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Introduction

HOW DOES MODERN DRUG DISCOVERY WORK?


How do scientists design the pharmaceuticals we use to improve our lives? A handful are happy accidents and overlooked mixtures of carbon and hydrogen that become million- and billion-dollar makers for corporations. They also improve the lives of people the world over in the process. While the unintended discoveries in the chapters that follow may appear miraculous, drug discovery, under normal conditions, is a very laborious and rational undertaking. At the core of modern, rational drug discovery is the leveraging of multiple fields together to make one wondrous event happen—the binding of a molecule in the body to relieve a pain, erase an inconvenience, or cure a disease.



What Is the Target of a Drug?

Potential drug targets play a role in a disease state, but they do not have to cause the disease themselves. The positive modification of a drug target, in theory, should result in a biological change (e.g., the breakdown of a cell signaling pathway) that halts the disease or acute problem at hand. How does this modification occur? It’s all about binding, the act of two structures, the drug (often a small molecule) and the target, coming together in hope that a promising result occurs. What is a small molecule? For the purpose of drug design, it is the product of a reproducible chemical reaction that scientists aim to be 500 daltons or less in size. A dalton is a unit of atomic mass that is one-twelfth the mass of a carbon atom. To give some examples, a molecule of water is a little more than eighteen daltons, sodium chloride (table salt) is fifty-eight and a half daltons, a molecule of the pain reliever ibuprofen is just over 206 daltons, and a molecule of the blood pressure drug losartan is just under 423 daltons. Ibuprofen binds to enormous cyclooxygenase enzymes, stopping the 70,000-dalton enzymes from doing their work and bringing pain relief in a matter of an hour. Not bad for a small molecule of 206 daltons.





Ligand-Based Drug Design versus Structure-Based Drug Design

Drug design often revolves around the testing of molecules in hopes of finding one that binds to and stops or alters the action of an enzyme or other biological target and results in a positive effect on the body. There are multiple approaches to drug design, with ligand-based and structure-based being at the core.


Ligand-based drug design lacks detailed knowledge of the structure of the biological target of a possible drug, relying only on previous known information about what binds the target. A ligand, by definition, is a molecule that binds to a larger molecule. In drug design, our ligand is a small-molecule drug candidate. By making rational modifications to other molecules known to bind the target, it is possible to create a more effective small-molecule drug even without knowing the exact structure of the target. This is difficult, however, as researchers are essentially flying blind as they synthesize a number of small molecules in hopes that one will perform superior to previous results.


Structure-based drug design is possible when highly detailed information about the shape and atomic composition of the drug target is known. This is often possible when high-resolution x-ray crystallography data exist, data showing the three-dimensional structure of the target through a mesh of electron clouds, or with high-quality nuclear magnetic resonance (NMR) spectroscopy. X-ray crystallography is an art to itself, relying on scientists to grow a crystal of the desired target at high concentrations of protein and then subjecting the fragile crystal to a barrage of x-rays, often at extremely low temperatures. It is not at all uncommon for a crystal to become damaged in the process, setting back months of work. This work is performed merely to obtain the raw data, which must then be meticulously processed before a three-dimensional structure of the crystalized target is revealed. Access to a well-resolved three-dimensional structure opens the doors to computer-aided techniques in drug design and also aids in the high-throughput screening techniques we will learn about next.






High-Throughput Screening and Its Role in Drug Design

High-throughput screening involves scanning libraries of thousands to millions of small molecules in an assay against an established target to see if they can alter the target in any way. An assay is just a fancy word for a test of any type that can qualitatively or quantitatively measure the change in activity of the target. Each small molecule in the library that successfully attains a minimum threshold for activity in the assay is called a “hit.” These small molecules are often on the scale of 500 or less daltons. Successful hits are screened against other known targets as well to make sure they do not affect them and cause undesirable effects down the line. Due to the sheer size of the small-molecule libraries used in high-throughput screening, testing of compounds is often a job requiring significant automation, with unattended robotic systems capable of assaying and scanning the results of tens of thousands of compounds in a single day.1 If multiple hits are similar in structure, it is likely that additional small molecules will be synthesized through organic chemistry methods with well-known bioisosteric alterations in hope of further increasing the potency against the target. A bioisostere is a group of atoms that behaves similarly either physically or chemically in biological organisms to another set of atoms. This is part of leveraging the structure–activity relationship between the small molecule and the target to create a better binding event.


High-throughput methods can also take place in silico, where small molecules in a digital library are spun and manipulated to see how well they will “dock” with a computer-generated model of a known target. These computer-generated models take into account the amount of space present for the small molecule to attach using chemistry concepts like electron density and hydrogen bonding. The computer-generated models are often informed by earlier successes in x-ray crystallography and NMR spectroscopy. Such tests are extremely processor intensive and are imperfect, but still yield quality results as to what type of molecules may bind to the drug target before any benchtop chemistry or assays are performed.


Akin to high-throughput screen is fragment-based lead discovery, which relies on smaller libraries of compounds (usually in the thousands) and even smaller molecules than used in a high-throughput screen (often less than 300 daltons). These smaller molecule fragments are often successful in binding hard to reach “hot spots” on the target that are impossible for the larger (but still small) molecules used in high-throughput screening to target.2 Once a substantial number of binding fragments are discovered through a series of assays, the fragment can be “grown” to the size of a typical small-molecule drug through rational organic synthesis and the addition of atoms (or functional groups if you have sat through any organic chemistry lectures) that will further aid in the reception of the drug candidate. Also available is the possibility of combining well-performing fragments, especially if their binding to the target overlapped in multiple spaces, in a process scientists versed in fragment-based lead discovery call “merging.” This is one key advantage of fragment-based lead discovery over high-throughput screening, as the two “merged” fragments will still be on the order of less than 500 daltons, approximately the size of a small-molecule drug candidate. There could also be multiple ways to merge two fragments, allowing for multiple small molecules to come out of such a fragment-based study.3


One may start with a library of a million small molecules to arrive at a single lead compound that will be rigorously tested through additional in vitro studies and, as the goal, animal and human clinical trials in the process of drug development. The enormity of this task makes the unintended discovery of the drugs to be discussed later in the book all the more fascinating and serendipitous.





