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Genius lives on, all else is mortal.

—Andreas Vesalius
De humani corporis fabrica libri septem
(On the fabric of the human body in seven books)
1543

This really revolutionary revolution is to be achieved, not in the external world, but in the souls and flesh of human beings.

—Aldous Huxley
Foreword, Brave New World
1946 edition

I just don't see how we can turn our backs on this.

—Nancy Reagan
2004
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PREFACE

Two years before the turn of the last millennium, a story appeared on the front page of The New York Times that sowed the seeds of a dilemma. Written by veteran science reporter Nicholas Wade, the story was headlined “Scientists Cultivate Cells at Root of Human Life.” Wade's opening sentence made it clear this was not just another of the research advances that occupy an ever-growing segment of the daily news: “Pushing the frontiers of biology closer to the central mystery of life, scientists have for the first time picked out and cultivated the primordial human cells from which an entire individual is created.”

The story surely struck many if not most of its readers in a personal way. It was about possibilities for their own health and that of their family. It was about hope for patients who deal daily and hourly with debilitating diseases. And it was about questions we have not wanted to ask about what it means to be human; about whether the early human embryo has the same moral status that we do or whether it has a lesser moral status or no claim to a moral status at all. The story on the front page of the Times that day in November 1998 was merely the first paragraph of the first chapter of a much longer story, a story that has continued down to the present time. It is that story that we set out to tell.

The public policy implications of James Thomson's successful experiment in creating the first human embryonic stem cell line at the University of Wisconsin–Madison remained largely beneath the radar screen for almost three years. Then, one month before the terrorist attacks of 9/11, President George W. Bush addressed the nation from his ranch in Crawford, Texas. The subject of his speech was human embryonic stem cell research. No American president had ever before addressed the nation like this specifically on the ethics of biomedical research. As a presidential candidate, Bush took the position that taxpayer funds “should not underwrite research that involves the destruction of live human embryos.” Bush faced a dilemma: Would he stand firm on his campaign pledge? Or would he allow research to proceed with federal funding?

In his speech, Bush said that embryonic stem cell research “offers both great promise and great peril. So I have decided we must proceed with great care.” Private research, he observed, had already yielded more than sixty genetically diverse stem cell lines with the ability to regenerate themselves indefinitely. With that lead-in, Bush set the policy that would determine the federal government's role in the research for the next seven years of his presidency: “I have concluded that we should allow federal funds to be used for research on these existing stem cell lines, where the life and death decision has already been made.” Thanks to prior efforts, it appeared, some federal funds would flow into the new research field. News coverage and the public debate that followed over the wisdom of the policy lasted through September 10, 2001, when BusinessWeek urged Bush to rethink his position in a commentary headlined: “Stem Cell Science Needs More from Uncle Sam.”

The next day, September 11, 2001, the debate came to an abrupt halt. For a time, it disappeared entirely. But over time it came roaring back. By 2005, the debate found its way into the halls of Congress where lawmakers crafted legislation that would have eased Bush's restrictions on federal funding for embryonic stem cell research, legislation that Bush vetoed twice after it had passed both houses of Congress. Bush's restrictions were in fact eased by his successor in the White House, Barack Obama, through an executive order. But that did not end the debate. By late 2010, the future of federal funding for human embryonic stem cell research was in the hands of a federal appeals court. Indeed, there was a real possibility that the U.S. Supreme Court would eventually outlaw federal support for the cutting-edge research field in the country that launched it.

Americans are ambivalent about some things, but the quality of their health care is not one of them. They want the best and are willing to support cutting-edge research with their taxes to find new effective treatments and possible cures. They always have, especially for the past half-century. Our personal experience in the biomedical research field and with community groups, health associations, patient advocacy organizations, and legislators, among others, reminds us always that there is no public appetite to see critical and exciting advances in biomedicine occur someplace else rather than in the United States. As it happens, we also have an abiding interest in how free inquiry, with its roots in the Renaissance, the Scientific Revolution, and the Enlightenment, has improved our lives. It is our experience with the benefits publicly funded science bestows on society and our personal interest in the history of science and medicine that inspired us to write this book—that plus our conviction that we are truly on the verge of something remarkable that will shape the world to come.

Stem cells are nothing new in the clinic. They have been used to treat patients for forty years in the form of bone marrow transplants, for it is the stem cells in donor marrow that rebuild the blood system of the patient receiving the transplant. The first successful bone marrow transplant was accomplished in 1968 by pediatric immunologist Robert Good and his team at the University of Minnesota, the institution where we work. The patient was a four-month-old boy suffering from a deadly immune disease that had already killed his brother. His sister rescued him. Her bone marrow supplied the blood-forming stem cells that replaced her infant brother's diseased cells and restored his immune system to health.

Thirty years later, again at the University of Minnesota, the gender tables were turned: a brother rescued his sister. As you will learn in more detail in chapter 1, six-year-old Molly Nash suffered from Fanconi anemia, a severe blood disease. To save her, her parents produced a number of embryos through in vitro fertilization, one of which became Molly's sibling. Molly's recovery began the day in September 2000 that stem cells from her brother's umbilical cord, which matched her tissue, entered her body.

