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    Preface


    When the Covid-19 pandemic struck in early 2020, I set aside a project on the history of innovation in supply chains to write a book analyzing what ultimately became perhaps the greatest global supply chain disruption since World War II. That book, The New (Ab)Normal: Reshaping Business and Supply Chain Strategy Beyond Covid-19 (MIT CTL Media, 2020), focused on how Covid impacted the broader economy, having major disruptive effects on consumer goods, manufacturing, distribution, logistics, retailing, workplaces, and cities. In the same vein as two of my previous books dealing with risk and resilience—The Resilient Enterprise: Overcoming Vulnerability for Competitive Advantage (MIT Press, 2005) and the Power of Resilience: How the Best Companies Manage the Unexpected (MIT Press, 2015)—The New (Ab)Normal looked at how people and companies were handling, adapting to, and even benefiting from disruptive events—both Covid-related and in general.


    In The New (Ab)Normal, I described how employees were working from home and consumers were battling to hoard toilet paper (detailing the origins of this and other shortages), as well as how companies were navigating the combined impacts of changing consumer demand, disrupted suppliers, fractured transportation links, and new workplace regulations. At the same time, I began watching another story unfolding in the laboratories of universities and pharmaceutical companies. Biomedical scientists and engineers around the world began a race to save civilization from the virus by developing a vaccine. Those scientists and engineers seemed to face very long odds of success in any reasonable timeframe given both the very long gestation periods typically required to create just the candidate vaccines for testing and the low rate of subsequent approvals of tested vaccines.


    Many likened this massive vaccine development effort to the Apollo moonshot campaign of the 1960s. However, the moonshot was easier in several ways. The moonshot only needed to hand-build a dozen or so rockets to carry a select few dozen intrepid astronauts willing to risk it all to go into space and then to the moon. In contrast, the vaccine effort needed to mass-produce billions of units of a safe and effective product for use by billions of ordinary consumers and citizens, many of whom were risk-averse and hesitant. Whereas the moonshot’s rocket makers could deliver the rockets to a single location, the vaccine makers needed to reach everyone in the world wherever they lived. Finally, while US President John F. Kennedy gave NASA more than eight years to reach the moon, Covid began killing staggering—and increasing—numbers of people from day one.


    This new book follows the global efforts to vaccinate the world and begins with a chapter focused on the accumulated knowledge in the sciences of immunology, genetics, and cell biology that made the vaccines possible. Literally decades of science and more than a few Nobel Prizes went into understanding how viruses and vaccines work and creating the tools for making vaccines. Over time, scientists came to a fundamental understanding of how the cells of every living creature are really biological factories, how viruses hijack those cellular factories, and how the immune system learns to fight off the hijackers. One key innovation in the newest generation of vaccines (the mRNA vaccines of ­Moderna, ­Pfizer–­BioNTech, and others) is in how they make the antigen—the Covid spike protein—that the immune system learns to recognize and fight. The mRNA vaccines don’t contain the antigen; rather, they contain a set of instructions, the equivalent of a business purchase order (PO), to a person’s cells so that those cells manufacture this most important component of the vaccine. However, those innovative mRNA vaccines could not work without other innovative technologies that package the exceedingly fragile mRNA and deliver it to people’s cells.


    Developing a safe and effective vaccine wasn’t the end of the challenge; it was just a first step in what would become the greatest product launch in human history: mass-producing these vaccines, distributing them to vaccination sites around the world, and getting billions of people to come and get vaccinated (discussed in the following chapters).


    The second chapter of this book focuses on the next step of the challenge: mass-producing an entirely new product from scratch and rapidly scaling production to millions—and then billions—of units within the shortest possible time. Mass-producing the vaccine meant creating all the supply chains needed to manufacture all the ingredients and raw materials required for the vaccine, many of which had been niche laboratory chemicals. Getting to scale entailed overcoming shortages of materials and industrial capacity.


    After the vaccine makers produced and bottled all the doses, next came the challenge of getting the product to the people who needed it (described in Chapter 3). This is analogous to the challenge of getting the hottest new toy out to retailers’ shelves for the holidays, but with the added pressure that impediments and delays in distribution would mean that more people would die. This task of consumer distribution was managed by governments with varying degrees of effectiveness. The mix of happy successes and woeful failures offer many lessons for how to handle new product launches, especially when product demand overwhelms supply.


    As with any new product launch, product availability is one half of the distribution challenge with consumers. Chapter 4 examines the other half: how of the vaccine providers had to convince, cajole, or incentivize people to go out and get the product. Although a great many people eagerly wanted the vaccine, detractors of vaccination arose as a serious threat to the prevention of death and disease. These so-called anti-vaxxers were a messy mix of those with heartfelt personal values, the sadly misinformed, and a rogues’ gallery of those who benefit from sowing social and political chaos. Vaccine makers and governments had to combat a never-ending stream of falsehoods and misrepresentations, some of which came from those governments’ own politicians.


    The final chapter looks to the future and toward other opportunities for solving big challenges facing humanity. The mRNA vaccine technologies may hold the key to a new era of rapidly developed and effective vaccines for a wide range of diseases. Moreover, the ability to program a patient’s cells to make therapeutic substances could address a wider array of health problems such as cancer and organ failure. The combinations of genetic technologies and vaccine mass-production technologies can also be applied beyond medicine and agriculture to industrial processes. Finally, the deeper processes of accumulating scientific understanding, creating portfolios of engineering solutions, and building large-scale ecosystems of manufacturing and supply chains can combine to address other global problems such as climate change.


    In summary, this book is a tale of bringing the full might of science, engineering, supply chain processes, and government resources to combat a critical global problem. Each of these four realms of human endeavor faced, and largely overcame, serious obstacles in pursuit of the goal of preventing more death, disease, and economic upheaval from Covid-19. Overall, the great race to vaccinate humanity holds many lessons about product development, manufacturing, creating new supply chains, distribution, and customer adoption of highly innovative, revolutionary products.
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    1. Creating New Vaccines in Record Time


    Whenever a new disease lands on humanity’s doorstep, epidemiologists wonder whether it will become a footnote in an obscure academic article or a history-making global plague. They immediately ask, Is it transmissible from human to human? Who is susceptible? How contagious is it? And how bad is the disease in terms of health effects, hospitalizations, and deaths?


    If the disease reveals itself to be contagious (i.e., exhibiting a high reproduction number, R0, which is the average number of people in a susceptible population who will contract the disease from each person with that disease) and devastating to health (i.e., a high infection fatality rate), then the epidemiologists start to consider their responses, such as:


    
      	Can the disease be contained so that very few people get sick (i.e., ensuring that R0 < 1 so the infection will die out over time)?


      	Can doctors easily treat those who are infected to avoid serious illness and death (e.g., the old nemesis of bubonic plague is now easily cured with antibiotics)?


      	Can a vaccine immunize the susceptible in order to forestall sickness and, ideally, halt the spread of the disease?

    


    In the case of Covid-19, which proved to be both highly contagious and deadly, few countries had the leadership, the means, and the willing participation of their citizenry to contain the disease. A huge part of the containment challenge was that a large percentage of infected people showed no symptoms, making them difficult to identify and isolate in order to prevent further spread of the disease. Worse, doctors found that the available treatments were not very effective; even patients in the most advanced hospitals still died. That left vaccination as the last best hope for defeating Covid-19 before it killed untold numbers of people.


    Prior to Covid, scientists typically needed 10–15 years to develop a new vaccine and establish its safety and efficacy.1 Worse, vaccine development historically suffered from long odds of success even after those years of dedicated effort—for example, of all vaccines developed from 1998 to 2009, only 6 percent of candidates made it to market.2 The fastest previous vaccine development project in history had been for mumps. In 1963, scientists at Merck leveraged decades of vaccine technology improvements to create a new vaccine that debuted in 1967.3 The long odds and previous record of a four-year development process fueled pessimism as scientists embarked on a race for a vaccine against the SARSCoV-2 virus* in early 2020. What the pessimists did not realize, however, was that all the scientific progress of the intervening decades would serve as the foundation for what happened next.


    
      * SARS-CoV-2 is the name of the virus that causes the disease Covid-19.

    


    The Long Road to Quick Vaccine Development


    The word vaccine derives from vacca, the Latin word for cow, and it arose from the invention of the first widely manufactured vaccine. In the late 1700s, Dr. Edward Jenner, an English physician, proved that people who caught cowpox—a mild disease of cows sometimes transmitted to milkmaids—did not catch smallpox, which was a deadly and disfiguring disease that routinely killed hundreds of thousands of people yearly. In a 1798 report, Jenner concluded that “the cowpox protects the human constitution from the infection of smallpox.”4 His approach of exposing a person to a weak, inactivated, or killed variant of a dreaded disease became a key approach to immunization that is used to this day. In fact, several Covid vaccines use this weakened or attenuated pathogen strategy.


    Discovering the Essence of Vaccination


    Dr. Jenner made clever use of the observation that cowpox gave milkmaids immunity to smallpox, but he could not have known exactly why this worked. Decades of slow and steady research would be needed to discover that microorganisms can cause disease, that the human immune system can recognize these foreign invaders, and that foreign substances (foreign proteins) associated with the invaders act as antigens,† sparking production of antibodies to more quickly fight subsequent infections.5


    
      † Antigens are foreign substances that induce immune response in the body, especially the production of antibodies.

    


    Finally, after more than a century of research into immunology, scientists realized they didn’t need to use the whole virus or bacterium to make a vaccine. Like teaching children to find Waldo‡ by simply looking for his iconic red-and-white striped pullover, vaccines can train the immune system to recognize pathogens simply from some emblematic element of the pathogen’s external appearance, such as the proteins that coat a viral particle or bacterial cell.


    
      ‡ Where’s Waldo? (Wally in Britain) is a series of children’s puzzle books consisting of illustrations depicting throngs of people at a given location. Readers are challenged to find a character named Waldo hidden in the group. Waldo is identified mainly by his red-and-white-striped sweater, which is disguised in the illustrations.

    


    Thus, a vaccine could be made from just Waldo’s red-and-white sweater without including the living and potentially dangerous Waldo. In the case of Covid-19, the spike protein is Waldo’s distinctive sweater that alerts the body to the presence of the virus, thus immunizing against the disease. That finding led to a second vaccine technology based on synthesizing and purifying proteins or fragments from the pathogen to be used as a vaccine. Injecting these noninfective substances would then trigger antibody creation that would be ready to attack the target pathogen if (or when) the vaccinated person was exposed to the disease.


    Learning the Secrets to Life’s Building Blocks


    While one set of scientists was discovering the essentials of immunology, others were exploring the nature of heredity and genetics to understand what determined the building of proteins in the human body and other organisms.6 The road to scientists’ understanding of the building blocks of life probably started in 1869, when Swiss researcher Friedrich Miescher was first to identify DNA (deoxyribonucleic acid) as a distinct molecule. In 1881, the German Nobel laureate Albrecht Kossel not only gave the molecule its DNA moniker, but he also identified its four nucleic acid building blocks. In 1953, molecular biologists James Watson and Francis Crick discovered the double helix structure of DNA as a long string of nucleotide letters.7 In time, scientists learned how strings of the four nucleotides§ of DNA formed a language for storing recipes that translated into sequences of the 21 amino acid building blocks of proteins, enzymes, and other functional elements of life.


    
      § Nucleotides are types of nucleosides, which consist of one of the four genetic letters with a sugar group (ribose in RNA or deoxyribose in DNA). Nucleotides are nucleosides with an attached phosphate group that is needed to form the strand backbones of RNA and DNA. Nucleotides form the basic structural unit—the beads—of long-chain nucleic acids such as DNA.

    


    Then, in 1961, scientists discovered mRNA (messenger ribonucleic acid), which comprises shorter, single-strand strings of nucleotides that encode the recipe for just one of a cell’s proteins or enzymes.8 Whereas a cell’s very long strings of DNA remain locked inside the nucleus, mRNA leaves the nucleus and enters the bustling bulk of the rest of the cell, where it is quickly translated into the individual strings of amino acids. If DNA is a restaurant chef’s master copy of all the recipes kept locked in the office, then mRNA is the slip of paper with a copy of the recipe for the soup du jour that the kitchen’s sous-chefs will use for that night’s cooking (only much more complicated). When a cell needs to make a protein or enzyme, it uses the master copy of the permanent DNA to transcribe multiple copies of these temporary mRNA strings for the needed product, and then each copy of the mRNA gets translated into multiple copies of the end product.


    Early on, many scientists recognized the potential power of both DNA and mRNA for a broad range of healthcare applications. Genetic therapies could entice a patient’s own cells to make exactly what they needed. For one-time or short-term treatments, mRNA is ideal. A dose of mRNA is like injecting a purchase order (PO); the cell will make some amount of the ordered material as specified in the PO and then naturally stop. Unlike DNA, mRNA normally can’t become part of the permanent genetic code of the cell or organism. The temporary nature of mRNA gives it the perfect properties for one-time or short-term treatments needed for vaccinations, treating a disease, killing a tumor, or repairing tissue damage.


    Dr. Phillip Sharp, a Nobel Prize-winning biochemist and professor at MIT, highlighted the advantages of mRNA vaccines. “Messenger RNA vaccines have several benefits compared to other types of vaccines, including the use of noninfectious elements and shorter manufacturing times,” he said. “The process can scale up, making vaccine development faster than traditional methods. RNA vaccines can also be moved rapidly into clinical trials, which is critical for the next pandemic.”9 Moreover, the development of treatments based on mRNA and DNA have the potential to end the frustrating trial-and-error process of one-bug-one-drug that has dominated healthcare.


    A Fragile Panacea


    In theory, the new tools for creating genetic strings meant scientists could program a strand of mRNA to make any sort of vaccine antigen or therapeutic protein or enzyme. For example, the mRNA that encodes the Covid spike protein could make an excellent candidate for a Covid vaccine. In practice, nothing in biology or healthcare is ever so simple. The human body has an elaborate system of layers of border control and monitoring processes in its organs and cells to keep suspicious, foreign, and dangerous substances out. While scientists were hopeful about injecting mRNA into human cells, the cells themselves responded to the first experiments with innate immune defenses against foreign RNA.


    The high immunogenicity¶ of lab-made mRNA, along with the widespread presence of RNA-destroying enzymes (nucleases), made it hard to get mRNA into cells, and the injected mRNA didn’t last long enough to make much protein. For researchers such as Dr. Katalin Karikó, working at the University of Pennsylvania at the time, mRNA’s reputation for fragility was a severe hurdle for obtaining funding for her research; few thought that mRNA was a feasible means for medical treatments. In 1997, Karikó teamed up with Drew Weissman, a professor of immunology also at the University of Pennsylvania, to delve into why scientists’ mRNA was attacked while the cell’s own mRNA was not.


    
      ¶ Immunogenicity is the tendency of a foreign substance to provoke an immune response in the body.

    


    Although Biology 101 drills into every student that there are only four letters of the genetic code in every living organism,10 the biochemistry of these four nucleosides and nucleotides is a bit more complicated than that. Many organisms, including humans, also have chemically modified nucleosides that use subtle molecular variants of the four letters. The modified nucleosides could be considered akin to letters of a word that are italicized or boldfaced—they mean the same thing but look a little different.**


    
      ** These modified nucleoside letters have no effect on the basic genetic meaning of the string—the modified mRNA still translates to the same protein product. But on a chemical, structural, and functional level, the modifications can profoundly change the properties of the string.

    


    In 2005, Karikó and Weissman discovered that synthesizing mRNA using certain naturally occurring modified nucleosides kept the cell from reacting to the injected mRNAs. Modified nucleosides, Karikó explained, “not only made the RNA non-immunogenic, but we get a lot of protein: 10 times more protein than with conventional RNA.”11 That breakthrough suddenly made mRNA a lot more feasible. Yet, even with this breakthrough, many were skeptical. “We went to biotech companies and pharmaceutical companies to try and get funding, and they weren’t interested,” Weissman said. “They said RNA was too fragile and they didn’t want to work with it.”12


    Although mainstream government research funding agencies and larger pharmaceutical companies still saw mRNA as having too little chance of being feasible, some startups were taking an interest in mRNA and the newfound successes in using it. These included ­CureVac, ­BioNTech, and ­Moderna—the last two founded explicitly to develop mRNA-based treatments based on the discoveries of Karikó and Weissman. In 2013, Karikó moved to join ­BioNTech in Germany. “I told my husband when I decided to go to Germany, ‘I just want to live long enough that I can help the RNA go to the patient,’” she said. “‘I want to see… at least one person would be helped with this treatment.’”13


    Producing Protective Packaging


    Proponents of mRNA technology still faced other problems, ones commonly faced by material handlers and distributors in supply chains: “how you deliver [it], because RNA had to be put in something so it is protected, so it won’t degrade,” Karikó said.14 An mRNA molecule is a sequence of nucleotide beads on a single, fragile string of molecular bonds. If even one of those bonds breaks, the string doesn’t work. That problem is especially severe in the case of the Covid vaccine, which needs a string of about 4,000 beads. “It’s tougher,” said Dr. Robert Langer, biomedical engineer, MIT professor, and co-founder of ­Moderna. “It’s a much bigger molecule. It’s much more unstable.”15


    Meanwhile, an entirely separate stream of research was exploring how to encapsulate substances inside extremely tiny lipid nanoparticles (LNP)—small bubbles of fats that emulate cellular membranes—as a means of delivering drugs. Initially, using these LNPs for mRNA seemed infeasible too, because the positively charged lipids that could package mRNA molecules were incompatible with cellular membranes. But decades of research into lipid particles finally found an appropriate class of cleverly designed, pH-sensitive, ionizable lipid molecules.16 Under acidic conditions, these ionizable lipids become positively charged and can readily encapsulate mRNA during the manufacturing process. Under neutral conditions in the final vaccine and human body, these lipids lose their positive charge and are safe. When a person’s cell absorbs an LNP, the cell encapsulates the LNP in a small bubble that becomes naturally acidic, causes the LNP to change conformation,†† and releases the mRNA. The vaccine makers adopted this technique to package the mRNA and designed it for the needs of getting the vaccines to their intended destinations. “They encapsulate it in a nanoparticle, and that nanoparticle has to have specific properties that, once it’s inside a cell, the particle releases the RNA,” Sharp said.17


    
      †† In biochemistry, a conformational change is a change in the shape of a macromolecule, often induced by environmental factors, such as changes in acidity.