The Role of Natural Sources in Drug Design

Nature is a bountiful source of possible pharmaceuticals due to its diverse environments and the sheer number of defense mechanisms organisms develop to survive. Medicinal chemists, armed with knowledge of the role that specific molecules play in a plant or microbe or even a rare invertebrate that inhabits the bottom of the ocean, often use these identified molecules as starting points for solving similar problems in the human body. For example, a crude extract of willow tree bark has been used for thousands of years to alleviate pain and fever. Throughout time, scientists discovered that the active ingredient in the willow bark extract was a small molecule now known as salicylic acid, which played a role in the immune response mechanisms of the tree. By slightly altering salicylic acid, scientists created acetylsalicylic acid, better known to us as aspirin. Thankfully, we have aspirin to take when a headache or fever arrives and are not left to scour the woods for a willow tree and subsequently concoct a no doubt bitter elixir.


A more recent (and exotic) example is the drug ziconotide (brand name Prialt), which is derived from a toxin present in Conus magus, the cone snail, a venomous sea-dwelling creature that can kill with a sting. The result is a pain reliever quite strong—1,000 times stronger than morphine—yet so delicate that it must be delivered directly into the spinal fluid so as to not be blocked by the blood–brain barrier.4






What Is Bioavailability?

Bioavailability is key to drug design. It is the measure of the amount of drug actually in the bloodstream and open to use by the body compared to the total dose taken. Why would these two be different? Most drugs are taken orally and thus subject to the gastrointestinal tract. This is not all bad, as the pills do need to be dissolved before active ingredients within are released. But within the gastrointestinal tract, there are a number of options for the drug to be metabolized or modified before it reaches the bloodstream and the drug’s desired place of action. Also, if the drug passes through the liver, there is a significant chance for the available, bioactive fraction of the drug to be reduced prior to it reaching systemic circulation. This happens as the liver further metabolizes the drug or excretes it through bile in what is known as the first pass effect.5


One way to get around a significant decrease in bioavailability is to introduce the drug intravenously, but this isn’t exactly an option when you go to pick up your prescriptions at your local pharmacy. Ensuring the ability of a drug to be taken orally is a key thought in the back of the minds of chemists and pharmacologists throughout the design phase, as it increases the ease of taking the medication and does not introduce need for administration by injection, which may limit the market for the drug.





What Is Lipinski’s Rule of Five?

Lipinski’s Rule of Five is a quick method for medicinal chemists to get an idea of a drug candidate’s effectiveness and whether it will be orally active. It is often used at the earliest stages of drug development, typically when target binding studies are still taking place. Interestingly, there are only four “rules,” as “five” relates to the fact that all of the rules have a multiple of five within them. Lipinski’s Rule of Five states that a drug will have a better chance at being orally active if it has one or fewer of the following: (1) five total hydrogen bond donors (a measure of whether a molecule will loan a hydrogen to another), (2) ten total hydrogen bond acceptors (a measure of whether a molecule will be attracted to a hydrogen on another molecule), (3) a molecular mass of greater than 500 daltons (emphasizing the small-molecule nature of most drugs), and the admittedly difficult to understand (4) octanol–water partition coefficient greater than five. The latter is a measure of the small molecule’s ability to dissolve into lipids (i.e., fats) and become entangled in various organ systems as it journeys through the body.6






What Is a Biologic Drug, and How Are They Different from Small-Molecule Drugs?

So far, our discussion has revolved around small-molecule drug design. These small molecules are reliably reproduced through well-known organic synthesis reaction techniques. But there is another very different form of pharmaceutical that makes up a large amount of the medications on the market—the biological product, or biologic for short. Biologics meet the patient in a variety of forms, whether it be as a vaccine, protein formulation, stem cell treatment, monoclonal antibodies, or even blood components. As such, they are much more delicate, for lack of a better term, than synthesized small-molecule drugs. For example, taking a biologic orally would immediately render it useless, as biologics are made from substances your body is designed to break apart and digest, like proteins. Because of this, biologics are made available through a variety of other means, including injections and infusions. Common biologics on the market include the monoclonal antibody Humira and the fusion protein Enbrel, both of which treat rheumatoid arthritis. Nasal administration of biologics is also possible and aggressively researched, with a live-attenuated form of the influenza vaccine already available for intranasal delivery.7


Biologics are also much different structurally than your average small-molecule drug, often dwarfing them in size. As they are not taken orally, biologics do not need to follow tried-and-true methods of drug design like Lipinski’s Rule of Five, nor are they typically exposed to the gastrointestinal tract or liver before reaching circulation in a struggle for bioavailability.


In lieu of the steady stream of organic synthesis reactions used to create small-molecule pharmaceuticals, companies pursuing biologics make use of living cells in the synthesis process by inserting a specific string of DNA coding for the desired biologic into a living cell. These cells can be from bacteria like Escherichia coli, for example, or from mammalian, yeast, plant, or viral cells. Creating the previously mentioned specific DNA is a master task in and of itself, with the newly created DNA coding for the biologic of choice called recombinant DNA. Once the DNA is inserted, the cells go about their business, replicating and producing the biologic in large quantities after it integrates the recombinant piece of DNA. Once enough cellular growth occurs, scientists “harvest” the cells, removing the biologic from the cells through an often-complicated process of purification.


Biologics are commonly temperature and condition sensitive (e.g., many are light sensitive), so much care is taken in their storage from this point on. The complicated nature of creating, isolating, and storing a biologic also leads to their much higher cost when compared to an average small-molecule drug.



