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This book is dedicated to the memories and families of Harold Noe, Thomas Noe, William Zellner, and all the victims of cancer hoping the beginning of the end is near…






Introduction


It was the same campus, the same sunny day, and almost the exact same parking spot I had occupied just a few weeks before. However, the circumstances could not have been more different. On my previous trip, I was an invited guest, hosted by a former colleague to present the highlights from the cutting-edge oncology research we were conducting at a biotechnology company just a few miles up the road from the National Institutes of Health (NIH) Bethesda, Maryland, campus where I was currently standing. The name of the company was MedImmune, a conflation of two words meant to reflect a focus on developing novel ways of unleashing the power of the immune system to promote medicine. While the company had already made a name for itself in infectious diseases, I had been tasked with building a portfolio of products to target cancer. The company was largely focusing its efforts to unharness the power of monoclonal antibodies, the guided missiles of the immune system that can be as specific and destructive as the most advanced smart bombs that were used in the second Gulf War just two years before.

I had been recruited from Purdue University, where my academic work as a professor had led to the discovery of ways monoclonal antibodies could be created and deployed to seek out and destroy metastatic cells. These rogue killers comprise the most invasive and deadly tumor cells and tend to elude both the surgeon’s knife and chemotherapy. My tenure at Purdue had been granted just a year or two earlier and I was happily obsessed with understanding the processes behind metastasis. Nonetheless, throughout these halcyon academic years, I had always been gripped with a passion to apply research to alleviate human suffering in “the real world,” which was quite distinct from trying to cure experimental mouse tumors, the mainstay of academic research.

Nineteen ninety-eight was a pivotal year, though this was not clear to me at the time. I was in my third year as an assistant professor at Purdue and had published a scientific manuscript detailing a project initiated while transitioning from my postdoctoral studies at the Lineberger Cancer Center at the University of North Carolina to my start at Purdue. We had identified a type of cellular behavior distinguishing benign cells from their malignant counterparts and I hoped these differences might provide a new opportunity for targeting cancer.

I have been extraordinarily lucky to be in the right place and time at key points. Working in 1995 with colleagues at Chapel Hill and at nearby Glaxo Pharmaceuticals (located down the road in Research Triangle Park, North Carolina), we innovated a novel approach to create monoclonal antibodies to characterize or, if we were very lucky, actually convey some use in targeting metastatic cancer. Our rationale back in 1995 was based upon emerging evidence for a new approach using monoclonal antibodies as a much-needed alternative to conventional chemical toxins. Only one monoclonal antibody had ever been approved for cancer at the time.

The drug Rituxan® (rituximab), as we will see, had been developed by a start-up biotechnology company in San Diego (IDEC Pharmaceuticals) and marketed by another biotechnology company located outside San Francisco (Genentech). Rituximab had overcome all the hurdles necessary to be approved by the Food and Drug Administration (FDA) in 1997 and it was to be used in the battle against a type of blood cancer known as a lymphoma. Early sales of the drug were promising but not overwhelming. The reason for the lag in sales was in part because monoclonal antibody drugs were not very familiar to most physicians (or even many scientists). However, this drug would go on to log peak annual revenues of more than $7.3 billion in 2015 alone and become the twelfth-highest selling drug in history (undoubtedly fated to move even higher because antibody drug sales are not as susceptible to generic competition as more conventional medicines are).

Looking back to 1998, the commercial view of monoclonal antibody therapeutics was not terribly optimistic. For one thing, the nascent field was considered, by many industry experts, to be unrealistic based on economics alone. Such views were justified based on the high costs needed to manufacture these large molecules, which might cost hundreds of dollars per dose (as compared with pennies for many conventional medicines). Moreover, key patents filed by early biotechnology pioneers meant a substantial portion of revenues—as much as one-third for some medicines—would have to be surrendered to competitors. To break even, some antibody drug companies contemplated asking prices of up to $10,000 for a single course of treatment—an outrageous proposition at the time.

Ten thousand dollars today seems almost like a bargain, when insurance companies are, with increasing frequency, asked to spend hundreds of thousands or even millions of dollars on some medicines. However, this price tag seemed utterly absurd to many in the late 1990s. Hence, many conventional pharmaceutical companies focused on standard medicines comprised of small and less complex molecules (think of aspirin). In contrast, monoclonal antibodies were large and unwieldy beasts (e.g., a thousand times larger than aspirin). To manufacture a single antibody requires the precise arrangement of four large proteins, each situated in just the right way, to ensure an antibody drug is stable, safe, and efficacious.

This complex construction could not be performed in the massive fermentation tanks used to manufacture small molecules but instead required something with far greater sophistication: the honed skills of human or other mammalian cells. Yes, these cells actually served as the factories, and the technology needed to engineer the production of proteins in these tiny workshops had only been enabled in the 1970s and 1980s. All the antibody drugs described herein were produced by cells obtained from discarded human or animal tissues and then modified using genetic engineering to produce the antibody of interest.

The high costs of growing the antibody-producing cells, purifying their protein products, and ensuring the resultant drug remained viable accounted for for the bulk of the expense of monoclonal antibody drugs. These costs were compounded by an enormous amount of intellectual property (patents and royalties) that drastically increased the cost of manufacturing antibodies. Consequently, there were few biotechnology companies, or more accurately, investors, willing to take the plunge into such a risky enterprise. In my years as an academic, I spoke with representatives from many conventional pharmaceutical companies and most indicated their unease with utilizing monoclonal antibodies for any indication, and certainly not for cancer.

Cancer at the time was a relative backwater in drug development. I vividly recall one conversation with a pharmaceutical company executive, who stated cancer would likely forever remain so as “there had never been a single blockbuster” in the field (blockbuster being an industry vernacular for a drug generating a billion dollars in annual revenue). The “real money,” she continued, was in a drug a person would need to take every day for the rest of their life (such as a medication for hypertension or high cholesterol). One problem with oncology was that treatment tended to be short-term (weeks or months) and if you were effective, therapy may never be needed again. The alternative was the patient would expire from the disease. Either way, the patient would not take the medicine for very long. Given the crass connotations, I recall being quite shaken and can recall the details of this conversation as if it occurred yesterday. Simply put, there was not much interest in cancer or antibodies in the 1990s world of pharmaceuticals.

One exception was MedImmune.

The firm was originally founded in 1988 by an entrepreneurial pair of physicians, Wayne Hockmeyer and Franklin Top, who had retired from leadership roles at the Walter Reed Medical Center. Founded as Molecular Vaccines, Inc., in May 1987 (the name was changed to MedImmune in October 1990), the company had opened its doors in a small research laboratory in an utterly nondescript building on Firstfield Road in Gaithersburg, Maryland, lodged between a sleepy post office and a row of apartment buildings that were not aging terribly well.

Hockmeyer and Top had partnered with a venture capitalist to build upon research they had begun at Walter Reed years before. A lead project had sought to develop antisera to prevent respiratory syncytial virus (RSV) infection in premature infants. RSV causes cold-like symptoms in most children and adults every year or so. Although a simple infection to you and me, this same virus can cause irreparable lung damage and frequent death in premature infants. The risk from RSV persists for a year or two as the lungs are particularly vulnerable and slower to develop and heal in these frail babies. The first serum-based RSV therapies to be deployed by MedImmune were indistinguishable in many ways to the antisera deployed to treat diphtheria and rabies as pioneered by Louis Pasteur and Robert Koch more than a century before. However, the two former army men, Hockmeyer and his former commanding officer, Top, were not content to focus only upon these sera-derived therapeutics, but had plans to utilize the newly developed power of monoclonal antibody technology.

Within a decade, MedImmune had overcome many adversities to gain an FDA approval both for their antisera (known as RespiGam®) and the monoclonal antibody product destined to replace it: Synagis®. As the latter product closed in on a $1 billion in annual sales with the start of a new millennium, the company had already begun to expand its pipeline to include vaccine technologies to prevent infection by human papilloma virus (a subject addressed later in this book), and were actively exploring both antibody and vaccine technologies for use against an array of infectious diseases. The key in biotechnology, as in investigative reporting, is to follow the money. In this regard, the biotech community, unlike their more staid pharmaceutical cousins, had begun to believe the money led to oncology.

This paradigm shift in the private sector view of cancer had begun at about the same time as my troubling conversation with the pharmaceutical executive about the reluctance of the industry to embrace oncology. In 1998, a drug named Taxol® reached the blockbuster milestone of grossing more than $1 billion in annual revenues, the first cancer drug to reach this landmark. In that same year, a pioneering company of the biotechnology sector with the name of Genentech gained an FDA approval for a second monoclonal antibody for cancer, a drug known as trastuzumab (Herceptin®). Trastuzumab was targeted at the highly organized community of breast cancer patients, who helped advocate and advertise the advantages of Herceptin over more traditional breast cancer treatment therapies. You could feel a seismic shift as this motivated and well-informed breast cancer community was suddenly filled with hope. The success of trastuzumab triggered an overdue deluge of investment targeted to develop new breast cancer medicines.

