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| INTRODUCTION |

SHOULD WE EDIT LIFE?

IMAGINE A WORLD WHERE BIOLOGY IS PROGRAMMABLE, WHERE scientists and engineers can design and control biological systems with the precision of a computer program. It may sound like science fiction, but it’s becoming a new reality because of an emerging field called synthetic biology. At its core, synthetic biology is the art of programming life. Just as a computer programmer writes code to control the behavior of a computer, synthetic biologists are using genetic code to control the behavior of cells and organisms.

The key to programming biology is the ability to manipulate DNA, the genetic material that serves as the blueprint for all living things. By cutting and pasting DNA sequences, scientists can create new genetic circuits that can be used to control the behavior of cells. For example, scientists can create genetic circuits that cause cells to produce specific proteins in response to certain environmental cues, such as the presence of a particular chemical. This has applications in everything from medicine to environmental monitoring, where living sensors can detect and respond to toxins in the environment.

But programming biology is about more than just manipulating DNA. It also involves the development of new tools and technologies to design and engineer biological systems with precision and reliability. This is more difficult than you might think, because even the smallest living systems are wildly complex. Unlike computer programs, which are highly standardized, biological systems are highly variable and dynamic. This makes it difficult to predict how cells and organisms will behave under different conditions. To overcome this challenge, synthetic biologists are developing new computational tools and models to simulate biological systems and predict how they will behave. They’re also using techniques like directed evolution, which involves forcing cells to evolve to perform specific tasks through a process of selection and mutation.

Synthetic biology makes a bold promise to improve human existence—but at the same time, catastrophic risks loom on the horizon. Our purpose in this book is to help you think through the promises and perils of this new technology.

Within the next decade, we will need to make important decisions: whether to program novel viruses to fight diseases, what genetic privacy will look like, who will “own” living organisms, how companies should earn revenue from engineered cells, and how to contain a synthetic organism in a lab.

Will you consent to eating GMOs (genetically modified organisms) if it reduced climate change? Would you agree to eat an animal protein—like a steak—that was grown in a bioreactor, rather than harvested from a cow raised on a local farm?

What happens if engineered organisms are designed to be more resilient or aggressive than their natural counterparts, allowing them to outcompete and displace native species? If an organism grows uncontrollably and causes damage to your property—or to a local community—who’s accountable? What if a bad actor creates a new type of bioweapon or some other malicious biological agent?

What choices would you make if you could reprogram your body? Would you agonize over whether—or how—to edit your future children? What if this technology is used to create designer babies, or even designer groups people genetically programmed to advance a cause, like national security?

How might the emergence of synthetic biology cause us to rethink life itself?
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Amy—The first time I felt the sharp twinge in my belly was during an important client meeting. Seated around the table were senior executives from a multinational information-technology company. We were developing the company’s long-term strategy when the twinge hit me again. I quickly handed the meeting off to one of my colleagues and ran to the bathroom. By then, a layer of sticky, dark blood had soaked through my black tights and adhered to my inner thighs. I couldn’t breathe. I couldn’t physically take in air. I slumped over on the toilet and finally allowed myself to sob, silently, so no one could hear.

I’d been eight weeks along. I was scheduled the following week for an early ultrasound. I’d already started thinking of names: Zev if the baby was a boy, Sacha if she was a girl. As I cleaned up the blood on my legs and the floor, I searched for answers, but kept arriving at the same place of anger and self-blame. It was my fault. I must have done something wrong.

The third time I felt that twinge, I already knew what to expect: blood loss and a humiliating trip to the drugstore for extra-large pads, followed by deep depression, insomnia, and a stream of questions with no answers. My husband and I saw the best fertility specialists in Manhattan and Baltimore, and we subjected ourselves to every test offered: blood tests to evaluate my hormones, tests to make sure I had enough eggs in reserve, and tests to determine whether I had any benign growths or cysts that might be causing problems. These were high-tech guesstimates, not answers.

We kept trying, and in a subsequent pregnancy I made it past the four-month mark, a milestone, and we finally allowed ourselves to feel excited. We arrived at the OB-GYN for a routine checkup. I was at eighteen weeks now, and my belly was starting to protrude. I laid on the exam table, and a technician squirted cold jelly onto my midsection, smearing it around with a sonogram wand. She punched a few keys on her keyboard, zooming in on a grainy, mostly black video. She apologized, mumbled something about her old equipment, and left the exam room, returning with another machine and my doctor. Again, she squirted cold jelly onto me, and again smeared it around, clicking her keyboard to zoom in as she glanced at my doctor, and then, reluctantly, back at me.

I don’t remember exactly what they said, but I remember my doctor taking my hand and the sound of my husband crying. I would be admitted for surgery to remove the fetal tissue. In the end, I was told that nothing was medically wrong with either of us. We were in our early thirties. We were healthy. We could get pregnant. The problem seemed to be my ability to stay that way.

One in six women will miscarry during her lifetime, and there isn’t a singular reason. Most often, the cause is a chromosomal abnormality—something goes haywire as the embryo divides—that has nothing to do with the health or age of the parents. It wasn’t my fault, I was told. My body just wasn’t cooperating.1
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Andrew—Since age ten, I had been resolute in my intention to never have children of my own. We’d lived on a rural farm property on the outskirts of Montreal. My parents struggled with each other, and as a result, with me and my two siblings. The three of us had been born in quick succession: my brother was a year younger than me, my sister a year older. When my parents told us they were separating, I wasn’t upset, but I do remember thinking that my mom would have been happier as a nun. Instead, she became a single mother and a nurse working the night shift.

She slept during the day while we were at school. It helped that we were all independent, capable kids. I often escaped to the library—my second home, where I lived in the stacks. I’d bring home armfuls of books and see her off to work at 10 p.m., and I would keep watch over my siblings, often reading to them until dawn, when my mom returned home. Stories about traditional nuclear families felt foreign to me. I couldn’t relate. What made sense was the dependable logic of engineering, the wonders of biology, and the visions of science fiction. Sometimes, when my brother and sister drifted off to sleep, I stayed awake reading and thinking about life: where creatures both enormous and microscopic came from, how they evolved, and the promise of what they might become.