Another large difference between small-molecule drugs and biologics is seen in examining the fidelity of their replication. Since biologics are the products of living cells, they can exhibit small variations from batch to batch. Subsequent batches of small-molecule drugs, on the other hand, are exact within quality assurance guidelines. The lack of a means to exactly reproduce a biologic plays a role in their approval, in their regulation, and when it comes time to produce a generic form of a biologic, which are called biosimilars.





What Was the First Synthesized Pharmaceutical?

Although the first pharmacy is believed to have opened in Baghdad in 754 CE, the malady-relieving medications sold at this time consisted of extracts of plant and animal matter.8 Our modern approach to pharmaceutical synthesis would not come for another 1,000-plus years until the birth of organic chemistry, and even then, the therapeutic application had to wait a couple of decades. Justus von Liebig, a German scientist who is often viewed as one of the fathers of organic chemistry, published a paper on the synthesis of chloral hydrate in 1832.9


To Liebig, this paper existed solely as an educational tool.


Three decades later in 1862, Johann Liebreich, a German physician, noted the sleep-inducing effects of chloral hydrate, along with patients noting the disgusting smell and taste of the syrup. Still, the wonderful sleep it brought about without significant drowsiness after waking up kept chloral hydrate a popular sedative and treatment for insomnia through World War II. Chloral hydrate was deemed safe for use in children as well, at least at that time.10 The safety of chloral hydrate, however, is questionable from a modern perspective, as a combination of alcohol, the sedative pentobarbital, and chloral hydrate led to the premature death of Marilyn Monroe.11 The addition of chloral hydrate to alcohol is particularly dangerous, with the laced drink going by the slang name “Mickey Finn.” Slipping someone a “Mickey” was popularized in Chicago’s Whiskey Row during the 1890s thanks to the drink’s ability to knock a thief’s mark unconscious.12


Although we could heap coals on the head of Liebig for missing out on this application of his own research, Liebig is an interesting character in his own right. His interests unfurled into a variety of fields from synthetic chemistry to the application of chemistry concepts in agriculture to show the value of nitrogen in fertilizer to the chemistry of food and particularly meats. Liebig founded a company to sell meat extracts and promoted “meat teas” for their perceived nutritional value.13 Liebig also found time to rigorously investigate spontaneous human combustion, which was then viewed as the plight of drunkards. After viewing fifty reported cases of spontaneous human combustion, Liebig soaked cadaver tissue in 70 percent alcohol solutions and set fire to them to show that the alcohol burns off but that the tissue does not burn. Liebig also carried out some rather inhumane experiments on rats to further prove the point, injecting the rats with ethanol and then attempting to set them on fire.14





Legislating the Sale of Medicine in the United States

Legislation of the pharmaceutical industry moved relatively slowly in the United States. President Theodore Roosevelt signed the 1906 Pure Food and Drug Act, which banned the interstate and foreign trafficking of mislabeled food and drug products. The act also imbued the U.S. Bureau of Chemistry with the power to monitor and seize these products.15 The 1906 Pure Food and Drug Act outlined eleven dangerous ingredients, including heroin and cocaine, which must be indicated and with the correct amount noted on the label if included in a food or drug.16 The U.S. Bureau of Chemistry became the United States Food, Drug, and Insecticide Administration in 1927 en route to becoming what we know as the Food and Drug Administration (FDA) in 1930.17 The year 1938 and the Roosevelt administration brought another key piece of legislation, the Federal Food, Drug, and Cosmetic Act, which gave the FDA oversight of just that—food, drugs, and cosmetics—and, later, medical devices.18 The 1938 act also called for all drugs sold to come with labels for proper use and decreed that all new drugs must be shown to be safe before the FDA prior to being sold.19


The divide between prescription and over-the-counter pharmaceuticals was created in the United States in 1951 with the Durham–Humphrey Amendment, which defined anything addictive or possibly harmful and thus unsafe for self-medication to require a prescription to obtain.20 This 1951 amendment was followed a decade later by the Kefauver–Harris Amendment of 1962, which required drug manufacturers to provide proof of the safety and effectiveness of a drug before obtaining approval for sale in the United States. The Kefauver–Harris Amendment originated out of the thalidomide birth defect tragedies of the late 1950s and early 1960s, tragedies stemming from women taking the popular European sedative to ease the symptoms of morning sickness. Thankfully, thalidomide did not receive approval for use in the United States, with an FDA reviewer, Frances Oldham Kelsey, refusing to approve the drug when it came across her desk in 1960. Kelsey bore concerns that thalidomide could cross the placental barrier due to research she did during World War II on antimalarial drugs that did just that.21


These four acts and amendments, in particular 1938’s Federal Food, Drug, and Cosmetic Act, 1951’s Durham–Humphrey Amendment, and 1962’s Kefauver–Harris Amendment, formed the kernel that is now the FDA process for approving new drugs—proof of safety and efficacy.





How Does a Pharmaceutical Obtain Approval by the FDA?

So how does a pharmaceutical company bring a new drug to market? This process takes years and often incurs billions of dollars of costs. The goal of this undertaking is a new drug application (NDA), but this only comes at the end of several rounds of testing to show that the drug will be safe and effective for use in humans. It is important to note here that the drug companies never have to know the mechanism of action of how a drug works to receive approval; they just have to show that the drug is safe and effective.