Beyond breast cancer, the concerns about the relatively small market of individuals requiring oncology drugs were offset by the recognition that a cure for cancer, even a partial cure that extended life by a few years, could command high prices. Adjusting their mindset, biotechnology and pharmaceutical corporate executives were suddenly driven by the expectation that a new blockbuster could arise from medicines delivering large sums per patient, even if this came from a small number of people treated for a short time. In other words, small populations could generate profits if the outcome could justify a high price. This approach to generate prodigious earnings from a small population would soon dominate the biopharmaceutical industry, displacing the concept of more widely used and lifelong products that yielded lower revenues per patient, but were prescribed year after year.

As MedImmune was becoming one of the first biotechnology companies to achieve profitability based on revenues derived from their infectious disease products, I hoped the monoclonal antibodies I had developed in North Carolina might serve as a scientific tool. My primary focus, following the work I had started at UNC, would be on a basic scientific question about cancer cell behavior. The goal for these antibodies was to help train new graduate students in how to conduct research. Each student would be assigned a random antibody (there were more than six hundred) to learn the basic techniques provided by antibodies in the laboratory. If one of these young students happened to stumble upon something with these antibodies, then we could take an opportunities approach to pursue it further.

Everything changed when my first student, and then my second, began obtaining exciting results with these antibodies. Their findings revealed unexpected potential for identifying and potentially targeting metastatic cells. Consequently, these side projects soon dominated my laboratory at Purdue. Their discoveries would ultimately determine many of our young family’s life choices, including where we lived and our sources of employment, for most of the next decade, redirecting the careers and personal lives of myself and my wife, Kelly (also a cancer researcher). Unbeknownst to us, we were in the middle of an extraordinary burst in the enterprise of biotechnology in general and cancer immunology in particular.

By the beginning of the new millennium, my research had become obsessed with a molecule functionally altered and overexpressed on cancer cells. This protein, known as EphA2, normally was restricted to the developing embryo and was mostly turned off (or found at very low levels) in benign cells. In its normal function, EphA2 served to decrease cell growth and invasiveness. In contrast, our laboratory had demonstrated cancer cells found a way to reprogram EphA2 to promote tumor cell growth and favor metastasis. Our work culminated in the description of a vicious cycle whereby the malevolent behavior of the EphA2 protein caused it to accumulate within malignant cells, thereby further enhancing the aggressiveness of tumor cells and in turn increasing the levels of EphA2. The cause and effect of EphA2 and disease progression would continue to spiral up to the point where the tumors had become killers dependent upon EphA2. Most importantly, we had uncovered a means by which carefully selected EphA2 monoclonal antibodies (made specially for this purpose) could override this process and essentially short-circuit tumor cells, selectively killing them while sparing benign cells.

As word began to spread about our work in an obscure laboratory in one of many Big Ten schools and in the midst of agrarian Indiana, I began receiving invitations to speak about our work at other universities, as well as an occasional biotechnology company. Returning from a whirlwind trip to the West Coast on a red-eye flight in the early summer of 2001, I stopped by my office to check the mail and ask about my students, with the goal of returning home to catch up on some much-needed sleep. Within seconds after stepping into my office, the phone rang. I was tempted to ignore the call, but fate intervened and I answered.

The caller was the new president of Purdue, Martin Jischke, asking if I could take some time to meet with an alumnus. I was informed this gentleman had founded a biotechnology company, which also happened to work on monoclonal antibodies. Having never spoken with the president, it would have been challenging (and perhaps career-ending) to decline. Nonetheless, my overwhelming sense of exhaustion forced me to try and beg off the meeting. I asked the name of the alumnus. “Wayne Hockmeyer” was the reply. I had never heard of him and so asked what company he had founded. The answer, “MedImmune,” was vaguely familiar and I struggled to remember why (being notorious for an awful memory). President Jischke then indicated MedImmune had recently launched a drug called Synagis®, which prevented infection from a virus called RSV. That fact jogged my memory and forced a concession that a much-desired nap was not destined to be part of my immediate future. I immediately agreed to meet with him.

The reason for my sudden change in heart was in part because our elder child, Sarah, had developed RSV-triggered asthma as an infant. This entailed months of increasing familiarity with albuterol dispensed by nebulizers, which would ease her breathing during asthmatic events. Sarah, by this time, was a toddler and her asthma bouts were happily becoming a distant memory. More contemporary concerns arose for our son, only six months old at the time. Always a rather energetic child (even in utero), Grant had kicked his mother so hard he tore a hole in the amniotic sac, which caused him to stop progressing at roughly thirty-three weeks of gestational development. He was born prematurely a week later and while not the smallest preemie in the neonatal intensive care unit, his older sister Sarah’s prior history with RSV caused his pediatrician to prescribe Synagis. My wife and I, who both worked with monoclonal antibodies, were amused by the fact our son was one of the rare few who was receiving such medicines (though our insurance company was surely less thrilled by the prospect of covering the shots, which cost roughly $800 per month). Thus, the utterance of the name Synagis by the Purdue president had been sufficient to convince me to meet with Dr. Hockmeyer.

Though I was undoubtedly not at top form (still bleary-eyed from the flight and un-showered), the meeting went surprisingly well. Hockmeyer and I discussed shared interests in monoclonal antibodies. This prompted a generous offer from him to visit MedImmune at its Gaithersburg, Maryland, headquarters. A few weeks later, I found myself giving a seminar in the boardroom of a relatively small, but extraordinarily dynamic organization. I had flown in to give a talk at noon and, as is the custom, met with a few people in the morning. My flight itinerary meant I only had two or three hours before I would have to leave to catch the return plane, particularly given returning to Dulles airport required negotiating the Capital Beltway, a ring road notorious for unbearable delays. As my talk was meant to last but an hour, this was not a major worry. The interest by the dozen or so people during the seminar was infectious and the discussion lasted more than two hours. As the talk concluded, the sustained adrenaline rush and nervous drinking of an endless cup of water meant my bladder was nearing the point of embarrassment and I excused myself ever so briefly. Upon returning, I found the room had quickly cleared out except for the chief executive officer, David Mott, who I had learned had recently taken the helm from Hockmeyer. David is quite direct and got straight to the point: MedImmune was interested in starting an oncology program and wanted me to lead it. I was humbled and dumbfounded. Here I was, a confirmed academic, being asked to sacrifice tenure and jump into a risky biotechnology venture. Compounding this, I had also just been offered a very attractive opportunity at the University of Virginia.

I returned to Indiana and excitedly discussed with Kelly the adventures from my visit to Maryland. We agonized about this sudden new opportunity, which represented an apples-to-oranges comparison with the options provided by academia. In a detailed and enlightening conversation, my wife made me realize the depths of my own ignorance, which is one of her more extraordinary and occasionally annoying talents. Although a switch to the private sector would mean giving up tenure, she could sense (more than even I) the opportunity at MedImmune would fulfill a wish to apply science to medicine, which has always been a passion. We both loved Charlottesville and I had secretly dreamed of working at “Mr. Jefferson’s School” even before I had ever seen the place (as the reader will soon see, I am more than a bit of a history nerd). Yet, even as a graduate student studying basic biology, I self-identified as a cancer researcher.

An early motivation for becoming a cancer researcher had been spawned two decades before, when I lost both grandfathers to the disease. During high school, my maternal grandfather, Harold, had been diagnosed with colon cancer on the day after Thanksgiving in 1982 and had died thirteen months later, after an agonizing struggle that ravaged his formerly muscular frame and reduced him to a virtual skeleton as he lay on his deathbed. This disease had figuratively metastasized throughout our close-knit family and tainted our views of the holiday season for many years to come.

What we didn’t know at the time was this same disease was also metastasizing through the family as well. By my senior year in college, an uncle was diagnosed with pancreatic cancer and, like many stricken with this particularly horrible disease, would succumb within months. Furthermore, my paternal grandfather perished within a year from the complications of fighting both colon and prostate cancer.

These family tragedies would ultimately help shape my professional life as a youthful passion for science matured into a desire to even the score with a disease that had taken such a personal toll. By the time my paternal grandfather died from cancer, I was already working toward my doctorate in immunology at the Duke University Medical Center in Durham, North Carolina, determined to apply this learning to cancer. As we have already seen, I would later perform postdoctoral studies at the University of North Carolina, which later led to the EphA2 story.

Just minutes after midnight on September 11, 2001, my wife and I landed at National Airport in Washington, D.C. Arriving at the hotel early in the morning, our plan had been to tour Gaithersburg with a realtor later in the day and on September 12 discuss potential positions at MedImmune. The planned agenda was obviously undermined by the horrific events of the day and, had I possessed any common sense, we would have politely declined a job offer in a town where planes crashed into buildings and instead opted for a safe and happy life in quaint Charlottesville, Virginia. Having never been burdened with such sense, we accepted the position at MedImmune and soon began growing a pipeline of cancer programs, mostly based around monoclonal antibodies.

One follower of our work at MedImmune was a former colleague of mine from Chapel Hill, Geoff Clark, who happened to work down the road at the National Cancer Institute (NCI). During the summer of 2004, Geoff asked me to give a seminar at NCI in Bethesda and I found myself discussing EphA2, MedImmune, and the pipeline of innovative products we were intent upon developing. It was like many other seminars but more memorable to me given the location on the NCI campus in Bethesda, a storied locale with a rich history in the war against cancer.