    


    As with many supply-chain packaging systems, multiple materials are needed to ensure safe delivery. To further aid the delivery of mRNA, designers added a molecular coating of PEG (polyethylene glycol), which improved the solubility of the oily nanoparticle in water, reduced the body’s direct immune system response to the particle, and reduced the chance that the kidneys would remove the particle from the bloodstream and discard it. By analogy, if the lipids are like the bubble wrap that helps protect the mRNA from damage, the PEG is like an outside box that makes the bubble-wrapped mRNA more compatible with the conveyor belts and chutes of the body: the bloodstream.


    The result was a drug-delivery technology based on LNP. “It is a tremendous vindication for everyone working in controlled drug delivery,” said Langer.18 Just as specialized packaging companies make and supply bubble wrap and boxes to shippers, specialized ingredient companies supply ionizable lipids and related technology to vaccine makers.19 Vaccine candidates from ­Pfizer–­BioNTech, ­Moderna, and ­CureVac used modified nucleoside mRNA encapsulated by LNP.


    LNPs aren’t the only packaging solution to getting genetic material into cells. Nature has had hundreds of millions of years of experience in how to package DNA and RNA into compact, easily shipped capsules—that’s exactly what a virus particle is—and some vaccine makers (e.g., J&J; Oxford University’s ­AstraZeneca; Russia’s Gamaleya, the maker of Sputnik V; and India’s Serum Institute, maker of Covishield) sought ways to use those preexisting shipping materials. Known as a viral vector vaccine design, it uses a harmless virus (one that cannot replicate in people) to carry genetic material for the vaccine (e.g., the Covid spike protein gene) into the person’s cells.


    In this approach, vaccine developers design a string of DNA encoding the target antigen of the disease (e.g., the SARS-CoV-2 spike), splice it into the DNA of a weak or nonreplicating virus, and then mass-produce the modified viral vector to make the vaccine. When injected, the particles of the viral vector infect some of the person’s cells, causing those cells to make the SARS-CoV-2 spike protein and prompt the immune system to learn to fight Covid.20 Thus, the approach updates the original, familiar “weak pathogen” strategy of vaccination with the latest programmable antigen approach of genetic vaccines.


    From Discoveries to Tools to Platforms


    These stories of biotech development have three broader lessons. The first is that all this progress in biotechnology has been like building a 1,000-piece jigsaw puzzle of the interlocking interactions of life. Each researcher found a piece or two of this puzzle that built upon all the other previously discovered pieces and supported the next generation of discoveries. Some pieces were so important that their discoverers won Nobel Prizes. “This is a field which benefited from hundreds of inventions,” said Uğur Şahin, founder and chief executive of ­BioNTech.21


    Second, as scientists explored the nature of DNA and RNA, they built new categories of tools to accelerate their work. One category of tools was for sequencing DNA to determine the genetic code of an organism, which enabled scientists to understand the genes of organisms and how different organisms were related to each other. Another category included tools for synthesizing new genetic strings, which enabled scientists to test how different genetic strings created different products and affected the organism. This culminated in programmable laboratory machines that could make DNA or RNA strings with virtually any genetic sequence found or invented by scientists. An essential part of all of this work was the polymerase chain reaction (PCR), which is a way of replicating a tiny sample of genetic material into very large numbers of copies that can be used in experiments, tested for certain properties (e.g., “Does this tiny sample contain the Covid virus?”), or packaged as a product. The final key technology was reverse transcriptase, an enzyme that translates a string of messenger RNA (such as from a virus) back into a string of DNA that can be readily copied for testing or mass production. All these tools involve global supply chains for laboratory equipment, supplies, chemical reagents, and services (more on this in Chapter 2).


    The third story is the concomitant development of digital and biological technology platforms to support new product development using all this accumulated knowledge. For example, ­Moderna “decided from the beginning to build from the ground up a digital biotech,” said Marcello Damiani, ­Moderna’s chief digital and operational excellence officer. “We made sure that the company is data-centric and that we can get insights from this database to help us improve quality and efficiency and accelerate our learning.” With a digital system, ­Moderna can boost researcher productivity from testing 40 mRNAs per month to 1,000. “This gives you an idea how the digitization and the use of this technology can enhance drastically the efficiency of the scientists,” Damiani said.22


    These Genes Are in Fashion


    When Chinese scientists first isolated the virus that caused Covid-19 and identified it as a coronavirus on January 7, 2020, it provoked fear but also created an opportunity. The fear arose from the experiences the world had with two previous novel coronaviruses. In November 2002, severe acute respiratory syndrome (SARS) emerged in China as an outbreak of a severe and contagious respiratory disease that infected more than 8,000 people and killed 10 percent of them before it was contained in mid-2003.23 Next, in 2012, Middle East respiratory syndrome (MERS) appeared,24 and, although less contagious, it was much more lethal (35 percent of patients with MERS died).25 Both of these coronaviruses were quickly contained by quarantines, contact tracing, and the relatively poor effectiveness of SARS and MERS in spreading from human to human.


    Dusting Off Old Data


    With the SARS-CoV-2 virus that causes Covid-19, scientists had an opportunity to use the knowledge gleaned from analyzing SARS and MERS. This included initial efforts at developing a vaccine for SARS, which stalled due to lack of funding when the SARS outbreak ended.26 SARS and MERS also stem from coronaviruses, as does SARS-CoV-2. Note that the coronavirus gets its name for the corona, or crown of spikes that covers the outside of the virus. The corona effectively makes the pathogen into a Velcro ball that can stick to certain receptors on cells in people’s lungs, blood vessels, intestines, and elsewhere. Those spikes are the dominant outermost feature of the virus that antibodies and immune cells are most likely to be able to find, recognize, and latch onto. The work on the earlier coronaviruses made it clear that this spike protein was the obvious antigen for Covid vaccine development—the equivalent of Waldo’s sweater.


    Chinese researchers published the first data on the genetic sequence of SARS-CoV-227 on January 12, 2020.28 As Covid hurtled toward pandemic status,‡‡ thousands of researchers in both private and public organizations headed to their labs. Data, fresh insights, and research papers streamed across the internet. The Allen Institute used Semantic Scholar, its AI-based search engine,29 to build the Covid-19 Open Research Dataset,30 which organized more than 130,000 scientific articles related to the virus by September 2020.31 Dr. Rena Conti, associate research director of biopharma and public policy at Boston University’s Questrom School of Business, described the effort: “We’ve watched physicians, scientists, and technologists completely step up to the challenge here and promote information sharing, promote good practices, promote messaging around what’s effective, what’s safe, and what’s possible.”32


    
      ‡‡ The World Health Organization (WHO) declared Covid-19 a global pandemic on March 11, 2020.

    


    The challenge was to quickly use the tools of science and biopharmaceutical manufacturing that had been accumulating for more than 150 years. ­Moderna exemplifies the new breed of vaccine creators using genetic technologies to accelerate development. Within two days of getting the genetic sequence of the virus, ­Moderna had designed its mRNA vaccine.33 Within about a month, the company had manufactured, tested, and shipped samples of its vaccine to the National Institutes of Health (NIH).34 More broadly, within the first four months of the arrival of Covid-19, research groups around the world were developing 115 different candidate vaccines.


    Vaccines on Trial for Your Life


    All the accumulated knowledge, advanced technologies, and a deep understanding of virology and immunology helped create those 115 candidate vaccines. But that knowledge offered no guarantee that any candidate would work inside a complex, messy human body. Before being injected into millions, perhaps billions of arms, a vaccine—like any pharmaceutical product—must be carefully tested in clinical trials. These trials assess whether the candidate vaccine helps people avoid the disease or reduces its impact and whether it is safe in not having serious side effects.


    By modern standards of sensibility, law, and ethics, history’s first vaccine trial was appalling. In 1796, the aforementioned Dr. Edward Jenner transferred pus from a milkmaid’s cowpox pustule into a cut on an eight-year-old boy’s arm and then subsequently exposed the boy to smallpox.35 This boy and Dr. Jenner’s other test subjects were very lucky; they survived and proved to be immune to repeated exposures to smallpox. As medical science and ethics improved, scientific and regulatory developments sought to eliminate much of the risks when it came to exposing human subjects to new medical treatments such as vaccines.36


    Arsenal of Assessment Methods


    The key to safer, more ethical approaches to creating vaccines and other drugs came from developing a portfolio and sequence of unbiased testing procedures designed to check for safety and efficacy of any new proposed treatment. Testing a new drug or vaccine starts with in vitro studies (Latin for “within glass”) that test new therapeutic agents in test tubes and petri dishes on cells and tissue cultures for disease-related efficacy and toxicity. Scientists have developed a large number of very carefully managed cell and tissue culture lines to ensure repeatable results that are comparable across labs.


    Next come in vivo (“within living creatures”) tests, typically on animals such as mice and monkeys. Scientists try to find animals that are susceptible to the target disease and exhibit similar symptoms (e.g., SARS-CoV-2 sickens hamsters),37 which can be used to test vaccines and treatments. These laboratory testing efforts rely on their own well-developed supply chains of providers of cells, tissues, lab animals, and the myriad of specialty chemicals used to detect, assess, or visualize relevant biological effects.


    The advent and increasing power of computers and the accompanying software has also led to in silico (“in silicon”) computer testing. Scientists can create and use mathematical models or simulations of drug molecules, metabolic pathways, biological proteins, and genetic sequences to predict drug performance, disease progression, potential side effects, and other interactions. For example, in silico models for molecular docking, molecular dynamics simulations, network-based identification, and comparative modeling can help repurpose already-approved drugs that, theoretically, might be effective against a new disease.38 Because the safety of these drugs has already been proven, only their efficacy need be established. All these possibilities mean that scientists have an ever-growing pool of knowledge and an arsenal of testing methods to predict, test, and confirm the safety and efficacy of new vaccines and drugs.


    The First Valiant Volunteers


    If a candidate vaccine or other drug survives preclinical trials in computers, test tubes, and lab animals, it moves into a tightly regulated, multi-phase, clinical testing process with human subjects. In the US, that process begins with an Investigational New Drug (IND) application,39 in which the maker tells the Food and Drug Administration  (FDA) exactly what it is doing, provides preclinical evidence that the product will work, and states the specific measures of performance they seek to show. (In the case of Covid vaccines, this includes showing the reduction in infections, hospitalizations, and deaths.) The FDA must approve the application before human trials can begin.


    Requiring this preapproval ensures that proponents of a new treatment don’t run multiple trials in secret and then only submit the results that have a favorable outcome. After-the-fact cherry-picking of data or results would let ineffective products appear to be effective. Like a billiard player being required to call out which ball they plan to sink into which pocket, the IND helps prove that any results in a clinical trial are real and not just luck.


    After approval of the IND application, human clinical trials for new vaccines (and other drugs) have at least three phases.40 Phase 1 tests different doses of the candidate vaccine on several dozen healthy subjects, watching for side effects and testing for the vaccine’s effect on the immune system. Phase 2 more carefully tests several hundred subjects for dosing and efficacy using a controlled, randomized, and double-blind protocol in which neither the doctors nor the patients know who is getting the vaccine or a placebo. Phase 3 tests for efficacy and safety in an even larger group, running into the tens of thousands of people, as in the case of the Covid vaccine trials.41


    By April 2020, at least 18 vaccines were in preclinical testing and five were already in Phase 1 trials on humans.42 For example, ­Moderna started its Phase 1 trials in mid-March 2020 with plans to enroll up to 155 healthy adults ages 18 or older, testing five dosage levels (10 to 250 micrograms of mRNA), injecting only few subjects at a time, and monitoring the results for any signs of adverse effects.43 At the end of May 2020, the company began a 600-person Phase 2 trial (healthy subjects, including a cohort of older subjects) using the two most promising dosage levels.44


    As the months ticked by and Covid cases surged, dozens of hopeful vaccine developers saw encouraging results from their Phase 1 and Phase 2 trials. Their candidate vaccines seemed safe, and subsequent blood tests showed that their vaccines had triggered the subject’s immune system to make antibodies. However, and it was a big however, a vaccine’s ability to create antibodies was no guarantee that the subject’s immune system would successfully fight off an infection in the real world. The true test would come in Phase 3, which provides the final set of data needed for regulators to decide whether to approve the new product or not.


    The Ethics of Exposure


    Phase 3 trials test a much larger group of people to determine if the treatment or vaccine really works as the maker expects and as the regulators demand. In the case of drug trials for treatments of people who have a disease, the trials can readily enroll a few hundred test subjects with that disease and immediately see if the treatment helps. In contrast, trials for vaccines must enroll healthy people, randomly vaccinate some of them (with the rest receiving a placebo), and then somehow expose the subjects to the pathogen. Clinicians have two choices for this exposure step: either a challenge trial (by intentionally trying to infect people) or natural infection (by unintentional exposure as the subjects go about their lives).


    Unlike Dr. Jenner with his challenge trials for a cowpox vaccine in the 18th century, modern-day clinicians are loath to intentionally attempt to infect people with a disease if the infectious disease has a chance of severe consequences and no known adequate treatments, as in the case of Covid-19. However, without the use of challenge trials, the trial’s managers must wait for the test subjects to catch Covid naturally. That can take time depending on the prevailing levels of Covid in the community and the test subject’s physical-distancing habits. Such trials cannot deliver results until enough subjects (of unknown vaccination status) catch the disease. Only then can the researchers unblind those subjects’ data to see if those who caught it were vaccinated or not. That implies the vaccine maker must either enroll very large numbers of subjects or wait a very long time for the results. For example, ­Moderna’s Phase 3 clinical trials enrolled more than 30,000 test subjects and planned to wait until at least 160 people caught the disease.


    Some ethicists argued for (voluntary) challenge trials, when faced with a pandemic like Covid, on the grounds that many more people would catch Covid and die while waiting for the slower non-challenge trials to progress than they would were challenge trials used.45 In theory, challenge trials could provide solid data in as little as two months, whereas the standard ones took more than four. (On the flip side, a challenge trial may suffer from systemic bias to the extent that the method of exposing test subjects to Covid is either stronger or weaker at triggering infection compared to how people are normally exposed to the virus in everyday life.)


    In August 2021, the UK did use Covid human challenge trials in order to understand how the virus attacks the body from the moment of exposure. Thirty volunteers aged 18–30 were checked, hospitalized, and infected, allowing scientists to take multiple measurements daily of viral load, blood composition, urine and stool content, and antibody levels. “Because we can take so many different samples, we can get extraordinary insight into how the virus causes disease,” said Dr. Peter Openshaw, a professor of experimental medicine at Imperial College London and a co-investigator on the study.46


    In the absence of challenge trials for the vaccines, the higher numbers of test subjects required per trial substantially increase the costs of the trials. The reason is that each test subject might undergo dozens of clinical visits and medical tests to assess their health, receive the vaccine, and be periodically checked for both side effects and the vaccine’s efficacy. Moreover, clinical trials also typically compensate test subjects for their time and effort—a few hundred to a few thousand dollars per subject in the US.47


    The Real Test in the Real World


    When the leading vaccine candidates started Phase 3 trials in the late summer of 2020, the timeline for obtaining sufficient data in the trials depended on how fast Covid was spreading wherever the test subjects lived. Ironically, the inability of governments to control the spread of Covid (and of citizens to comply with physical distancing practices) in the fall of 2020 aided these vaccine trials. The poorer a government’s control of Covid case rates, the higher the chances that the test subjects would be exposed to Covid and form a noticeable pattern: more cases among the placebo-injected control group and fewer cases in the vaccine-injected treatment group. “The number of cases did help expedite the performance of clinical trials, both here and abroad,” said Stephen Hahn, former commissioner of the FDA. “That did help us get to this point. But I think none of us would have wanted it to be that way.”48


    ­Moderna’s Phase 3 trial for its mRNA vaccine began at the end of July 2020, with 30,000 volunteers spread out at 89 sites around the US49 The trial sought healthy adults (including those with preexisting conditions as long as they were medically stable) with an emphasis on people with a high risk of Covid infection due to their location or circumstances.50 ­Pfizer launched its own Phase 3 trials around the same time, with some 44,000 volunteers in 39 US states as well as Brazil, Argentina, and Germany. In general, regulators encouraged people in vulnerable medical and racial groups to volunteer for Covid vaccine trials to ensure that any approved vaccine would be effective for them.51 By June 2021, nearly three dozen vaccines had done well enough in early trials that the makers were pursuing Phase 3 trials.


    Some potential subjects were excluded from the trials. In general, ethical concerns preclude initial testing of new medical products on children and on women who are pregnant or breastfeeding (unless these groups are especially prone to the disease). In the case of Covid, that risk-averse ethical principle did have the unintended consequence that no one truly knew if any Covid vaccine was safe or effective in these two groups.52


    Separate, follow-on trials with these groups typically occur after successful trials with other adults. For example, ­Moderna started a follow-on Phase 3 trial with almost 4,000 adolescent children (aged 12–17) in December 2020.53 Meanwhile, ­Pfizer started a follow-on combined Phase 2 and 3 trial starting with 350 pregnant women and expanding to 4,000 in February 2021.54 As of the writing of this book, younger children (under 12) remain wholly unvaccinated because clinical trials for younger ages have not been completed. Fortunately, on September 20, 2021, ­Pfizer announced that its tests have shown that its Covid-19 vaccine works well for children 5–11 years old. This vaccine may be approved later in 2021.


    And the Winner Is…


    To attain approval, authorities specified the minimum required effectiveness of a Covid vaccine to be at least 50 percent (cutting the chance of infection or serious illness by at least half).55 “I know that 50 percent does sound low, but that is still some protection, and some protection is better than no protection,” said Dr. Jeff Kwong of the Centre for Vaccine Preventable Diseases at the University of Toronto.56 Although 50 percent effectiveness wouldn’t immediately eliminate Covid, it would likely cut the death rate significantly in vulnerable populations, reduce the burden on healthcare systems, permit some relaxation of economy-crushing physical distancing policies, and help reach herd immunity levels (in which Covid becomes an occasional local nuisance rather than an ongoing global menace).


    The Results Roll In


    As mentioned above, for Phase 3 trials that rely on volunteers’ natural risk of exposure to Covid, researchers must wait until a sufficient number of trial subjects have caught Covid before they unblind the data. If the vaccine is 100 percent effective, then none of those who were infected with Covid will be from the vaccinated group. If the vaccine is 50 percent effective, then the fraction of the vaccinated group who caught Covid will be about half that of the placebo group. Related trial data on hospitalizations and deaths will show if the vaccine helps avoid serious disease even if it doesn’t prevent every infection. Data on side effects among the vaccinated and unvaccinated will help estimate the safety profile of the vaccine. Regulators then use that data to determine whether to authorize the use of the vaccine or not.


