray products.

Control test us EU
Priming, re-priming v N
Dose weight (through life) V \
Leakage \ Y
Dimensional, metrology v v
Droplet/particle size distribution \/ \/
Spray pattern V N/A
Extractables V \
Microbial limits \/ \

Table 5. Examples of routine control testing for nasal spray products.

Dose weight through life: this test assures that the pump delivers the prescribed dose
consistently throughout the use-life of the product, usually beginning middle and end of use.
Regulatory requirements exist in most markets for limits on dosing accuracy and these can be
found by referring to each country specific regulatory dosing limit specifications for nasal
products.

Leakage: this assures that the product integrity is maintained throughout its proposed shelf
life and that the contents are not lost during storage at various environmental conditions. The
ICH stability test conditions [22] are the key reference with regard to stability testing.

Dimensional/metrology measurements: these assure that the spray pump meets specified
critical quality dimensions in order to assure that the nasal product functions efficiently and
meets the key performance tests assuring consistent quality.
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Particle size distribution: this can refer to the primary particle size specification of the API
itself in suspensions or to the droplet (liquid solution) or particle (powder) size distribution of
the delivered spray. Specifications need to be put in place for this key parameter and the
justified limits registered in the regulatory submissions as it is closely related to nasal depo-
sition efficiency.
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Figure 6. Typical display from a spray pattern test using laser imaging, which can give information about the ovality
of the emitted spray.

Spray pattern: this is another test to assure consistent quality of the delivered nasal spray and
characterizes parameters such as angle and plume shape, see Figures 6 and 7.
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Figure 7. Typical display from a spray angle test using laser imaging, which can give information about the angle of
the emitted spray.
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Extractables/leachables: this test assures the safety of the product and specifically measures
and controls the potential chemical contaminants which may come from the packaging or
container closure system into the formulation and therefore be potentially toxic for the patients,
if ingested. The PQRI [23] have issued detailed guidance documents on this subject in
conjunction with the FDA which outline how to tackle this specific parameter.

Particulates: this test characterizes the contamination of the nasal formulation by any foreign
particulates and is related to the overall safety of the product.

Microbial limits: specification and tests exist to measure and characterize this parameter, for
preserved nasal formulations this will usually mean measuring the levels of preservatives, e.g.
benzalkonium chloride in the product and during its proposed shelf life. The units of meas-
urement are usually colony forming units (CFU’s). For non-preserved nasal products the
characterization tests are somewhat more complicated and include challenge testing with
contaminated bacterial environments to assure the integrity of the system for protection
against microbial contamination. Special drug delivery systems are needed in order to use non-
preserved nasal formulations.

Robustness: here a number of different test are applied including dropping the whole
packaging, exposure to vibration, simulation of shipping and transportation. These charac-
terization tests are meant to assess the robustness of the product to normal transport and day
to day use.

— Description of the assembled device and each individual component:

- Identification of the packaging component

— Product Name, Code / Item numbe