A couple of months later, I was back at NCI. Only this time, I did not enter through the front doors as an invited guest to expound about the scientific progress of the day but through the side door marked, “Patients Only.” For this visit, I was accompanied by my mother and, after being processed, we were given wristbands and sent up to the Medical Genetics Branch. Our visit had been triggered by a recent diagnosis of a close family member, who had been experiencing discomfort in his lower abdomen for much of the past year. As alluded to above, his father had died from pancreatic cancer.

At the age of forty-one, a persistent stomachache in this otherwise healthy young man was diagnosed as invasive colon cancer. Thankfully, the disease responded nicely to chemotherapy, which included another pioneering monoclonal antibody Avastin®, which had been approved by the FDA just weeks before his diagnosis. Given the early onset of the disease, his doctors recommended an early form of genetic testing, which revealed a condition known as hereditary nonpolyposis colorectal cancer (or HNPCC). Also known as Lynch Syndrome, this genetic change is described by many online cancer-based webpages as an “autosomal dominant indication with high penetrance.”

My mother had called me on the night of diagnosis to ask me to explain exactly what that particular quagmire of words meant. Upon hearing this diagnosis, my mouth went dry as I tried to choke out an explanation. Though my heart and brain were both racing, I explained the diagnosis meant my cousin had inherited a bad copy of a gene from one of his parents and therefore had a high (basically 100%) likelihood of developing cancer. I then reassured her I would do a little more research on Lynch Syndrome and call her back.

As the bile rose in my throat, my thoughts began to resemble the gyrations of a Whirling Dervish. Though from my perspective I was a paragon of composure, it took Kelly a mere split second to reinforce the fact I am not destined to play professional poker (though I tend to be quite popular at neighborhood poker games for some unknown reason). The panic on my face and in my voice were palpable.

I decided to calmly consult my textbook on cancer. The “bible of cancer” had been compiled by Vincent T. DeVita, Theodore S. Lawrence, and Steven A. Rosenberg. This thick two-volume set had a section on the subject of Lynch Syndrome, which confirmed patients with the gene mutation almost invariably develop either colon or endometrial cancer. The good news was we knew our family member was recovering nicely (and would continue to do so). Nonetheless, the swirling sensation in my head continued as I found myself trying to calmly explain to my mother that we might want to confirm the exact wording of the diagnosis, but without explaining why and thereby causing undue panic. Within a day, I was staring, mouth agape, at a faxed page of a pathology report verifying the genetic changes and cementing the diagnosis.

Almost immediately, I began calling in every favor ever owed to me. Within a few hours, I had managed to book a colonoscopy and an appointment with the head of the NCI medical genetics program focused on HNPCC. Lynch Syndrome patients are of interest to the NCI, in part because they offer a means to study the science, medicine, and sociological impact of a current or impending cancer diagnosis (the cancer can take decades to develop). In return, NCI offers counseling about treatment options and reproductive decision-making. Our first step was to discuss the situation with a counselor.

After flying my mother to Washington, we met with the head of the program, who interviewed us extensively to gain more information about our family and personal health histories. We entered the meeting under the assumption that my mother’s father, whose death from colon cancer at the age of seventy-one, had inspired my interest in cancer research, represented yet another victim of Lynch Syndrome. Moreover, we assumed my grandfather had likewise passed down the gene to my uncle, who had died of pancreatic cancer, and to his children, one of whose diagnosis with colon cancer had triggered this visit to NCI.

These assumptions were overturned when the genetic counselor learned my aunt (by marriage, who also happened to be her best friend from childhood onward) had been diagnosed with cervical cancer many years before. This fact was new to me as well. The genetic counselor explained that past cases of endometrial cancer were frequently misdiagnosed as cervical cancer. Consistent with this, my mother recalled my aunt’s mother had likewise been diagnosed with cervical cancer. These facts suddenly and decisively favored a likelihood the genetic component of the disease had passed from the maternal lineage and not the paternal lineage I shared with this relative.

Although selfishly reassuring to our side of the family, we were in a quandary. Do we reveal this putative lineage or remain silent? The genetic counselor was adamant we were both ethically and legally obligated to remain silent. The rationale behind this mandate is that such information may be unwanted by others. In other words, it would be selfish (and illegal) for us to reveal something with a potential impact that could affect another person’s life or decisions unless they indicated their desire to discuss it. Although frustrating, we remained silent and the years passed.

Almost a decade later, I had moved to Yale University and was sitting in my living room when the phone rang. The caller was a cousin of my relative (from the other side of the family), who confided he had just been diagnosed with HNPCC following a bout of colon cancer at forty years of age. He had not been aware our shared relative also had this disease until hours before and, knowing my professional background, was calling to ask about the scientific and medical implications of this diagnosis. Thankfully, the story ends well for all the affected individuals, who have resumed happy and healthy lives, having conquered their cancers. Indeed, such outcomes are likely to become even more routine, as we will explore throughout The End of the Beginning.

The title of this book parrots a line from a famous speech given by arguably the greatest speaker, who has blessed the English language. In his “Bright Gleam of Victory” speech, Prime Minister of the United Kingdom Winston S. Churchill delivered a victory serenade. Events in North Africa had finally given the nation a reason to celebrate following the successful conclusion of the Second Battle of El Alamein, in which an offensive by General Bernard Law Montgomery’s Eighth Army chased Erwin Rommel’s Afrika Corps westward out of Egypt and through the Libyan desert. Once combined with the United States Army driving eastward from its beachheads near Algiers, the joining of American and British forces had forever expelled the Nazis from the African shores and would soon facilitate the later invasion and capitulation of Sicily and Italy. In a celebratory speech to Parliament on November 10, 1942, Churchill was nonetheless pragmatic enough to counsel, “This is not the end. This is not even the beginning of the end. But it is the end of the beginning.”

This insight is an apt way to summarize extraordinary advances made in the treatment of cancer in the past few years. A remarkable series of events has allowed us to witness the potential to prevent or utterly eradicate some forms of the disease and, for even the most cautious doctors and patients, to seriously contemplate a cure—a much hoped for but rarely achieved goal of cancer therapy.

The newfound juxtaposition of “cancer” and “cure” in the same sentence may be attributable to our ability to harness the extraordinary power of the human immune system and redirect it to combat cancer. The breakthroughs made in the war against cancer are not entirely different from the achievements attained by Churchill’s armies in the deserts of Egypt. As we will see, these successes may have even more relevant parallels to another desert war, which occurred in the Iraqi desert in the latter years of 20th century.

One goal of The End of the Beginning is to convey the extraordinary success toward developing cures for cancer, particularly over the past quarter century. To achieve a goal viewed by most as insurmountable just a decade ago, it is necessary to convey an understanding of the history of cancer and the evolution of our understanding of its dynamic interplay with the immune system. In doing so, we will meet the various personalities and weapons used to target elusive tumor cells and the accumulation of breakthrough science facilitating the rapid translation into lifesaving technologies that have begun to dramatically increase the quality and quantity of life for cancer patients, including many lifelong cures.

While dramatic improvements are being made by harnessing the immune system to target cancer, these are not without risk, and we will also touch upon some of the risks these new technologies entail. For many, the risks associated with immune therapies outweigh the benefits. As with the discovery of gunpowder, the airplane, or the power of the atom, understanding is vital to anticipating and preventing the potential for abuse and misuse.

In developing the story, I reach back into my own personal history, not because my own work was particularly impactful but because I happened to be in the right place at the right time to serve as a witness to many of the events described herein. It seems appropriate to fill in some of the gaps with my biography to allow the reader to assess whether I have any credibility in doing so.

I presently serve as an associate vice chancellor and professor at Washington University in St. Louis, a top-five medical school among whose specialties are immunology and cancer research. As we will see, Washington University has helped lead the fight to find new ways to recruit the body’s immune system in the fight against cancer. In this context, I have been actively engaged in the science and application of cancer research and drug development.

Since earning a doctorate in immunology from the Duke University Medical Center, I have split my career equally between the biopharmaceutical industry and academia, most recently leading drug development at Yale University before joining Washington University in 2014. My responsibilities have included leadership in two of the world’s leading biomedical research centers that share the responsibility of analyzing and supporting drug and vaccine research and development.

Prior to Yale, I lived in suburban Washington, D.C., amidst a thriving biotechnology community. My experiences there included helping to guide a medium-sized biotechnology company by the name of MedImmune into a large biotechnology juggernaut. As detailed above, I was tasked at MedImmune with developing a team and a pipeline of products devoted to the eradication of cancer by targeting the body’s immune defenses. I joined MedImmune in 2001 as a team of one. Within five years, we had built a team of more than forty scientists and a portfolio of twenty-one programs. These projects included an overview of the vaccines being deployed to eliminate cervical cancer from the world, as well as the development of cancer-specific smart bombs in the form of armed and unarmed monoclonal antibodies, all of which are profiled in this book.

Over the course of the past two decades, the arsenal of medicines available to treat cancer have improved dramatically. Prior to the development of immune-based therapies, patient care had been made possible for the first time with the introduction of chemotherapies using obnoxious substances. As a brief summary of this era, using the same words I used to teach cancer biology at the Purdue campus of the Indiana University School of Medicine, “the goal of cancer therapy is to kill the tumor just before you kill the patient.”