    When ­Pfizer analyzed the first 170 Covid cases in its 43,000-person Phase 3 trial, the vaccinated group had only eight cases, while the placebo group had 162.57 The ­Pfizer–BioNTech mRNA vaccine was therefore estimated to be 95 percent effective. “We were overjoyed,” said Dr. Ann Falsey, a professor of medicine at the University of Rochester, who ran one of the ­Pfizer vaccine trial sites. “It seemed too good to be true. No respiratory vaccine has ever had that kind of efficacy.”58 Similarly, when ­Moderna analyzed the first 196 Covid cases among its trial’s participants, the results were similarly promising: Only 11 of the cases were among the vaccine recipients, while 185 were among the placebo group (94 percent effectiveness).59


    Regulators Rule


    In mid-December 2020, the FDA issued Emergency Use Authorizations (EUA) for ­Pfizer’s and ­Moderna’s respective mRNA vaccines within a week of each other. Numerous vaccines obtained some sort of regulatory approval in the latter half of 2020 and first half of 2021. Russia approved its Sputnik V vaccine in August 2020 based solely on favorable Phase 1 and 2 data before even conducting Phase 3 trials to determine if the vaccine actually prevented the disease.60 By October 2020, five vaccines were already approved for early use in some countries, 11 were in large-scale Phase 3 trials, 42 were in small-scale human trials, and 91 vaccines were in preclinical stages of development.61 Some vaccines fell by the wayside. For example, Merck abandoned development of two candidates when early tests showed lackluster immune response.62


    Other vaccines had mixed effectiveness among different age groups. Oxford–­AstraZeneca’s vaccine seemed more effective in those over 65 (85 percent efficacy against symptomatic Covid) than overall (76 percent efficacy).63 On the other hand, ­CanSino, a Chinese viral vector vaccine, seemed to have less effectiveness in older subjects compared to younger ones. (This was likely due to those older subjects having had some exposure to the vaccine’s adenovirus§§ vector sometime during their long lives.64 Their immune systems likely fought off the virus vector before it had time to make enough of the Covid antigen). But even if a vaccine lacked effectiveness in all groups, it could still be given to those for whom it did work well. Given the bottlenecks in vaccine production, every dose could make a difference in helping gain global herd immunity and forcing the retreat of Covid.


    
      §§ An adenovirus is a member of a family of viruses often associated with the common cold. Some vaccine makers used genetically engineered versions of these types of viruses and modified them to not replicate and sicken people while carrying the genetic instructions for the antigen.

    


    By early August 2021, 21 vaccines were approved for use in at least one country—several of which were approved in dozens of countries—and another 41 had done well enough in early tests to justify Phase 3 trials.65 At that time, the Oxford–­AstraZeneca was the most widely approved vaccine—usable in 121 countries.66


    Best Supporting Actor in a Major Pandemic: Science


    Less than a year after identifying the SARS-CoV-2 virus as the cause of Covid-19, both the United Sates and the European Union had approved both the ­Pfizer–­BioNTech and ­Moderna mRNA vaccines: the first ones usable in those two jurisdictions.67 Dr. Eric Daar, chief of HIV Medicine at Harbor–UCLA Medical Center, explained the fast development: “The reason we are here, less than a year into the pandemic and we have two effective vaccines, is because of what came before this—efforts to develop vaccines for HIV or MERS or SARS or Ebola. People developed these novel strategies while pursuing vaccines for these other diseases, so they were basically on the lab bench waiting for the next pandemic to come along.”68


    Dr. Steven Joffe, professor of medical ethics and health policy at the Perelman School of Medicine at the University of Pennsylvania, added, “We are lucky in the sense that the science was there.”69 These 21 approved vaccines included three mRNA vaccines, six viral vector vaccines, eight inactivated virus vaccines, and four protein subunit vaccines.¶¶ All these efforts cost billions of dollars.


    
      ¶¶ Subunit vaccines, unlike inactivated whole-cell vaccines, contain only the antigen part of the pathogen.

    


    Global Funding


    A loose worldwide collection of governments, international health agencies, rich benefactors, and deep-pocketed pharmaceutical companies supported the race toward worldwide vaccination. They anted up billions of dollars to spin the giant roulette wheel of high-stakes vaccine development with hopes of getting first dibs on any resulting vaccines. Given the stakes in lives and livelihoods, many players bet big.


    Funding the Doubly Risky Double Parallel Strategy


    Many of these players pursued “double parallel” development strategies to increase their chances of success and decrease their time to production. First, they funded multiple, parallel, competing vaccine candidates to increase the likelihood that at least some of them would work. While that strategy increased the chance that one or more of the efforts would yield a safe and effective vaccine, it risked overfunding the effort and potentially creating more competition for scarce supplies in vaccine supply chains (described in detail in Chapter 2). Second, each effort included funding, in parallel, both the development stage and the production stage rather than the traditional sequential approach, in order to reduce the time from lab to jab. This risked wasting money on capacity that could not be used if that vaccine candidate failed.


    Double parallel funding is like playing multiple hands of poker at the same time and going “all in” before getting to look at the cards; some waste is inevitable. However, compared to the impact of millions of lost lives and the trillions of dollars lost owing to curtailed economic activities, it was a small price to pay in order to maximize the chance of delivering billions of doses of safe and effective vaccines as soon as possible. Furthermore, the risks were limited because failed vaccine efforts would have had a minimal impact on vaccine supply chains since they would not continue to procurement and manufacturing at scale. In addition, any manufacturing capacity developed for a failed vaccine could then be adapted to a successful one or used for some other therapeutic product.


    An example of this double parallel strategy was the United States’s Operation Warp Speed, which was announced in mid-May 2020. It was designed as a public-private partnership with almost $10 billion in initial funding to accelerate the development, production, and distribution of vaccines, treatments, and diagnostics for Covid-19.70 Operation Warp Speed negotiated deals for vaccine development and production with manufacturers that included ­Moderna ($2.5 billion), a Sanofi–GlaxoSmithKline partnership ($2.1 billion), Novavax ($1.6 billion), ­Johnson & ­Johnson ($1.5 billion), and ­AstraZeneca ($1.2 billion). Later, a $2 billion vaccine supply contract with ­Pfizer covered production only.71 “Each is coming with a lot of prior experience,” said Rick Bright, former director of the Biomedical Advanced Research and Development Authority (BARDA), a federal agency that funds disease-fighting technology. “They all know how to scale up.”72


    In total, Operation Warp Speed secured up to 800 million doses of six potential vaccines, with options to buy up to another 1.6 billion doses. Although these totals vastly exceeded the roughly 660 million doses needed to vaccinate 100 percent of the US population (assuming two doses per person), procuring an oversupply would ensure that even if some vaccines failed to get approval or suffered delays in production, the US would still be able to vaccinate the entire country as fast as possible.


    Funding Vaccines for the Underfunded


    While the US crafted America-centric investments and deals, a large coalition of countries, international agencies, and philanthropic groups formed COVAX: a combination of a risk pool for vaccine development, a buyer’s club for vaccine procurement, and a philanthropic vaccine distribution effort. This worldwide coalition was co-led by GAVI (formerly known as the Global Alliance for Vaccines and Immunization), CEPI (Coalition for Epidemic Preparedness Innovations), and the World Health Organization (WHO).73 The COVAX model replaced the risky and disjointed process of each country trying to place bets among the contending early-stage vaccine candidates and then fighting to ink deals for favorable vaccine access. COVAX also made equal access for 92 middle- and lower-income countries a cornerstone of its model, on grounds of fairness and on the pragmatic basis that as long as Covid raged in some countries, it would remain a threat to global health, global security, and the global economy.74 As of early 2021, the coalition had $7.5 billion in funding.75


    From its beginnings in 2000, the Bill and Melinda Gates Foundation has always focused on vaccination as a key tool to fight infectious diseases in the developing world. In 2010, it pledged $10 billion over 10 years to help research, develop, and deliver vaccines for the world’s poorest countries.76 Long before Covid, the foundation made investments in or grants for mRNA vaccines—totaling more than $150 million—to three of the leading mRNA biotech companies: ­BioNTech, ­Moderna, and ­CureVac. (Those investments both funded development and contained contract clauses aimed at improving global access to any vaccine developed with the Gates Foundation’s money.) By the end of 2020, the Gates Foundation had pledged $1.75 billion to the fight against Covid.77 Without its efforts, the Covid-19 crisis would have almost certainly been worse. “We’re a stopgap, we’re an accelerator, we’re a catalyst,” said Gates Foundation CEO Mark Suzman.78


    Big Pharma Taps Its Own Deep Pockets


    Some pharmaceutical companies, such as ­Pfizer, eschewed government investment for development. ­Pfizer CEO Albert Bourla explained, “When you get money from someone, that always comes with strings. They want to see how we are going to progress, what type of moves you are going to do. They want reports. I didn’t want to have any of that.”79


    Instead, the company invested $2 billion of its own cash to move fast in developing a vaccine using ­BioNTech’s then unproven mRNA vaccine technology.80 “Usually, we do things sequentially because otherwise it can become very risky, very expensive,” Bourla said. This time, however, the CEO told workers, “Don’t think like that. Think in parallel, not sequentially…. This is not business as usual. Open the checkbook. Just do it.”81


    The company’s big bet and parallel efforts paid off. The ­Pfizer–­BioNTech vaccine became the first Covid vaccine approved for emergency use in the US82 and the EU.83 By the end of July 2021, the vaccine had been approved in 97 countries.84 At that time, ­Pfizer was forecasting that the vaccine would bring in $33.5 billion in revenue in 2021.85


    From Trials to Vials


    “Creating a vaccine is only half the battle,” Bill Gates wrote in a Washington Post opinion piece on March 31, 2020.86 “To protect Americans and people around the world, we’ll need to manufacture billions of doses…. We can start now by building the facilities where these vaccines will be made.” He should also have mentioned the need for distribution and vaccination sites once vaccines are manufactured. To that end, in August 2020, Operation Warp Speed executed a previously signed contract option to make McKesson the central distributor for Covid vaccines and supplies in the US87 In early 2021, the US brokered a deal to pay Merck $268.8 million to convert two manufacturing sites to help a competitor, ­Johnson & ­Johnson, make more vaccine doses.88 While researchers and doctors worked feverishly in their labs and clinics, factory managers and workers raced to create the capacity to produce billions of doses of the leading vaccines in record time.

  


  
    2. From Creation to Quantity


    After scientists formulate, clinically test, and successfully gain approval for any new pharmaceutical product, the next step of the typical product development path has teams of engineers and supply chain experts take over to mass-produce and distribute the approved product. Meri Stevens, a global supply chain leader in ­Johnson & ­Johnson’s consumer health business, said about J&J’s vaccine, “Initially it was very much about the science and discovery, but very quickly we were having to create whole cold chains that didn’t exist before.”1


    The Science (and Regulation) of Scale


    In addition to the heroic feats of medical science in inventing a safe and effective vaccine for Covid-19, vaccine makers had to create supply chains and manufacturing capacity to produce hundreds of millions, and then billions, of doses. And as with the scientific development of the vaccines, the engineering efforts to mass-produce the vaccine were shaped by history. In particular, vaccine manufacturing built on decades of cumulative progress in chemical manufacturing, pharmaceutical supply chain development, and regulation of the associated processes.


    From Cooking to Chemistry


    The first pharmaceuticals were natural products like herbs, plant extracts, animal parts, oils, and mineral supplements that people believed could relieve suffering, treat illness, and extend life. Early pharmaceutical makers borrowed the techniques of cooking, such as measuring, mixing, soaking, heating, cooling, filtering, and dividing to convert supplies of raw materials into doses of desirable nostrums. The brewing of beer (using microorganisms to convert raw ingredients into desirable products) and distillation of spirits and perfumes (separating valued materials from other substances) added more methods to the early pharmaceutical maker’s portfolio of tools.


    In the modern era, while biologists pursued an understanding of living organisms to enable the creation of new drugs and vaccines, chemists pursued an understanding of how to identify and synthesize substances, and chemical engineers invented ways to make specific substances in greater quantities, of better purities, and at lower costs. Each new invention increased the range of molecules that people could make and increased the options for reaching affordable large-scale production.


    The accumulated body of knowledge in chemistry, biochemistry, and chemical engineering provides pharmaceutical companies and their suppliers with a set of scalable processes and technologies for synthesizing, purifying, and assembling mixtures of molecules. Scaling up from making just enough doses for a 30,000-subject clinical trial to making enough doses to vaccinate the world—billions of people—means transitioning from test tubes to tanks, from pipettes to pumps, and from manual processes to highly automated ones.


    Pharmaceutical factories look very different from those of most consumer products. For consumer products such as computers and cars, factory workers and robots physically assemble the products on meticulously organized assembly lines in humming factories. In contrast, pharmaceutical workers use the invisible phenomena of biochemistry to assemble the molecular chains of nucleotides of mRNA vaccines in a soup of raw materials and enzymes in modestly sized tanks sitting quietly in wheeled racks in sterile white rooms. Consumer product factories carefully choreograph the actions of each worker or machine to assemble each part, whereas chemical and pharmaceutical product factories rely on the massive parallelism of near-random molecular interactions inside the tank. Specifically, trillions upon trillions of molecules accidentally bumping into each other thousands of times per second leads to the cleaving and merging of the molecules to synthesize the desired substance. In designing a pharmaceutical production process, the chemist’s art is in knowing which raw material molecules and conditions will be most effective at yielding the desired intermediate or end product with the lowest cost and smallest quantities of byproducts.


    Supplying Vaccines to the World from a World of Suppliers


    The shift from invention to production also entails a shift in required suppliers. Making billions of units of a product involves tapping into global industries of suppliers who can produce large volumes of ingredients and intermediate products in their factories. If invention is about accessing the right ideas, production is about accessing the right capacity.


    Pharmaceutical supply chains started becoming global almost from the beginning; the natural products of the first pharmaceuticals often only grew in or came from distant lands. For example, biblical myrrh (used as an anti-inflammatory and antibacterial agent as well as incense) came from sap harvested from a particular thorny shrub native to the Horn of Africa and was exported throughout the ancient world.2 This tendency toward global sourcing continues today, although the rationale has shifted from the geographic specificity of natural ingredients to the financial advantages of economies of scale and lower costs of production. As with almost all consumer products in the modern era, supply chains for pharmaceuticals are global; 72 percent of the manufacturing facilities for active pharmaceutical ingredients consumed in the US are in foreign countries.3


    Adulteration Becomes a Crime


    Pharmaceuticals are a natural but unfortunate target for fraud by dilution or substitution because of the high cost of exotic raw materials, the high value of cures for dreaded diseases, and the difficulty consumers have in verifying the substances in a drug. Moreover, the potential health consequences of substandard, contaminated, or non-sterile products make negligent manufacturing of drugs a public health risk. In 1540, the Apothecaries Wares, Drugs and Stuffs Act in England, which empowered inspectors to supervise drug manufacturing, began a slow but steady trend toward regulating pharmaceuticals.4


    Today, government regulators oversee most aspects of pharmaceutical product invention, production, distribution, and marketing. They govern their manufacture through an extensive set of guidelines and requirements known as GMP5 or CGMP (current good manufacturing practices). Although regulators from different governments may differ in their regulatory specifics,6 they generally seek to ensure that every manufactured and administered dose of the product has the same safe and effective properties as the clinically tested and approved substance. That also implies showing that the product is still safe and effective across the range of proposed storage conditions, shelf-life recommendations, and logistical handling processes.


    GMP is also a supply chain issue in that every raw material and supplied ingredient must also adhere to the regulations of the nation where the end product using it is ultimately sold—regardless of source. Thus, any foreign supplier providing raw materials or ingredients that go into a pharmaceutical used in the US is subject to US GMP regulations.


    The Devil in the Details


    If the fast invention of successful vaccines needed large numbers of scientists, each contributing key bits of knowledge to the bigger picture, the fast production of billions of doses of vaccines needed large numbers of supply chain professionals and engineers to create all the manufacturing systems and logistical processes required to supply raw materials, intermediate products, and the final products in the right volumes at the right time. “Probably the biggest challenge will be scaling up the actual vaccine,” said George Zorich, a pharmacy expert and CEO of pharmaceutical consulting firm ­ZEDpharma. “It’s one thing to have clinical trial samples and materials in lab quantities. It’s another challenge actually scaling that up effectively.”7


    As mentioned in Chapter 1, Covid-19 vaccine manufacturing efforts began, quite unusually, in parallel with vaccine development. A person directly involved with the development of ­Pfizer’s vaccine told the Wall Street Journal, “We started setting up the supply chain in March, while the vaccine was still being developed. That’s totally unprecedented.”8


    Large-scale, global product launches create a nested double challenge for supply chains in terms of managing the ramp-up of suppliers and the production, packaging, and distribution of a new product. That double challenge can be especially difficult for unique and innovative products. First, launching such a product means creating new, end-to-end supply chains and manufacturing capacity for all the novel raw materials, parts, as well as the distribution of the finished product. Second, a new product launch then requires filling the inbound pipeline with synchronized flows of the ingredients and stocking the outbound distribution channels with the finished product.


    As ­Moderna, ­Pfizer, ­Johnson & ­Johnson, and many others started their efforts to develop, test, produce, and distribute Covid vaccines, they ran into bottlenecks. Many of the highly specialized supply chains needed for a vaccine’s journey did not have the scale needed to support the entire world’s response to the pandemic. These bottlenecks appeared from the very beginning as vaccine developers searched for a viable vaccine, and they extended all the way to the sites that administered the shots.


    Will the Lab Delay the Jab?


    All of the vaccine makers, even those for the new mRNA ones, had decades of science under their belts and had confidence that their vaccine could help the world defeat Covid. However, the history of vaccine development has shown that the combined complexities of the human body and a new pathogen mean that every new vaccine has some unknowns in terms of both safety and efficacy. As described earlier, vaccines, like all medical products, require a rigorous program of preclinical and clinical testing. Those preclinical and clinical tests call for their own supply chains of testing-related materials, which spawned the first bottlenecks in the race to vaccinate the world.


    Lab Supplies in Short Supply


    Similar to Covid’s effects on consumer supply chains,9 the pandemic caused disruptions and shortages in medical research supply chains10 as more than 100 research groups raced to develop vaccines and as many other research groups sought treatments for Covid. Moreover, the overlaps between the needs of researchers and those of the labs that were administering millions of Covid tests put extreme stress on laboratory supply chains. As with other supply chains, Covid-related factory shutdowns, border closures, and disruptions in air freight affected researchers’ abilities to procure supplies such as pipettes, centrifuge tubes, and gloves.11 The FDA warned that these shortages would last for the “duration of the Covid-19 Public Health Emergency.”12


    Researchers and clinicians found various tricks to deal with these issues. For one, researchers began sharing with other researchers and swapping their surplus supplies for the ones they needed. They found ways to clean and reuse some single-use products when it was safe to do so. For example, lab workers sequenced their use and reuse of personal protective equipment (PPE): They would put on fresh gloves to protect the integrity of the results during phases of the work that required sterility, and then they would switch to an old pair of gloves for non-sterile work where only the researcher’s hands needed protection.