By the time I was eighteen, I wanted to study the fundamentals of life—genetics, cell biology, microbiology—but I had no intention of making children of my own. At that point, I was writing software and databases, thinking in both genetic and computer code, and I had a lifetime of research ahead of me. Sex was compelling, kids were not. The only forms of male birth control were mechanical, not medical, and they were hardly reliable. The guaranteed solution was vasectomy, so I sought out my doctor and asked for one. At first, he protested—at age eighteen, I was barely an adult, and certainly in no position to make such a drastic choice. Vasectomies were reversible, I countered, and I could bank sperm if I had doubts, but I didn’t. My conviction won his approval and referrals to urologists, but it would ultimately take six years to turn off the taps. Most of the specialists thought I was being rash and immature. I argued that I was just trying to be responsible. Still, once I got the vasectomy, there was no guarantee I’d be able to have children in the future.

Thirty years later, I connected with a beautiful woman at a conference who lit up when I talked about cells and who indulged my long-winded diatribes on DNA as software. Lying next to her one morning in her Manhattan apartment, I was overcome with a terrifying new feeling: I wanted children. I wanted that family, with her by my side. But I was now in my late forties, and I knew exactly what to expect medically and biologically.

When we decided to get pregnant, we were both hopeful, but realistic. On the day of my reversal, I fixed my eyes on the ceiling as the attendants pushed me into a surgical suite. The lights blurred past in a rhythmic pattern, and with each burst of light I cycled back to the doctor’s warning so long ago, and thought about how life paths can suddenly change. The tubes connecting my testicles to my urethra, which would have enabled sperm to leave my body, hadn’t been clamped or tied off—making a reversal easy. Instead, the surgeon had severed them entirely and cauterized them to make sure I didn’t leak internally. It would take a delicate microsurgery and general anesthesia to reconnect them.

We tried, and failed, to get pregnant for eighteen months. I knew what was wrong—and how little I could do now to change things. The surgery had been successful, but my body’s system had been shuttered for too long. Mechanically, there was nothing wrong with me. My body just wasn’t cooperating.
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Right now, scientists are rewriting the rules of our reality. The anguish we both experienced as we struggled to become parents could be an anomaly in the coming decades. An emerging field of science promises to reveal how life is created and how it can be re-created, for many varied purposes: to help us heal without prescription medications, grow meat without harvesting animals, and engineer our families when nature fails us. That field, which is called synthetic biology, has a singular goal: to gain access to cells in order to write new—and possibly better—biological code.

In the twentieth century, biologists focused on taking things apart (tissues, cells, proteins) to learn how they functioned. This century, a new breed of scientists is instead attempting to construct new materials out of life’s building blocks, and many others are already achieving successes in the nascent field of synthetic biology. Engineers are designing new computer systems for biology, and startups are selling printers capable of turning computer code into living organisms. Network architects are using DNA as hard drives. Researchers are growing body-on-a-chip systems: picture a translucent domino embedded with nanoscale human organs that live and grow outside a human body. Together, biologists, engineers, computer scientists, and many others have forged a genesis machine: a complex apparatus of people, research labs, computer systems, government agencies, and businesses that are creating new interpretations, as well as new forms, of life.

The genesis machine will power humanity’s great transformation—which is already underway. Soon, life will no longer be a game of chance, but the result of design, selection, and choice. The genesis machine will determine how we conceive and how we define family, how we identify disease and treat aging, where we make our homes, and how we nourish ourselves. It will play a critical role in managing our climate emergency, and eventually, our long-term survival as a species.
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The genesis machine incorporates many different biotechnologies, all of which were created to edit and redesign life. A series of new biological technologies and techniques, which broadly fall under synthetic biology’s umbrella, will allow us not just to read and edit DNA code but to write it. Which means that soon, we will program living, biological structures as though they were tiny computers.

It’s been possible to edit DNA code since the early 2010s using one of those technologies: CRISPR-Cas9.2 Scientists refer to a pair of “molecular scissors” to describe the technique, because it uses biological processes to cut and paste genetic information. CRISPR routinely makes headlines about groundbreaking medical interventions, such as editing the genes of blind people to help them see again. Scientists have been using CRISPR’s physical molecular scissor technique and splicing the DNA molecule back together in a sort of biological collage with letters rearranged into new places. The problem is that researchers can’t directly see the changes being made to the molecule they’re working on. Each move requires laboratory manipulations that must then be experimentally validated, making it all very indirect, labor intensive, and time consuming.

Synthetic biology digitizes the manipulation process. DNA sequences are loaded into software tools—imagine a text editor for DNA code—making edits as simple as using a word processor. After the DNA is written or edited to the researcher’s satisfaction, a new DNA molecule is printed from scratch using something akin to a 3D printer. The technology for DNA synthesis (transforming digital genetic code to molecular DNA) has been improving exponentially. Today’s technologies routinely print out DNA chains several thousand base pairs long that can be assembled to create new metabolic pathways for a cell, or even a cell’s complete genome. We can now program biological systems like we program computers.

These scientific innovations have fueled the recent and rapid growth of a synthetic biology industry intent on making high-value applications that include biomaterials, fuels and specialty chemicals, drugs, vaccines, and even engineered cells that function as microscale robotic machines. Progress in artificial intelligence has provided a significant boost to the field, as the better AI becomes, the more biological applications can be tested and realized. As software design tools become more powerful and DNA print and assembly technologies advance, developers will be able to work on more and more complex biological creations. One important example: we will soon be able to write any virus genome from scratch. That may seem like a frightening prospect, given that the coronavirus known as SARS-CoV-2, which causes COVID-19, has, as of this writing, resulted in the deaths of more than 4.2 million people worldwide.3

What makes viruses like SARS-CoV-2—and SARS, H1N1, Ebola, and HIV before it—so difficult to contain is that they are powerful microscopic code that thrive and reproduce with an unprotected host. You can think of a virus as a USB stick you’d load into your computer. A virus acts like a USB by attaching itself to a cell and loading new code. And as bizarre as this might sound at a time when we’re living through a global pandemic, viruses could also be our hope for a better future.