These conventional therapies were sometimes effective but always legendarily brutal, often causing an increase in quantity of life only at the expense of a lowered quality of life. Following substantial progress in discovering new chemotherapies in the 1950s and 1960s, the discovery of breakthrough cancer therapies slowed for a time, before being reenergized by the introduction of new science and technologies. As we will see, the application of active immunity (i.e., vaccines) and passive immunity (mediated by antibodies derived from the laboratory rather than created in the body) foreshadowed a new and improved arsenal to be unleashed in the war against cancer.

Over time, a generation of scientists realized it might be possible not just to modify the proteins normally found in the body, such as antibodies, but also its cell-based host defense mechanisms. This realization was put into practice through the implementation of novel treatments, first performed only in the most sophisticated research hospitals in the world, but later made available to the masses through the introduction of equally impactful just-in-time technologies afforded by, among other innovative entities, Federal Express. By blending these past experiences with emerging genomic technologies, we now stand on the cusp of breakthroughs allowing even the most conservatives doctors and pragmatic patients to use the words “cancer” and “cured” in the same sentence and without a hint of irony.

As one example, we will highlight progress made in the treatment of metastatic melanoma. Only a few years ago, this diagnosis was widely and correctly presumed to be a death sentence. Equally tragic was the fact metastatic melanoma had been a focus of cancer researchers for decades. Despite all this investment, the disease had resisted virtually all attempts to cure it. As a sign of the dark humor of these challenging days, melanoma was described as the “black death of drug development,” reflecting both the hallmark black skin lesions characteristic of the disease and the fate of the drugs challenging it.

Despite decades of countless failures by modern medicine to improve the prospects of patients with melanoma, the past decade abruptly witnessed a dramatic reversal. Melanoma therapies suddenly began to show promise and were approved by the FDA. Some of the outcomes can only be described as science-driven miracles. The treatment of the disease has changed radically within the past decade. A subset of patients may already have been cured of their disease and many more will happily agree to this prognosis. This brightening of their prospect can be summarized in a hyphenated word or two small letters: immuno-oncology or IO.

The advances against many tumor types have spurred many companies to entirely drop all other drug discovery activities and refocus their oncology efforts. One well-known major pharmaceutical company, Bristol-Myers Squibb, not only diverted all oncology research to this one focus but restructured the entire company to focus solely upon IO. This is a brave gamble as the entire future of some of the most storied companies in the world are now “all in,” risking everything with hopes that IO will provide both health and economic opportunities for the future.

We will also discuss the potential limitations of IO, not just in terms of the business risks, but the health prospects of individual patients. While a subset of patients benefits extraordinarily from newly developed therapies, it is not yet clear if such successes can be extended to all. Consequently, it is also critical to discuss efforts to improve the breadth and depth of new IO therapies. In this light, I will highlight next-generation technologies with the potential to expand even further the impact of our understanding of the dynamic interplay between the body’s immune system and cancer cells harbored within. We will also convey some risks uniquely associated with IO, including the potential, if not inevitability, that certain therapies may increase life expectancy but at the cost of acquired autoimmune disease. All medicines have side effects and IO-based therapies are no exception. Another inevitable discussion item when discussing drugs is cost and again, IO medicines are no exception. These new medicines are and will continue to be quite expensive in terms of their impact on the finite amount of fiscal resources available to insurance company. Thus, we can easily anticipate hard decisions will have to be made about who will receive such treatments and how they will get it.

With this in mind, a goal of The End of the Beginning is to couple the facts surrounding the history of immune oncology with the human stories of the people who have studied the disease and enabled a new generation of seemingly-miraculous medicines. The book also intends to convey the reality that the victory against cancer is not without risk—there are reflections of extraordinary sacrifices made by patients, who in many cases have contributed everything they have and are to help these technologies to succeed. I intend also to provide a forum not only to communicate past successes, but to describe how we might eliminate cancer from the repertoire of diseases we all confront. Finally, I also hope to convey the stories behind the development of astonishing new cancer treatments transforming the prognosis of individuals with diseases such as metastatic melanoma, a diagnosis which may have been a virtual death sentence a mere five years ago.
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A Growing Concern

We all have those moments, indelibly burned into our minds, which can be perfectly recalled and retained even years later. Beyond overtly historical moments, such as the assassination of a president or an aircraft careening into a skyscraper, there are individual flashes conveying a strong impression and shaping our lives. Yet, what may be significant to one of us is not always shared by others. I have had a handful of such experiences, and one occurred in the summer 1997, a year after beginning a career as a cancer researcher and professor at Purdue University.

I had been asked to participate in a workshop focused on the need to improve the study of prostate cancer. This first (and last) International Workshop on Animal Models of Prostate Cancer was hosted at my home institution over a two-day period during a sweltering week in mid-August 1997.1 That time of year, known as the dog days of summer, was fitting given a focus of the workshop, which was to evaluate the strengths and limitations of our canine companions as a potential model to understand prostate cancer in people. For those squeamish souls (like myself), who are not terribly comfortable with the idea of injecting animals with carcinogens of malignant cells to cause disease, let me point out that the dog provides a great model of disease in part because it develops spontaneously, just as it does in people. The spontaneity means that the disease tends to be more diverse, unlike a chemical treatment, which provides consistent results. However, for those of us in favor of such diversity (since the disease is equally diverse in people), the dog provides a great model. This was the subject to be discussed during the conference.

My research emphasis up to this time had largely focused on breast cancer (which afflicts dogs at roughly the same rate as humans) but Purdue in general, and the veterinary school in particular, had cultivated an expertise in canine prostate cancer. A bit of trivia perhaps useful during a lull in cocktail party conversation is that the dog is the only nonhuman species that develops spontaneous (rather than chemically induced or genetically triggered) prostate cancer. The significance of that development was being cultivated at Purdue, which hosts one of the leading veterinary schools in the nation. My recruitment to Purdue was motivated in large part by the fact that prostate (and also breast) cancer in dogs shares many features with its disease counterpart in their human caregivers.

Another advantage of being a professor in a vet school was I was free to bring my own Labrador retriever, Baloo, to my office. She became widely known in our corridor as the “lab Lab” and unexpectedly became a participant when, like many orally fixated retrievers, she consumed an envelope containing a tube with a chunk of DNA (known as a plasmid) with the instructions to create a putative oncogene. Thankfully, she was fine, perhaps because the envelope had also contained a matched “anti-sense” plasmid, which would counteract the oncogene. I, on the other hand, had to explain to the sender why a new batch of material was being requested (and who was, thankfully, quite amused at the story and reminded me of it years later).

Baloo survived to the ripe old age of thirteen before expiring from natural causes (unrelated to the consumption of oncogenes or plastic) and her experience emphasizes the fact dogs have a shorter lifespan than most people (though the dog year conversion widely used is not quite accurate). Consequently, man’s best friend develops diseases, such as breast or prostate cancer, within a comparatively short period (years rather than decades). Dogs have also been subject to extensive inbreeding, which unintentionally has enriched the potential for certain genes betraying certain susceptibilities to disease. For example, Scottish terriers tend to develop bladder cancer and, perhaps most intriguingly, larger breeds tend to succumb to cancer (and other diseases) at a rate roughly proportional to their size (e.g., Great Danes rarely live to the age of eight whereas Malteses frequently survive twice as long). Such facts allow us to accelerate studies of cancer, both to understand the causes of disease as well as ways to treat or prevent it.

Another advantage is our canine companions either share the same diet as their masters (i.e., table scraps) or feast daily upon a highly defined diet. Either choice means the dog provides an extraordinary opportunity to control or monitor the impact of diet on the prevention or treatment of the disease. Further to what we discussed, the contrived laboratory models using transplanted cancer cells or animals subjected to intensive chemical or genetic manipulation, the disease in dogs is spontaneous and thus more natural. Lastly, many dog owners form very close bonds with their companions and are eager to participate in clinical trials while gladly sheltering their pets at home. These facts facilitate the accrual of volunteers to test new medicines and offset some of the considerable costs required for housing and monitoring the subjects.

Having arrived at Purdue only a year earlier, I was arguably as much an unknown to my intra-institutional colleagues as to the distinguished prostate cancer scientists visiting our Indiana campus from afar. Although determined to blend in and remain a wallflower during this conference, my anonymity was soon betrayed by a shock experienced during the opening presentation inaugurating the two-day workshop on that hot summer day in West Lafayette, Indiana.

Wael Sakr, a cancer pathologist and epidemiologist from Wayne State University in Detroit, was providing an overview on human prostate cancer and conveyed a summary of his life’s work. Sakr had long been studying the incidence of prostate cancer using autopsy specimens from men who had had no history of prostate cancer or symptoms suggestive of the disease. Mostly, the cadavers had expired prematurely as a result of automobile accidents, violent crime, heart disease, or other reasons unrelated to cancer. Even in the youngest men in their twenties, an intensive microscopic analysis of the prostate revealed the presence of malignant and aggressive cancer cells. This was not a rare event but quite common, being found in a quarter of all twenty-somethings. Sakr first recalled information from a paper he had published in 1993.2 He then related the preliminary findings of an ongoing study that suggested that by the time a man reached the age of sixty, the presence of at least one outcropping of aggressive prostate cancer was a virtual certainty.