Like an ever-growing number of people, Molly Nash was saved by stem cells from an umbilical cord, the tether of fetal life. One day five hundred years ago, Leonardo da Vinci held an umbilical cord in his hands and drew it into his anatomical masterpiece The Fetus in the Womb. He pondered the mystery of reproduction and development in a room filled with corpses and their contents—organs, vessels, muscles, bone, and limbs. He undertook the exploratory task at a time when such dissections, in the words of his biographer Charles Nicholl, “were beset by taboos and doctrinal doubts.” After negotiating the line between curiosity and fear, he resolved his dilemma by venturing into the cave of the unknown to see what he might find. Through his magnificent drawings of what he revealed with his own hands, and because he was convinced that “science comes by observation, not by authority,” he lit a flame that has burned brightly in the corridors of free inquiry down to the present day. In observing the umbilical cord, he wrote, “The navel is the gate from which our body is formed by means of the umbilical vein.”

Molly Nash's story shows why stem cells are agents of hope for patients and their families. Though stem cells from her brother's “umbilical vein” reformed her bone marrow, the stem cells in umbilical cord blood do not build all the tissues of the body. They do not make hearts, pancreases, livers, kidneys, skin, eyes, bone, and brain. The cells of the early embryo and their successor cells do. They create all the tissues of the body. They build us from when we were visible only through a microscope to what we are today. In late 2007, scientific reports of reprogrammed skin cells that behave like embryonic stem cells created a media frenzy. In the years since, these genetically reprogrammed cells have proven to have capabilities similar to those of embryonic stem cells. They may be able to make all the tissues and organs of the body and possibly to serve as the basis for cell therapies, but that we won't know for some time. One thing we do know, however, is that cells in the early embryo are the architects of development, because they are so versatile.

While many people considered Molly Nash's rescue to be a wonderful story of what modern medicine can do, it was not well received by all. The idea of creating embryos and then selecting one to provide therapy for a sick sibling raised familiar concerns about “designer babies” and new concerns about “savior siblings” as Newsweek headlined a story about the Nashes, “A Quick Genetic Test Is a Godsend and a Moral Dilemma.” For many people, perhaps most, it was a matter of saving a life and breaking new ground in medicine. For some it was more a matter of destroying embryos and breaking ethical boundaries. It is through politics that your ethics and our ethics and the ethics of the man or woman on the street find their expression in law. Embryo politics are not going away, not even with dramatic research advances using nonembryonic cells. The Japanese scientist who reprogrammed skin cells to function like embryonic stem cells acknowledged the possibility that eggs and sperm could be made using these cells. That would enable same-sex couples to conceive their own genetic child, he told a newspaper. Reproduction technologies, such as those that give many thousands of infertile couples hope of having a baby and restored Molly Nash to health, are here to stay.

From the beginning of the human experience, dreams of regeneration and immortality run like river currents through all cultures. What is different today is our capacity to understand and our growing ability to control the basic unit of life—the cell. Because stem cells in the early embryo direct the development of the organism, understanding that process has enormous implications for medicine and health care. To capture the unparalleled versatility of stem cells, to make “regenerative medicine” a reality, will take a lot of work. It will be necessary to figure out how to direct these cells down the development pathway so that they can be used to repair diseased or damaged tissues. Once differentiated into the proper type of cell, they would need to be grown in pure populations and then delivered safely and effectively to the disease or injury site in the body. That would mean for medicine what the moon shot meant for space exploration and what the invention of the transistor meant for electronics. That is why the stakes are so high and why countries, states, provinces, and institutions around the world are funneling funds into the new research field. The populations of many advanced industrial countries are aging rapidly. Given the toll that progressive diseases like heart disease, degenerative diseases like Alzheimer's disease, and conditions like adult-onset diabetes take on both public and household budgets, the race is on to find more effective treatments and possible cures.

Over the past two centuries, most of the major advances in medicine have taken place in Europe and North America. But such developments as anesthesia, antibiotics, immunization, and transplant surgery are no longer the birthright of the West, if they ever were. Singapore, China, India, South Korea, Taiwan, and other Asian countries are investing heavily in stem cell research, and without heated public debate over the moral status of the human embryo. Across the globe, among states within nations, and even among research institutions, stem cells have become tools of competition.

The power of stem cells and the ability to control what they do could have a darker side. It is no accident that defense agencies are funding stem cell research. They have an obvious interest in fields like wound healing and tissue, nerve, and even limb regeneration. Stem cells fit the bill. But the monumental push in the wake of 9/11 to understand how best to protect the human immune system in the event of a bioweapons attack has helped to turn a page in biomedical science that cannot be turned back. The “push” is backed up by a massive infusion of federal dollars. Stem cells and immune cells are being recruited to assist in the task of detecting the effectiveness of new vaccines without using laboratory animals. The goal is to replicate the human immune system in a laboratory machine called a bioreactor. The day the genius of human immunity is even approximated in a laboratory machine—and make no mistake, we are headed down that road—our collective security is paradoxically both enhanced and potentially compromised. It points up the “dual-use” research dilemma of the life sciences, that biological research with a legitimate scientific or medical purpose could be misused to pose a biological threat to public health or national security, or both.

Looking back on the last millennium of medicine, the New England Journal of Medicine editorialized in January 2000, “No one alive in the year 1000 could possibly have imagined what was in store.” After sleeping for five hundred years, Western medicine took off, beginning with anatomical exploration of the human body during the Renaissance. The past two centuries have witnessed the sorting out of the role of cells in health, disease, and reproduction. We have discovered how microorganisms like bacteria and viruses cause disease. We have unraveled the mystery of genes in heredity and disease. We have discovered antibiotics and developed vaccines that have transformed public health. We have brought biomedical imaging to the clinic, beginning with X-rays. Today we can scan the process of thought by functional magnetic resonance imaging (MRI). We have witnessed the blossoming of immunology and organ transplantation. In recent decades we have found in nature, and designed in the laboratory, molecules to treat cancer, heart disease, neurological disease, metabolic disease, autoimmune disease, and diabetes.