Prior to the filing of an NDA, several sets of studies are performed to gauge the effectiveness and safety of a drug candidate. The first of these studies takes place at the in vitro level, and if this is successful at the cellular level, an investigational new drug application (IND) is filed before moving on to the next step. The IND contains supporting research showing the drug candidate to be safe when tested in animal studies along with how the company manufactures the drug. The purpose of the IND is to rule out issues of extreme toxicity before the company moves on to clinical trials and also to show the FDA how the company plans to move through such trials, which is a daunting task and often leads to the death of many proposed drugs. Clinical trials make use of humans as the test subjects, starting with a small number in phase 1 and increasing in number through to post-marketing trials in phase 4.22


Phase 1 is small study, made up of twenty to 100 healthy volunteers or, for cancer drugs, twenty to 100 individuals who currently suffer from the cancer the drug aims to treat. This study phase often lasts several months, with the goal of determining the safety of the drug and the correct dosage in humans. The drug’s effectiveness in treating a disease is not a major concern in this phase. Side effects are closely monitored with increases and decreases in dosage, all part of an FDA mandate to observe how the drug candidate responds once the drug is in the human body. If the side effects are deemed too significant, clinical trials stop here. The FDA estimates that 70 percent of drug candidates “pass” phase 1.23


Phase 2 expands to a clinical trial of several hundred people who are currently suffering from the disease state the drug aims to treat. This phase can last months to up to two years, and once again, the key aim is monitoring the safe use of the drug in prospective patients. Effectiveness, however, can also be quantified to a small degree—due to the relatively low number of people in the trial—as you monitor the progress of your clinical trial population and their disease state. Phase 2 is often brutal, as only an estimated 33 percent of drug candidates move on from here.24


We should take a moment before we move to phase 3 to mention the sheer enormity of people necessary to conduct these trials apart from the clinical trial participants themselves. Chemists and microbiologists are necessary to create and manufacture significant quantities of the drug candidate; statisticians, pharmacists, and pharmacologists are present to interpret the drug’s performance; nurses and physicians are necessary for administration of the drug; and medical officers are there to see that the whole process stays on the rails. As the size of these trials expands, it is easy to see how bringing a new drug candidate to market is such an expensive task let alone envision the sunk costs incurred for those drugs that fail in any phase of clinical trials.


Phase 3 studies expand from phase 2 and range from 300 to 3,000 individuals with the targeted disease state in double-blind, placebo-controlled trials and often last from anywhere from one to four years. This phase determines whether the drug candidate is effective and truly works for its intended purpose. The increased time span of phase 3 trials allows for long-term and rarer side effects to rear their heads and allows for a determination as to whether the drug candidate is safe and effective enough to take to market. The FDA estimates that between 25 and 30 percent of drugs successfully complete phase 3.25


If a pharmaceutical company is successful in moving through phase 3 clinical trials, the company can now file the aforementioned NDA. If you notice, several years have passed since the early preclinical and animal trials as the drug travels through the phases of clinical trials, putting on full display the rigorous nature of the FDA’s approval process.


The FDA describes the NDA as the “full story of a drug.” Within this story are data earned through the clinical trials about safety and effectiveness as well as information as to the drug candidate’s possible abuse along with directions for proper use and proposed labeling. The FDA then assigns a team of statisticians, medical officers, inspectors, pharmacologists, and project managers to inspect the NDA throughout the course of six to ten months and vote thumbs up or thumbs down on the NDA approval. If a dreaded thumbs down is received, a pharmaceutical company does retain the right to appeal or to conduct further tests and trials until the FDA is satisfied.26 Once the NDA is approved, the pharmaceutical company is free to manufacture the drug candidate for sale.


It is important to note that biologic pharmaceutical candidates follow a similar pathway through clinical trials and approval, with a biologics license application (BLA) being made in addition to an NDA. The approval of biologics is handled by the Center for Biologics Evaluation and Research, a subsection of the FDA.27



A phase 4 clinical trial does exist, but it takes place only after the drug is successfully released on the market. The phase 4 trial takes advantage of the subject base taking the drug in the population at large to thoroughly monitor the drug’s safety and effectiveness.28





The Role of Academia in Drug Design and Development

The overwhelming majority of drug design research and development takes place in the private sector; however, partnerships between academic research institutions and pharmaceutical companies are not unheard of. These relationships can be tricky, as they often involve closely held patent information that bars or slows the publication of academic manuscripts coveted by professors and PhD students alike, with these publications representing the currency of their training and career advancement. Academic drug discovery is commonly funded in part in the United States through taxpayer-funded grants by the National Institutes of Health (NIH), in particular the NIH Roadmap Initiative, which seeks to fund high-risk yet high-reward research in the allied biomedical fields. In this research, university laboratories are often seeking out lead molecules to become drug candidates, which are then leveraged by pharmaceutical companies for further testing and, it is hoped, clinical trials. For university professors interested in tackling drug discovery, this is a wonderful partnership, as a university laboratory lacks the infrastructure or manpower to carry out the clinical trials needed to bring a drug candidate to market. When an academic collaboration provides a successful drug candidate, the academic institutions and laboratories are often rewarded by the pharmaceutical companies with lucrative licensing deals.29 Although rare, several academic institutions have shown repeated success in drug discovery through partnership with pharmaceutical companies, leading to whole departments centered on the venture, including Emory University’s Institute for Drug Discovery, St. Jude’s Children’s Research Hospital’s Chemical Biology and Therapeutics Department, and the University of Florida’s Center for Drug Discovery.30





How Do Pharmaceutical Companies Scale Up Production Once Approved?