    Monkey Business


    Lab animals play a crucial role in the early stages of vaccine research. Despite strenuous objections from animal rights groups, the similarity of monkeys’ pulmonary and immune systems to those of humans have made monkeys integral to the later preclinical stages of studying treatments and vaccines for diseases like Covid. In particular, monkeys can be used in challenge trials: intentionally exposing the animal to the virus and intensively monitoring its immune response and any side effects. Other, less controversial lab animals, such as mice, hamsters, and ferrets, have less biological similarity with humans, which gives scientists less confidence that results observed in these other animals reflect the true safety and efficacy of a vaccine or treatment on humans. When Covid arrived, however, it simultaneously increased demand and knocked out supply.13


    The potential role of live animals at the Wuhan wet market in fostering the spread of Covid prompted Chinese authorities to immediately ban sales of many kinds of animals and prohibit their export. At the time of the ban, Chinese suppliers provided about 80 percent of the monkeys used in US research.14 Even Chinese researchers were cut off until they could work through the stringent, multi-agency approval processes enacted by the Chinese government. Furthermore, despite China’s shutdown of exports and regulatory obstacles, even Chinese researchers’ demand for monkeys outstripped the country’s supply.15


    This shortage of lab animals was not unexpected. A 2018 NIH report noted a lack of “surge capability for unpredictable disease outbreaks” for non-human primates.16 But, as with so many other ignored warnings about potential pandemic risks, the US had not yet addressed the issue. Adding to the problem was the refusal of major airlines, including the major American carriers—American, United, and Delta—to transport animals used in medical research, bowing to pressure from animal rights groups.17 Moreover, lab animal supply chains are at the mercy of biology; monkeys reproduce very slowly and take years to mature.18


    To deal with the shortage created by Covid, the NIH formed a preclinical working group to prioritize and optimize the allocation of animals and collaborate on solutions. For example, some research teams collaborated to harmonize their research protocols so that the teams could share one group of untreated control animals rather than each team needing its own control group. “It’s really impressive,” said Jeffrey Roberts of the California National Primate Research Center. “I’ve been involved in non-human primate research for 37 years, and I’ve never, ever seen this degree of coordination between different research institutes.”19


    The Patient as the Factory of Tomorrow


    Manufacturing a vaccine is all about manufacturing an antigen, which is some part or analog of the pathogen that a person’s immune system will recognize as a foreign substance—and thereby learn to attack the actual pathogen. Like preparing a complex recipe for a signature dish at a Michelin three-star restaurant, manufacturing a pharmaceutical like the antigen in a vaccine entails a long sequence of ingredients, with many steps for preparing, mixing, heating, cooling, and separating the intermediate products to make the desired final product. In most pharmaceutical factories, shiny stainless-steel vats sit amidst a spaghetti tangle of pipes, pumps, valves, and sensors. Control boards or computer screens choreograph the flows of fluids, the introduction of the next ingredient, the heating or cooling of mixtures, the filtration or separation of intermediate products, the pumping out of the final product into a storage vessel, and then feeding the bulk product out into an assembly line for packaging the drug into small vials, capsules, or pills.


    Using the Tricks of the Oldest Chef in the World


    Humans have perhaps a million or so years of experience with cooking and chemistry, dating back to the first campfires. That knowledge has enabled people to manufacture hundreds of thousands of different chemicals for industrial uses. However, the recipe for the SARS-CoV-2 spike protein—the antigen used by many vaccines—is orders of magnitude more complex than those of most industrial chemicals: It calls for connecting an exact sequence of 1,273 amino acids into a long chain. Omit or misplace just one bead in the chain, and the resulting protein may not look anything like the spike protein or produce the required immune system response.


    In contrast, biology has some 3 billion years of experience with cooking up intricate biological chemicals, such as proteins, RNA, DNA. In 1931, pathologist Ernest Goodpasture invented the method of growing viruses for vaccines inside chicken eggs. The egg is a natural, easily manufactured, self-contained factory for mass-producing many types of viruses. Goodpasture’s method enabled the development of manufacturing systems for vaccines for influenza, chicken pox, smallpox, yellow fever, typhus, and other diseases.20 The process involves injecting a small sample of the target virus into fertilized hens’ eggs and incubating them for several days to allow the virus to replicate. The fluid containing the mass-produced virus is then harvested out of the eggs, isolated, inactivated, and purified. Finally, it is added to the formulation that became the vaccine.


    While eggs are still important for growing viruses for the production of some vaccines, the egg-based manufacturing process is vulnerable to supply chain disruptions. These problems can be rooted in bad weather, contaminated eggs, hens’ nutritional deficiencies, poultry diseases, and so forth.


    From Eggs to Tanks to Arms


    More recently,* scientists and manufacturers found ways of growing a batch of viruses in cell cultures in large, stainless-steel tanks.21 These bioreactors or fermenters can culture thousands of liters of cells in a warm, delicious nutrient broth, with each cell in the fermenter being its own tiny factory for both more cells and the desired product, such as the antigen for a vaccine. When the cells have completed their growth cycle and made the product, the factory operators decant the tank, separate the cells from the product, and further process or purify the product as needed.


    
      * A cell-based production process for flu vaccines was approved by the FDA in 2012. In 2016, the FDA approved Flucelvax, a cell-based flu vaccine made by Seqirus, based on cell-grown viruses.

    


    The development of genetic vaccines, such as those based on mRNA and viral vectors, take this biological factory trick one step further. Genetic vaccine technologies use the patient’s own cells to mass-produce the required antigen—e.g., Covid’s spike protein—that then trains the immune system to recognize the virus. This trick saves on the delays of manufacturing the antigen (i.e., quantities of the protein or inactivated viral particles needed to trigger an immune response). Moreover, in mimicking the infectious process in which a virus hijacks human cells to make foreign proteins, these vaccines also train the immune system to spot and kill infected cells. “Traditional vaccine manufacturing methods… are not vertically scalable,” said Dr. Parviz Shamlou, head of the Jefferson Institute for Bioprocessing at Thomas Jefferson University. “Advanced vaccines are vertically scalable† and have the potential to become the basis for a trillion-dollar vaccine industry as we come out of Covid-19.”22


    
      † Vertical scalability means that more resources can be quickly added to an operation and it can perform on a larger scale without changing the underlying process or incurring substantive delays.

    


    Recipe for an mRNA Vaccine: Serves 1,000,000


    Manufacturing of mRNA uses refined enzymatic processes that borrow the minimum set of nature’s biological enzymes and biochemical ingredients required for replicating genetic strings. This avoids the challenges—and delays—of the care, feeding, and eventual removal of complete cells in a fermenter. “Traditional biotechnology requires these massive bioreactors, because there’s a limited space into which you can crowd cells before they get really, really unhappy. But enzymatic reactions actually like to be dense—in fact, they become more efficient,” said ­Moderna’s chief medical officer Tal Zaks at Biotech Week Boston in 2020.23


    The minuscule dosage of an mRNA vaccine (100 micrograms in the case of ­Moderna) means that a million doses of ­Moderna’s vaccine require only a few ounces (100 grams) of mRNA. A batch with a million doses can be made in a container no taller than the average person. That batch can be brewed in a container of a few hundred liters containing a cocktail composed of the DNA template for the vaccine, some enzymes, and the building-block-modified nucleosides for the mRNA. “If you understand the fact that it’s a simple enzymatic process at the end, and the scale is relatively small, it explains why we’ve been both [­Moderna and ­Pfizer] able to start our trial so fast,” Zaks added.


    Gathering the Ingredients


    As ­Moderna’s first clinical trials of its Covid vaccine progressed in spring of 2020, Paul Granadillo, ­Moderna’s senior vice president of supply chain, realized, “Okay, we’re going after something at scale.”24 That scale was far larger than anything previously done at ­Moderna or the entire segment of the biotech industry devoted to mRNA therapies. Now multiple vaccine makers were looking to make unprecedented amounts of mRNA, accompanying vaccine ingredients, and excipients (inactive ingredients needed to package and stabilize the mRNA). “We started going from talking in milligrams or grams to talking in grams and kilograms. It was big shifts,” Granadillo said. “I would say that the first chapter of the journey for me and my team really had everything to do with materials. We weren’t quite sure on demand, we weren’t quite sure what the final scales would be, but we knew we needed a lot of materials.”


    As the enormity of potentially trying to vaccinate billions of people as quickly as possible sank in, ­Moderna’s supply chain team asked themselves, in the words of Granadillo, “What do we need? How do we go get that? Can our suppliers do that today? If they can’t, who else can try to help us? If they can’t, what CMOs [contract manufacturing organizations] can they potentially work with to expand their capacities?” This made the company very concerned about potential production ceilings for mRNA and the required ingredients. “There were several times—and I’ll point to lipids and enzymes alone—where we said, ‘Gosh, I don’t see how we get over this ceiling.’”25


    ­Moderna worked closely with its suppliers to try to bust through each new ceiling. “It was time after time of finding a way to continue forward and reach new scale,” Granadillo said. “Through working with suppliers and suppliers going back recognizing the severity of what we’re asking for, they found a way. People were very much willing to work together between government, suppliers, innovators, and CMOs in collaborative ways that we typically wouldn’t have seen,” Granadillo continued. Agreements that probably would have taken months or years to negotiate were taking days or weeks to complete. “I think it’s a testament to the goodness of people,” he concluded.


    A molecule like heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)hexyl)amino)octanoate sounds like an extra-credit question on a graduate-level organic chemistry final exam. In reality, this ionizable lipid molecule—called SM-102—is a key part of the four-lipid mixture that forms the nanoscopic bubble of packaging that helps ferry the fragile mRNA molecules into the cells of the vaccine recipient.26 SM-102 is almost like the “tear here” sealing strip on an envelope that helps safely seal the mRNA inside the lipid bubble and then easily open up once it gets in the patient’s cells. Making SM-102 requires a careful sequence of about a dozen steps to synthesize its multiple branching chains of exactly the right substructures and lengths.27 That synthesis is followed by a careful purification process that requires highly specialized equipment.


    ­CordenPharma, a German contract development and manufacturing multinational, has such equipment and helps make and purify the lipid excipients used in ­Moderna’s vaccine.28 Matthieu Giraud, director of peptides, lipids, and carbohydrates at ­CordenPharma, said that the company had completed ramp-up preparations in anticipation of the high-volume vaccine production.29


    “It hasn’t been easy,” Giraud said, regarding the effort to boost capacity more than tenfold in a matter of months. “We had to leverage our whole network.” Andrey Zarur, co-founder of Boston’s Greenlight Biosciences, another company working on RNA-based products, said, “I don’t want to give you the impression that once we solve the lipid nanoparticle issue, then the 16 billion doses for humanity are solved. Because the reality is, we solve that bottleneck, and then we’ll find another bottleneck.”30


    The Latest in Tiny Tech to Make the Latest in Tiny Particles


    A unique, key step in making an mRNA vaccine is merging the mRNA strands with the encapsulating lipids to form huge numbers of tiny lipid nanoparticles, each containing a strand of mRNA. This requires molecular-level mixing of the mRNA (suspended in water) with a concoction of the lipids (dissolved in ethanol). The manufacturing process for this step highlights the key role of other advances in technology—outside of biotechnology—over the decades leading up to the Covid pandemic.


    Microfluidics is a fluid-handling technology in which fluids (liquids or gases) are manipulated inside a device containing tiny channels, chambers, and other features.31 Microfluidics borrowed the manufacturing techniques of the semiconductor industry to quickly and inexpensively fabricate the required intricate, miniaturized plumbing on a flat plate.32 In essence, microfluidics is a way of mass-producing a tiny fluid-handling factory suitable for either working with very small quantities of substances for laboratories or performing very specific chemical, biochemical, or fluid-manipulating operations.


    ­Pfizer uses a microfluidics plate about the size of an Apple Watch face (roughly 1.5 inches or 40 mm) to manufacture its mRNA vaccines. Called an impingement jet mixer, it has two streams of raw materials that enter the plate at high pressure (450 pounds per square inch) and are forced into channels about the size of a human hair. The streams collide, mix, and form large numbers of nearly uniform bubbles of lipid, most of which contain the essential mRNA ingredient.33 Large-scale versions of this type of mixer had never been made before, and ­Pfizer’s engineers knew they did not have time to design, build, test, and deploy an industrial-scale version of the mixer. Instead, they stacked multiple microfluidic plates and used eight pairs of carefully synchronized pumps to drive more fluids through the parallel assembly.34


    The resulting mix then goes into a special tangential-flow filter that separates the precious mRNA-containing nanoparticles from the remaining unused lipids and liquid raw materials. ­Pfizer’s engineers first tested their new mixer-filter system in mid-September 2020. “Our first engineering trial,” said Pat McEvoy, ­Pfizer’s senior director of operations and engineering, “was an absolute and utter failure.”35 Analysis showed that the filter had failed, letting the product escape into the waste stream. Although ­Pfizer’s engineers found a quick fix and had success three days later, these filters continued to be a challenge. To increase production of their vaccine, they found they needed larger filters. To deal with shortages of filters, they developed methods for cleaning and reusing filters.


    Flexible Space for Fast-Built Factories


    Vaccine production depends on having the right physical facilities, specific manufacturing equipment capacity, and systems to make the product. Although ­Moderna knew from its founding in 2010 that development of new pharmaceutical products could take a decade or more, the company also knew that a viable product could appear faster than expected. Commercial products were ­Moderna’s ultimate goal, and the company wanted to have its own large-scale manufacturing facility even though small-scale lab work had dominated its early years. That goal and the realities of pharmaceutical development influenced the company’s facility designs.


    “We needed to be planning this facility like a commercial industrialized manufacturing facility and not clinical lab space,” said ­Moderna’s Paul Granadillo.36 Having a disciplined, digital approach to scheduling and managing low-volume clinical activities meant that the facility had the digital processes required for high-volume production. Moreover, the company designed its manufacturing white room for flexibility by having an open space with utilities suspended from the ceiling to make it easy to rearrange the space.


    For manufacturing, ­Moderna chose a strategy based on single-use equipment, such as bioreactor bags, plastic tubing, and connectors, rather than traditional fixed, stainless-steel equipment. “Part of the reason we are leveraging so much single-use technology,” Granadillo explained, “is because of the speed that it allows us to proceed forward with, and the flexibility to change the assemblies.” Single-use equipment also avoids the costs, delays, and risks of cleaning protocols.37 Although using single-use plastic bags in manufacturing seems, at first glance, to be wasteful, the disposable bags actually have a lower environmental footprint because using them eliminates all the chemicals and hot water required to clean a reusable stainless-steel vessel after each use.38 ­Moderna uses suppliers who can build pre-sterilized assemblies of bags, tubing, connectors, filters, and so on to whatever design specifications ­Moderna needs for the task at hand. The result is maximum flexibility, maximum production speed, and a minimum risk of contamination.


    Vaccine Factory: Some Assembly Required


    Even for the giants among global pharmaceutical companies, it was a significant challenge to design, build, test, and operate a manufacturing system for an entirely new type of product on an accelerated schedule. Chaz Calitri, ­Pfizer’s vice president of operations for injectable drugs in the United States and Europe, described the stakes: “The weight of the world was on us. We have the manufacturing capability for a solution to the pandemic, and we knew we couldn’t go fast enough.”39


    Although ­Pfizer had never manufactured an mRNA vaccine in high volume—no one had—most of the steps for making ­BioNTech’s mRNA vaccine overlapped with ­Pfizer’s vast array of pharmaceutical manufacturing capacity for making biologic pharmaceuticals.‡ “We built this out of the Erector Set we had,” said McEvoy, who oversees the sprawling 1,300-acre plant in Kalamazoo, Michigan, where much of ­Pfizer’s US vaccine manufacturing would take place.40


    
      ‡ Biologic pharmaceuticals are typically synthetic proteins made using enzymatic or cell culture techniques. They contrast with so-called small-molecule drugs made using standard chemistry techniques.

    


    Like ­Moderna, ­Pfizer also used a prefabricated, modular strategy for production equipment. At ­Pfizer, these were entire rooms pre-built by a contractor in Texas, trucked to Kalamazoo, and rolled into place. “We had planned to expand our formulation capacity,” said Mike McDermott, ­Pfizer’s president of global supply. “The question was, how can we do it quickly? If we built it wall-by-wall on-site, it would have taken us a year. By doing it modularly, we could cut that in half.”41


    Bottling the Batches


    In the end, a single batch of mRNA weighing only a few ounces is enough for a million doses. That batch expands to a volume of 500 liters (132 gallons) once it is processed into lipid nanoparticles, diluted with water (to create an easy-to-inject amount), buffered (to stabilize the pH of the vaccine), and mixed with a bit of sugar (to protect the lipid nanoparticles during freezing). Fill-finish is the final step, in which bulk quantities of vaccine are subdivided, put in vials, capped, inspected, labeled, packed, and put into temporary storage (freezers in the case of mRNA vaccines).


    ­Moderna signed deals with several companies (including Catalent, Rovi, and Recipharm) for fill-finish.42 This multi-partner strategy reflected ­Moderna’s need to cobble together capacity to support both high volumes and worldwide distribution. It also reflected the firm’s strategy to focus on its core strengths and contract out generic manufacturing processes.


    What a Pain in the Glass


    The next production bottleneck was essentially caused by bottles: the 10-cent glass vials used to package some modest number of doses of a vaccine for injections into people. The first warnings of a potential shortage occurred in early March 2020.43 Vaccine and drug makers need a small, robust container that is chemically resistant, doesn’t affect the vaccines, prevents oxygen from diffusing into the container, and can handle the shocks of sterilization, freezing, and handling. “Not all glass is the same,” said Howard Sklamberg, a former FDA official. “A manufacturer making champagne glasses can’t just switch to making medical vials.”44


    Most supply chain disruptions involve shortages of parts or material needed to make products. When shortages happen, the affected suppliers can use any of several possible allocation strategies for handling product shortages so as to satisfy as many customers are possible without losing customers’ long-term good will.45 During the pandemic, however, the largest supplier of borosilicate glass for vials, Schott AG, used an unusual allocation strategy when the big pharmaceutical companies tried to lock in supplies of vials. Schott declined preorders of some 800 million to 1 billion vials until the vaccine maker could prove it had a viable product. Schott’s chief executive, Frank Heinricht, told Reuters, “We have to keep the door open to give capacity to those who really are successful in the end.”46


    “No one wants to see glass be the reason the world can’t get access,” said Brendan Mosher, vice president and general manager of Corning Pharmaceutical Technologies. “Everyone is working together and has a common goal to make sure there are plenty of vials.”47 As part of Operation Warp Speed, the US government paid companies such as Corning and SiO2 Material Science to expand capacity for medical glass and vials.