In 2011, Time magazine listed stem cell research among “10 ideas that will change the world: Our best shots for tackling our worst problems, from war and disease to unemployment and deficits.” Will stem cells live up to their top billing as the next revolution in medicine? If they do, will patients in the United States be able to go to their local health care provider to receive stem cell treatments? Or will they need to take a flight to some overseas location to receive effective and affordable therapy, as some patients are already doing for certain types of surgery? Will divisive political debates over bioethics determine where research is done and who will fund it? Will the United States be able to retain its homegrown scientific talent as well as foreign students and researchers that are so critical to our leadership in the life sciences? To address these and other challenges we will need to exercise our imagination, individually and collectively, in new ways.



FOREWORD

You know that a field is moving quickly when a second edition of a book is called for only three years after the first. At the same time, many issues have not changed. The underlying technology is still promising, many diseases remain uncured, and the stem cell “dilemma” is still with us as evidenced by the recent U.S. district court case, which prohibited the use of federal funds for not only deriving new human embryonic stem cell lines but even working with existing ones. Although the decision was overturned by a federal appeals court, the issue is likely to remain before the courts for some time. However, the fact that there is active social debate about a technology and the government's role in funding that technology, despite years of congressional funding to date and a growing acceptance among the public, shows that the “stem cell dilemma” still confronts us. With the advent of reprogrammed adult cells over the last few years, many people have said that we no longer need to work with embryonic stem cells and the “ethical” issues have gone away. As this book will show you, such is not the case. The advances in the technology on many fronts have been impressive, but we still have not shown that reprogrammed adult cells, called induced pluripotent stem cells (iPS cells), are the equivalent of embryonic stem cells (ESCs), and we still have not dealt fully with all the ethical implications of the time, assuming that the time comes, when we are able to reprogram any cell to become any other cell.

This book explores such issues and articulates why this “stem cell dilemma” exists and how we can work toward finding some of the answers. Meanwhile, many people and organizations around the world are trying to tackle these questions in both the private and public sectors at the national, state, and local levels. It is an exciting time as new technologies have been developed, as new companies have been created, and as new academic centers have been formed.

One type of organization that has risen to address this challenge is the academic research center. Since stem cell science is not just a new technology confined to the research lab but also has clinical implications, is inherently multidisciplinary, and raises attendant ethical and political questions, universities have realized that their obligations to society as leaders in education, research, and clinical care put them in a unique position to marshal their multiple resources to tackle the problem and seize the opportunity. Such a collection of skills and resources is needed because moving from “bench to bedside” requires multiple domains of knowledge, whether understanding the pathogenesis of a particular disease or knowing how the differentiation and growth processes of one cell type differ from those of another. And these relevant domains of knowledge are not limited to science and clinical care. Universities can draw upon the expertise of the faculties of their schools of law, business, and divinity, in addition to the undergraduate, graduate, and medical school faculties. As a result, the multiple social, political, religious, ethical, and financial issues that surround stem cell research can be explored in depth simultaneously.

In fact, the continuing formation of these centers has led to a movement of cross-center collaboration as consortia are being established, with each center as a local point of integration. It is too early to tell whether there are meaningful economies of scale and scope across centers but the fact is that groups are actively discussing widespread collaboration at scale. This fact alone pres-ages an interesting time ahead as people are figuring out new approaches to the scientific research process and the political discourse surrounding that process.

But universities cannot engage in this work entirely on their own. Partnerships with the commercial sector and alignment with the public and policymakers are needed. And this alignment is highly variable on the national, let alone global, stage. However, one sector that has become much more involved in the last few years is the commercial sector. Many biopharmaceutical companies now have active stem cell research programs—some in cell therapy, but most using cells as tools for drug discovery. The power of stem cells as tools is just being uncovered. The ultimate promise of these tools is to revolutionize the drug discovery and development process. As a result of our ability over the last few years to grow and differentiate embryonic stem cells, reprogram adult cells, and turn one type of adult cell into another, we now have the capability to use stem cells to develop models of human disease using human cells in which to discover and test potential drugs. For the first time, we can grow a human cell of interest from a patient with a given disease and look for a drug that can affect that particular diseased cell type. This is important because drug discovery is a long (fifteen years) and expensive (over $1.2 billion) process for each drug that ultimately makes it to market. Even when a drug makes it to late stage clinical trials, there is a 40 to 50 percent failure rate. Stem cells provide the o pportunity to fundamentally change this paradigm, and change the economics of drug discovery, because we can now use human cell–based screening systems to

• understand disease mechanism by observing affected cells as they develop,

• understand the effect of a particular drug on a particular cell type (both diseased and normal), and

• discover how environmental factors can contribute to the origin of diseases.

This will allow for the in vitro study of disease mechanism, therapeutic screening, and toxicology testing all prior to studies in people, resulting in drugs that are safer, more effective, and can be brought to market more quickly. Admittedly, human cells in a petri dish do not have the environmental and structural complexity of the human body, but one could argue that it is much more ethical and humane to experiment on human cells in dishes than on human beings—which is essentially our drug discovery process today. As bioengineering techniques and materials continue to become more sophisticated, so too will these in vitro models, in the form of three-dimensional scaffolds and artificial organs. Creating disease-specific cell lines to identify and test drugs will still require validation in accepted animal and human models, but those experiments will be more targeted and safer if this approach is successful.

The recent achievement of reprogramming adult human cells rightly gained widespread attention, with commentary focusing on two items: one, the need to continue with embryonic stem cells; and two, some asserting that they were right all along, that there is no need to work on embryonic cells and that the ethical controversy is over.