Imagine a synthetic biology app store where you could download and add new capabilities into any cell, microbe, plant, or animal. Researchers in the United Kingdom synthesized and programmed the first Escherichia coli genome from the ground up in 2019.4 Next, the gigabase-scale genomes of multicellular organisms—plants, animals, and our own genome—will be synthesized. We will someday have a technological foundation to cure any genetic disease in humankind, and in the process we will spark a Cambrian explosion of engineered plants and animals for uses that are hard to conceive of today, but will meet the global challenges we face in feeding, clothing, housing, and caring for billions of humans.

The conversations we’re having today about artificial intelligence—misplaced fear and optimism, irrational excitement about market potential, statements of willful ignorance from our elected officials—will mirror the conversations we will soon be having about synthetic biology, a field that is receiving increased investment because of the novel coronavirus. As a result, breakthroughs in mRNA vaccines, home diagnostic testing, and antiviral drug development are accelerating. Now is the time to advance the conversation to the level of public consciousness. We simply do not have the luxury of time to wait any longer.

The promise of this book is simple and straightforward: if we can develop our thinking and strategy on synthetic biology today, we will be closer to solutions for the immediate and long-term existential challenges posed by climate change, global food insecurity, and human longevity. We can prepare ourselves now to fight the next viral outbreak with a virus we engineer and send into battle. If we wait to take action, the future of synthetic biology could be determined by fights over intellectual property and national security, and by protracted lawsuits and trade wars. We need to ensure that advances in genetics will help humanity, not irrevocably harm it.

The code for our futures is being written today. Recognizing that code, and deciphering its meaning, is where humanity’s new origin story begins.
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This is a book about life: how it originates, how it is encoded, and the tools that will soon allow us to control our genetic destinies. It is also about the right to make decisions about life, defined for a new generation along scientific—as well as ethical, moral, and religious—terms. With powerful systems in place, to whom will we grant the authority to program life, to create new life forms, and even to bring former life forms back from extinction? Answering these questions will force humanity to resolve economic, geopolitical, and social tensions.


• Those who can manipulate life can exert control over our food supply, medicines, and the raw materials required for our survival.

• Our future health and prosperity will be determined, at least in part, by the companies that invest in and control the legal rights to genetic code and to the processes by which it is altered.

• Genome editing and DNA synthesis are the cornerstone technologies of synthetic biology, and the global market for these tools is booming. However, there are looming disagreements about whether these tools, and our raw genetic data, should be accessible to everyone, or should instead be held in proprietary databases, and licensed to those who can afford access.

• Venture-backed startups cannot return investments from basic research alone, so there is often pressure to develop marketable products within reasonable time frames. While privately funded companies have freedom to innovate, publicly funded biotechnology research tends to move slowly, adhering to traditional practices.

• Absent a mandate, such as winning the space race or deploying an effective vaccine, government grants reward competencies and conservatism; they do not incentivize speed, innovation, or forward-leaning approaches.

• Those who legislate, write policy, create and enforce regulations, and enact laws wield tremendous power over our futures, and at present there is no consensus on the acceptable circumstances under which humans should manipulate human, animal, or plant life.

• Nor is there consensus on how to make decisions that could benefit us on a planetary scale. In the United States, entirely new life forms that have never existed before are already in development—some have been booted up from computer code to living tissue.

• In China, President Xi Jinping has proclaimed that China “must vigorously develop science and technology and strive to become the world’s major scientific center and innovative highland,” with a primary focus on rewriting life.5 China’s strategic roadmap includes a comprehensive database for genomic information and an aggressive time frame for the commercialization of engineered living systems. The country’s leadership seeks to move up the value chain from “workshop of the world” to become the global leader in modern industries such as both biotechnology and artificial intelligence.6

• The United States and China may be interdependent and reliant on each other’s economies to prosper, but China’s quest to become the prevailing technological, scientific, and economic superpower has long caused tension between the two countries. A coordinated, enforceable plan is table stakes, because our current geopolitical tensions do not mirror past conflicts.

• The ability to edit and write life has profound societal impacts, and we must balance the public’s trust and the speed of biotechnological progress. We will need to reconcile our desires for privacy with the advancements brought by enormous datasets made of our genetic code.

• We must determine how to make this technology equitable and accessible to all, but a division is inevitable, because not everyone will trust science or have access to the very latest tools. For that reason, we will need to prepare for difficult societal issues, such as how to manage a genetic divide. Part of this divide will be between people with enhanced genetic codes—who may have special abilities, or upon whom special privileges may be bestowed—and people who have never had their codes manipulated.



This book is also about you and your life, and the decisions you will need to make in your lifetime. We are standing on the precipice of sweeping change, and you must play an active role in your own future by making informed decisions today. You will need to make choices that have consequences, such as whether to have your own genome sequenced and what to do with that data. Or, if you are planning to become a parent, whether to freeze your eggs, pursue assistive reproductive technology such as in vitro fertilization (IVF), or use genetic screening to select the strongest of your embryos. These are decisions with which we are intimately familiar. In fact, they are what compelled us to write this book.

In order to see what future the genesis machine might someday build, it’s important to revisit the past. In the first part of this book, we’ll explain synthetic biology’s origin and the history of how researchers decoded life—and eventually manipulated it—with the intent to create synthetic organisms whose parents were computers. In Part Two, we will reveal the new bioeconomy created by the genesis machine, which includes the myriad, fantastical medicines, foods, coatings, fabrics, and even beers and wines that entrepreneurs are attempting to make—as well as the possible biotechnology solutions to solve problems such as the spread of ocean plastics, the increase in extreme weather events, and the ongoing possibility of dangerous viruses that could lead to new pandemics. We’ll also address the risks that synthetic biology poses, which range from cyber-biology hacking to the looming genetic divide, pitting wealthy engineered people against those who will not be able to afford technology-assisted reproduction. In Part Three we’ll explore different futures in the form of creative, speculative scenarios suggesting the many ways in which the genesis machine might transform the world. Finally, in Part Four we offer our recommendations for ensuring that the genesis machine gives birth to the best of these possible futures.