The chemical engineering behind scaling up for production of a newly approved pharmaceutical could fill a book in and of itself. To give a short overview, pharmaceutical companies carry out manufacturing “campaigns” wherein they proceed with the mass production of a single drug at a time before cleaning up and moving on to produce the next one. During these campaigns, careful decisions are made to maximize the efficiency of the process to maximize profit while also reliably producing a quality product. For small-molecule drugs, the reactions between solids and liquids take place in 1,000-liter vats that are stirred vigorously and are temperature controlled. The temperatures are vitally important, as a small change in temperature can lead to the death of a reaction or the synthesis of an incorrect product, wasting substantial amounts of time and money. Multiple reactions likely need to be strung together to create the final desired drug, with filtration steps throughout to ensure purity. In the case of a drug that will be delivered as a pill or a tablet, the final active drug product is usually a powder, with additives (called excipients in the pharmaceutical industry) introduced to act as binders, fillers, flavoring, antioxidants, or preservatives. Before the final pill or tablet is created, the mixture of active and inactive ingredients is often milled to decrease the average particle size and aid in ensuring a homogeneous mixture that can be easily acted on by the body. Additional steps are needed if the final drug form is a liquid. For example, any pharmaceuticals taken via the eye have to be extensively sterilized to prevent the introduction of bacteria into such a sensitive area. Throughout a manufacturing process, numerous safety hazards are presented for those working in the synthesis campaign, from exposure to solvent fumes, both hot and cold reactor vats, and numerous “pinch points” in machinery.31 Long-term exposure to the drug itself in the manufacturing process can also pose a health concern for the workers, as shown in an investigation on the effects of the manufacture of estrogens on male and female workers. In this case, the main source of exposure came through the inhalation of powdered, pure estrogen at a number of steps in the production process.32





The Drug Patent System in the United States

In the United States, a pharmaceutical company typically controls a drug for twenty years. This sounds like a long time, but in the eyes of the pharmaceutical world, this twenty-year span becomes a race against the clock to recoup as many dollars as possible out of a drug before patent expiration. Drugs are often patented long before the first clinical trial takes place. Once the new composition-of-matter patent is filed with the U.S. Patent and Trademark Office, the countdown is on, with every phase of the clinical trial process counting further and further down the clock. Once the NDA is approved by the FDA, the drug is also then listed in the FDA’s Approved Drug Products with Therapeutic Equivalence Evaluations, known by the slang term Orange Book in pharmaceutical circles, along with any patents claiming to support this approval. Patent protection varies from country to country, but for the scope of this book, we will stick with the U.S. process due to the sheer number of drugs developed in the country.


Often, by the time drug development and the FDA’s new drug approval process are concluded, the pharmaceutical manufacturer may hold only seven to ten years of patent protection left with which to recoup the billion-dollar-plus expense of bringing a new pharmaceutical from cradle to market.33 During this time, no other company can sell the same drug on the market in the United States, and if they did so, the company would be opening themselves up to a world of litigation.


Patent protection is not a bad thing, however, as it is at the core of why so many drug companies are interested in conceiving of new pharmaceuticals. If patent protection did not exist, there would be zero to low incentive for a pharmaceutical company to create and formulate new drugs. If patents did not exist, all of the time, money, and effort spent in the research and development phase as well as the FDA approval process could be rendered moot the moment a company’s new drug came to market and a number of copycat competitors with their own version arrived on the scene months later. It is of note that only 14 percent of drug candidates—although this varies greatly across drug types—that reach the clinical trial phase gain approval by the FDA.34 Clinical trials, including the unsuccessful ones, can easily cost $100 million or more. Add to this the additional millions of dollars necessary for research and development on a drug, and the bill quickly becomes a billion-dollar price tag, all without a guarantee of FDA approval.35 Patents on drugs protect a pharmaceutical company’s own investment while indirectly ensuring that the patient base receives access to a steady flow of new therapies coming onto the market. Pharmaceutical companies are not manned by saints, however, as it is common for the price of a brand-name drug to go up in the six to eighteen months prior to patent expiration as a last-ditch effort to earn as much as possible from the brand-name version.36





Patent Extension through Altered Form or Altered Delivery Method

Although there are means by which to squeeze the most out of the twenty-year patent clock regardless of time spent in the FDA approval process, drug companies are wise enough to seek out additional methods to start the patent clock over again. To eke out additional money from a drug that a pharmaceutical company is about to lose patent control over, it is common for an altered form of the drug to be released, with the new form carrying its own patent protection. The creation of an extended-release version of an existing drug is a popular way to regain some of the market and still provide some benefit to the consumer through a steady release of medication through the day. Other forms include patenting a drug formulation containing the active metabolite—a metabolite is a molecule modified by the processes of the body—of an already existing drug. For example, Wyeth Pharmaceuticals’ brand name Pristiq (generic name desvenlafaxine) is a small-molecule drug made up of the active metabolite of parent company Pfizer’s Effexor (generic name venlafaxine), with both molecules functioning as serotonin-norepinephrine reuptake inhibitors.37 Another example comes from separating out isomers in an existing mixture found in a drug currently successful and on the market. The antidepressant Celexa (generic name citalopram) is made up of left-handed and right-handed isomer forms of citalopram, with your body metabolizing and making use of only the left-handed isomer for the antidepressant effect.38 As the patent on Celexa neared expiration, Lexapro (generic name escitalopram) was introduced in 2002, with Lexapro containing only the active left-handed isomer.39 AstraZeneca did the same with its popular gastroesophageal reflux disease medication Prilosec (generic name omeprazole), which is a racemic mixture of two stereoisomers. In this case, however, both isomers are useful, as the right-handed and the left-handed forms are converted into the same molecule by the body thanks to the acidic conditions of the parietal cells in the gastrointestinal tract.40 The pharmaceutical giant later marketed just the left-handed form as Nexium (generic name esomeprazole). Such small changes are major moneymakers for pharmaceutical manufacturers, as they often require very little additional research and development.


A pharmaceutical company may try yet another method and bypass the prescription process altogether. Pharmaceutical manufacturer Schering-Plough showed its popular brand name prescription allergy medicine Claritin to be safe enough for the average individual to dose at prescription strength, a telltale sign that a drug might be able to be sold without a prescription. This allowed Schering-Plough to move forward in 2002 with approval for an over-the-counter version of Claritin as the patent period neared expiration.41 A slight change in the way Claritin was sold allowed the brand to remain strong while reducing the price and giving the consumer an unobstructed pathway to the product. It did not hurt that it provided Schering-Plough with an additional revenue stream as one was about to dry up.