On the first point, many articles and commentaries have pointed out the reasons to continue embryonic stem cell work and multiple approaches to reprogramming, including opinions written by the authors of the original studies. Scientists have been careful to call these reprogrammed adult cells “embryonic-like,” noting that it is not yet clear that these cells are fully equivalent. In fact, the only way to know that is to have other cells with which to compare them. Recent detailed epigenetic analysis—the study of changes in gene activity that do not involve alterations to the genetic code but can still get passed down to offspring—points to both similarities and differences between reprogrammed adult cells and embryonic stem cells. Knowledge of the one fuels knowledge of the other. As some have noted, the breakthrough in reprogramming adult cells to pluripotency occurred in large part because of what we know about embryonic stem cells. Moreover, there is the issue of trying to figure out how to replace the current reprogramming agents, some of which are cancer-causing genes, with more benign approaches such as using RNA or chemical compounds instead of viruses. Each scientific advance continues to bring new questions as well as new answers.

On the second point, the ethical controversy goes away only if one believes that the early embryo at the blastocyst stage is the full moral equivalent of a person and therefore that derivation of cells from it resulting in the death of that embryo is the equivalent of homicide. It seems clear that although one can grant the early embryo moral value and privilege, it is still not the equivalent of a person. However, as Furcht and Hoffman point out, where the ethical issues continue to confront us is in what happens “going forward.” For example, proof that the reprogrammed adult cells in mice were fully functional took several forms including an experiment that turned them into live mice. Primate studies to date have been unable to develop viable organisms from clones, but we can expect the science to advance. Most scientists are clear that they would never do this in humans, but the theoretical potential is there. This raises issues not only about explicitly banning reproductive cloning but also about how to manage stem cell research ethically.

Since a skin cell now represents not just a piece of skin but a potential other cell type, organ, or maybe someday, person, how should we regard it? Does destroying a skin cell destroy potential life, as with an embryo? Stem cell research oversight committees (SCROs or ESCROs) were originally established to look out for the welfare of the embryo. Do those in favor of limiting research to adult stem cells now see these review boards as passé? Or do such boards have even more challenging tasks to think about as cells can become other types of cells, as cells and cell lines are developed that could be useful in a dish but cause cancer in animals, and as such cells are tested in animals and integrated into animal systems? For example, we could develop human neurons with Parkinson's disease from a reprogrammed skin cell and insert them into a mouse brain to study the development of the disease. Questions about what living means, and the boundary between animal and human, will only get more complex. The hard questions are not concerned with “Where did these cells come from?” but “What are we going to do with them?” The good news is that many review boards are already dealing with such questions. And as Furcht and Hoffman remind us, such questions are not inherently different from those we have faced since the time of Leonardo da Vinci each time a major scientific breakthrough was made or a new technology introduced.

These questions are also now facing us in the course of using cells as therapies in people. In the last couple of years, the number of such clinical trials has mushroomed. There are some trials using very specific cell types for specific conditions—such as embryonic stem cell–derived neuronal cells for spinal cord injury, retinal progenitor epithelial cells for Stargardt's disease that causes progressive vision loss in adolescents, and others. Most such trials are using some form of bone marrow–derived mesenchymal stromal cells (MSCs) for a wide variety of indications. In some cases, the clinical utility has been positive; in others, it has been nonexistent. One of the problems is that we still do not know exactly how these MSCs function—whether by stimulating an immune response, sending signals to neighboring cells, or turning into the desired cell type that was injured. As a consequence, many individuals are entering clinical trials without experiencing any benefit. Often performed as an autologous cell transplant in which the patient receives his or her own cells after they have been removed and treated, no harm may be done but false expectations may arise, and clinics may offer cell therapies as solutions for conditions when there is no scientific basis for doing so. As a result, the phenomenon of what is known as stem cell tourism—for example patients, many feeling quite desperate about their state, traveling to clinics and doctors around the world in search of answers to their health problems—has become a social problem. In response, not only have TV news shows like 60 Minutes conducted exposés on certain clinics, but organizations like the International Society for Stem Cell Research (ISSCR) have also promulgated guidelines for people to consider as they contemplate undergoing procedures or entering clinical trials.

It is tempting to be dogmatic and say such trials are either all bad or all good, but it is important to consider that there are many kinds of clinical interventions with many kinds of stem cells and derivatives, and they will all have different risks attached to them. In some cases, the public is unaware of those differences; in others, scientists do not yet even know all the risks. At the same time, however, medical progress is often made through empirical testing and innovation at the bedside. One of the dilemmas we face now and will increasingly encounter is balancing the challenge between enabling clinical innovation and advancing the state of our medical knowledge with the need for controlling risks and managing patient safety and well-being. As Patrick Taylor points out in his article, “Overseeing Innovative Therapy without Mistaking It for Research” (Journal of Law, Medicine and Ethics, Summer 2010), innovative therapy is never, by definition, the safest course of action, and “it is important to recognize that innovative therapies and their associated risks change over time as a result of increasing knowledge and experience… Initially, for a paradigm-shifting innovative therapy, knowledge and experience are low, risks may be high, and benefits will be uncertain and possibly minimal. Later, as knowledge and experience increase, risks diminish, and benefits increase.” In other words, how do we manage the balance and the trade-offs while pushing the frontier on medical advances with the appropriate safety oversight in a manner that recognizes that the balance point will shift over time?