But first, you should meet a young man named Bill.










PART ONE | Origin







| ONE |

SAYING NO TO BAD GENES

The Birth of the Genesis Machine

The long days had shortened and cooler nights hinted at autumn in Duxbury, Massachusetts, a pretty seaside town just south of Boston. Bill McBain was a gifted student with wide-ranging interests in photography, math, and journalism, but in other ways he was unremarkable: on the first day of eighth grade, it was obvious that Bill had gone through a growth spurt over the summer, just like his friends. He was now four inches taller. But unlike the other kids, he’d also lost weight. While his male friends were starting to fill out and put on some adolescent muscle, Bill was spindly—all elbows, ribs, and knees.

Bill went to bed early every night and woke up exhausted every morning. He started drinking water—lots of it—but couldn’t seem to ever quench his thirst. It was 1999, and transparent plastic Nalgene water bottles—intended for rugged outdoor use—were suddenly wildly popular as a fashion accessory at school. But for Bill, his Nalgene was a necessity: he filled it with water between classes and guzzled from it continuously. Once, while staring at the ounces marked on one side of the bottle, Bill—who loved math—drifted off, making some mental calculations. He estimated that he was drinking four gallons of water a day, sometimes five.

In February, a family friend visiting for the afternoon watched nervously as Bill gulped from his water bottle again and again. As a nurse, she immediately recognized the warning signs and made a quick, discreet trip to the bathroom to confirm her hunch: indeed, the toilet seat was sticky to the touch, and when she bent over to take a whiff it was sickly sweet. She asked Bill’s parents to take him to the clinic to get his blood tested the next morning.

On the way there, the family pulled over for a quick breakfast, and Bill ordered a cinnamon sugar bagel along with a large red Gatorade to wash it down. It wasn’t the best meal to eat before a fasting blood sugar test, but he didn’t know any better. At the clinic, the doctor pricked Bill’s finger with a tiny needle and squeezed a droplet of blood onto a test strip attached to a meter. Within a few seconds the meter beeped, and the screen flashed “high.” This meant that his blood sugar level had spiked above 500 milligrams per deciliter (mg/dL). The fasting blood sugar of someone with a normal pancreas would typically fall between 70 and 99 mg/dL, or just below one-thousandth of a gram per one-tenth of a liter. In other words, barely noticeable, because a healthy person’s system quickly breaks down sugar and converts it into energy, so there isn’t much left in the bloodstream. If a healthy person takes that same blood test right after eating, the number will be higher for a few hours, as their body processes the food, but it will still be less than 140 mg/dL.

The doctor drew more blood and sent it to his lab for a detailed analysis. The results left him at a loss for words. Back in his office with Bill and his parents, he sat down. He looked from his file folder to Bill and his parents, and then back to his folder again. Bill’s blood sugar reading was a staggering 1,380 mg/dL. His sodium, magnesium, and zinc levels were so far off the charts that the pH of his blood had actually changed. He was on the verge of sinking into a diabetic coma, if not worse: blood like that could kill.

Bill and his parents were forced into a crash course about the mechanics of type 1 diabetes and how to treat it. A healthy pancreas is always slowly secreting insulin, the hormone required of our cells to make energy. When you eat, your pancreas gives you an additional, bigger boost of insulin to metabolize the sugar you’ve consumed. But Bill’s pancreas had suddenly stopped producing insulin. Type 1 diabetes typically shows up during adolescence, and he had all the classic symptoms: fatigue, excessive thirst, sticky-sweet urine and continually needing to go to the bathroom. The urge to continuously drink water was his body’s crude attempt at self-treatment: lots of water would help flush out the unmetabolized sugar in his blood. Eventually, though, he would face a life-threatening chain reaction. His body would start using fat for the energy it needed to stay alive, and in the process, chemicals called ketones would be released. Ketones, which are highly acidic, would get stuck in Bill’s bloodstream, where they are a poison. When the levels got too high, Bill would wind up in diabetic ketoacidosis—otherwise known as diabetic coma. At that point, if he was left untreated, death would come quickly.

Worried that they’d somehow contributed to his diagnosis, Bill’s parents asked what had caused Bill’s condition. The hurried bagel and Gatorade breakfast wasn’t typical, they assured the doctor; the family usually ate healthy meals and got lots of exercise. “It’s just bad genes,” the doctor told them. Scientists didn’t know exactly why for some people the body became resistant to insulin, he said, or why, in some adolescents—like Bill—the pancreas suddenly stopped functioning properly. But there was a silver lining: a treatment regimen to manually perform all the tasks that his body should have been doing automatically. Bill would need to start injecting himself with a drug called Humulin Regular, a synthetic human insulin that could deliver short bursts around mealtimes, and Humulin NPH (neutral protamine hagedorn), which was designed to give him a slow drip of insulin overnight.1

DISCOVERING INSULIN

The clinical symptoms related to type 1 diabetes—frequent urination, confusion, irritability, difficulty concentrating, and sometimes death—were first recorded some 3,000 years ago in Egypt. In around 1550 bcei it was an Egyptian who recommended drinking “a measuring glass filled with Water from the Bird pond, Elderberry, Fibres of the asit plant, Fresh Milk, Beer-Swill, Flower of the Cucumber, and Green Dates” as a treatment for excessive urination. The Egyptian physicians already suspected that there was a connection between what people ate and the symptoms we now associate with diabetes. But it was another 1,500 years before Aretaeus, a Cappadocian physician who spoke Greek, described “a melting down of the flesh and limbs into urine,” a condition he named diabetes after the Greek word for “siphon.” At about the same time, physicians in China and South Asia were making similar discoveries.2


In 1674, a physician at Oxford University named Thomas Willis began pursuing his own research using a procedure which will sound pretty gross. He had patients with symptoms of diabetes urinate into a little glass, from which—you might want to skip the rest of this paragraph if you’re eating—Willis would sniff and sip. Like the electronic monitor that evaluated the milligrams of sugar per deciliter in Bill’s blood, Willis was checking for elevated sweetness.3

But a clear understanding of what caused diabetes remained elusive for the next few centuries. Some doctors in the early 1900s advocated what they called a “starvation diet,” theorizing that if patients were denied all forms of sugar, the diabetes might go away on its own. Unsurprisingly, this led to worse problems—patients tended to starve to death rather than improve.