What Portion of the World’s Pharmaceutical Research Is Carried Out in the United States?

Using patents acquired as the key metric, a retrospective study from 1996 to 2013 of 556,112 patents granted worldwide showed U.S. entities to acquire 126,747 patents pertaining to pharmaceuticals. This fares well compared to the total patent output of Europe at 162,721, with Europe led by the contributions of Germany (32,534 patents) and France (23,904 patents). Not surprisingly, Japan and China also fared well, with China acquiring 39,460 patents to Japan’s 33,539 in the same time period. Of particular interest is the rise of China in the patent-acquiring game, with the country going from forty-one patents acquired in 1996 to 1,218 patents in 2000 and then again increasing to 2,165 patents in 2005 and 4,352 in 2013. This increase in Chinese intellectual property acquisition corresponds with two separate five-year plans of government support for the pharmaceutical industry at the tail end of the twentieth and the beginning of the twenty-first century. If current trends in patent acquisition continue, China stands to surpass the annual patent output of the United States and Europe by 2036.42


So, the raw data suggest that the United States and Europe, when combined, carry out the lion’s share of the patent-acquiring research in the world. This posits the United States as a significant leader, with the United States tripling the output of the next largest patent-producing country, China, during this seventeen-year time span. But will this continue, or is the United States merely the benefactor of a head start? We will have to wait and see to find out.


A long-standing dogma persists that the United States pays more per person for pharmaceuticals due to the free market nature of its economy and therefore that companies within its borders are enabled to innovate and create more new pharmaceuticals. Whether this is true is difficult to untangle, but it does appear that innovation thrives in the United States, at least for now.





Where Do Generics Enter the Game?

What happens when the patent on a drug expires? This is a big event in the life of a medication. The U.S. patent system works in a manner so as to give the patent holder a right to exclude others from infringing on their patent in exchange for the patented material entering into the public domain once the patent term expires. As such, once a patent expires, other pharmaceutical manufacturing companies are then allowed to make use of the previously protected intellectual property and manufacture so-called generic forms of the brand-name small-molecule drug. The pathway for a generic drug to enter the market is outlined by the Hatch–Waxman Act of 1984, also known as the Drug Price Competition and Patent Term Restoration Act of 1984. Orrin Hatch of the state of Utah is the “Hatch” of the Hatch–Waxman Act, with the longest-serving Republican senator in U.S. Senate history still playing a key role in shaping the generic market nearly four decades later.



The Hatch–Waxman Act of 1984 held two key provisions aiding the arrival of generic medications onto the market. The first allowed for a simpler, abbreviated new drug application (ANDA) to be filed. This new form of drug application required the generic manufacturer only to show how it will proceed in synthesizing and scaling up the manufacturing of the drug, along with a series of quality assurance tests and experimental data showing the generic form to act the same in the human as the brand-name drug. This was a boon for the generic market and required far less than needed—particularly no clinical trials—to formulate the NDA required to bring a brand-name drug to market. The generic manufacturer is allowed to perform the tests needed to acquire an ANDA prior to the expiration of the patent on the drug of choice due to a statutory exemption against patent infringement in the Hatch–Waxman Act. This greatly decreases the time it takes for a generic to reach the market after a brand name’s patent expires.43 The second key provision of the Hatch–Waxman Act of 1984 gave an exclusivity period to the first generic manufacturer to challenge an expiring patent listed in the FDA’s Orange Book with a generic drug, giving the generic manufacturer a significant head start on market share and price setting for the generic forms of the newly off-patent drug.44 This short period of exclusivity does not last forever, ending at 180 days. When the 180 days are up, the price of a generic drug begins settling and eventually falling considerably throughout the years as more and more generic manufacturers begin producing their own versions, with market competition winning out for the consumer’s benefit. A 2019 FDA study showed that with a single generic manufacturer, prices drop roughly 40 percent, but with two generic manufacturers, they are slashed to less than half of the brand-name price. When the number of additional manufacturers increases past six, we see a strong force multiplier, as the cost of the generic often approaches 5 percent or less than the brand-name version.45


Generics do not exist for biologic products due to the variability from batch to batch of a given product during the manufacturing process and the inability to make an identical copy of the reference biologic. Instead, the off-patent form of a biological drug is deemed a “biosimilar,” a tag that carries with it a necessity to perform the same as the brand-name “innovator” biologic. Biosimilars are also required to undergo further clinical testing not required for a generic small-molecule ANDA before they are approved.46 This probably goes without saying, but these additional constraints make it much more difficult and cost intensive for a generic manufacturer to produce a biosimilar than a given generic small-molecule drug.


While the United States and Europe are hotbeds for drug research and development, generic manufacturing thrives across the globe. Industry heavyweight Teva Pharmaceuticals hangs its hat in both Petah Tikva, Israel, and Parsippany, New Jersey. Mylan is located in the Netherlands, the United Kingdom, and Pennsylvania, while Sandoz is a part of the Swiss pharmaceutical mega-power Novartis. Apotex, a company that launched one of the first biosimilars, is helmed in Toronto, Canada, with facilities in Winnipeg as well. Dr. Reddy’s Laboratories, Sun Pharma, and Aurobindo Pharma all call India home. Generic manufacturing opens up access to pharmaceuticals to billions across the globe due to lower prices while also providing a steady supply of jobs across the world.