Most others in the room, who were more well-read than I in the epidemiology of prostate cancer, barely acknowledged this statement, lazily nodding their awareness, presumably sparing their energies for the long, hot day ahead of us. In striking contrast, I was subject to an entirely involuntary response, causing me to bolt from my chair, which was thankfully located in the back of the room. Undoubtedly, a component of this overreaction reflected selfish recognition that, but for an unlucky flip or two of fate’s coin, I may already be afflicted with prostate cancer as a thirty-year-old scientist. I had felt invulnerable moments before, but this all quickly changed. However, most of what I felt was based on the immediate implications for defining a disease I thought I had understood an instant before.

Returning to my office after the conclusion of the day’s proceedings, I made a beeline to the nearby medical library to find the details of the Detroit study (the Internet was still rather crude, and Google would not be founded for another two years). In the hours since hearing the Sakr’s talk, I had convinced myself I must have misunderstood the points from the eventful early-morning seminar.

As a few years had passed since the first publication of Sakr’s studies, there had been ample time for other investigators to reproduce his work, a hallmark of responsible science. These follow-on studies confirmed the overall magnitude of Sakr’s autopsy study, albeit with a few caveats. As the study had been conducted in Detroit, there was a disproportionately high representation of African American men, a population known to be more susceptible to the disease.3 Even adjusting for this, the basic facts presented by Sakr had stood the test of time and intensive scrutiny.

Looking further back in time as the evening progressed in the library, I managed to locate a scientific journal article first published in May 1934 and reprinted in 1979.4 This study had been conducted by a Dr. Arnold Rice Rich, a urologist from Johns Hopkins University. Like the Detroit team, the Hopkins researchers had evaluated the prostates of male cadavers, though their subjects had been at least fifty years old. Despite the fact none had reported manifestations of prostate cancer, almost two-thirds of these asymptomatic men nonetheless harbored a metastatic form of the disease. A comparable study performed in the late 1970s by a team of New Orleans pathologists confirmed this study and explained why the 1934 study had been reprinted.5 A point presciently made in a 2007 review of the subject quoted Ecclesiastes 1:9, “What has been will be again, what has been done will be done again; there is nothing new under the sun.”6 The takeaway for me remained prescient: The evidence is surprisingly old for an elderly man’s disease being common in young men.

Part of the shocking personal revelation of that moment, in 1997, was a set of fundamental questions almost bordering on the philosophic: If the presence of malignant cells in an otherwise healthy person is common, might this change our view of prostate cancer? Should an indication be classified as a disease if there are no symptoms and if any morbidity or mortality might never arise, or if the symptoms do eventually arise, they will only have a clinical impact a half century later? A corollary is if most or all men have metastatic cells in their prostate (and likely cells have metastasized beyond) and yet are asymptomatic and died of other causes, should they be subjected to cancer therapy, which is often a grueling experience harkening additional problems?

From an even more fundamental perspective, what is cancer in the first place? Whereas I had awoken in the morning with extraordinary hubris I was something approaching an expert in my chosen field, I went to bed appreciating my extraordinary ignorance and yet was full of wonder. The feelings of wonder and ignorance persist to this day.

Growth, Survival & Other Misconceptions

The human body is a collection of something like 37 trillion cells, not counting at least as many bacterial cells that, together with human cells, comprise a “super-organism”: you or me.7 Each human cell has a distinct purpose and location. Thinking anthropomorphically, one can regard this as a cellular vocation and zip code. For example, many nerve cells remain alive for decades, carrying out the function of conveying sensory information to and from the brain and yet never move. At the opposite end of the spectrum, red blood cells (known as erythrocytes) may remain viable for a mere few weeks during which time they cruise all throughout the body, tens of thousands of times over again, faithfully carrying out their role of delivering oxygen to tissues. These wildly different vocations, zip codes, and life spans nonetheless all arose from instructions encoded within a single egg fertilized years before. Moreover, the extraordinary diversity represented by all the individualized vocations and locations of all 37 trillion cells must dance in tandem in an intensively complex minuet to assure that the collective (perhaps more appropriately referred to as a cellective), does its part to contribute to the overall health of the organism. Quoting the late astronomer Carl Sagan (who perished from the complications of cancer), “We are, each of us, a multitude. Within us is a little universe.”8

Given the enormous number of cells working together, it is perhaps unremarkable that from time to time some “go rogue” and cause a constellation of diseases we have imperfectly lumped into a category known as cancer. This catchall term is rather deceiving as cancer is an immensely multifarious disease in which not only are all cancer patients unique, but a given tumor cell can differ greatly from its benign cousins and even from other brother and sister tumor cells residing nearby. These changes reflect a hyperaccelerated form of evolution and result from extreme rates of mutation of our fundamental genetic material, DNA. A rare commonality linking virtually all cancer cells is an extreme rate of DNA mutation, both subtle (small, point changes in one gene) and catastrophic (such as the duplication or deletion of entire chromosomes containing thousands of genes). Collectively, these mutations modify the behavior of tumor cells, altering their ability to grow, survive, and move around the body.

A widely held misconception, even amongst scientists, is that cancer is a disease of accelerated cell growth. This conventional view presumes malignant cells grow faster than their normal counterparts and the resulting imbalance eventually causes the number of cells to build up and grow into a tumor, a vibrant and violent structure full of rapidly growing cells. That view further supposes a tumor continues its relentless expansion until its large size hijacks the body’s nutrients, breaches the functioning of a vital organ (e.g., a lung tumor choking off the supply of oxygen), and/or sprouts metastases that travel all throughout the body, irreversibly wreaking havoc from a distance. This view is not entirely accurate.

Even fundamental words used to describe cancer are often misused. A tumor can be a generic term simply meaning an abnormal mass of cells. While we instinctively relate tumors to cancer, other physiological events can cause a large number of cells to be drawn into a specific location, where they can grow and swell into a mass generically known as a tumor. These particular tumors are not indicative of cancer but rather arise in response to an infection, allergens, and other comparatively minor misfiring events within the body. Consequently, the term tumor is used by some scientists and physicians to represent a mass not associated with inflammation, but others lump pretty much all lumps into the definition tumor. I had lazily fallen into the latter category until jolted by a personal experience.

The tumor nomenclature evokes a personal reminiscence from the autumn of my junior year in college at The Ohio State University. One Saturday morning, I awoke with a soreness under my armpit accompanied by a discernable lump. By late morning, the lump had swollen to the size of a grape and by early afternoon, what had begun as an oddity had evolved into a walnut-sized and painful mass that immobilized my left arm, eventually fating me to a visit to the student health center (and on a game day nonetheless). The physicians in many student health centers, even prestigious schools with large medical centers, tend toward either extreme in their career development path, usually being nearer the beginning or the end of their vocation than the middle. In this case, it was the latter and he outright declared the mass to be a tumor. He then handed me a sheath of papers and told me to walk across the soccer fields to the hospital emergency room. By the time of my arrival, it was a Saturday night and the ER was mostly packed with patients with high blood alcohol levels requiring rehydration and the rebalancing of their electrolytes.*

Perhaps due to the oddity of my situation (being sober), the triage nurse gave me a high priority and I soon found myself surrounded by five residents and medical students, each offering their own opinion about the mass under my arm and mostly invoking nefarious Latin-sounding terms. Rather than being flattered by all the attention, the monitoring devices revealed my blood pressure had become quite elevated. Seeing the fear in my eyes and the hypertension as reflected by my vital signs, a senior attending physician breezily walked in and, with a wave of the hand, dismissed the gaggle of junior doctors. He began his examination.

After a brief recounting of the sudden appearance of the tumor, the doctor questioned me about, of all things, my hygienic habits. He had a particular interest in my preference for deodorants, which seemed rather odd. He later returned with a large needle containing a powerful steroid. I was told the swelling should subside within twenty-four hours and was informed to regularly switch deodorants because, it turns out, the body can become sensitized to repetitive use of the same product and cause the lymph nodes near the armpit to become swollen with immune cells seeking combat with a nonexistent intruder. Relieved by a sudden reversal of my prognosis, my blood pressure returned to normal for a bit.

The relief was short-lived because the physician then told me that if the mass persisted or returned within the next week, I was to call the number on a piece of paper he handed me. In a manner meant to comfort me (but causing the opposite reaction), he assured I would be given a high priority to be diagnosed (and treated) for the potential presence of a lymphoma. Thankfully, the combination of steroids and a new deodorant was sufficient, though the week witnessed a remarkable change in the progression of time as the period until “all-clear” dragged on for what seemed like decades. Nonetheless, all’s well that ends well and the experience ingrained the importance of avoiding flippancy in the use of medical terms, such as tumor, and the earnestness such words can impart.

Returning to cancerous tumors, it may surprise many to know most of a tumor mass is composed of dead cells and debris. Often the growth of malignant cells radiates outward and the inner cells succumb “naturally,” being outcompeted for nutrients or oxygen by more vigorous, neighboring tumor cells. However, this outward growth is accompanied by a progressively more stringent Darwinian process driven by DNA mutations and the selecting of cells with the ability to thrive under increasingly harsh conditions. These events set the scene for future problems (and a reason why early diagnosis of cancer has been shown to prolong life more than virtually any other technology offered by modern medicine).