    Others found ways to extend vial supplies. ­Moderna obtained approval from the FDA to fill vials with 14 doses instead of the original 10.48 Those handling ­Pfizer’s vaccine found they could get six doses out of a five-dose vial if they used syringes with a low dead volume.49 That practice, now widespread, both reduced the number of vials and extended supplies of the vaccine.


    The potential to boost ­Pfizer’s vaccine supplies by 20 percent through the use of low-dead-volume syringes caused a surge in demand for those syringes, resulting in other shortages. One day after his inauguration, US President Joe Biden invoked the Defense Production Act (DPA), by which the government can essentially compel businesses to manufacture certain products, to deal with shortages of these syringes and eleven other critical categories of supplies.50 That executive order also addressed other constraints in ­Pfizer’s supply chain, such as filling pumps and tangential flow filtration components. The White House’s supply coordinator, Tim Manning, said the order “will allow ­Pfizer to ramp up production and hit their targets of delivering hundreds of millions of doses over the coming months.”51


    Sourcing from Near or Far in a Time of Crisis


    As Covid raced around the world, it disrupted global supply chains when facilities, countries, and transportation systems locked down, imposed social-distancing constraints, or experienced extreme changes in demand. For example, before Covid, passenger aircraft were providing just over half of the world’s airfreight capacity (in “belly cargo”), including 45 percent of Asian airfreight capacity and some 80 percent of transatlantic capacity.52 The steep reduction in passenger flights at the time when the vaccine makers were ramping up took most of this capacity out of the market. For vaccine makers and their high-value, time-sensitive shipments such as raw materials, test samples, and finished vaccines, the pandemic’s impact on airfreight was especially challenging. ­Johnson & ­Johnson’s Meri Stevens explained: “Prior to the pandemic, about 70 percent of our J&J medical and pharmaceutical products were transported in the bellies of commercial aircraft.”53 The ripples of disruption caused some to criticize global trade and to advocate more localized networks of supply and production. Moreover, political forces during the global crisis also favored self-preservation and self-reliance (vaccine nationalism is discussed in Chapter 3).


    “The push to buy local-for-local and to shorten supply lines was not something new from the pandemic,” Stevens said. However, the long regulatory approval times required to certify a new facility for a supplier meant that pharmaceutical companies like J&J had to avoid knee-jerk responses when investing in manufacturing capacity. “We’re not rushing to say, ‘Now we’re going to move everything from A to B,’ because that’s expensive and that takes time,” Stevens said. In the case of J&J, she continued, “During the pandemic, what we found is that the global nature of our supply chains worked really well—the balance that we have around the world was very good. While we have had volatile demand, which has caused localized shortages, we actually had very few critical product production stoppages other than a few odd constraints, like alcohol when everybody was making hand sanitizer and wipes.”54


    As vaccine makers formulated their vaccines, they also formulated their sourcing and manufacturing site selection strategies for vaccine production. That raised trade-off questions between large-scale centralized production to serve global demand versus decentralized production with sites serving local demand. At J&J, the supply chain design criteria emphasized reliability and resilience to serve customers and patients in the most effective and efficient ways. That said, Stevens also noted, “We’ll also continuously evaluate the national norms that are going on to see whether or not we have to rebalance.”55


    Pumping Up Production


    Vaccinating even 70 percent of the world’s population of 7.8 billion would require nearly 11 billion doses of vaccine (assuming two shots per person, which is a common requirement of many of the leading vaccines). Moreover, the potential need for booster shots to address either natural declines in immunity or the emergence of variants of the SARS-CoV-2 virus (see Chapter 5) brings a high likelihood of demand for additional billions of doses in the future. Although a number of leading vaccine producers were targeting volumes of billions of doses a year, the scale of the challenge of vaccinating the world as fast as possible meant a clear need for much higher global capacity. In the quest to vaccinate the world, companies sought partners, innovated new ways of building factories, digitalized operations, and optimized production processes.


    Finding a Big Buddy


    While ­BioNTech had its mRNA vaccine technology, the small German biotech startup knew that getting to scale quickly would require access to significant resources. In March 2020, they chose to partner with ­Pfizer (the second-largest pharmaceutical company in the world) with whom they already had a 2018 agreement related to developing mRNA-based influenza vaccines.56 (­Pfizer revenues in 201957 were almost 500 times that of ­BioNTech.58) In announcing the partnership, Mikael Dolsten, chief scientific officer at ­Pfizer, said, “We believe that by pairing ­Pfizer’s development, regulatory, and commercial capabilities with ­BioNTech’s mRNA vaccine technology and expertise as one of the industry leaders, we are reinforcing our commitment to do everything we can to combat this escalating pandemic, as quickly as possible.”59


    ­Pfizer poured $2 billion of its own money into the aggressive project. “For this one, everything happened simultaneously,” a person familiar with ­Pfizer’s efforts told the Wall Street Journal. The vaccine’s manufacturing and supply chain were created while the product was still under development.60 Mike McDermott, ­Pfizer’s president of global supply, added, “My team spent $500 million, before we even got out of clinical trials. So, all completely at risk. We didn’t know if we had a product that was going to work.”61


    More Partners = More Production


    Many of the vaccine makers sought partners in order to quickly access needed capacity and geographic diversity. “We’re leaving no stone unturned in terms of partnerships,” said Alex Gorsky, J&J’s CEO. “One of the most important lessons of the pandemic is the power of collaboration.”62 Paul Lefebvre, who heads the Covid-19 vaccine supply chain at ­Janssen Pharmaceuticals§ said, “In addition to establishing a capable manufacturing network, it’s really important to have multiple manufacturing sites located in various regions to maintain the continuity of our supply chain.”63 J&J’s Stevens concluded, “Really, it is about, how do we think about partnerships? How do we think about leveraging sources of supply? But [it’s] also really [about] continuously balancing our supply lines to serve the world in the most effective way.”64


    
      §­­ ­­Janssen Pharmaceuticals is the Belgium-headquartered, wholly-owned subsidiary of J&J that developed, manufactured, and distributed the J&J Covid vaccine.

    


    Other vaccine makers also sought partners. For example, ­Moderna contracted with Lonza, a Swiss pharmaceutical contract manufacturer, to further increase the scale of production, especially in Europe. That contract manufacturer too had been preparing for rapid scaling. Two years earlier, Lonza invested in a shell-based strategy for building new factories. Instead of constructing purpose-built facilities for specific products after Lonza got a contract, the company designed and pre-built empty shell buildings that were pre-equipped with all the basic utilities and facilities (sterile water, steam, gas, data networks, etc.) needed for pharmaceutical manufacturing. Torsten Schmidt, leading the production facility in Switzerland, said, “The empty shells allow us to drop in the manufacturing technology that is needed for a particular drug or vaccine. This is important given that vaccines and drugs are becoming more diverse and a facility for one drug or vaccine cannot be easily used for another type of molecule.”65


    Andre Goerke, Lonza’s global lead for the ­Moderna project, said in an email to the American Chemical Society’s Chemical & Engineering News, “Since we signed the agreement with ­Moderna in May this year [2020], the focus has been on getting four manufacturing kits up and running, each capable of producing an estimated 100 million doses of mRNA-1273 per year.”66 Schmidt added, “In this pandemic situation, we are working around the clock to set up manufacturing in around eight months, compared to the two or more years it would usually take.”67


    Accelerating the Learning Curve for Production


    Vaccine manufacturing operates at different scales as it progresses from lab to jab: research scale (the equivalent of a few doses for in vitro or in vivo animal studies), clinical trial scale (hundreds to tens of thousands of doses), and mass production (millions to billions of doses). At each stage, the vaccine maker’s scientists learn something about the effectiveness and safety of the vaccine. Similarly, at each stage, the vaccine maker’s production engineers learn something about the speed, yield, and processing parameters of making the vaccine. Getting to scale quickly means being able to learn and apply lessons quickly, and that implies being able to make the best use of data.


    Along those lines, to accelerate development and manufacturing at ­Moderna, Marcello Damiani, the company’s chief digital and operational excellence officer, said, “We decided from the get-go to make it paperless.”68 ­Moderna’s all-digital strategy starts in the research phase. Researchers use a web platform for designing genetic sequences for new mRNA products, which enables direct production of research sequences in a fully automated central lab. Internal digital collaboration between scientists and engineers helps improve those genetic sequences for manufacturability and yield.


    All of ­Moderna’s equipment connects into its digital platform so that every step of the process collects data. “Between the small-scale research to the large-scale manufacturing, if you collect data from the different type of instruments, you are learning, and that’s the key piece,” Damiani added. “Once you have the automation, the Internet of Things and the integration on the Cloud, you have data that’s flowing, and you can start doing sophisticated analytics,” he continued.69 “All this learning started at very small scales, and with this learning we had in place, we built our clinical manufacturing and GMP manufacturing.” Damiani concluded by saying: “So, you see how we built the company, and I think the line between all this is data, data, data, because we collect the data to improve.”70


    The Quest for Quantity: From Setback to Upsurge


    In early fall 2020, ­Pfizer’s chairman and chief executive Albert Bourla told employees, “Every ounce of our ability has been spent and nearly $2 billion put at risk.”71 Initially, ­Pfizer had hoped to deliver 100 million doses by the end of 2020 and 1.3 billion doses in 2021.72 Despite the all-out effort, ­Pfizer faced serious challenges in production and supply chain operations, as scaling up the raw material supply chain took longer than expected.73 In November, the company realized it could not achieve its original production targets and cut the 2020 production forecast in half, to 50 million doses.


    As ­Pfizer and ­BioNTech worked to overcome the obstacles to fulfilling their original forecasts, they also began pushing to vastly exceed those forecasts. They expanded their European manufacturing network from three partners to 13.74 ­BioNTech also recruited more manufacturing capacity from other larger pharmaceutical companies, such as Novartis and Sanofi.75 ­BioNTech reported capacity-boosting initiatives that included “the optimization of production processes, the recent initiation of production at ­BioNTech’s Marburg, Germany facility, regulatory approval for six-dose vials, and the expansion of [its] manufacturing and supplier network.”76 Manufacturing engineers cut the batch production time nearly in half (from 110 days to about 60). Improvements in uniformity cut the waste on vial inspection lines from about 5 percent to about 1–2 percent.77


    Some of the efforts to boost production caused short-term delays in deliveries, such as when ­Pfizer renovated its Belgium facility in January to increase its capacity.78 During the upgrade, ­Pfizer suspended vaccine deliveries to Europe and Canada. European authorities threatened legal action because the delays forced them to suspend or reduce vaccinations.79 Charles Michel, president of the European Council, told radio station Europe 1, “We plan to make the pharmaceutical companies respect the contracts they have signed… by using the legal means at our disposal.”80 In the end, the companies’ efforts paid off, as ­Pfizer and ­BioNTech issued a steady stream of announcements during 2021 upping the 2021 delivery forecast to 2 billion doses in February,81 2.5 billion in March,82 and 3 billion in May.83


    The Vaccine that Came in from the Cold


    “Ensuring over a billion people globally have access to our potential vaccine is as critical as developing the vaccine itself,” said ­Pfizer’s CEO Bourla.84 Adding to the challenge of both the volume of shipments and the urgency of delivery was the need to properly handle the vials of vaccine while sending them to the far corners of the earth.


    Whereas most vaccines require some refrigeration, the new mRNA vaccines require the most careful handling because of the delicate constitution of their lipid nanoparticles. Molecular biologist Phillip Sharp of MIT explained, “This is an oily particle with carbohydrate around it. So, it’s a pain to keep it from fusing. It’s just one big ball of oil if it’s not taken care of. That’s why all this shipping and freezing and thawing and everything is really very important.”85 ­Moderna’s vaccine requires freezing between –50°C and –15°C (–58°F and 5°F), and ­Pfizer’s requires ultra-low-temperature freezing between –80°C and –60°C (–112°F and –76°F). As a result, these vaccines require cold-chain handling: global distribution activities at very low and controlled temperatures.


    The colder the temperature, the more challenging the cold-chain transportation and storage issues. In the case of the ­Pfizer vaccine’s deep-freeze needs, very few facilities—only a handful of pharmaceutical distribution centers, hospitals, and research laboratories—had the kinds of deep freezers needed. “I don’t think we have all the cold storage that people think we have,” commented James Bruno, president of the consulting firm Chemical and Pharmaceutical Solutions.86


    Helping Shipments Keep Their Cool


    As part of its parallel development strategy, ­Pfizer began setting up its downstream supply chain for the finished product in March 2020—at the same time as the kick-off of its Covid vaccine development. ­Pfizer said it developed a “just-in-time system, which will ship the frozen vials direct to the point of vaccination.”87 That system included packaging for shipping, continuous monitoring of vaccine temperatures to ensure safety, and a means to store the vaccine for up to a month at clinics, vaccination centers, and distribution facilities that lacked deep freezers. These efforts used supply chain partners with respective expertise in cold-chain packaging and supply chain monitoring.


    ­Pfizer worked with SoftBox, a multinational British manufacturer of temperature-controlled packaging, to develop a reusable insulated thermal shipping box88 that holds 1,200 to 6,000 doses (at the 6-dose-per-vial capacity). The box, measuring 17 × 17 × 22 inches, holds up to five small “pizza box” trays, each with 195 vials, in an inner payload sleeve box nestled deep in the heavily insulated outer box.89 On top of the precious cargo sits a “pod” with up to 50 pounds of dry ice at –109°F (–79°C). An insulated lid completes the cozy ensemble.


    The result is a medium-sized, robust, 70- to 80-pound box (with side straps) that can be handled by any air or ground parcel delivery service. (­Pfizer and SoftBox even designed the box to reduce the sublimation of the dry ice during flight, reducing the generation of potentially hazardous CO2 levels in air-freighters and significantly increasing the number of doses that air-freighters were permitted to safely carry.)90


    As an added bonus, this thermal container can maintain ultra-cold temperatures for up to 10 days. Moreover, if needed, the recipient can replenish the dry ice every five days to extend storage in the box for up to 30 days.91 That enables facilities that lack the required freezers to temporarily store, distribute, and dispense the vaccine. Finally, when needed, the vaccine is thawed and can be kept in an ordinary refrigerator for up to five days before dilution and injection.


    A View to a Chill


    To maintain 24/7 visibility onto shipments, ­Pfizer contracted with Controlant, a provider of real-time supply chain monitoring devices that go into shipping boxes.92 A small, battery-powered sensor tracks vaccine temperature, the opening of the box, and its GPS location. Using a standard cellular data connection, the sensor sends the information in real time to Controlant’s cloud-based software, where customers can receive alerts and view the information. When the box is opened, red-green status lights show the shipment’s temperature status, data connection status, and battery status. “Controlant’s reusable, real-time data loggers and visibility and analysis platform integrates with ­Pfizer’s existing control tower technologies,” said Tanya Alcorn, vice president of biopharma global supply chain at ­Pfizer, “to help manage temperature proactively, identify and react expeditiously to any events that can impact the supply chain, all while automating quality and logistics processes.”93


    One tricky issue with the monitoring system occurred at the handoff when ­Pfizer delivered the doses to government distribution or vaccination centers. As the shipment left ­Pfizer’s hands, ­Pfizer turned the monitoring off for legal liability and practicality reasons; once delivered, ­Pfizer had no control over the status of the shipment or the means to make the recipient take a corrective action. But recipients wanted the ability to monitor the boxes too, especially if they planned to use them for interim storage by refilling the dry ice. Fortunately, because the monitoring device was actually made and monitored by a third party, Controlant, all any recipient had to do was to sign up with the tracking company to restart monitoring and route the data and alerts to the recipient.94


    Getting Ready to Move ’Em Out


    ­Pfizer bought large numbers of deep freezers to set up freezer farms to buffer and distribute the output of its production facilities in Michigan and Belgium. The company also built its own dry ice plant to make the freezing pods that keep the vaccines cold during transit. As of November 2020, ­Pfizer planned to have a fleet of 24 trucks to ferry shipments from ­Pfizer’s facilities to local airports, where a combination of air charter and air freight companies such as FedEx, UPS, and DHL could carry the vaccine anywhere in the world within a day or two. As the clinical results of the Phase 3 trials confirmed the efficacy of the ­Pfizer–­BioNTech vaccine, ­Pfizer announced plans to move roughly 7.6 million doses per day.95


    Similarly, airfreight companies and facilities prepared for the vaccine distribution campaign. UPS, for example, built its own freezer farms and dry-ice production equipment at key air hubs.96 Airports invested in additional security and cold storage.97 Airlines conducted trial runs of vaccine deliveries to both debug systems and ensure the CO2 emissions from the dry ice remained within FAA-required limits.98 In coordination with Operation Warp Speed, FedEx and UPS divided the US in half to improve delivery efficiencies.99 The efforts were intended to ensure fast, efficient, and problem-free delivery of the vaccines once they were approved and started shipping.


    The Bigger Picture of Bigger Demand


    Overall, vaccine suppliers had to face and overcome a long list of challenges: Shortages began in the product development labs, moved into the ingredient supply chains, and then hit the packaging ends of vaccine development and production processes. Shortages also hit capital equipment supply chains as pharmaceutical makers attempted to ramp up their capacity. As the adage goes, supply chains are only as strong as their weakest links. Successfully delivering large quantities of a new product depends on delivering all of the required quantities of every one of the raw materials, ingredients, and all other parts in the bill of materials (BOM) of the final product,¶ as well as all the plant equipment and machinery needed for manufacturing and delivering the product. Supply chains aren’t about doing one thing well; they are about doing every one of many things well, because final products and customer satisfaction depend on every one of those many things for a complete, high-quality product delivered on time.


    
      ¶ A bill of materials is a nested list of the raw materials, sub-assemblies, intermediate assemblies, sub-components, parts, and the quantities of each needed to manufacture an end product.

    


    Even the packaged final product—billions of doses of safe and effective vaccines—wasn’t the end of the challenge. Those vaccines still needed to get to the customers: all people in all the countries of the world. Although modern supply chains have become adept at quickly and accurately making and moving millions of shipments of consumer products per day anywhere in the world, actually getting those doses into people’s arms was a real challenge that tested national and local institutions.