The Hatch–Waxman Act carried with it an important third provision, this one aiding manufacturers of brand-name pharmaceuticals instead of generic manufacturers. This provision allowed for an up to five-year extension in patent rights to cover a portion of the time a hoped-to-be brand-name drug is under review by the FDA. To gain an extension of this sort requires the brand-name manufacturer to list all accompanying patents associated with a newly approved drug in the FDA’s Orange Book.47 Most Hatch–Waxman Act–related patent extensions are on the order of three years, but any precious time recouped leads to additional cash flow for the innovator of the pharmaceutical.48


The generic market is not without confusion, however. A cornerstone of confusion in this arena is when brand-name manufacturers seek to enter the generic market with the creation of their own “authorized generics.” Authorized generics often cut into the profits of the first generic manufacturer to reach the market with their own version and allow the brand-name company to increase their revenues (albeit not at the same levels as when the innovating manufacturer held exclusivity) as individuals switch to the generic to take advantage of their often-lower cost.49 Another trick up the sleeve of pharmaceutical manufacturers is reverse payment agreements, wherein a pharmaceutical company pays a generic manufacturer not to produce the generic or to delay production. AstraZeneca took part in one of the more publicized reverse payment agreements in recent history when it paid Ranbaxy Laboratories $700 million to delay the production of a generic form of AstraZeneca’s popular acid reflux medication Nexium.50 Such astronomical numbers give us an idea of just how much money is at stake for both the innovating manufacturer clinging to the rights of the brand-name drug and a generic manufacturer waiting to take up the mantle.


It is now hoped that you are armed with some new knowledge about how modern, rational drug discovery takes place along with a number of the hurdles pharmaceutical companies have to overcome to bring a medication to market. With this in hand, let’s take a look at how a number of vital pharmaceuticals have been discovered in the past, beginning with the antibiotic penicillin.












CHAPTER 1

Penicillin
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Penicillin is one of the wonders of the twentieth century and our faithful friend in the struggle against the invisible threats of bacteria and infection, a friend that paved the way for an army of antibiotics that saved the lives of hundreds of millions in the process. The story behind penicillin is just as interesting as the drug is lifesaving. It is the story of a young man frustrated by the medical treatment of his fellow soldiers, the story of a remarkably keen eye for observation, the story of a man unable to make his vision a reality, the story of a cadre of researchers driven to find a cure for bacterial infections amidst the backdrop of World War II, and a story laden with so many crucial points where we could have lost any hope of making any use of the drug forever. Let’s start our story with a young Alexander Fleming and his circuitous route to the world of laboratories, mold, and bacteria.


Alexander Fleming’s Inquisitive Mind

Born to farmers, Alexander Fleming did not begin graduate medical training right after finishing his formative studies. Instead, he carried out the mundane occupation of working in a shipping office for four years (I wonder if any of his eye for detail or exceptions arose during this time period or if it was always there, waiting for opportunities to show). A myth persists that Alexander Fleming (or his father, depending on the variant), while toiling on the farm, saved Winston Churchill from drowning in a bog. The tale goes on to say that Churchill’s father, the Lord Randolph Churchill, sponsored the younger Fleming’s medical school education as a thank-you, but this is a whimsical construction from a 1950s children’s church program.1 Instead, Fleming’s deceased uncle John willed a share of his estate to him, and in becoming his benefactor, the late John Fleming enabled Alexander Fleming to attend St. Mary’s Medical School at London University and forever changed the world.2

Graduating at the age of twenty-five, Fleming drew high praise for a wholly different pursuit during this time—his marksmanship. Not wanting to lose one of his prize team members to graduation and the pursuit of the medical field, the rifle team’s captain introduced him to Sir Almroth Wright, a researcher at St. Mary’s Medical School, on the supposition that Fleming would stay on the rifle team if he was active in a position at St. Mary’s.3 The rifle team captain supposed correctly, with Fleming and Sir Almroth Wright working together for a large portion of their careers.

St. Mary’s added Alexander Fleming as a lecturer in 1914 in part due to his work with Wright, but Fleming found himself born at an interesting time, a time that saw him called to duty as a member of the Royal Army Medical Corps throughout World War I.4 One might think these four years cost Fleming invaluable research time, but Fleming made the most of the moments in between the chaos and gore, noting the sheer number of his countrymen battling infected wounds instead of the Central Powers. Fleming paid particular attention to the use of antiseptics against infection during the war, and he was not pleased.

Soldiers used flavine as an antiseptic in World War I, and Fleming no doubt saw the aftereffects of its use firsthand.5 In his 1917 paper “The Physiological and Antiseptic Action of Flavine,” Fleming fought a war against its use as an antiseptic, on the battlefield or otherwise. Antiseptics stop or inhibit the growth of bacteria, whereas antibiotics kill bacteria. Fleming, noted as a lieutenant of the Royal Army Medical Corps in the pivotal paper published in the journal The Lancet, rails against the use of flavine as an antiseptic for open wounds. Flavine was thought to be the near ideal antiseptic during the era, particularly for wartime applications. Fleming, through a series of clever experiments, showed flavine to react violently with leukocytes (white blood cells), a key part of the human body’s immune system, noting that the flavine killed leukocytes nearly as well as it stopped bacteria. Fleming also put an end to the idea of flavine being a useful intravenous antiseptic for blood infections before moving onto the paper’s heart, wherein he rips apart the use of flavine as a topical wound antiseptic. Fleming does so meticulously and thoroughly, hypothesizing that flavine’s action on a cleanly dressed wound would be detrimental to the soldier. Fleming showed flavine to kill off a portion of the body’s immune response through the destruction of leukocytes while at the same time flavine failed to penetrate lower into the body to the bacteria under the wound, which are then left to flourish. In the end, Fleming deems the current use of flavine as a panacea for septic wounds “unsound.”6




Early Success with an Antibacterial Agent

After the end of World War I, Fleming belonged to St. Mary’s once again, where he would continue his research with a keen eye pointed to tackling human-harming infectious bacteria. In 1922, Fleming publishes what most would consider the work of a lifetime, “On a Remarkable Bacteriolytic Element Found in Tissues and Secretions,” a research paper wherein Fleming establishes his discovery of lysozyme and foreshadows his accidental discovery of penicillin. In this paper, Fleming observes how a specimen of nasal mucus prevents the growth of bacteria on experimental agar plates, “with the exception of the occasional staphylococcus colony.”7 Fleming then researches the action of tears, saliva, cartilage, tissue, and more on the same bacterial colonies, each with similar results. It is at this point Fleming surmises the presence of lysozyme, so named for its ability to “lyse,” or tear apart the cell walls of bacteria. Fleming also found a large amount of lysozyme present in egg white, an interesting discovery in and of itself, as a 1909 research paper by early biochemist Laschtschenko showed egg white to have antibacterial properties.8 Lysozyme from the samples Fleming took of tears and mucus mixed with saliva successfully killed both staphylococci and streptococci bacteria, albeit in small amounts, but bolstered Fleming’s goal of finding antibacterial agents for malicious bacteria. In doing so, Fleming showed lysozyme to be on the front line of the human’s immune system, acting in vulnerable spaces, particularly our eyes and nose, to kill bacteria.