In the past several years since the first edition of this book, we have seen progress on many scientific fronts including new methods for reprogramming cells, repopulating decellularized organs with stem cells, and new techniques (e.g., spray-on skin cells). The early investments made by states and nonprofit organizations around the world have created scientific advances that are starting to attract interest and investment from the commercial sector. However, there is still a gap between the two, between the basic and the commercial. Many research centers and start-up companies lament the “valley of death” issue in funding the movement of early stage, basic science to the clinic and the market. This “translational” research typically is later stage work than is funded in academic labs but is often too early or insufficiently de-risked to attract funding from corporations or from venture capitalists. In the difficult financial environment of the last few years, investors have been looking for later stage, more fully proven investments, maybe even products, that are already in human testing. As a consequence, many promising projects at this early stage of risk enter the so-called “valley of death” between research and clinical development, where they run out of resources. One of the dilemmas facing society will be how to fund such science. To date, this gap has often been filled in the United States by private philanthropy in the form of disease foundations, but those organizations do not exist in quite the same way elsewhere around the world. Rather than putting multiple fingers in the dyke and relying on ad hoc solutions, countries should consider, at the national policy level, how to fund such work programmatically. Is this the proper role of government, of academia, of nonprofit disease foundations, of venture capitalists, or of the commercial sector? Countries may and will choose different paths, depending on their social agenda and tax policies, but it is a dilemma they all face.

In short, despite the advances of the last few years, we are still far from fulfilling the promise of stem cell science, and no matter how promising that science may be, cures for the diseases that stem cells address are not right around the corner. We need to continue to advance on the scientific front and address the attendant ethical, sociopolitical, economic, and regulatory questions simultaneously. And as stem cell research moves forward around the world, these policies will need to be coordinated—both for scientific productivity and for the ultimate benefit of patients. The complexity of the science will require the community to collaborate, the importance of the ethical and social issues will require that collaboration to occur in a properly regulated framework, the immediacy and immensity of patient needs will require that we collaborate effectively and efficiently without reinventing the wheel. Our collective need to engage the hard questions that the science brings is urgent and immediate and there is no way out of that dilemma.

Brock Reeve
Harvard Stem Cell Institute
Cambridge, Massachusetts



Prologue

INTO THE CAVE

You do ill if you praise, but worse if you censure, what you do not understand.

—Leonardo da Vinci

Exactly how Richard Dalton, royal librarian for “Mad King” George III, made his startling discovery of the anatomical drawings of Leonardo da Vinci isn't known. What is known is that one day, around the time of the American Revolution, while removing the contents of a chest hidden away in Kensington Palace, Dalton uncovered hundreds of exquisite drawings by the Renaissance artist. Many drawings were of the human body—of muscle and bone, lungs and hearts, legs and arms, sex organs, and even fetuses in their maternal pod. Leonardo was known as much as an anatomist as a painter and an engineer, but until these drawings came to light, most of the tangible evidence was missing.

Worth many billions of dollars, Leonardo's drawings are considered the most prized holdings of the Royal Library at Windsor Castle. Yet their significance is priceless. Perhaps more than any other artifact, the anatomical drawings mark the end of the old-world order and the beginning of the new. In the millennium between the fall of Rome and the rise of the Renaissance, the knowledge of nature existed in a largely fixed state. There was no place for curiosity in the lockdown mind-set of the Middle Ages. Then came the rediscovery of classical Greek and Roman culture and the call for reform, the rise of technology and science and printing as well as international trade, the exploration overland and overseas; the expansion of art, and perhaps above all, the heretical but irresistible hunger for human progress. The Renaissance marked the passage of a world influenced by things unseen to a world influenced by things seen and understood through careful observation. Things like the human body.

Dalton's unveiling of Leonardo's anatomical drawings liberated a vital energy stored in the artist's compositions, an energy that continues to spur the human drive to discover. Never before had the body been subjected to such powerful examination. Never before had the particulars of what we are made of and how we work been rendered in such detail: how we breathe, how we move, how we sense our world, how we nourish and repair and re-create ourselves.

It is a curious quirk of history that these magnificent works of corporeal art should find their way to Windsor Castle. If you look out the windows of the Royal Library, you see Windsor Great Park, the site of sylvan reverie for the ancient Celtic people. Here, the druids dreamed of everlasting life in a land called Tir Nan Og, where pain, disease, and decay did not exist. Tir Nan Og, the Land of Forever Young, was the Celtic expression of a universal theme in mythology, a dream that flows through all cultures and most religions: a dream of immortality through regeneration. Little did they dream, so long ago, that one day the name of their mythical land of eternal youth would reappear in a scientific and medical quest to extend life.

The ancient Celtic world of regeneration and Leonardo's legacy of scientific investigation during the Renaissance have converged in a new biology in the twenty-first century. The leading edge of this new biology, this biorenaissance, and the object of its exploration, is the most important element of all life: the cell. But not just any cell. More and more, modern science and medicine is and will be the province of the stem cell. Day by day, researchers are unveiling the mystery of the stem cell and its power for regenerating tissue that is healthy and repairing tissue that is diseased or damaged.

Stem cells are proving to be the silver bullet, the Holy Grail of medicine. They could alleviate all manner of suffering, whether it's caused by disease, injury, or genetic fate. Different stem cells possess different powers. Embryonic stem cells, for instance, have the capacity to re-create and repair any of the body's tissues and organs. Scientists often call these cells the “gold standard” of stem cell research. Adult stem cells, like those present in bone marrow, have the potential to repair some tissues and organs, but not all. Skin cells and other types of mature cells can now be genetically reprogrammed into stem cells that have many of the characteristics of embryonic stem cells. There may come a day when you go to a clinic, have some blood drawn, and have the white cells in your blood specimen reprogrammed and used to form your future stem cell tissue repair bank. If recent scientific advances are confirmed and extended, it is possible to imagine that your “personalized” banked cells will be able to repair your tissues and organs. You wouldn't have to worry about your body rejecting the cells because, after all, they are your own. One of the biggest challenges will be to make cell processing for therapies, which today can be expensive and must be approved by the U.S. Food and Drug Administration, generally affordable.