Then, in 1921, there was a breakthrough.4 By that point, a long-standing—if unproven—theory in the medical community held that a secretion from the pancreas was responsible for regulating blood sugar, and Canadian physician Frederick Banting and his student Charles Best had begun hypothesizing that digestive enzymes might be destroying that secretion before any researcher could extract it. They planned to tie off the pancreatic ducts until the cells that produce the enzymes degenerated, then analyze what was left over.5 Unfortunately neither of the men were trained as surgeons and their early research, conducted on laboratory dogs, was frankly grisly: most of the dogs died. So they started buying stray dogs off the black market instead, and with some practice, they succeeded in removing a pancreas without killing the animal. They then froze it, ground it into a paste, filtered it, and injected that liquid back into the dog. They took blood samples every thirty minutes to observe whether its blood sugar changed at all. To their astonishment, the dog’s blood sugar returned to normal levels—even though the poor pooch now had no pancreas. They observed measurable changes in what would later become known as insulin.6

If the treatment worked in dogs, might it also work in humans? It might. But finding a healthy human cadaver’s pancreas—to say nothing of finding thousands of them on an ongoing basis, to feed new demand should the treatment work—presented obvious problems. So Banting and Best, along with a newly augmented research team, turned to cattle. They ordered pancreases from a local meatpacking house and ran them through an industrial grinder: picture an enormous machine helmed by someone wearing oversized gloves who’s shoving gland after gland into a funnel on top, and a spout at the bottom extruding pulverized tissue into a bin.

They extracted insulin, purified it, and injected it into an adolescent boy like Bill—he was fourteen years old, with juvenile diabetes, and would have died without an intervention. The teenager improved dramatically. In a stroke of magnanimity and foresight, the research team offered licenses to pharmaceutical companies permitting them to reproduce their work for free. It galvanized the commercial production of insulin. Banting, Best, and their research team won the Nobel Prize in 1923, in recognition of how their work had changed the course of life for millions of people worldwide.7 But over the years, the ranks of diabetics kept growing, and there were only so many cow pancreases that could be harvested.

THE BIRTH OF BIOTECH

Injecting bovine insulin addressed—but didn’t actually solve—the “bad gene” problem that Bill’s doctor had referenced. Nor did it help the growing number of adults diagnosed with type 2 diabetes. In people who develop type 2, researchers blame environmental factors, including obesity, inactivity, and indulging in too many sweets, as well as a predisposition to the disease. That’s why seemingly fit, athletic people can also mysteriously develop the same warning signs Bill did. There are theories describing what might be going wrong: sometimes the body’s own immune system, which normally fights harmful viruses and bacteria, gets confused, and mistakenly starts destroying insulin-producing cells instead. Other theories blame a diabetes-causing virus, or suggest that it could be a second-order effect of a virus that’s silently attacking the body in other ways. The standard treatment for the past one hundred years has been to ask patients to track exactly what they are eating and how much energy they are expending, either through brute force counting or, more recently, with the help of a digital glucose monitor. Some form of medication, including insulin and pills, adjusts the level of blood sugar to a normal range.

How did we evolve from smashing and extruding a cow pancreas for its insulin to the high-tech pump and synthetic human insulin Bill uses today as an adult? Shortly after Banting and Best proved that bovine insulin worked, pharmaceutical company Eli Lilly began manufacturing it, but in 1923, the process was slow, expensive, and resulted in an unforeseen supply chain problem: names being added to waiting lists for insulin drastically outpaced farmers’ ability to raise and slaughter their cattle herds.8 Researchers found other options that worked in humans—extruding pig pancreases resulted in usable insulin—but there was no sustainable way to manufacture supplies at a reasonable scale. It took 8,000 pounds of pancreas glands—which required harvesting pancreases from roughly 23,500 animals—to make just one pound of insulin. That amounted to about 400,000 vials of insulin, which was only enough to treat 100,000 patients per month. But that wasn’t much, given rising demand.9 Roughly 1.6 million people needed insulin by 1958; the number topped 5 million in the United States alone by 1978.10 That meant Eli Lilly would need to harvest pancreases from 56 million animals a year just to provide enough insulin for Americans. The company had to find an alternative, and fast.

Just before he died in 1977, Eli Lilly Jr., whose grandfather had founded the company that bore his name, launched a strategic initiative to solve the pancreas problem.11 If cows and pigs could be used, surely there were many other viable animal candidates. He cut deals with several universities, including Harvard and the University of California at San Francisco, to develop new insulin prototypes from other animals. These institutions began working on rat versions of the insulin gene. Lilly Jr. promised a lucrative contract to the first institution that could solve this supply problem and finally speed up insulin production.12

But another group of researchers had a radically different idea for the future, one that didn’t involve organ harvesting at all. If there was no cure for diabetes, and if the number of people diagnosed with it continued to increase, Eli Lilly—not to mention all the other pharmaceutical giants—would at some point face another supply chain issue. From this group’s perspective, there were actually two addressable problems spanning a longer time horizon. The first problem—the supply issue—could be solved by having engineered bacterial cells produce human insulin, rather than growing and squeezing it out of livestock. The second problem, which could be addressed in the future, was reprogramming “bad genes” to behave properly. Harvard, UCSF, and a startup called Genentech were all using rDNA technology. The thing that separated Genentech from the other groups was that they decided to go straight to cloning and expressing human insulin in E. coli.