Perhaps most surprising is the fact malignant cells often grow no faster than their benign counterparts (I tend to prefer benign to normal since a proper definition of the latter is ambiguous). In some cases, the deadliest cancer cells grow more slowly.† The rate of growth, defined as the time required for a cell to divide into two, generally tends not to be the problem. Instead, it is more accurate to think of cancer as a disease of “inappropriate” growth. In the life of a typical cell, it faces many decisions ranging from what molecules it needs to eat (or avoid), its diligence in performing “housekeeping” chores (including repairing mutations to its DNA), and whether or not to remain a contributing member of the cellective to ensure the larger organism remains happy and healthy. These decisions entail an immensely complex series of safeguards devised to ensure each of the 37 trillion or so well-behaved citizens of the cellective are organized into a structured and well-behaving mosaic.

The myriad diseases we refer to as cancer might begin when any one of a trillion-plus cells forgets or ignores an instruction not to divide. The resulting division may not occur any faster than a benign cell but the instruction forbidding the cell to divide is simply ignored. This is a quite audacious action because an array of safeguards exists to prevent such whimsical decisions. For example, each cell is governed by a series of regulatory checkpoints that govern crucial life and death decisions. These checks were so-named to reflect their similarity to the checkpoint controls separating nations or protecting citizens from potential harm. In the case of the decision to grow, a gauntlet of “cell cycle checkpoints” must be overcome to assure it divides only when appropriate. These same checkpoints must retain considerable flexibility as, for example, a skin cell might suddenly need to regain the ability to divide to fill in the void created by something as minor as a papercut or severe as an amputation. Under such conditions, the body reacts by loosening or abrogating the checkpoints for a time and even accelerating the process through the production of an array of substances known as growth factors to induce nearby cells to begin the process of wound healing. An overuse of such growth-encouraging mechanisms may explain why chronic cellular damage caused by chronic gastric reflux may increase one’s susceptibility to local malignancies, such as esophageal cancers. For the most part, however, these checkpoints can prove as lethal as the famous Checkpoint Charlie in West Berlin manned by stern-faced guards toting automatic rifles. If a cell attempts to run the checkpoint and elects a decision to divide inappropriately, it is normally marked for death.

How then does a cancer cell run the checkpoint? As we have seen, the checkpoints must have some flexibility to facilitate wound repair. Random mutations acquired over the course of living one’s life may arise and provide a type of pass allowing the cell to continue through the checkpoints. Sometimes, these mutations are unavoidable and arise from random chance. More often, they are triggered by intrinsic or extrinsic factors that increase the likelihood of mutation, such as chemicals, radiation, or certain genetic predispositions.

The collection of diseases known as cancer can also reflect choices by a cell not to perform its regular housekeeping chores, which can include tidying up mutant genetic material. By design, if genetic damage is sensed, a cell has the capacity to correct it. If the damage is sufficiently severe, then the cell is programmed to initiate a form of self-destruction. Some mutations may short-circuit these DNA repair mechanisms or self-immolation instructions and instead allow a miscreant to continue living and growing when it otherwise should not. Over time, such mutations can accumulate and impel even worse behavior, resulting in poor decision-making at an ever-higher frequency. To put this in perspective, the accumulation of these events generally takes place over years or decades before any symptom of disease is realized. However, increased exposure to environmental damage (e.g., carcinogens, certain types of radiation, or just plain old bad luck) can increase the rate of these mutations and the manifestation of disease.

Let’s consider an example of how a few bad decisions can cause well-behaved cells to become a lethal menace. For this illustration, we will profile a typical keratinocyte, a major cellular component of the skin. Keratinocytes work together in a happy collective through a network of interactions with neighboring cells and the factors they all secrete, forming the thin and resilient surfaces of the skin known as the epidermis. Altogether, these interacting cells provide a surprisingly tight barrier (tight enough even to discourage the passage of individual protons). This helps retain the integrity of cells and higher order structures while providing protection from a harsh outside world replete with many fungi, bacteria, and viruses that would like nothing more than to gain access to the nutrient-rich interior of our bodies. To do so, keratinocytes invest much of their allotted energy and nutrients into forming a strong and tight latticework with one another and performing housekeeping functions, such as manufacturing a set of proteins known as cytokeratins, which help seal any holes in the barrier protecting our relatively sterile internal organs from a considerably less hygienic world outside the body. In particular, cytokeratins provide structural support to the skin cells and help organize keratinocytes to interact with one another and with other cellular components of the body to maintain harmony.

Interspersed within this cellular sheet of keratinocytes are occasional neighbors, such as fibroblasts, a distinct cell type that manufactures and exports a variety of nonliving proteins, such as collagens. Indeed, collagens (such as those that are in our fingernails) represent roughly one-fifth of all the protein in your body.9 These collagen molecules interact with one another and with other proteins and cells to reinforce the intricate lattice outside the epidermal cells, known as an extracellular matrix, which provides further protection to the barrier between the inside and outside of the body. This matrix also provides a type of bumper, protecting the body from blunt-force trauma when cells crash into one another and objects during life. From the perspective of the skin cells on the hands, as one example, the simple act of clapping is an act of brutality, unleashing potentially destructive forces that could be apocalyptic were the networks of keratinocytes and fibroblasts not present nor their housekeeping functions performed with considerable rigor.

What I haven’t revealed up to this point is our keratinocytes are terminally differentiated cells. The wording suggests an awful fate and to some degree, this is accurate. The skin is a surprisingly dynamic place stacked with many layers of keratinocytes (like bricks in a wall) pushed upward toward the outside world as newer cells grow beneath them. This constant replenishment is necessary given the harshness of the outside environment full of chemical and biological attacks, and a layer of dead outer skin is part of the barrier keeping the most obnoxious chemicals and organisms out. Consequently, these bricks are replenished by so-called stem cells at the basal skin surface (the lowermost layers of the skin continue to grow for the life of the organism). However, the cells pushed upward do not invest their energies into growth but instead into the production of the collagens, keratins, and other molecules comprising most of the structure of the epidermis through a process known as terminal differentiation. These cells remain irreversibly committed to the production of keratins for the rest of their small cellular lives, which average less than two months.

The instructions these cells receive precludes further growth (cell division) and instead, all the energies of the cell are devoted to producing protein and clinging to their neighbors as a means of keeping the outside world at bay. However, as the cells move upward toward the outside world, they encounter more environmental toxins and radioactive dangers from ultraviolet light. Occasionally, these attacks tweak the DNA and can compromise the instructions for terminal differentiation and allow a cell to regain an ability to grow inappropriately.

Beyond the constant chemical and radioactive barrage, an insidious group of microbial pathogens, known as papillomaviruses, can hijack our keratinocyte and rewire its control mechanisms to reinstate its ability to proliferate. From the perspective of the virus, a sudden increase in cells is beneficial because it provides more and more food and factories to produce even more virus. Eventually, this outgrowth becomes apparent through the formation of warts, which are not the result of touching frogs but rather a manifestation of a benign viral-induced tumor. These tumors rarely become more than a nuisance as they largely lack the ability to metastasize to other sites in the body and are easily removed by skin exfoliating agents, such as salicylic acid (a chemical cousin of aspirin and the active ingredient in over-the-counter medicines like Compound-W and various exfoliating washes). However, as we will see in chapter 4, papillomavirus infection of other epidermal tissues can be quite deadly.

In the Autumn of Life

In what may come as another surprise, life is not the default setting for the cells in our body. Rather, each moment a cell remains alive is an active decision and death, or more accurately, intentional suicide, is the understood default. Stated another way: Life only persists if death is actively avoided. Such conclusions have only become clear in the past few years though the earliest foundations for this idea are almost a century old. In October 1934, the Australian pathologist John Foxton Ross Kerr published an article detailing a microscopic study of rat livers, or more accurately, the death of cells in rat livers.10 Up to this time, life had been assumed to be the norm, and death the exception. Kerr was interested in cell death and his contemporaries had supposed that death in the microscopic world, like its macroscopic counterpart, was a dramatic event caused primarily by traumatic events. Indeed, early microscopic studies of cell death had portrayed cell death in terms of easily relatable events, such as the dramatic rupture of the cell membrane and the spewing of cell contents into the surrounding environment. This process had been widely known as necrosis, the Greek term for “death.”

In his Autumn 1934 study, Kerr reported a very different and new type of death. Rather than the unsightly ruptures characteristic of exploding cells, he described something more akin to an implosion: The DNA-containing nucleus of dying cells would first begin to break apart and this presaged a subsequent shrinking of the cells prior to a dissolution of the cell into small pieces. Given the time of year the study was published, the name given to this process seems particularly appropriate: apoptosis, a Greek term meaning “falling off.” Prior to its invocation by Kerr, the primary use of the term apoptosis had been reserved to describe the characteristic process by which trees shed their leaves during the autumn months.11 Such differences between trauma-induced death by necrosis and apoptotic suicide might seem trivial to the uninitiated (after all, dead is dead), yet their implications would prove profound for our understanding of how cancer arises and how it might ultimately be defeated.

Over the half century following Kerr’s discovery of apoptosis, understanding slowly accumulated about the causes and effects distinguishing apoptosis from necrosis, revealing the former to be a conscious form of suicide at the cellular level.12 13 Eventually, we came to understand the decision to commit suicide predominates unless prevented from doing so. It is as if each cell in the body must constantly be instructed to “stay alive, stay alive, stay alive . . .” A simple delay in this constant “stay alive” mantra may be sufficient to initiate a cascade of events culminating in intentional death. In addition, active suicide signals may be invoked under particularly noxious circumstances where elimination is good for the collective. For example, the persistence of cells infected with a virus or subjected to harsh environmental conditions might induce physical or genetic damage harmful to the larger organism.