  


  
    3. The Ins and Outs of Rollouts


    A successful vaccination campaign, like a successful new product launch, requires a spectrum of supply chain activities, beginning with acquiring sufficient supplies and ending with successfully delivering the product—and, in many cases, the related service—to all the customers who need or want it. Semi-serious jokes about Amazon distributing vaccines (“We should train all Amazon delivery drivers to give the vaccine. The whole population would be immunized by Saturday. Thursday if you’ve got Prime.”)1 alluded to the online retailer’s ability to deliver 300 million packages a month, with most arriving within a day or two of ordering.2 However, getting a shot into someone’s arm takes more than just putting a box on their doorstep. Vaccination requires a safe location for administering the injection, trained medical personnel, PPE, and careful coordination so that the right people get their vaccination at the right time.


    New products often have a target market: the types of customers whom the seller of the product particularly wishes to reach. In the case of Covid vaccines, the disease’s higher likelihood of severely sickening or killing the elderly, the obese, diabetics, and those with any of a wide range of medical conditions, made those groups high priorities for vaccination.3 Moreover, given that no vaccine is 100 percent effective, especially in the elderly and those with immunocompromising medical conditions, vaccine providers also wished to reach people who often interacted with the most vulnerable populations, such as workers in nursing homes, hospitals, healthcare, front-line retail, and so on. For both individual consumers and the economy as a whole, the stakes for the effective rollout of vaccinations couldn’t be higher: Every day’s delay in delivering vaccinations meant thousands of preventable deaths, hundreds of thousands of new cases of Covid, and the ongoing economic impacts of social distancing and shutdowns.


    Public health experts knew that the rollout of the Covid vaccines would pose many challenges. The product was in great demand by a large fraction of the population, necessitating a large-scale delivery organization. The product was in short supply—requiring allocation, control of who gets served and when, and strict minimization of waste. The product was delicate, requiring cold-chain storage and careful handling under sterile conditions.


    The product’s delivery required coordinated services (i.e., the installation of the product, in this case an injection), meaning setting up appointments and synchronizing the numbers of customers, vaccine doses, injection supplies, and workers at vaccination centers. Moreover, most of the vaccines also required two doses spaced at a particular interval, complicating both the allocation of supplies and coordination of delivery. For instance, if a location receives 10,000 vaccine doses, should it use all 10,000 immediately and hope that another 10,000 doses come in time for the second shot, or should it only give out 5,000 shots and hold the rest for the second dose?


    “There’s going to be a lot of tripping and falling,” said Dr. Paul Offit, director of the Vaccine Education Center at the Children’s Hospital of Philadelphia, in November 2020. “We’re going to learn a lot over the next few months about how we probably could have done this differently.”4 The first months of the rollout provided these lessons: Some countries (e.g., Israel) did unexpectedly better than others (e.g., the US, UK, and EU). In the 100 days since approving the ­Pfizer vaccine on December 10, 2020, Israel fully vaccinated more than 52 percent of its population. By contrast, the US achieved a meager 13 percent and the EU merely 4 percent.5 Some of those early laggards, however, managed to learn and improve.


    Reaching the Promised Land of Vaccination


    Like many other countries, Israel was striving to vaccinate as many of its citizens as possible as fast as possible. That drive began with acquiring sufficient supplies. Israel’s Prime Minister Benjamin Netanyahu spent several months of the pandemic talking to CEOs of pharmaceutical companies, buying, cajoling, and using personal connections and non-economic incentives to ensure vaccine supplies for his people. Similar to the US, Israel made early commitments to acquire a sufficient number of doses, well before the country or the vaccine makers knew whether the vaccines would prove safe and effective.


    Buy Early, Buy Often


    Israel signed a deal with ­Moderna in mid-June, weeks before ­Moderna had even started its Phase 3 clinical trials that would finally show if the company’s vaccine really worked.6 Israel also hedged its bets: In November 2020, Netanyahu announced, “I reported today in the coronavirus cabinet meeting that I spoke again last night with ­Pfizer CEO Albert Bourla. Together with the legal advisers of both parties, we removed the last obstacle to signing a contract with ­Pfizer.”7 Israel received shipments of ­Pfizer’s vaccine before the ­Pfizer vaccine was officially approved by the FDA.


    “The principle is simple: Buy as many options as possible from as many companies as possible,” Netanyahu told his cabinet. “The cost of buying vaccines is negligible, compared to the cost of not bringing them. The cost of throwing money in the trash, if the vaccines are unsuccessful, is minimal compared to not having vaccines.”8 At that level, Israel’s strategy was no different than that of the US and the EU in risking billions up front to support vaccine development with the implicit or explicit expectation that the up-front support of vaccine development would secure early access to hundreds of millions of doses if and when those government-funded efforts bore fruit.


    Although the cost in human lives is of paramount importance, the economic costs of not having a vaccine are staggering. Indeed, the huge imbalance between the costs of Covid—both social and economic—compared to the modest price of vaccines also meant Israel was willing to pay a few dollars more per dose to ensure timely shipments.9 Israel paid $23.50 per dose, the US $19.50, and the EU $14.76. The pandemic had knocked about 6 percent off Israel’s expected 2021 GDP,10 amounting to an economic loss of some $240 per Israeli per month of ongoing restricted economic activity. The economic benefits alone—faster vaccination, earlier herd immunity, and an expedited reopening of the economy—easily justified the pittance of a premium the country paid. Naturally, the value of saving lives and averting serious illness even further justified paying more.


    By comparison, the European Union bungled a key element of its vaccine purchase negotiations. On the one hand, the EU’s good decision to centralize both the R&D funding and its procurement efforts, as well as to negotiate for the entire bloc, made sense and was praised by European Commission President Ursula von der Leyen. However, the EU then focused its attention on reducing the price of the vaccine rather than maximizing its value. EU negotiators haggled with the manufacturers on indemnification issues, trying to protect themselves from consequent criticism should something go wrong or from any accusations that they paid too much. As a result, vaccine shipments and vaccinations in the EU lagged those in the US; by the first quarter of 2021, the American economy was growing at an annualized rate of 6.4 percent,11 while the EU economy was still contracting.12


    Offer Something Money Can’t Buy: Data on Real-World Effectiveness


    Israel’s data-rich healthcare system also played a role in convincing ­Pfizer to prioritize Israel in its allocation of shipments. The Israeli universal healthcare system consists of four large, nonprofit, competitive healthcare “funds” that act as health maintenance organizations (HMOs) in providing both insurance and healthcare delivery. Each of these organizations operates a network of clinics throughout the country, providing primary and specialist healthcare. The funds are supported by their own hospitals as well as government hospitals and independent ones. By law, each Israeli citizen must register with one of these funds, and each citizen’s unique national healthcare ID number feeds data into an advanced digital healthcare management and electronic record management system that interconnects the entire country.


    Such robust data availability gave Israel a key bargaining chip with vaccine makers: It could offer crucial data on vaccine efficacy, safety, and the benefits of herd immunity.13 In being a lead customer that could quickly vaccinate the majority of its population, Israel could become an implicit case study that showed other nations the powerful advantages of nationwide vaccination in getting both life and the economy back to normal. Naturally, this would translate into more revenue for the vaccine makers.14


    Three Keys to an Effective Rollout


    Gil Epstein, professor of economics and dean of social science at Bar-Ilan University outside Tel Aviv, described how Israel’s successful rollout of the vaccine stemmed from “obtaining a large number of vaccines and efficient distribution.”15 Acquiring the millions of doses needed to vaccinate all Israelis who wanted the vaccine was just half of the story. The other half was in planning the delivery, training volunteers for massive phone banks, developing systems, enlisting military medics, preparing and qualifying vaccination centers, and so forth.


    For the delivery side of the rollout, Epstein listed three advantages Israel enjoyed: “Number one is we have Teva, which is a big pharmaceutical company that sits in the middle of Israel.”16 Teva’s distribution center offered an ideal location for vaccine logistics in being (a) a few miles from Israel’s biggest international airport where vaccines arrived, (b) on the outskirts of Israel’s largest urban area (containing nearly half the country’s population), and (c) next to a major highway, making it possible to reach anywhere in the country in a few hours. The Teva facility held 30 large ultra-cold freezers capable of storing 5 million doses. On December 9, 2020, the first trial-run shipment arrived to test the handling, transportation, and storage procedures as a prelude to much larger volumes in the following days. “We are talking about a huge estimated scope of 4 million vaccine [doses] by year’s end,” said Yossi Ofek, general manager of Teva Israel, to Israel’s Army Radio.17


    “Number two is they started with the medical service,” Epstein continued.18 Vaccinating healthcare workers made both pandemic-prevention sense and practical sense. In prevention terms, healthcare workers faced high risk of exposure to Covid, and a Covid-infected healthcare worker posed a threat of exposing many others to the virus. In addition, reducing the number of Covid cases among healthcare workers would reduce the chance of a collapse of the healthcare system. In practical terms, the healthcare population was an easy trial of the vaccination systems because healthcare facilities were able to quickly vaccinate all their workers.


    Israel largely followed the priority system advocated by the WHO: (1) healthcare workers, (2)nbsp;the elderly, (3)nbsp;adults with comorbidities (4)nbsp;everyone else.19 Given its unique security challenges, Israel also vaccinated its troops relatively early. In early March 2021, Major General Itzik Turgeman, the head of the military’s Technology and Logistics Directorate, told reporters, “After 10 weeks, I can declare that the IDF is the first military in the world to reach herd immunity.”20


    Vaccinating those most susceptible to severe Covid ensured the quickest reductions in hospitalizations and deaths. By rapidly decreasing the hospitalization rate through vaccinating the vulnerable, the system freed up healthcare workers for the vaccination campaign. Israel’s priority system also benefited from its simplicity, designed to inoculate the highest number of people in the shortest amount of time. The system provided an ample number of sizeable vaccination sites and intentionally set the “priority bands” of those eligible for vaccination to be very broad. Thus, each band included a large number of people, ensuring a steady supply of customers at the mass vaccination sites.


    “Number three,” said Epstein, “is all the HMOs are very, very efficient.”21 As of 2020, Israel had the third-most efficient healthcare system in the world (behind Hong Kong and Singapore) on the Bloomberg Health-Efficiency Index.22


    Israel also benefited from volunteers such as Esti Marian. The 67-year-old Tel Aviv resident had been volunteering in an HMO-funded clinic for more than six years, fulfilling administrative and clerking roles. In December 2020, she joined a legion of other volunteers to staff phone banks supporting the mass vaccination campaign. Although Israel set up a national appointment website, the site crashed within the first 24 hours. The phone banks that were originally intended for people who simply preferred telephoning their trusted HMO also handled the surge of people who could not get an appointment on the crashed online system.


    When HMO members called their local clinic and gave their healthcare ID number, people like Esti could immediately see the caller’s general details on their electronic health record (EHR), such as age, address, family situation, employment, and so forth. (However, she could not see any medical details, which are visible only to medical professionals.) Following instructions from the Ministry of Health, she made appointments for age-eligible callers while directing younger ones with comorbidities to their primary care physicians to obtain a special approval for early vaccination.23 Once the appointment website was back up and running, people could make appointments themselves. The system would then show available appointment times and locations, balancing the load among vaccination sites.


    Once the person arrived at the vaccination site, it took only three to five minutes to get the vaccine into their arm. Again, the use of the electronic ID number eliminated any need for time-consuming paperwork or payment (the vaccine was free to every citizen), and vaccine site processes moved quickly. The authorities understood that vaccination is a numbers game, and the goal was to get as many people as possible vaccinated promptly.


    The ­Pfizer–­BioNTech frozen vaccine has a five-day refrigerated shelf life after it’s thawed, and only a six-hour life after being diluted for injection.24 If anyone were to miss their appointment, the dose allocated to them would be left over at the end of the day and potentially discarded. Similarly, if a clinic were to overestimate its five-day demand level, it too may have leftover doses. To avoid wasting these doses, Israel’s vaccination centers put out text-message blasts toward the end of each day inviting everyone—regardless of age or medical condition—to come get vaccinated. Those who were eager to be vaccinated learned to linger near clinics that might offer an end-of-day shot.25


    From Rolling Out to Opening Up


    Less than a week after starting the vaccination process, Israel ramped up to vaccinating 1 percent of its population each day. By contrast, the US took over four months to reach this rate, which was as high as the US’s vaccination process ever got.26 At the peak of Israel’s vaccination campaign, a month after it started, Israel was vaccinating another 2.1 percent of its population every day.


    At the height of the pandemic in mid-January 2021, Israel was suffering from more than 900 new cases and 10 deaths per day per million citizens. As total vaccinations grew, case rates subsided. By the end of May 2021, the country had reached nearly 60 percent fully vaccinated citizens, with 80 percent of people over 60 fully vaccinated. Israel reopened much of its economy, and daily new cases had fallen more than 99 percent to three to five per million,27 with nearly zero deaths.*


    
      * In late summer 2021, Israel experienced another wave of Covid cases, with the unvaccinated elderly more than five times more likely to experience a severe case of Covid-19 than their immunized counterparts.

    


    Lessons Learned the Hard Way


    Many countries bungled what was an elementary math problem in basic operations management: estimating and acquiring the resources (doses, syringes, shipments, personnel, vaccination stations, etc.) needed to vaccinate their populations in a reasonable timeframe. For example, India’s purchase of 350 million doses ranks high in absolute numbers, but relative to its 1.4 billion citizens, it’s a scant coverage at 12.5 percent.28 As Covid surged in India in the spring of 2021, many criticized India’s large domestic vaccine makers, such as the Serum Institute of India (SII) and Bharat Biotech, for insufficient capacity. Adar Poonawalla, CEO of the SII, told the Financial Times, “I’ve been victimized very unfairly and wrongly,” explaining that he had not boosted capacity because “there were no orders, we did not think we needed to make more than 1 billion doses a year.”29 Unfortunately, India’s lack of vaccines coincided with a deadly pandemic spring wave that killed untold numbers of Indians. Weak healthcare systems, insufficient oxygen supplies, and a lack of political leadership all led to horrendous suffering and death on a staggering scale compounded by the lack of vaccines.


    In contrast, the US spent billions up front funding the development of vaccines and ensuring priority access to supplies for more than enough vaccine to cover its citizens. But then, it launched one of the biggest failures of logistics planning and execution in the modern era. According to epidemiologist Michael Osterholm, director of the Center for Infectious Disease Research and Policy at the University of Minnesota, “What happened is, and I give a great deal of credit to Operation Warp Speed, especially with the R&D and getting it manufactured, but they didn’t account for the importance of the last mile, which is distribution.”30 Operation Warp Speed had an original goal of 20 million vaccinations by the end of 2020. On bulk deliveries, it missed this goal by 30 percent (only 14 million were delivered). But the actual vaccination rate was missed by more than 85 percent (only 3 million people were vaccinated by the year’s end).


    Whereas Israel has a strong central government to oversee and control the end-to-end procurement, distribution, and administration of the vaccines, other countries were victims of their decentralized and fractious political structures. The US, for example, was founded as an amalgamation of 13 independent colonies bounded by a constitution delegating all governance to these 13 states in matters not explicitly designated within federal purview. Although the federal government could ensure the development and production of large volumes of vaccines, each of the 50 states governed its own rollout, and in some states, that governance was further fragmented by delegation to county or municipal health departments. The result was scattershot efforts in which tens of millions of doses sat unused during the early weeks of the US vaccination campaign.31


    Mismatched Planning for Supply and Demand


    Other failures came from a lack of sales and operations planning (S&OP) processes that consumer product organizations have long used to coordinate both supply activities to match expected demand and sales activities to match available supply. Lack of this kind of coordination meant that some states in the US opened eligibility too fast given the overall limited supplies of vaccines coming from the manufacturers. The resulting surge in demand for vaccines caused several problems that hampered the rollout.32 First, the most vulnerable citizens (e.g., the elderly) lost out to younger, determined, tech-savvy seekers of appointments and individuals who gamed the system by misrepresenting their medical histories.33 Second, overwhelmed sign-up systems, the difficulty of getting appointments, and long queues made for mass frustration, reinforced by unflattering news reports—all resulting in a reduction in the number of people willing to seek the vaccine. “In the rush to satisfy everyone,” said Dr. Rebecca Wurtz, an infectious disease physician and health data specialist at the University of Minnesota’s School of Public Health, “governors satisfied few and frustrated many.”34


    Worse, the lack of coordination between local vaccination sites, state vaccine allocation managers, and the federal vaccine distribution system wreaked havoc at these vaccination sites. For example, Dr. Patricia Schnabel Ruppert, health commissioner for Rockland County, New York, just outside New York City, explained, “Right now, I can’t book vaccine appointments for next week or the following week. We don’t know how many doses we’ll get, so we don’t know how to organize staffing or how many volunteers we need.”35


    Stretching the Limited Supplies


    In an effort to partially protect as many people as possible, a number of countries chose to give more people a single dose of vaccine immediately rather than fully immunize fewer people with the requisite regimen of two doses over the vaccine maker’s recommended three- or four-week period. These included Canada,36 the UK,37 and several other European countries.38 These countries planned to delay the second dose up to 12 weeks, when vaccines would be more readily available.


    This strategy was quite controversial in scientific circles,39 and other countries, such as the US, rejected it. At issue was the gulf between speculative plausibility and objective science regarding whether a single dose offered adequate levels of partial protection and whether delaying the second dose would hinder developing fuller immunity. A British study, using real-world data (in contrast with vaccine trial data or extrapolated data) estimated that a single dose of ­Pfizer–­BioNTech vaccine offered only 33 percent protection against symptomatic disease from the Delta variant, in stark contrast to the 88 percent effectiveness of two doses (two weeks after the second dose).40 Other studies documented higher single-shot effectiveness. For example, the FDA released a study documenting significant protection after one shot: 52.4 percent for the ­Pfizer-­BioNTech vaccine and 69.5 percent for ­Moderna.41 (Note that simple math suggests that if a single dose is only 33 percent effective, then single-dosing twice as many people is worse than a double-dose for half as many. On the other hand, if the single dose is 52 percent effective, then single doses actually are better.)