Genentech had only been in business for a year, and the researchers there were working on a controversial new technology called recombinant DNA. While the established universities and pharmaceutical companies, teeming with decorated biomedical scientists, were refining well-worn practices, Genentech was instead tinkering at the molecular level, taking two different strands of DNA and “re” combining them together.13 DNA, or deoxyribonucleic acid, is the genetic material of life, and recombinant DNA technology makes it possible to splice divergent species—for example, human and bacterial—together to replicate, synthesize, and potentially improve our existing genetic code.14

While Genentech had already scored some early successes by 1977, it wasn’t taken seriously by the research establishment. There were a few reasons. First, “synthesizing” was akin to “cloning” genetic material, and that could lead to downstream risks, such as genetic manipulation. Given the progress being made in another controversial technology—in vitro fertilization, or IVF—some foresaw a future in which humans created designer babies with desired hair and eye color, musculature, and other traits. At that point, there was wild, dystopian speculation and a staunch resistance to change.15 As a result, Genentech’s recombinant DNA technology was deemed highly unorthodox and in need of added scrutiny. To make matters worse, Genentech’s biotech research funding came from venture capitalists rather than the federal government, another red flag to the establishment. The startup venture capital firm then known as Kleiner Perkins Caufield & Byers invested a reported $1 million in seed funding in Genentech (roughly $4.6 million today adjusted for inflation).16,17 The partners were new to their field, too, and had been primarily interested in semiconductors. They took a chance on Genentech’s vision for the future—and Genentech took on the risk of working with funders who, unlike the federal government, would require a return on their investment.

As a startup, Genentech spent no money on creature comforts. Around the same time Steve Jobs and Steve Wozniak were building computers in a garage, Genentech’s team of scientists built a biochemistry lab in an air freight warehouse in a resolutely unpretty stretch of industrial South San Francisco. Genentech scored some early successes using their recombinant DNA techniques. The company’s labs synthesized another pancreatic hormone—somatostatin, which helps regulate the endocrine system. When word spread that Eli Lilly had launched its insulin challenge, Genentech thought it might have a viable—if wildly different—solution to the supply problem.

Given that Genentech’s recombinant DNA approach challenged conventional thinking, there weren’t exactly dozens of research universities offering to partner with it or dedicate their labs to the work. If Genentech was going to compete, it would need to recruit more scientists willing to push the boundaries of recombinant DNA for insulin production. The potential rewards were enormous, but this wasn’t a contest with silver and bronze medals: Eli Lilly was only interested in which team delivered a safe, scalable product. Genentech would either come in first, and win the contract—or it wouldn’t, and end up empty-handed after all its feverish work.

The experiment would require round-the-clock work to advance the gene-splicing technique that Genentech had first developed in making its somatostatin discovery. Lilly provided added funds, and the founders expanded its team with young scientists fresh out of graduate school. Rather than the usual cohort of researchers, Genentech put together a supergroup with a wide range of specialties, including organic chemists (Dennis Kleid and David Goeddel, who had been working on cloning DNA at Stanford Research Institute), a biochemist (Roberto Crea, who specialized in modifying nucleotides), a geneticist (Arthur Riggs, who expressed the first artificial gene in bacteria), and a molecular and cellular biologist (Keiichi Itakura, who had helped develop recombinant DNA technology).18,19

The challenge Genentech faced in synthesizing the insulin molecule was that it had long strings of amino acids—fifty-one, instead of somatostatin’s fourteen—and there were two chains, A and B, that were chemically linked together. They’d have to assemble the correct bits of DNA code to make each chain, transplant them into two different bacterial strains, and hijack the cellular machinery of the bacteria to synthesize the chains. And this would only get them halfway there. To the Genentech team, proteins—which catalyze most of the reactions in living cells, and control virtually all cellular processes—were the key to cultivating insulin.

But assuming the team managed to get fifty-one amino acids—the molecules that combine to produce protein—in precisely the right order, in order to manufacture insulin, they’d still need to re-create them.20 This would require chemically linking together the correct snips of DNA sequences, stitching them together, transplanting them into bacteria, and forcing the machinery of bacteria to produce their synthesized insulin chains—no easy task. If all went well, they would still need to purify the insulin chains, recombine them to form a complete molecule, and then hope that it was identical to the molecule produced by a human pancreas.

It was a moon shot on a cellular level, being attempted by a tiny group of under-resourced research scientists whose ideas about the future were mystifying to some, and downright dangerous to others. The complexity of the task, and the scope of their competition, forced the Genentech team to work in secret from their homes, using borrowed time in labs, and in a forgotten warehouse, far from the hallowed halls of Harvard and the University of California, all while coping with immense stress and an unforgiving deadline. First, the team would need to build a synthetic gene with exactly the right sequence of DNA that could act as instructions for a protein. Then, they’d have to transfer that gene to the right place of an organism that could read the instructions and produce the desired protein, which in this case was insulin.

The team painstakingly mixed chemicals and tested different permutations, again and again, trying to build the right sequence of DNA strands. They also needed to work with the bacteria itself, to figure out where exactly to splice the E. coli with the synthetic gene to produce the protein they needed. The process was analogous to a baking show challenge. Imagine the judges giving you a box full of ingredients, another box full of kitchen utensils, and an oven and telling you to bake a twelve-layer chocolate cake—under a crazy tight reality show deadline, working in an old run-down kitchen, and without any instructions.

But in the early morning hours of August 21, 1978—well ahead of their peers, and to the great surprise of everyone (including their own team members)—they pulled a perfect cake out of the oven.21 Genentech had managed to produce the exact DNA sequence, instruct an organism to execute commands, and produce human insulin. It was the birth of biotechnology and the genesis of a new field of science called synthetic biology.