Stem cells have the potential to provide new and more effective treatments for diabetes, heart disease, genetic diseases, neurological diseases like Parkinson's and Alzheimer's, and even cancer; to repair debilitating injuries, such as spinal cord damage; to restore lost function, such as our sense of sight, hearing, smell, and touch, even limbs lost in combat. Already they have enabled blind mice to see, paralyzed rats to walk, and monkeys suffering from severe Parkinson's disease to show dramatic improvement in their symptoms. Stem cells could alter the way we look and feel, whether we wish to restore hair to our bald heads or to counteract the effects of aging on our skin, bones, and cartilage. In the eyes of enthusiasts, stem cells represent the best pathway toward the elusive fountain of youth.

Because so much of human disease is genetic in origin, and because stem cells loom larger all the time in diagnosis, treatment, and prevention of disease, stem cells will change the practice of medicine forever. The fields of stem cell biology and genomics are poised to reveal your health risks long before disease strikes and be able to take steps to minimize those risks. If disease strikes, treatment will be tailored to your unique genetic makeup and biochemistry. The code used by your stem cells to build you from the ground up will be available for tissue renovation or replacement due to disease, injury, or aging.

As the age-old dream of regeneration is being animated by stem cell research, scientists and bioengineers are re-creating components of the body's various systems from raw materials that exist within. These lab-created components—a lymph node, a nerve bundle, a heart valve—are invaluable for understanding human development as well as for refining regenerative medicine and designing biologically based drugs. If the immune system, for instance, can be re-created piecemeal outside of the body and plumbed for its secrets of defense against disease and infection, stem cells indeed will have made a momentous contribution to human knowledge. Lab-recreated organs such as skin, bladders, and windpipes are already being used in patients, with bioartificial hearts, lungs, kidneys, livers, and intestine on the horizon, as we will see.

Yet depending on who you are and perhaps where you live, stem cell research can be seen as a means for preserving life or taking it. It can be seen as generating economic competitiveness or a moral decline, sustaining scientific prestige or the rise of amoral elites, ensuring personal freedom or bondage. It is both the agent of health and a widening avenue in the bioweapons arms race. It is imperative that we, as global citizens, understand the stem cell's awesome potential for life and death.

Advances in stem cell research and the benefits this research promise to make available to patients collide head-on with our common understanding of life, liberty, and the pursuit of happiness, or at least profit. No other raw material has in its essence the ability to alter our fundamental definition of when and how life begins, as do stem cells. No other field of scientific inquiry involves such global diversity of cultural, religious, and ethical practices as does stem cell research. No other endeavor has private industry, research universities, and governments prepared to seize stem cell technology for their own competitive economic and political advantage.

The struggle over who gets what and how, over individual rights versus the common good, over the sacred versus the profane, is part of a larger, ongoing struggle: that between tradition and progress. Circumstances in the 1850s leading up to construction of America's transcontinental railroad illustrate the point. The “Iron Horse” gave birth to regional economies across the frontier and built diverse religious communities for new settlers. Economic success and moral righteousness were earned through hard work, ingenuity, capital, and competition. At the same time, the railroad dispossessed Native Americans, exploited immigrant labor, transected ecosystems, and fed corruption. Was the moral cost of the technological marvel worth it?

Like Leonardo, we live in a time of profound transformation. The twenty-first-century biorenaissance is as far-reaching in science, medicine, and evolution as the fifteenth-century Renaissance was in art, architecture, and culture. Leonardo's was a time of flight into the artistic and scientific unknown through observation and experimentation, flight into new worlds accessible only by long voyages over monster-laden seas, flight often forbidden by spiritual and temporal authorities. Then, as now, such flights of imagination are resisted.

It is a resistance born of the eternal dilemma of hope and fear, the same dilemma Leonardo faced as a young man when, after wandering in Tuscany on a hillside after a fierce storm, he came upon the mouth of a huge cavern. As he stood in front of it, he was seized by the question of what to do—to explore or to retreat: “I had been there for some time, when there suddenly arose in me two things, fear and desire—fear of that threatening dark cave; desire to see if there was some marvelous thing within.” In all of history up to that time, fear tended to overcome curiosity about what was inside the cave, what lay beyond the darkness. The “marvelous thing within,” if it existed at all, wasn't worth the risk of discovering it. New ideas and new ways of doing things made people uncomfortable. But being uncomfortable is how we make advances. That tension between where we are and where we might be is the fundamental nature of human progress. To move forward, we must ask questions and encourage freedom of thought. We must invite criticism. We must enter the cave.

Leonardo loved science because of what it enabled him to do. Of science, he said, “is born creative action,” an activity he valued above all others. In exploring the human body, he explored the microcosm of the great macrocosm, the whole universe, including the heavens that Galileo later charted with his telescope. Science has looked outward as well as inward ever since, at stars and galaxies, at human, animal, and plant tissues, at microscopic life forms. When in 1978 scientists looked into a petri dish and saw the beginning of Louise Brown, the world's first test-tube baby, a vital threshold in the history of human experience was crossed. A chasm opened, separating us permanently from our past—and separating some of us from others over the wisdom of proceeding into the brave new world of the future. Not only can human beings be created in a petri dish; human genetic and degenerative diseases are already being re-created in a petri dish, thanks to stem cells. Cells from patients with diabetes, heart disease, genetic disease, neurodegenerative disease, and other diseases have been reprogrammed in the laboratory to serve as testing beds for future therapies. That means treatments will be based on knowledge derived from the patients’ own cells and genetic makeup. They are the best barometers for effective treatment.