One set of apoptosis-inducing triggers arises if a cell inappropriately circumvents the cell cycle checkpoints described above. Thus, the only way a terminally differentiated cell can grow is to override both safeguards: cell cycle checkpoints and apoptosis. The need to overcome both processes means malignant cells usually must harbor multiple and distinct mutations or invoke other tricks allowing it both to divide and to continue the “stay alive” signal. Although a tall order, experience teaches us the ability to overcome these safeguards is not foolproof. For example, the commonality of warts reflects the fact that papillomaviruses have evolved to convey machinery to promote both the “grow” and “stay alive” instructions, even in terminally differentiated cells.

Papillomavirus-associated warts are the canonical example of a benign tumor because they lack the ability to spread. The virus may spread to cause other warts, but the tumor cells themselves remain immobile and incapable of metastatic spread. A very different situation can occur with cancer-inducing transformations that facilitate movement. The migration of a cell away from the primary tumor is a complex process involving the ability to move, coupled with an ability to slice through the cells and tissues as it progresses. These feats are accomplished by reactivating the same “normal” motility behaviors that are usually reserved for use only during wound healing. For a cell to become truly metastatic, it must overcome yet another problem that is inherently not a “normal” process.

In detailing the microenvironment of the skin, we compared keratinocytes with bricks in a wall. Extending this analogy, the mortar between layers of cells is known as the extracellular matrix, and this material provides the chemical cues to define the aforementioned “zip code,” instructing cells as to their proper location in the body. If a benign cell is suddenly uprooted and moved to a foreign site in the body, it senses a different zip code and this is generally sufficient to trigger a special type of apoptosis. This distinct form of suicide is known as anoikis,14 a Greek term meaning “homelessness.” This name accurately reflects the fact anoikis is triggered by the recognition that a cell has been displaced from its normal surroundings—the homelessness conveys an instruction to self-destruct.

Putting all of this together, metastatic cancer is the outcome of coordinated cellular defects. A malignant cell must be able to circumvent checkpoint controls hindering its growth and to survive the suicide signals arising when it inappropriately does so. In addition, a metastatic cell must gain the ability to move and to literally eat through the surrounding tissues in order to move to distant sites in the body. Once ensconced in its new environment, it must be able to survive and thrive within a foreign environment intent upon its destruction (via anoikis).

All these hurdles suggest a spontaneous outbreak of cancer should be exceedingly rare. The first clue this supposition is inaccurate can be found in the widespread prevalence of cancer in humans (and dogs and other species), suggesting this Houdini-like ability to migrate, invade, and survive anoikis is surprisingly routine. All this was going through my inexperienced mind with an electric shock that summer day in 1997 when I happened upon learning about the extraordinary ubiquity of metastatic prostate cancer. However, I was yet to realize the depth of my naïveté, for as we will soon see, cancer likely is not a disease arising once or perhaps twice in an unlucky few, but may literally be a daily occurrence for most if not all of us.

A View to a Killer

Despite its prevalence, cancer remains a largely misunderstood disease. Many members of our species tend to fear what they do not understand and perhaps unsurprisingly, such views have led to a stigmatization of cancer and those afflicted with the disease. As recently as 1961, nine of ten American physicians interviewed revealed they did not inform a patient of a cancer diagnosis, in part because of the social stigma associated with the disease.15 Although the rationale given was this might induce the patient to commit suicide, there was no evidence supporting this idea and even after such notions had been dispelled, many physicians continued to decline full disclosure, citing futility and pessimism arising from patient knowledge would negatively impact their lives or treatment. Indeed, the 1970 novel and romantic drama film, Love Story, was premised on such a storyline and despite being ranked by the American Film Institute as the ninth greatest tragedy ever produced, viewed by modern eyes the film seems outdated and borders on the ridiculous.

The stigma surrounding individuals with cancer is not unique to the United States and a 2007 study published by the cancer patient advocacy group LiveStrong revealed more than half of those polled in China and India agreed with the statement “people with cancer brought it on themselves.”16 Given such attitudes, it is unsurprising that proven actions, such as early screening and treatment, are not available or embraced in many parts of the world.

Thankfully, in the United States at least, such misconceptions are improving, or so many would like to believe. Nonetheless, a 2010 survey revealed 70% of Americans blamed lung cancer patients for their disease and this judgment was applied even to cancer patients who had never smoked. Indeed, the disdain felt for lung cancer patients now approaches the levels historically seen with sexually transmitted diseases and obesity.17 Such feelings were not unique to cigarette-associated diseases as more than one third of respondents cited patient fault for the outbreak of cervical cancer (even for respondents unaware it is a sexually transmitted disease) and almost one-quarter of those polled felt patients were responsible for their bowel cancers. This compares with 9% and 15% of people who felt patients were responsible for their leukemia or breast cancers, respectively. Such findings are consistent with a psychological behavior known as the Just World Hypothesis, which allows some people to justify poor outcomes as a type of karma.18

Part of the cancer blame game may have roots in an old idea that infectious agents can cause cancers. Such knowledge has triggered a widespread perception in some communities that cancer is contagious. For example, the same LiveStrong study also reported almost a third of Mexican and Indian respondents agreed with the statement, “I worry about catching cancer from other people, who have it.”19 To get at the roots of such concerns, some of which are not founded wholly upon ignorance, it is important to provide historical context to reveal how the idea of cancer as an infectious disease entered our psyche.

Spreading Like a Virus

Vilhelm Ellerman was a Danish pathologist, born on December 28, 1871, in Copenhagen, where he remained for most of his life, with the exceptions of training in anatomy and pathology at the University of Heidelberg, and in Berlin and Paris.20 Upon returning to Denmark, Ellerman served as a professor at the University of Copenhagen and took an interest in discovering new bacteria responsible for diseases in humans and animals. In the months after he married Agnes Louise Frederikke Hansen in May 1903, Ellerman published a series of reports detailing the discovery of bacteria responsible for gangrene and tuberculosis.

This notoriety gained the attention of a contemporary, Dr. Olaf Bang,‡ a veterinarian and professor at the Royal Agricultural and Veterinary College of Copenhagen. Bang shared Ellerman’s desire to discover new bacterial causes of disease, and in 1908, the pair set out to understand the cause of a cancer in chickens with an infectious source. They focused on chicken leukosis, a form of cancer characterized by the spread of tumors throughout the liver and lymphoid tissues, usually occurring in chickens older than three or four months.

Suspecting a bacterial cause, the pair of researchers first showed they could isolate these tumors and use material obtained from biopsies of the tumor to infect otherwise healthy birds. These chickens sprouted new tumors within weeks. Convinced the culprit responsible for the outgrowths was a bacterium, Bang and Ellerman were then determined to identify the pathogen responsible for the disease and deployed a still rather new instrument to help them do so. In 1884, Charles Chamberland of the Pasteur Institute had invented a filter with pores so small they could trap and isolate even the smallest bacterial cells. Despite many attempts, Bang and Ellerman’s use of the filtering technique repeatedly failed to isolate any cancer-causing bacteria. It was as if the causative agent had slipped through their net, which in fact it had.

Bang did not follow up on this finding, as his primary interest was in discovering new bacteria, so a nonbacterial cause of this disease did not satiate his interests. This would, in retrospect, be most unfortunate as it cost him a Nobel Prize. Ellerman, however, did continue to explore these findings.21 Ellerman came to realize the pathogen responsible for causing the avian cancers was so small it had passed through the filter. Indeed, the bacteria-free liquid filtered from their earlier experiments was sufficient to cause tumors when injected into birds. This mysterious agent was what we now know to be a virus.

Sadly, Ellerman would himself be denied the Nobel Prize for his discoveries despite the fact that he went on to discover both the virus responsible for the chicken leucosis as well as other leukemia-causing viruses. The reason for being overlooked was not (as is too often the case) a situation involving politics or personal animosities, but a requirement that a Nobel Prize recipient be alive at the time the award is announced. Despite being in the prime of his life, Ellerman could not meet this most basic criterion.

In a bizarre irony given his penchant for studying bacteria, a 53-year-old Ellerman, now a senior pathologist at Bispebjerg Hospital in Stockholm, was fastidiously attending to his personal hygiene on the morning of December 18, 1924. As he did every morning, Ellerman shaved, but nicked himself slightly, eliciting a minor blood droplet. Though seemingly trivial, the incident disrupted the integrity of the keratinocytes in his skin, providing a tempting route for some of the more obnoxious bacteria on his skin to gain access to the nutrient-dense environment they so craved below.22 Two days later, Ellerman checked himself into his own hospital, suffering from severe inflammation on his cheek. The bacteria had not only invaded the soft flesh of his cheek but had swum upstream against the small droplet of blood flowing from a nicked capillary and used this path to gain access to his blood stream. The infection progressed and triggered a condition known as septic shock, in which the presence of bacteria in the bloodstream induces an overly vigorous immune response, a cytokine storm, which is often more lethal than anything caused by the bacterium itself. Ellerman’s health quickly deteriorated and he died on Christmas Eve, six days after his seemingly trivial shaving accident.