Lilly signed a multimillion-dollar, twenty-year contract with Genentech to develop and market the world’s first biotechnology product: Humulin, which won US Food and Drug Administration (FDA) approval in 1982.22

THE FACTORY OF LIFE

Genentech’s truly astonishing achievement set human society on a different course. For the first time, we intervened in a biological process to manipulate cells and molecules, to overwrite what the body would do naturally. In healthy people, our cells are analogous to a futuristic, automated, computerized factory operating at the highest levels of efficiency. Imagine networks of advanced robots all working together: 3D printers that manufacture everything needed on demand at any quantity; a supply chain and logistics system optimized for maximum output; and an operating system with billions of lines of code that are all executed continuously. In the history of human society, no machine or factory we’ve ever built is as advanced or as elegant. Your body is simply a mobile giga complex—housing for nearly forty trillion futuristic cellular factories all working together to keep you alive.23

Each one of those cellular factories has three main components: a set of instructions, a communications system to transmit those instructions, and a production line that makes the designated product. Those components are DNA, RNA, and protein. The inconceivably vast genetic ecosystem responsible for all life forms is only made up of these three primary molecular actors.

In biology class, we all learn about the twisted ladder of DNA’s double helix. It’s unmistakable and iconic, and it’s made up of nucleotides represented by the letters A (adenine), T (thymine), G (guanine), and C (cytosine) chemically linked to a sugar (deoxyribose) and phosphate (acidic) backbone. These nucleotides, when paired, snap together tightly. But they can also be tugged apart relatively easily. This allows the two sides of the DNA double helix to split apart, much like how a zipper unzips. When DNA unzips, a cell can make precise copies of its DNA by using the unzipped DNA as a template to write new complementary strands before zipping up both of the strands again. The order, or sequence, of the four nucleotides in the DNA chain encode all the information the cell needs to live and thrive. DNA stores our genetic instructions, and while other microbes (such as viruses) are capable of carrying their own set of instructions, within cells it’s the DNA that runs the show. It’s not a stretch to say that the DNA molecule is likely the most significant molecule of all time (although water and caffeine undoubtedly have their partisans).

The DNA stores genetic instructions in cells, but it requires ribonucleic acid, or RNA, to tell the cell’s factory what the DNA wants it to do. The RNA is converted, or translated, into a sequence of amino acids in a complex machine within a cell called a ribosome. As the RNA makes its way into the ribosome, a magical process takes place. Messenger RNA, or mRNA, attaches itself to the ribosome and looks for the biological equivalent of the “start” button, a three-letter sequence called a codon. The ribosome works through the strand of mRNA, reading each three-letter set, until it finds the “stop” button. All the while, the cellular factory’s product—protein—is being produced.

Proteins—those chains of amino acids—are the main structural material of cells and do most of the operational work, and there are thousands of different types offering a range of functions. Structural proteins, such as collagen, provide for tendons and cartilage, for example. Hemoglobin is a transport protein, which carries essential oxygen in red blood cells. Antibodies are Y-shaped proteins with special recognition capabilities: when they encounter a microbe for the first time, they attach to it and either collaborate to destroy it or block it from infecting other cells. If you’ve recovered from an infection, a small number of antibody-producing immune cells stay in your body as memory cells, and they jolt back into action the next time you encounter the same microbe that caused the infection. Vaccines are designed to trigger the same response. Although there are more than five hundred known amino acids, just twenty routinely show up in biological systems.24

If the cell is a futuristic factory, the genome is a futuristic operating system where genes can be switched on or off. Two organisms might both have the same gene linked to a particular trait, but if that gene isn’t switched on, it won’t be expressed. The control of which genes are turned on and off, or how much, is complicated and regulated. It involves non-protein coding sequences such as promoters and enhancers and various protein transcription factors. It has been difficult to study them because these factors are hard to measure in real time, but here’s a wild example: the winter skate—a flat, cartilaginous species of fish—automatically switches on its genes to change its body structure to adapt to increasingly warmer winter waters brought by climate change.25

Unlike a traditional factory or a traditional computer, where the logic and structural machinery are independent, the operating system for life requires full interoperability—and we’re just starting to interpret how it all works together. For example, a new PC would have the latest version of Windows installed, but you would need to purchase games and productivity software separately and load it into the machine. That’s not the case in biology, where the machine and the information are fully intertwined.

Today’s electronic computers are still little more than fancy calculators. They also gobble energy, are brittle, can’t repair or manufacture themselves, and can’t produce anything tangible without connecting to a printer. Cells are the computers that computers, if they could dream, would dream of becoming: computers that can self-manufacture, self-repair, and run on almost any energy source.

That is precisely why Genentech’s pioneering work was so profound, and why synthetic biology will reshape life as we know it today. Once we can speak and manipulate the language of biology, we will have a say in what’s happening inside of cells. We’ll have the power not just to read the code and edit it—either to clone insulin or make minor repairs—but to write new instructions, and to have those instructions delivered, and produce new biological products on the other side. Humulin was an early product of synthetic biology, a field that is still very new but is growing. Researchers working in the field struggle to define its contours, but it is an umbrella for chemistry, biology, computer science, engineering, and design united for a single goal: to gain access to the cellular factory and to life’s operating system in order to write new—and possibly better—biological code.

Synthetic biology intersects with computer science and, notably, artificial intelligence, making use of machine learning and uncovering meaningful patterns in big sets of data. Machine learning powers the services you use all the time, like the recommendations you get on YouTube and Spotify, and the interactions you have with voice assistants like Alexa and Siri. In a biology context, machine learning empowers research scientists to pursue myriad small bets on patterns. Running experiments with several variables often requires tiny, methodical tweaks to measurements, materials, and inputs—and at the end of the process, there still might not be a viable product. Google’s DeepMind division, which researches and builds AI systems that are then unleashed on knotty problems, developed a way of testing and modeling the complex folding patterns of long chains of amino acids, thus solving a problem that has long vexed scientists. The DeepMind system that accomplished that—AlphaFold—was used to predict the structure of more than 350,000 proteins from humans and 20 model organisms. The dataset is expected to surpass 130 million structures by 2022.26 This will allow scientists to develop drugs to treat diseases far more quickly than the trial-and-error method Genentech used to create Humulin.27 This technique, and other synthetic biology approaches, can lead to labs making better bets and more of them, which lowers the cost of bringing new drugs to market.