    Another strategy to stretch limited supplies and reduce the complexity of coordinating shots was to mix and match vaccines. If not enough of a particular vaccine was available, one’s second shot could come from a different manufacturer. Canada, Italy, South Korea, and a few other countries advocated this approach. Leading politicians such as Angela Merkel, Mario Draghi, and Justin Trudeau personally chose different second vaccines for their respective second shots to demonstrate the safety and efficacy of the approach and to show that both vaccines where equally good in the eyes of the countries’ leaders. Some research suggested that this strategy could even produce higher immunity levels than the standard two doses of one vaccine. However, questions remained.42


    Disappointments in Finding Appointments


    US fragmentation extended to the bewildering array of options for vaccination sites offered by states, counties, cities, hospital chains, clinics, pharmacies, and grocery stores. Unfortunately, in many states, the only way to get appointments at any of the many different provider locations was to visit the websites of each provider, create an account, and continually check back, hoping to snag one of the scarce appointment slots. That fragmented delivery system forced consumers to spend hours scrambling to book appointments for their elderly parents, relatives, and then themselves. The fragmented system also created demand volatility and planning problems. Eager consumers signed up on multiple websites, creating an illusion of demand. In some cases, consumers would grab the first appointment they could (which might be quite far away) and then try to find better, closer appointments. The result was a large number of no-shows.


    A few states, however, bucked the US penchant for decentralized vaccination management with significant success. West Virginia, for example, managed the process centrally. All vaccines that arrived in West Virginia were shipped to five hospitals in various parts of the state. These hospitals served as distribution hubs, getting vaccines to local health centers, clinics, doctors’ offices, and other hospitals, while the state tracked the operation through a central registration system. By the beginning of February, 11 percent of West Virginians had received their first shots, compared to 7.2 percent in Massachusetts and 7.7 percent in California—both states with much better-funded healthcare systems.43†


    
      † Unfortunately, probably due to relatively low vaccination rates and no mask mandate, by September 2022, West Virginia had the highest rate of Covid-10 cases per resident among all US states.

    


    Taming the Chaos


    Despite Israel’s centralized healthcare system and months of planning,44 the first few days of its vaccine rollout were also chaotic.45 Early on, both the call centers and digital tools were overwhelmed. Appointment seekers were given conflicting information about which local vaccination centers would be open and when. People, including the elderly, were being told to travel long distances to reach an available appointment. Some vaccination centers—especially in large cities—had long queues due to overbooking, and others had doses left over at the end of the day due to less-than-expected demand. Within days, however, the website was fixed, communications were made consistent, and vaccination centers started announcing surplus vaccines available to any citizen at the end of each day.


    Dr. Hagai Levine, an epidemiologist at Hebrew University–Hadassah School of Public Health in Jerusalem, told Vox in January 2021 how Israel managed: “For a vaccination campaign, we are well-prepared, but we’re also flexible. When you plan, you don’t know, for example, how the cold chain will look, how many vaccines you will get—so you need to make rapid adjustments. And we are good at that.”46 In a high-speed, large-scale rollout of a new product, planning provides some assurance that nearly the right amounts of nearly the right resources will probably be near the right place. But then, the actual patterns of supply, demand, and operational effectiveness will dictate rapid adjustments to the plan. As heavyweight boxer Mike Tyson once said when asked about his opponent’s plan for the upcoming fight, “Everybody has a plan until they get punched in the mouth.”47 More to the point, US President Dwight Eisenhower said, “Plans are worthless, but planning is everything.”48 What he was saying is that any plan for a crisis or an emergency situation is likely to be incorrect, but the planning process demands the thorough exploration of options and contingences. The knowledge gained during this probing is crucial to the selection of appropriate actions as future events unfold.


    Mass Confusion


    In my own state of Massachusetts, the initial chaos lasted for weeks—and then months—owing to flaws in system design, distribution strategy, and allocation systems. In mid-February 2021, the state’s vaccination appointment website and telephone hotlines suffered an absolute, colossal failure under the load of a million newly eligible citizens.49 Experts were quick to point out that although the Covid pandemic might be something entirely new, designing websites to handle surges of millions of users was not. “These are known problems that you can design around,” said Jay Jamison, an executive at Quickbase, a Boston-based web technology company.50


    The main problem with Massachusetts’s attempts to develop a vaccination website was that, at first, it didn’t think it needed one. The original government’s plan was based on local sign-up rather than a centrally managed process. In doing so, Massachusetts abandoned the emergency mass vaccination plan it had had in place for 20 years and hired consultants. Said one local public health official, “They took the playbook, threw it in the dumpster, and privatized the whole thing.”51


    The web designers then borrowed the web/user experience strategy used successfully for flu vaccination campaigns without understanding the differences between flu and Covid. In the case of the seasonal flu, the state had always had enough vaccine, and citizens felt less of a pressing need to sign up for a flu shot as soon as possible. At any given time in the run-up to flu season, only a modest number of citizens would be on the site trying to make an appointment, and most of them readily found an appointment on the first try.


    In contrast, with Covid, the shortage of vaccines, the priority group system, and dramatically greater urgency combined to crash the appointment system. As each group became eligible, they flocked to the website in large numbers, quickly exhausted the available appointments, and then hammered the site by repeatedly trying and failing to snag an appointment. As any retailer knows, reported or perceived shortages of a key item (e.g., toilet paper in the spring of 2020) has the unfortunate effect of increasing short-term demand and making the shortage panic worse.


    Under such conditions of a severe supply-demand mismatch, a better process would have been a pre-registration and invitation system that steadily meters the available appointments by priority and lottery. (First-come-first-served only fosters a frantic panic.) Thus, people could pre-register anytime on the site with their information and preferences, the system would sort people by priority, use a lottery for fairness among people in the same priority group, and then text, email, or call people when their turn came and a nearby site had vaccines. The numbers of sent invitations could match the numbers of newly available appointments, ensuring a high chance that people could find an appointment easily.


    Massachusetts also had a complicated and confusing priority system that included four phases with many subcategories in each phase.52 The first phase had six subphases including (in order): healthcare workers directly serving Covid patients, workers in long-term care facilities, first responders, workers in congregate care settings, home-based healthcare workers, and, finally, non-Covid-facing healthcare workers. The second subphase started with people over 75, then people over 65 as well as residents of low-income housing, and a slew of other categories including people with any two of some 18 specified comorbidities. This was followed by K–12 educators, followed by residents 60 years or older who work in one of 12 specified sectors, followed by residents 55 and older with a single specified comorbidity. And these were just the priorities of Phase 1.


    Not only did the complex system create confusion about who was eligible at any given time, but it also created frustration and the specter of line jumpers. Neither the state nor the vaccination sites were able to verify the status of most people claiming to be in categories related to employment, comorbid conditions, and the like. Furthermore, some categories, like being a companion for an elderly person (75+) spawned a black market in which vaccine-seeking younger people offered hundreds of dollars to older people to escort them to the vaccination site whether they needed help or not, so they too could get vaccinated.53


    Right from the beginning, Massachusetts was particularly concerned about equitable access to vaccination and therefore distributed the vaccine widely throughout the state to large numbers of smaller outlets. And as any logistics professional knows, smaller outlets suffer from greater demand uncertainty compared to large outlets.‡ Small outlets have more problems with unpredictable surpluses (which means excess vaccines may have to be discarded) and shortages (which means that people will have to be turned away). Indeed, after the initial period, Massachusetts pivoted to focus on large mass vaccination centers such as in the Boston Red Sox’s Fenway Park, the New England Patriots’ Gillette stadium, and several convention centers.54 Large-scale sites help average out fluctuations in both demand and capacity.


    
      ‡ The technical explanation is that demand volatility is a function of the coefficient of variation (CoV) of the demand. Higher CoV means higher volatility. The CoV is the ratio of the standard deviation to the mean of the demand distribution. With smaller locations, the mean is relatively small compared to the standard deviation, which makes the CoV high. Thus, locations with smaller average demand will suffer more uncertainty than large ones.

    


    Over time, Massachusetts also improved its website and distribution by adding a system for preregistration and notifications. This system, however, only applied to the state’s mass vaccination sites. Appointments at pharmacies and retail locations remained as fragmented as before.55 Consequently, people were still going to the websites of CVS, Walgreens, Walmart, and the like to try and secure a vaccination appointment. By the beginning of May, vaccine supplies were catching up with demand, and by mid-May 2021, Massachusetts was one of the first three states to reach a goal set by President Biden of having 70 percent of adults vaccinated with at least one dose by July 4. The other two were the neighboring states of New Hampshire and Vermont.56


    Equality of Access


    Decisions about where to locate and operate vaccination sites were modulated by social priorities of who most needed access to vaccines given the spectrum of societal conditions that exacerbated both Covid-related health problems and vaccine-adoption problems. “We have a socially, politically, and racially fragmented society that is under the stress of a disease that causes illness and death,” said Monica Schoch-Spana, a medical anthropologist at the Johns Hopkins Center for Health Security in November 2020, while Phase 3 trials were ongoing for several vaccine candidates.57 “If there was ever a time when public perception of fairness and justness was important, that would be now,” she added.


    Later data showed that racial minorities such as Blacks and Hispanics had lower rates of vaccination despite those groups suffering higher relative rates of Covid infection and death. As of May 3, 2021, data from 42 US states showed that 39 percent of Whites had gotten at least one dose, compared to only 27 percent of Hispanics and 25 percent of Blacks.58


    Obstacles to Vaccination


    Part of the inequality of vaccination rates stemmed from fears and other obstacles to vaccination (as distinguished from the problem of false information discussed in the next chapter). The Black population’s distrust of government healthcare systems has been but one impediment to achieving high vaccination rates. Other communities, such as the Amish in Ohio, Indiana, and Pennsylvania, shun modernity and believe in natural remedies. West Virginia University sociologist Rachel Stein explained, “We, as non-Amish, are more on board with preventative medicine. They certainly don’t have that mindset that we need to do things to stop this from happening.”59 In addition, many undocumented immigrants may have feared deportation or (wrongly) believed they were ineligible for vaccination.60


    Other low-income citizens faced practical obstacles related to time, money, transportation, and other obligations. About 13 million American workers hold multiple jobs,61 leaving them with little time and even less energy to deal with the hassle of getting vaccinated. In addition, 11 million single-parent households face the added obstacle and costs of finding childcare while getting vaccinated. And about 10 million households lack access to a private vehicle, adding transportation challenges to the mix.


    Twenty-five US states implemented strategies to improve vaccination access and equity62: for example, adjusting vaccination center locations, vaccine allocation, eligibility standards, and appointment slot availability to favor underserved groups or neighborhoods. Many states created call centers or text-message systems to reach those without internet access. Wider outreach and communication strategies publicized that the vaccine was available, safe, and free. Many of these efforts collaborated with community groups and local leaders to deliver culturally competent and linguistically appropriate information through trusted messengers.


    Eventually, the US managed to create a broad downstream distribution network leveraging retail outlets found in almost every community. The Federal Retail Pharmacy Program for Covid-19 Vaccination, enlisted pharmacy and grocery store chains, adding more than 38,000 convenient vaccination locations to the usual array of healthcare clinics, hospitals, community health centers, and mass vaccination centers.63 For example, CVS alone had nearly 10,000 outlets, as well as nearly 100,000 pharmacy technicians and pharmacists who could deliver injections. CVS also said that 70 percent of the US population lived within three miles of one of its outlets.64 As of late September 2021, this federal program had delivered nearly 133 million shots, of which 43 percent had gone to racial or ethnic minorities.65


    The Double-Edged Sword of Internet Access


    In theory, the internet should have substantially improved access to vaccination. The internet and smartphones made it easier for people to find vaccination sites, determine vaccine availability, make appointments, receive notifications about available appointments, and use GPS to navigate to appointments in places they had never visited before. However, in practice, the internet advantaged wealthier, educated people.


    The same technology skills that enabled high-income workers to avoid job losses during the pandemic also enabled them to efficiently navigate all the complex online systems for securing appointments. Websites with first-come-first-served allocation for scarce appointment slots naturally favored people with faster computers, faster internet connections, and better technology skills. Tech-savvy vaccine seekers used automated bots created by clever programmers to help repeatedly check websites far and wide for appointments.


    In contrast, many low-income and minority populations, who were disproportionately impacted by Covid both economically and in terms of health, largely lacked the computer equipment, broadband access, and personal technology skills to compete for coveted, hard-to-get online appointments.66 Many appointment sites required email accounts and cell phone numbers (for text-message alerts) that many elderly and poor simply do not have.67 When authorities opened up call centers to help those without computers, tech-savvy vaccine seekers soon learned of the call centers and exploited them too. Even when governments intentionally opened vaccination centers in neighborhoods with underserved populations, vaccine enthusiasts from wealthy neighborhoods learned about them from Twitter or Facebook and promptly snatched up all the appointments.


    Some vaccine administrators tried to combat the problem of tech-savvy non-locals monopolizing the vaccines. For example, when a vaccine clinic in rural western Massachusetts discovered that 95 percent of its appointments were for outsiders who had snatched up all the appointments in minutes, authorities canceled the appointments and created a more private system for locals.68 Short of requiring an ID to prove one was from an underserved geographic area (a counterproductive policy likely to scare off those who distrust the authorities), it is difficult to keep a vaccination center’s existence a secret from those who are determined to find it.


    Inequality on a Global Scale


    Compared to the vaccination inequalities within the US, the situation was far more pronounced on the international stage. Rich countries all but monopolized the earliest batches of the vaccines. As of mid-May 2021, whereas the US had delivered more than 80 doses per 100 citizens, South America had delivered only 22, India had delivered 13, and Africa less than two doses per 100 citizens.69 On the procurement front, the EU lined up contracts for nearly seven doses per citizen and the US made deals for nearly four doses per citizen, while the African Union had secured a scant 0.36 doses per citizen. Overall, by the middle of May 2021, high-income countries had secured about two-thirds of all contracts for vaccines.70 To illustrate this, a coalition of NGOs called The People’s Vaccine Alliance claimed that, in March 2021, rich nations were vaccinating at a rate of one person every second while most of the poorest nations had yet to receive any vaccine at all.71


    The Negatives of Nationalism


    As countries ramped up the vaccination of their citizens, a new cause of supply constraints arose. International clashes over vaccine access and supplies led countries to place trade restrictions on vaccine exports. For example, India suspended vaccine exports in March 2021 (even before the April–June explosion of the pandemic there) in order to preserve doses for its own population.72 At the same time, the UK and EU were embroiled in a dispute over the allocation of vaccines made by ­AstraZeneca (a British-Swedish company with many facilities in the EU).73 The Covid-19 pandemic had previously sparked other trade restrictions; more than 70 jurisdictions instituted a combined 137 export curbs on personal protective equipment (PPE) and other medical products in 2020, according to watchdog Global Trade Alert.74


    The Fences Created by Defenses


    During the pandemic, the US government used the Korean War-era Defense Production Act (DPA)75 to prioritize, mandate, and fund production of key items. In the early stages, the US used the DPA to accelerate the production of PPE and ventilators.76 Later, the government used the DPA to aid vaccine makers in acquiring bioreactor bags, filters, pumps, vials, and raw materials.77


    The DPA does not explicitly block exports; instead, one of its legal tools is the use of so-called rated orders to mandate that manufacturers and suppliers prioritize certain orders above all others—i.e., it preempts the company’s normal allocation rules. However, if total demand exceeds total supply, then rated orders all but prohibit exports or even fulfillment of orders to other domestic companies or for other products.


    For example, DPA-rated orders for other vaccine makers meant that even ­Pfizer faced delays in getting key materials and ingredients for vaccine production.78 ­Pfizer then sought US government help in getting higher-priority DPA access. It finally traded more vaccine supplies to the US in return for access to several specialized vaccine manufacturing supplies.79 Another consequence was that the DPA created shortages of some other drugs, including antibiotics and drugs used for thyroid conditions and breast cancer. “It’s very much a blunt instrument to be used, when you may need a scalpel,” said Kelly Goldberg, a vice president in the law division of Pharmaceutical Research and Manufacturers of America, a pharma industry trade group.80


    The problem is that the world’s vaccine producers depend on each other for ingredients, since they operate complex multinational supply networks of chemicals, fatty acids, glass vials, and a host of other components. As the Trump administration found out when trying to restrict the trade of medical supplies in response to the pandemic in 2020, countries do retaliate. The result is that everybody’s supplies become restricted and worldwide vaccine production falls. There are 11 vaccine-producing countries in the world plus the EU. They source an average of 88.3 percent of their ingredients from the other vaccine-producing countries and thus mutually depend on each other for supplies. (The biggest exporter of ingredients is the US, followed by the EU and the UK.) Any trade dispute can reduce and even halt vaccine production.81


    Heavy-handed restrictions also directly harmed the restrictive countries. Nathalie Moll, the director-general of the European Federation of Pharmaceutical Industries and Associations (EFPIA), told Portuguese weekly Expresso, “We are losing time already; we don’t see a need for this at all. It just slows us down at the moment.”82 Similarly, the EFPIA said in a statement, “Risking retaliatory measures from other regions at this crucial moment in the fight against Covid-19 is not in anyone’s best interest.”83


    Vaccine Diplomacy


    While some countries hoarded vaccines and blocked their export, other countries used vaccines as strategic currency for diplomatic and geopolitical ends. Countries such as China, Russia, and India have their own mature biotech industries that developed and mass-produced a number of Covid vaccines. Those countries’ governments used these vaccines to both immunize their own people and to offer doses to other selected countries to create or strengthen diplomatic relationships.


    As of May 2021, four Chinese companies had created five China-approved vaccines, including two that gained approval in dozens of countries around the world.84 The Economist Intelligence Unit estimated that, by the end of April 2021, China was sending its vaccines to 90 countries.85 China has been using its generosity in sharing vaccines to bolster its diplomatic aims. These include cultivating allies who will oppose other countries’ criticism and interference in China’s internal affairs, allowing China to mine natural resources on their land,86 and acquiescing to China’s expansion into the South China Sea.87


    Russia named its country’s vaccine Sputnik V, referring to the Soviet Union’s 1957 launch of the world’s first satellite.88 The vaccine was developed by Gamaleya Research Institute of Epidemiology and Microbiology in Moscow, an institute within the Russian Ministry of Health. As of early August 2021, Sputnik V was approved in 70 countries.89 Russia contracted with more than a dozen manufacturers in 10 countries (including India and China) with plans to produce a total of 1.4 billion doses.90 According to an Economist Intelligence Unit estimate in April 2021, Russia planned to send vaccines to 70 countries, many of which were also getting Chinese vaccines.91 In addition to geopolitical objectives, Russia was seeking access to natural resources, such as lithium in Bolivia, and additional development projects.92


    India has its own homegrown vaccine (Bharat Biotech’s Covaxin) as well as licenses to make several of the leading vaccines (Oxford–­AstraZeneca, ­Johnson & ­Johnson, Novavax, and Sputnik V).93 For example, the Oxford–­AstraZeneca vaccine is manufactured by the Serum Institute of India, the world’s largest maker of vaccines, and sold under the brand name Covishield.94 India is also part of a four-country alliance known as the Quad (the US, Japan, Australia, and India) that is working to finance, produce, and distribute a billion doses to Asian countries.95 India’s Vaccine Friendship program “raised India’s standing and generated great international goodwill,” according to India’s Foreign Minister S. Jaishankar,96 by providing gifts of vaccines to its neighbors,97 island nations, African nations, and allies of Taiwan.98


    Despite India’s good intentions, by the end of spring 2021, its efforts to help vaccinate the world had stalled; India was suffering from a tidal wave of infection and the government blocked vaccine exports, forcing its vaccine makers to redirect all their production for domestic use.99 It became clear that, among its other failures, the Indian government had not ordered enough vaccine for its 1.4 billion citizens.