Those of us who hope to benefit from the bounty that stem cells have to offer also play a role in shaping the future. First, we must learn what the experts can teach us about the power of stem cells. We need to know what stem cells are and how they work. We need to know when and whether it's right to use them and how to regulate that use—ethically, politically, and competitively. We need to understand that stem cells are agents of hope but also harbingers of destruction. Our learning curve is steep and the language isn't always clear. But the more we know about stem cells, the more we realize how high the stakes are in deciding their fate. It is we the people who must make this decision—in the court of public opinion and in the sanctity of the voting booth—so that it is not made for us.

Sigmund Freud once described Leonardo da Vinci as a man who awoke too early in the darkness while everyone else was still sleeping. British art historian Sir Kenneth Clark called him “the most relentlessly curious man in history.” Who better than the original Renaissance man to inspire us, to rouse us to see the brilliant possibilities of the biorenaissance and its leading light, the stem cell? In the right hands, stem cells shine like a beacon of hope. In the wrong hands, they threaten to extinguish human-kind for all time. Their fate is our fate. We must awake early, to all of the possibilities of the stem cell, and remain awake.

Our future depends on it.



Chapter One

AGENTS OF HOPE

Knowing is not enough; we must apply. Being willing is not enough; we must do.

—Leonardo da Vinci

Toward the end of his life, Leonardo da Vinci was a guest of King Francis I of France. Leonardo lived in the manor house at Cloux near the king's Amboise chateau in the Loire Valley. It was a pastoral setting that gave the artist time to reflect, put his notebooks and drawings in order, and make out his last will and testament. It is recorded that he asked his assistant Francesco Melzi to get a treatise for him, On the Formation of the Human Body in the Mother's Womb, by the thirteenth-century theologian Giles of Rome. Now, at the end of his life, Leonardo was thinking about how life begins.

Human reproduction had always fascinated him. In 1512, at the height of his powers, he drew The Fetus in the Womb.“The womb, split open like a burst seed-case, reveals the coiled fetus, shaped into compelling roundness by the rhythmic curves of his pen,” wrote Leonardo authority Martin Kemp in Nature. One of his most famous anatomical drawings, it depicted what he called “the great mystery,” a mystery in many ways more profound than the enigmatic smile on his Mona Lisa. With The Fetus in the Womb, the study of science, medicine, and human reproduction were brought to bear on that mystery. “The navel is the gate from which our body is formed by means of the umbilical vein,” he wrote. What Leonardo could not have imagined as he examined the umbilical cord attaching the fetus to the mother was that it is a treasure trove of stem cells—cells with regenerative powers that someday may eradicate any number of diseases. Stem cells that already have saved the lives of people with diseases of the blood and bone marrow. People like Molly Nash.

Like most girls her age, Molly Nash loved to dance. But that was before 2000, when the Colorado child began suffering from the effects of Fanconi anemia, a genetic disease that causes catastrophic failure of the bone marrow. Bone marrow makes life-saving blood cells: white blood cells that fight infection, red blood cells that carry oxygen to organs and tissues, and platelets that produce blood clots to stop bleeding. As their bone marrow deteriorates, people with Fanconi anemia suffer extreme fatigue, frequent infections, nose-bleeds, and bruises. Those who survive into adulthood are at risk for developing a host of cancers. By the time she was six, Molly had already been diagnosed with an early form of leukemia.

Molly's parents, Lisa and Jack Nash, set out to save their daughter with the help of John Wagner, a pediatrician at University of Minnesota Medical Center in Minneapolis, director of the Division of Hematology-Oncology and Blood and Marrow Transplantation, and codirector of the Center for Translational Medicine. Wagner proposed a rescue plan never before attempted. On the surface, his plan sounded simple: doctors would replace Molly's diseased blood with healthy blood. Problem was, the healthy blood needed to be a perfect match. Furthermore, the perfect match had to be Molly's sibling, a newborn whose umbilical cord blood contained the stem cells that could create the healthy blood. Since Molly had no such sibling, her parents had to conceive one. In fact, to make sure the new sibling's blood would be free of Fanconi anemia, the Nashes had to create a dozen embryos through in vitro fertilization from which the perfect match could be chosen via genetic testing. Finally, nine months after Lisa was implanted with the chosen embryo and delivered a healthy infant, Molly would receive a bone marrow transplant using the blood-forming stem cells from her new sibling's umbilical cord.

The plan worked. As Molly held her newborn brother, Adam—dubbed “the world's first designer baby” by a national news program—his donated stem cells made their way to her bone marrow and set about rebuilding her entire blood system with healthy cells. Three weeks later, she started to dance again. Eleven years later, she is in good health.

Molly's rescue marked the first time that PGD—preimplantation genetic diagnosis—was used specifically to ensure a perfect donor of umbilical cord blood stem cells for transplantation. PGD offers hope not only to patients with Fanconi anemia, but those with leukemia, thalassemia, and other blood diseases that cause the immune system and bone marrow to fail. Because PGD can determine whether an embryo is male or female, the technique can also reveal sex-specific blood diseases like hemophilia. Said Molly's physician, John Wagner, now one of the nation's leading authorities on umbilical cord blood transplantation, “Molly is an example of how the work done to combine preimplantation genetic diagnosis and in vitro fertilization to create a healthy cord blood donor holds great promise.”