The Genentech researchers synthesized human insulin before the era of artificial intelligence and computers using massive datasets, machine learning, and deep neural nets developed to outthink humanity’s smartest people. Today there are vast databases of proteins and metabolism and computers capable of running billions of simulations, over and over, in search of a solution to computational problems. If the same group of researchers set out to solve the insulin problem now, they wouldn’t need months of working around the clock in a lab, hunched over test tubes and petri dishes. Working alongside an AI-powered platform, they could run all the different possible combinations of those three-letter codes to design the ideal solution within a matter of hours.

Forty trillion microscale factories follow instructions, make decisions, replicate, and communicate with each other autonomously throughout your day without ever asking for your permission or input. Within the next decade, synthetic biology will put the power to program the ultimate supercomputer—cells—in human hands.

OVERWRITING BAD GENES

What if we challenged a deeply held assumption: that bad genes, like the ones that cause Bill’s type 1 diabetes, are simply an unfortunate fact of the human condition? Bill was lucky. His parents knew how to get him very good care, and—more importantly—they could afford it. His condition became a family project. After the school year ended, his parents enrolled him in diabetes camps in the summer, where he spent time around other kids and doctors learning how to manage his diabetes. But even today, someone like Bill, who went to a special camp and had parents who were vigilant about his health, would still face uncertainty about his diabetes.

At the height of the COVID-19 pandemic, millions of Americans lost their jobs and their health coverage. New underground sharing networks for people with diabetes popped up on Facebook: insured people with extra vials of insulin began supplying others who could not afford it and would otherwise die.28,29 These weren’t Silk Road–style, back-alleys-of-the-internet drug deals. These people were working the system to help save lives. But even before COVID-19, 25 percent of people with diabetes in the United States were forced to ration their insulin because of the price.30 (This is especially true of Latino, Indigenous, and Black populations, groups that have elevated rates of both diabetes and poverty.) Before the pandemic triggered border closings, American diabetics often crossed to Mexico or Canada to buy insulin at a fraction of its cost in the US.31

Insulin, which an estimated 10 percent of Americans require every day, is only made by three companies—Sanofi, Novo Nordisk, and Eli Lilly—and its price has skyrocketed.32,33 Between 2012 and 2016, the cost per month doubled, from $234 to $450.34 Today, one vial of insulin can cost $250. Some people need six vials per month, which sometimes forces Americans who lack good health insurance to ration their doses—or to choose among paying for insulin, feeding their families, or paying rent. Pharmaceutical companies argue that rising prices reflect the cost of innovation. Creating ever more effective formulas, tests, and technologies costs money and time—as we saw with Genentech and Banting and Best—and as publicly traded companies they must earn back the investment they make in R&D.

There’s a historical irony here. Recall that when Banting, Best, and their team first discovered and created insulin back in 1923, they refused to commercialize or earn money off their discovery. They sold the patent to the University of Toronto for $1, because they wanted everyone who needed the life-saving medication to be able to afford it. “As solutions to the insulin-cost crisis are being considered,” wrote the New England Journal of Medicine editorial board, “there is value in remembering that… [both Banting and Best] felt that insulin belonged to the public. Now, nearly 100 years later, insulin is inaccessible to thousands of Americans because of its high cost.”35

Today’s insulin is manufactured in factories using a synthetic process, but it was designed to simply mimic what the body must do on its own. As synthetic biology evolves, we won’t be limited to imitation: a customized strain of insulin-producing cells could be engineered to work in far more precise and sophisticated ways. One of the most promising developments centers around re-engineering cells that can manufacture insulin only when needed. The implications are profound: What if, in the future, vials of expensive insulin were no longer necessary? What if, instead of insulin pumps and injections, diabetics instead took a one-time dose of synthetic cells that could react to blood glucose levels, and then produce insulin on their own?

Although it sounds like science fiction, that future is closer than you might think. In 2010, one of the world’s preeminent biotechnologists, John Craig Venter, led a team that synthesized the DNA of a whole bacterium—copying something that already existed in nature—but they added a twist. The new genome included the names of the forty-six researchers who helped write the project, along with quotes from J. Robert Oppenheimer, poems from James Joyce, and secret messages that could be decoded, like a puzzle. When the bacteria reproduced, it carried this new biological code—and the poems, quotes, and messages—from generation to generation. It was the first evidence that a new form of life, programmed to complete designated tasks, could be created, and could thrive.36

This wasn’t merely synthesizing human insulin. It was a designed, intentional evolution of life developed using a computer-generated genome. We saw a glimpse of that power in 2019, when researchers working with Venter demonstrated that it was possible to write genetic code, portending a future in which it would be possible to improve on the genetic hand that people like Bill were dealt.37 In other words: if cells can be reprogrammed, then maybe people with diabetes could become their own internal pharmacies.

The broader implications are both profound and problematic: If a group of scientists can create a new strain of bacteria biologically watermarked with “To live, to err, to fall, to triumph, to recreate life out of life,” what custom functions and features might be built into our living machinery?38 If, in the future, all life is programmable, those with the right knowledge and capability will be in possession of unfathomable power. They could create life, and tweak existing life forms, to do almost anything—be it good or bad.

Which is why a second race—this one involving not just one cell, or one protein, like insulin, but the entire human genome—was an even higher-stakes chase that resulted in an unlikely winner and concerns about who should be allowed write-level permissions to our shared biological code.



Footnote


i BCE stands for “before Common Era” and is an alternative to BC, which stands for “before Christ”.
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