The Discovery of a Lifetime

Fleming continued his pursuit of antibacterial agents over the next several years, looking for more potent ones at every turn. In 1928, his pursuit would pay off. Prior to going on vacation at his country home, a modest house coined “The Dhoon” in the Barton Mills village of Suffolk, Fleming pressed forward with work, inoculating several agar plates with the bacterial strains of staphylococcus variants.9 Fleming left them on the benchtop, open to the air, and on returning to the laboratory from his family vacation, he noticed an unusual mold on one of the plates, with the staphylococci colonies near the fungi destroyed and others taking up residence away from the fungi along the far reaches of the agar plate. Fleming immediately went on a quest to search out the properties of this mold, which he first noted as Penicillium rubrum in the now pivotal 1929 paper “On the Antibacterial Action of Cultures of a Penicillium, with Special Reference to Their Use in the Isolation of B. influenzæ” reporting his findings on penicillin (it is of note that Fleming’s original P. rubrum is now known to be Penicillium rubens, but out of deference to the reader, I will refer to the mold as the genus name Penicillium throughout). In the paper, many references are made to the color of the mold, which starts as white before often becoming dark green, then black, and then yellow in color, a spectrum of colors that may have aided Fleming in initially spotting the mold.10 Fleming tested several other molds for antibacterial properties, but the Penicillium mold was the only one successful in killing bacteria. On the agar plates where the Penicillium mold was placed, streaked colonies of staphylococcus, streptococci, pneumococci, and gonococci (the bacteria responsible for gonorrhea) all retreated from the penicillin, with the streptococci, pneumococci, and gonococci colonies all turning clear in an evident show of their lysis and thus destruction. Due to the retreating bacterial colonies, Fleming had a hunch that it was a substance secreted by the Penicillium mold exhibiting the antibiotic activity. Fleming showed himself to be correct through a number of careful dilution experiments in which the substance from the mold was still active in fighting bacteria when diluted by a factor of 800, and he named the substance penicillin.11

In his 1945 Nobel Prize lecture, Fleming notes the simple manner in which he named penicillin. Instead of naming it for himself or something of standing, he took the route of naming it after that from which it is derived, specifically following the example of the naming of digitalin from the plant Digitalis. In another breath of humility in this speech, Fleming also conjectured that he could have written the original penicillin paper from the point of view of having hypothesized the entire interaction after sincere study and thought and appeared much smarter. Instead, Fleming noted, “My only merit is that I did not neglect the observation and pursued the subject as a bacteriologist.”12


In addition to its action on bacteria, Fleming showed penicillin to be nontoxic within the 1929 paper through a variety of ways. He injected it into rabbits and mice as well as flowing a broth containing penicillin (Fleming was unable to isolate penicillin, so this was the best he could do) over an open, infected wound on a man and irrigating the eye of another every hour for a day with no detrimental effect. Penicillin also did not interfere with leukocytes as flavine did. This lack of toxicity, combined with its successful antibacterial properties in the presence of multiple harmful bacteria, including staphylococci, gonococci, streptococci, and pneumococci, set the groundwork for penicillin’s eventual use as an antibiotic.13

Historically, it has been thought that the fungi Fleming observed floated in through an open window into the lab before settling on one of the staphylococciinoculated plates. This is unlikely the case, as the windows in the building were difficult to reach and not often open. Instead, it is more likely that in yet another incidence of sheer luck in the discovery of penicillin, the Penicillium spores floated into Fleming’s lab from the downstairs lab of Dr. C. J. La Touche, who was working to decipher a correlation between allergies and fungi. La Touche likely would have had a sample of Penicillium, as La Touche supplied Fleming with the other molds he tested for antibacterial properties in his 1929 paper.14

Despite his findings, Fleming’s 1929 paper on the discovery of penicillin was not well received. Fleming’s own inability to isolate penicillin, a development that would not occur until more than a decade later, stalled further work. Fleming did not lose hope in others, however, as he kept showing the discovery to people and giving away samples of the fungi so they could try to isolate penicillin themselves. Fleming even gave away sterilized samples of the mold on paper discs at his Nobel lecture.15

Although Fleming did not succeed in isolating penicillin, he did take part in one of its early applications as a therapeutic. In 1930, one of Fleming’s former students at St. Mary’s Hospital Medical School, Cecil George Paine, while a member of Sheffield University’s Department of Pathology, used a crudely filtered mold broth given to him by Alexander Fleming in what stands as the first medical application of penicillin in humans.16 Under Paine’s care were two infants suffering from gonococcal conjunctivitis exhibiting significant discharge since birth. Paine dropped the mold broth into their eyes and cured both infants.17 Dr. Paine also used penicillin in 1931, when a miner with a shard of stone in his right eye came under his purview. The eye was infected with pneumococci, and within forty-eight hours after treatment with the penicillin filtrate, the infection was gone. Paine, like Fleming, had his own difficulties in championing the use of penicillin, with no publications written by Paine or lectures given (that we know of) to highlight its curative effects.18
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