The hope of medicine based on the regenerative powers of the stem cell is a powerful hope. Perhaps not since the time of Hippocrates has there been reason for scientists, physicians, patients, and their families to have such hope. No new approach to dealing with the monumental suffering and social costs of major diseases comes close to the promise of stem cell therapy. That promise includes children who suffer from diabetes or genetic disorders like Hurler's syndrome, cystic fibrosis, Tay-Sachs disease, Batten disease, Marfan syndrome, and muscular dystrophy. The promise includes middle-aged adults who suffer from heart disease, Lou Gehrig's disease, multiple myeloma, or spinal cord injury. The promise includes aging adults who suffer from Alzheimer's and Parkinson's disease and macular degeneration, which can lead to blindness. The stem cell could even turn the current understanding of how cancer begins, and how to treat it, on its head. It is the power of hope in regenerative medicine that propels some patients to seek unproven treatment around the globe—in China, India, Thailand, Russia, Ukraine, Mexico, Costa Rica, the Dominican Republic, Ger many, Portugal, the Netherlands, Argentina, and Brazil. In some countries, notably China, such “stem cell tourism” has become a multimillion dollar industry.

Though most people probably don't realize it, the promise of stem cells as a successful therapy in modern medicine is nearly forty years old. It came in the guise of bone marrow, where blood-forming stem cells, like Adam Nash's, set up shop early in embryonic development.

DISEASES AND CANCERS OF THE BLOOD

The first successful bone marrow transplant in humans took place in 1968 at the University of Minnesota Hospital in Minneapolis. The patient was a four-month-old boy suffering from a life-threatening immune deficiency that had already claimed his brother. The donor was the patient's sister, whose bone marrow supplied the blood-forming stem cells that replaced the boy's diseased cells and restored his immune system to health. For the first time, a human body had accepted bone marrow from someone other than an identical twin—someone whose tissue was nevertheless a good match for his own. That boy is now a healthy forty-three-year-old father of twins.

Leading the transplant team was Robert Good, one of the first scientists to view the immune system as a coordinated, complex system rather than a collection of piecemeal blood and tissue components. A year after Good's feat, E. Donnall Thomas performed the first successful bone marrow transplant to cure leukemia. Thomas became known to many as the father of the bone marrow transplant, building the Fred Hutchinson Cancer Center in Seattle into the world's largest bone marrow transplant program. For his innovations in science and medicine, he was awarded the 1990 Nobel Prize.

Before the pioneering work of Good and Thomas, diseases and cancers of the blood that destroy the immune system were a virtual death sentence. Since then, those who suffer from anemia, leukemia, lymphoma, and multiple myeloma have hopes for survival because of bone marrow transplants and blood stem cell transplants. Every year, about 50,000 such transplants are done worldwide. Thirty thousand are done using the patient's own blood-forming stem cells, a procedure called autologous transplants. Another 16,000 procedures are done using bone marrow from a donor who is unrelated but genetically matched as closely as possible; these are called allogeneic transplants. Of the more than 7,000 allogeneic transplants performed in North America in 2002, more than 5,000 were for leukemia or preleukemia. More than 9,000 of the 10,500 autologous transplants performed in the same year were for multiple myeloma, an aggressive cancer of plasma cells that make blood antibodies, or lymphoma, a cancer of the lymph system.

Multiple myeloma kills 11,000 Americans each year. It killed columnist Ann Landers and actor José Ferrer. Former U.S. Congresswoman Geraldine Ferraro, the first woman to be a candidate for U.S. vice president of a major American political party, was diagnosed with multiple myeloma in 1999 and survived twelve years. In late 2003, cancer researchers discovered that a renegade stem cell trafficking among the plasma cells of the bone marrow starts a killer clone that gives rise to multiple myeloma. The renegade cell can survive aggressive chemotherapy and mount a comeback. This means a relapse for far too many persons with the disease. Treatments for multiple myeloma, including thalidomide and other drugs, have not improved survival rates very much in the last twenty years, but transplantation of stem cells recruited from the patient's circulating blood is showing real promise.

The story of the transplantation of stem cells collected from circulating blood as a valuable clinical therapy begins with Irving Weissman, director of Stanford University's Institute for Stem Cell Biology and Regenerative Medicine. It was Weissman who first isolated specific blood-forming stem cells in mice, in 1988. Just four years later, Weissman and others isolated the human counterparts of the mouse stem cells. The story picks up with James Thomson of the University of Wisconsin in Madison, the scientist who made the first line, or family, of human embryonic stem cells in 1998. Thomson reported on September 11, 2001—coincidentally the day of the terrorist attacks on New York and Washington, D.C., and the appeal for blood donation that followed—that his team could “direct” embryonic stem cells to form colonies of the normal cells found in blood. The development of stem cell–based blood could have implications for human medicine far beyond the treatment of blood malignancies. Stem cell–based blood also could be used to thwart rejection of transplanted foreign tissue in treating diabetes, Parkinson's disease, or spinal cord injury as well as in traditional organ transplantation. Stem cell–based blood could create a limitless supply of donor blood, eliminating the need for donations in times of massive emergency requests, such as 9/11. Stem cell–based blood could even replace blood destroyed by a radiation-generating nuclear weapon. Radiation kills rapidly dividing cells, including blood-forming stem cells. Big challenges remain making this a reality, however.
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“A timely, levelheaded investigation of stem cell medicine. . . .
Nothing is starry-eyed in this plainspoken, well-tuned text.”
—Kirkus Reviews starred review
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