Although a bit of distraction upon our focus on oncology, the anecdote nonetheless is worth expansion based on the long-forgotten controversy it triggered. Upon autopsy, it was revealed Ellerman had died from cutaneous anthrax. A subsequent follow-up revealed his shaving brush was contaminated with spores from the deadly bacterium commonly found in soil, and the occasional weapon of choice for budding terrorists.

The primary source of material used to manufacture shaving brushes prior to the First World War was badger hair. It seems the fur from the aggressive little omnivore had just the right consistency and density needed to distribute shaving lotions on the face. Most badger hairs came from central Europe (indeed the dachshund breed of dog was bred specifically to hunt badgers—the literal translation of dachshund from German means “badger dog”). However, the involvement of the German Empire in the Great War disrupted the lucrative trade in badger hair, even with Ellerman’s homeland of Sweden, which remained neutral throughout the war and otherwise tended to side with Germany. Lower quality brushes used horsehair but again, the Great War intervened, as horses were a hot commodity during the war in Europe. Consequently, horsehair from Japan provided the source of the shaving brush used by Ellerman that fateful morning.

Although the Japanese have a reputation as fastidious germaphobes, the horsehair brushes manufactured in that country tended to be of lower quality, and some manufacturers scrimped on the procedures used to disinfect the hair prior to its use. This sterilization procedure usually entailed a combination of steam and embalming fluid but was often bypassed given the extraordinary demand for shaving brushes in Europe and North America. Usually a rare disease limited to farmers or ranchers, the anthrax-causing bacillus has a particular proclivity for horsehair.

Waves of anthrax from improperly sterilized shaving brushes exploded in cities and military installations as far afield as New York, Dublin, and, of course, Stockholm, beginning just months after the first blasts of the Guns of August in 1914.23 The brush purchased by Ellerman in the autumn of 1924 had been manufactured from cheap horsehair riven with anthrax spores. Given its high-profile victim, this death racked the medical community all throughout Europe and North America, triggering a bit of a panic as doctors recommended to one another, their patients, and local barbers to immediately discontinue the use of shaving brushes.24 Indeed, this incident later inspired the 1925 invention of Burma-Shave, a less dense form of shaving cream that did not require the use of a shaving brush and which remains the current mainstay of shaving hygiene.25

Returning to the infectious links with cancer, at the same time Bang and Ellerman were conducting their landmark study on chickens, a young Maryland medical student was graduating a year behind his classmates from Johns Hopkins University. The reason for his tardiness was not any underlying ineptitude but because of an accident reminiscent of the infection that felled Ellerman. Peyton Rous had been working on a cadaver in anatomy class during his second year at Johns Hopkins. During a lung dissection, the student cut his finger on the bone of the cadaver. Unfortunately for Rous, the cadaver had died of tuberculosis and the deadly pathogen had acquired a new victim.26 27 The infection of the young doctor-to-be quickly evolved into axillary tuberculosis, a rare affliction in which the infection localizes to the lymph nodes of the upper arm and shoulder (similar to, but magnitudes worse than the lymph node swelling I had experienced in college). In Rous’s case, the lymph node swelling likely saved his life because the localization of the disease to the lymph nodes prevented the deadly bacterium from gaining access to his lungs. Nonetheless Rous probably did not appreciate that fact as presciently as us since the next few months were filled with agonizing pain. This considerable discomfort was a symptom of an internal war between his host defense mechanisms and the bacterium, causing, among other symptoms, a massive increase in the number of lymphocytes (a type of white blood cell we will meet in chapter 2), which tended to congregate within the massively swollen lymph nodes of his arm pits and chest. Despite the agonizing and prolonged pain betraying the combat between his body’s host defenses and the invading tuberculosis bacillus, Rous was not able to overcome the infection on his own. He was therefore forced to undergo an even more excruciating surgical procedure to remove a nest of infected and swollen lymph nodes. The young Rous was sent home for a year to recuperate, where he later served as a ranch hand in his mother’s home state of Texas.

By autumn, Peyton Rous had recovered enough energy to return to medical school and finish his studies. He had hoped to start a research career and was particularly interested in learning more about the very same lymphocytes that had recently been the source of his great suffering. After a stint to learn more about the field of pathology, Rous took a side trip to the Friedrichstadt Municipal Hospital in Dresden, Germany, to become a specialist in autopsies (clearly bucking the cliché of “once bitten, twice shy”). Given his aptitude and experiences at such a young age, Rous was recruited to New York City in 1909 by an emerging medical researcher by the name of Simon Flexner.28

Though not a commonly known name today, Flexner was a superstar in the early years of the 20th century and would go on to become one of the most influential scientists of the time. Simon Flexner was born into a family of Bohemian immigrants in 1863 in Louisville, Kentucky, a neutral border state torn asunder by the Civil War. As is often the case with the children of immigrants, his family emphasized the value of an education and Flexner trained as a pharmacist and opened a practice in Louisville. All the while he was dispensing medicines, Flexner aspired to writing the prescriptions and worked toward a medical degree from Louisville Medical College.29 After additional training at Johns Hopkins (where he overlapped with Rous, who was still an undergraduate at Johns Hopkins, though there is no record the two met), Flexner was recruited first to the University of Pennsylvania and soon thereafter to lead the Rockefeller Institute. Flexner’s interests varied widely and included organ transplantation, infectious diseases, and cancer, a combination that would serve Rous well in later years.

Two years before recruiting Rous, Flexner had strongly advocated for scientists and doctors to explore the potential offered by transplanting key organs and tissues from a donor (either living or a cadaver) into a needy recipient, thus launching an entire field, which has become almost commonplace today (more than 30,000 organ transplants are conducted in the United States each year). During Flexner’s time, this was an audacious proposal and required a greater understanding of autopsies (for organ procurement) and the causes of tissue rejection (in effect, giving birth to the science of immunology, which was just beginning to crystalize in the early 20th century). Although his preference was to perform the work himself, Flexner had also been appointed as the first head of the Rockefeller Institute, a newly endowed institution that would go on to become arguably the world’s most prestigious research institution. An increasing administrative burden meant he needed to pull back from his own personal research and hence, Flexner hired Peyton Rous in 1909 to lead his laboratory at Rockefeller.

Rous was soon at work. On the first day of October 1909, a colleague brought a pet chicken to work. While this would hardly seem an appropriate action in most vocations, the light-colored, barred Plymouth Hen was sporting an irregular-shaped tumor projecting from her right breast.30 31 The chicken was promptly anesthetized and the tumor removed and dissected. Sadly for avian aficionados, the operation was only a partial success and the chicken had to be euthanized on November 4. However, the sacrifice was not in vain, as Rous had determined the tumor was a sarcoma (a cancer of connective tissue cells, such as fibroblasts) and recalled the study published a year before by Bang and Ellerman. To ask whether the disease in this bird was infectious, Rous inoculated a set of healthy hens, who proceeded to develop tumors as well. What distinguished Rous from Bang and Ellerman was the successful isolation of the tumor-causing virus, a pathogen now known as Rous sarcoma virus, or RSV.§32

Having established an incontrovertible link between viruses and cancers in chickens, Rous turned his attention to mice (the mainstay of experimental cancer research) to find out if a virus might also be linked with tumors in mammals, but these efforts proved far more challenging. Despite its potential impact, his work was also largely ignored by contemporaries and Rous gave up the whole enterprise of trying to link cancer and viruses in 1915. Thus began an almost two-decade hiatus away from oncology until in the middle years of the Great Depression, when Dr. Richard Shope, also of the Rockefeller Institute, reignited the connection between viruses and cancer.33 That story will be profiled in chapter 4, but it suffices for now to state Shope’s later studies allowed Rous to share the 1966 Nobel Prize in Physiology or Medicine, largely for his work on the chicken brought to the lab. An unintended consequence of Rous’s pioneering work was it left a lingering fear in the minds of many of cancer as an infectious and contagious disease. This notion remains prevalent today, even though this is applicable only to a very small number of cancers, most of which can now be prevented with routine childhood vaccines.

Cancer & Evolution

X-ray analyses of Egyptian mummies have revealed some of the earliest indications of cancer, suggesting the disease is at least as old as civilization. As indicated in the introduction to this book, the disease is actually far older than our species, Homo sapiens, which evolved from its forefathers, Homo erectus, a mere 200,000 years ago. Indeed, a 2016 medical imaging study of ancient hominid bones revealed evidence of an osteosarcoma (a type of bone cancer) in the toe of a 1.7 million-year-old human ancestor found in a cave near Swartkrans, South Africa.34 As we have already seen, many animal species are susceptible to cancer, including all mammals, lizards, birds, and their progenitor species as well. Despite what you may hear on television trying to lure you into buying bogus cartilage pills in the wee hours of the morning, even sharks get cancer and those overpriced pills are a modern equivalent of snake oil.35

The widespread prevalence of cancer throughout the animal kingdom (and many plants) has prompted a theory that cancer may be a driver of DNA mutation and evolution (rather than the other way around). This idea was conceived and promoted in the early 1980s by an American businessman who suggested cancer has helped drive species to adapt since the earliest days of life on Earth.36
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