    Diplomacy’s Difficulties


    Vaccine diplomacy is not without its problems for both donor and recipient. Brazil’s regulator, ANVISA, refused to approve Sputnik V, saying the data showed the vaccine carried an unacceptable risk of having live, replicating adenovirus contaminating the batches of the non-replicating viral vector.100 Some of the problem could have come from a misunderstanding of the technical documentation as well as quality control process differences across the different vaccine manufacturing sites, but it was exacerbated by a lack of transparency. Rather than address the concern and provide additional requested data, the Russian backers of the vaccine decided to sue for defamation.101 An EU report accused that Russia, as part of its efforts to aggressively promote Sputnik V, was spreading misinformation that the West was trying to undermine its vaccine.102


    Many have been skeptical of the Sputnik V vaccine given that (1) Russia's President Vladimir Putin approved its use in August 2020 after testing it in only 76 people—and before Phase 3 trials had even begun,103 (2)nbsp;Russia touted good results based on insufficient samples sizes,104 and (3)nbsp;Russia has not been transparent about its vaccine development, clinical trials, and production systems.105 Sputnik V may well be a safe and effective vaccine, but its use for ulterior geopolitical purposes tainted the efforts of Russian science to contribute to the global vaccination effort.


    When Russia convinced Slovak Prime Minister Igor Matovič to buy 2 million doses of Sputnik V, the deal seemed like a political win for both sides; Slovakia hoped to halt its high per-capita death toll and Russia desired a beachhead into a Europe that had not approved Sputnik V. However, the Prime Minister’s governing coalition partners reacted badly to the secret deal, which ran counter to the country’s pro-EU and pro-NATO stance. The political turmoil forced Matovič to step down, which, in sowing dissent in the EU, may also have been a strategic win for Russia. Slovak foreign minister Ivan Korčok described Russia’s efforts as a “tool of hybrid war” that “casts doubt on work with the European Union.”106


    In other cases, vaccines that showed early promising signs produced less than stellar results. Brazilian trials in January 2021 of the Chinese biotech company Sinovac’s CoronaVac measured its effectiveness at only 50 percent,107 which may be acceptable as a better-than-nothing option but is clearly inferior to several other vaccines boasting effectiveness of 90 percent and above. Some 20 countries had collectively ordered nearly half a billion doses of CoronaVac by the end of May 2021, including 125 million for Indonesia and 100 million each for Brazil and Turkey.108 Yanzhong Huang, a senior fellow at the Council on Foreign Relations and an expert on healthcare in China, told the New York Times, “Those countries that have ordered the Chinese-made vaccines are probably going to question the usefulness of these vaccines.”109 The United Arab Emirates and Bahrain were going so far as to offer a ­Pfizer–­BioNTech booster shot110 to those who got the Chinese Sinopharm vaccine over concerns about efficacy, especially as variants of the original virus spread globally.111


    From Hoarding to Handouts


    Vaccine diplomacy is likely to expand as richer countries reach the saturation point in their vaccination campaigns and start using their surplus doses for diplomatic ends, too. Dr. Anthony Fauci, the US government’s top infectious disease expert, said at a White House news conference at the end of March 2021, “After we do take care of the really difficult situation we’ve had in our own country with over 535,000 deaths,§ we will obviously, in the future, have surplus vaccine, and there certainly is a consideration for making that vaccine available to countries that need it.”112


    
      § The US death toll has risen substantially since then.

    


    As the spring of 2021 turned to summer, rates of new vaccinations in the US tailed off, vaccine supplies in the US began to exceed demand, and the US government began switching from hoarding to handing out doses to other countries. By May, the US had announced plans to send 80 million doses of its surplus vaccines to other countries by the end of June 2021,113 in addition to 4 million doses already sent to close trading partners Mexico and Canada that March.114 (These first donations included 64 million ­AstraZeneca doses the US had bought, but which were not approved by the FDA). In June, the US announced an even larger donation of 500 million ­Pfizer–­BioNTech doses to be distributed by COVAX to lower-income countries that were struggling to vaccinate their people.115 In September, President Biden announced an increase of the US vaccine donation to 1.1 billion vaccines.116 This contribution, which was significantly larger than all other countries combined, was used by the Biden administration to justify its decision to provide booster shots, despite some internal opposition. Clearly, politicians and nations are using the crisis to further both domestic and international agendas.

  


  
    4. Encouraging Customer Adoption


    While vaccine makers, governments, and logistics companies worked hard to invent, produce, and distribute billions of vaccine doses, getting those doses into the arms of people was up to those people themselves. Continuing the product launch analogy from the last chapter, a new product’s adoption by customers depends on a wide range of factors, such as the product’s cost-benefit trade-offs for individuals, companies, and governments. Central to the dynamics of adoption is product information and the interplay of true, false, and debatable “facts” about the product.


    The Advantages of Adoption


    Vaccination offers benefits to both individuals and society as a whole. At the individual level, vaccination reduces the chance of being infected with Covid and especially reduces the possibility of severe infection and death. At a more macro level, vaccination promises an end to the scourge of Covid-19 and all the associated disruption and suffering felt by people, the economy, and normal life. However, the disease would only subside quickly if enough people got vaccinated to reach herd immunity.


    What’s in It for Me?


    Individuals who get vaccinated benefit personally, because vaccination provides a level of immunity against catching Covid. That immunity substantially reduces their chances of getting sick, being hospitalized, potentially dying, or suffering from “long Covid,”* which seems to affect about one in three people with symptomatic disease.1


    
      * Sufferers of “long Covid” are those who continue to feel symptoms long after the days or weeks that represent a typical course of the disease. Interestingly, it tends to affect younger patients and, in some cases, people who suffered only mild symptoms.

    


    Vaccination isn’t the only way to develop immunity—catching Covid is the competing “product” that can provide immunity from catching Covid again. However, of the two ways to gain immunity, vaccination is far more preferable by any measure of preventing symptoms, side effects, hospitalization, and death—not to mention the associated monetary costs. At the peak of its vaccination campaign, the United States was able to immunize more than 3 million people per day via vaccination, with a low incidence of side effects. In contrast, during the January 2021 pandemic surge, about one-tenth of that number were infected daily, offering natural immunization to those who recovered. However, this natural immunization also killed 3,500 people per day in that same month and swamped the nation’s hospitals with the seriously ill.2


    What’s in It for My Family and Friends?


    An individual also benefits from vaccination by reducing the chances of spreading Covid to their family, friends, and coworkers.


    That risk of spread depends on the disease’s infectiousness. Recall from Chapter 1 that epidemiologists measure by the infectiousness by R0 (also known as the basic reproduction number). More specifically, R0 is the average number of individuals (in a susceptible population) to whom an infected person will transmit the virus during the time that they are contagious. R0 of a respiratory disease depends on the biological abilities of the pathogen to reproduce in the human body and escape in droplets and, particularly, aerosolized bodily fluids to expose others. It also depends on a wide range of social attributes, practices, and behaviors (like crowding, hygiene, mask use, and ventilation) that affect people’s exposure to these pathogenic droplets and aerosol emissions. For example, the R0 on a cruise ship may be higher than the R0 in a dense city, which in turn may be higher than the R0 in a rural area.


    Typical values of vary by disease. Seasonal influenza typically has an R0 = 1.2–1.4, while more serious pandemic strains of influenza might have R0 = 1.3–2.0. At the other end of the contagiousness spectrum is measles, with R0 = 12–18. The original variant of Covid in Wuhan (the ancestral strain) had R0 = 2.4–3.4. However, as Covid spread worldwide, it adapted to people’s attempts to control it. Subsequent variants were more infectious: The Alpha variant has R0 = 4–5, and the Delta variant has R0 = 5.0–9.5.3


    What’s in It for Us?


    As more and more people gain immunity to a disease through vaccination or natural infection (and recovery), the prevailing reproduction number is no longer the basic R0 value. Instead, epidemiologists talk about the effective reproduction number, Re, which is the reproduction number once a portion of the population has gained immunity and is less susceptible. Recall that the value of the basic R0 is defined for a fully susceptible population before any measures against the pandemic are taken. As more and more people get vaccinated, the value of Re will decrease further and further.


    Assume, for example, that R0 = 3, as in the case of the original Wuhan variant, and in addition, one-third of the population is immune. In this case, only two out of three people, on average, will be susceptible, and only two in the average group of three people exposed to an infected individual will actually catch Covid. With this level of immunity, the effective reproduction number will be only Re = 2, and the disease will spread more slowly than when no one was immune.


    In this example (with R0 = 3), if immunity increases further to more than two out of the three people (66.7 percent), then only one person, on average, will be infected by each infectious carrier. In this case, Re = 1, and the number of new infections will stay constant and not increase geometrically. If still more people are immunized, Re will decline below 1, meaning the community will reach herd immunity, the disease will eventually disappear, and life will return to normal.


    If a vaccine is at least 95 percent effective, then vaccinating about 70 percent of the population ensures that about two-thirds are immune. The actual level of immunity in the population will likely be higher, because some unvaccinated individuals will have become immune by catching and recovering from the disease. However, if the original is R0 higher, as in the case of the Alpha and Delta variants, then reaching herd immunity requires an even higher rate of immunity in the community. Similarly, if a vaccine has lower effectiveness, then the percentage of people vaccinated must increase.


    “If we have a 95 percent effective vaccine and only 40 percent to 50 percent of the people in society get vaccinated, it’s going to take quite a while to get to that blanket of herd immunity that’s going to protect us,” said Anthony Fauci at Harvard’s T.H. Chan School of Public Health.4 What was left unsaid is that if only half the US population is fully vaccinated, a large fraction of the other half will have to suffer through Covid in order for the nation to reach herd immunity, with many more infections and deaths in the process.


    We Built It, But Will They Come?


    A key part of any new product launch is reaching the target customer segments and convincing them to embrace the product. Customer adoption depends on the customer’s intrinsic beliefs about the product, what the product delivery organization does to convince or entice customers, and information or opinions created by third parties whom customers listen to and trust. In terms of intrinsic beliefs, Covid-19 vaccines saw an extreme spectrum of people’s levels of interest—from wealthy vaccine enthusiasts willing to pay £25,000 for vaccine tourism in Dubai5 to the militant anti-vaxxers who were—and remain—convinced that the vaccine contains Bill Gates’s 5G-controlled microchips and mind-control chemicals, causes autism and infertility, alters the recipient’s DNA, and who knows what else?6 In between those extremes was a range of those wanting the vaccine but willing to wait and those more hesitant to get it.


    Providers of any product or service typically have five main tools for increasing the rate of customer adoption: information, influence, collaboration, convenience, and incentives. This holds true for vaccination drives as well.


    Information: Show Me the Data


    The first tool for increasing the rate of consumer vaccination is information, which forms the foundation of many product-adoption decisions: what the product is, how it works, what benefits it can provide, what risks it may entail, how much it costs, where to get it, when to get it, and so on. The persistently high rate of cases and deaths provided natural motivations for many to get vaccinated. For example, as Covid deaths in the US surpassed the number of US deaths in World War I, World War II, and the Vietnam War combined, more and more Americans personally knew someone who had been sickened by or had died of the disease, prompting them to seek vaccination.


    Both Federal and local public health authorities, as well as most local doctors stressed the safety and efficacy of the vaccine. At the same time, governments at all levels, as well as vaccination providers and media outlets, publicized the specific local plans for eligibility, vaccination site locations, special vaccination drives, and how to book an appointment. Vaccination was also billed as a means to get back to normal—not having to wear masks, socially distance, or curtail normal activities. However, information itself is not enough. As with any other messaging, an essential criterion for acceptance is that the receiver trusts the source of the information, an issue which may vary from group to group.


    Influence: Whom Do I Trust?


    Some people hold beliefs that are antithetical to vaccination, and they tend to disbelieve mainstream information sources. For example, in Israel, ultra-orthodox Jews—the Haredim—tend to reject the modern world in order to focus on a life of religious study. To boost the low vaccination rates in this population, the Israeli government worked to convince religious leaders of the ultra-orthodox sects about the merits of vaccination.7 Haredim leaders issued proclamations supporting vaccination on the basis of being able to return to social activities (e.g., the large weddings and funerals favored by the Haredim) that had been forbidden by Covid regulations. These efforts increased the vaccine take-up rate in this vaccine-hesitant population to 78 percent.8


    To increase the vaccination rate among the Black population in the US, former Centers for Disease Control and Prevention (CDC) director Tom Frieden argued that personal appeals from people who are most like the people who are the target population is imperative for a successful public health campaign. “The message resonates better when disseminated by familiar and consistent voices,” he said.9 In these communities, those voices took the form of community and faith leaders especially.


    Collaboration: Enlisting the Local Doctor


    Experiences with other public health issues illustrate the importance of local collaboration in securing adoption of new medical treatments, including vaccines. For example, the advent of antiretroviral medications to combat the spread of HIV/AIDS in Africa created its own public health challenge: how to get these new treatments to the right people in rural African areas. Most rural Africans received medical treatment from local traditional healers who saw Western medicine as a competitive threat that would take patients away from them.


    “It took a while for the Westerners, investigators, and people with the antiretroviral drugs that were working in the United States and Europe to sit down with the traditional healers and create a way for everybody to win,” said Dr. Howard M. Heller, Infectious Disease Consultant at Harvard Medical School and Massachusetts General Hospital, and Senior Advisor for Clinical Partnerships at the Massachusetts Consortium for Pathogen Readiness.10 That meant converting an adversarial relationship into a collaborative one, like the relationship between a primary care physician (the traditional healer) and a specialist (the Western HIV treatment doctor). It also meant helping traditional healers and HIV doctors communicate effectively with patients.


    Heller sketched out a workable, collaborative narrative for the traditional healers to share with their patients: “‘What we know, we’ve learned from our ancestors, but this is a new disease. Our ancestors didn’t know this disease, and that’s why we don’t know how to treat this disease. So, for this disease, it’s okay to go to the other doctors. But for your other conditions, you can still come back to us. For your headaches and your nausea and everything, you can still come back to us.’”11


    Once the traditional healers started working with Western HIV doctors and were assured that they wouldn’t lose their patients, the next step was teaching the healers how to perform HIV testing. This was framed as a benefit to the healers: The program awarded them a certificate and an emblemed scrub shirt upon completion. “So,” said Heller, “they now practice a higher level of traditional healing, where they not only do traditional healing, but they have access to other medical methods also.”12


    Such approaches can be applied to the rollout of Covid testing, treatment, and vaccination campaigns in many countries where large segments of the population rely on traditional medicine. Addressing consumer vaccine hesitancy means getting a buy-in from local healthcare providers (and other community leaders). For widespread adoption and distribution, it’s often better (and certainly faster) to collaborate with existing players than to create a new operation that competes with them. This is particularly true when existing providers of products and services have built longstanding, trusting relationships with their customers.


    Convenience: Make It Easy


    Although people speak of “receiving a vaccination,” the experience in the US, especially in the early days of the Covid vaccination campaign, was nothing like receiving an Amazon box that magically appears at one’s door. It was a lot more like a trip to the doctor in a bureaucratic healthcare system with a time-consuming, multi-step process of arranging an appointment, driving, parking, walking, and waiting, not to mention the administrative steps at check-in. Worse, vaccination could come with many added uncertainties for the customer, who wonders, “Where will I have to go? Can I find the place? What questions do I have to answer? How long will it take? Will they actually have the vaccine?” Add fear of needles and the potential for some minor side effects such as a sore arm or some flu-like symptoms, and many people formed a vast middle group between the vaccine enthusiasts and the vaccine avoiders—those willing to be vaccinated but not willing or able to put in the time and effort required.


    That led many providers to come up with more convenient approaches. Prof. Gil Epstein of Bar-Ilan University outside Tel Aviv described how Israel boosted its vaccination rates by sending mobile vaccination units to parks and other outdoor gathering places on sunny weekends. “They took out an ambulance or a big car, and they brought it out and they started telling people, ‘Whoever needs to be vaccinated, you can be vaccinated right here and right now.’”13


    Similarly, in the US, some local health departments collaborated with sports teams to set up mobile walk-in clinics at local sporting events.14 After US pharmacy chains had dealt with the crush of vaccine enthusiasts and demand slowed, they began to offer day-of and walk-up appointments.15 And in a creative approach to combat vaccine hesitancy, a team effort involving business and community leaders, the University of Maryland and personal care brand SheaMoisture, with support from the White House, devised the “Shots at the Shop” initiative. The program combined convenience with trust by training hair stylists and barbers in Black neighborhoods across the US to advocate vaccination, provide accurate information, and administer vaccines.16 Stephen B. Thomas, a health policy professor at the University of Maryland, summarized the approach: “Why not go where people already have trust—the barbershop and the salon?” The organizers added that they hoped they could turn this approach of working with local, trusted community partners into a national model for vaccination campaigns.17


    Cost and Incentives: Show Me the Money


    As the vaccination campaigns ramped up and supply caught up with demand, the challenge became one of convincing vaccine-hesitant people to get the jab. Governments around the world resorted to a range of incentives. Israel’s approach to convince the young and vaccine-hesitant was based on offering access to social events and venues: Green Pass is a certificate (typically presented on a smartphone) that gives the vaccinated (and those considered immune after recovering from Covid) access to many indoor venues such as restaurants, concerts, gyms, wedding halls, and stadiums that were restricted or closed due to social distancing requirements.18 Green Pass enabled a broader return to normal life and made vaccination the gateway to that return.19


    Other governments implemented similar programs. At the end of July 2021, France passed a law making a health pass mandatory for indoor venues.20 As of September 2021, a total of 129 countries had instituted such requirements.21 New York City, on September 13, 2021, became the first US city to require proof of vaccination as a condition for indoor dining, entering movie theaters, and using gyms.22 Some governments, such as those of China and the EU, developed vaccine passport systems that enabled travel. The US government, as well as a number of companies and universities, require proof of vaccination for entry into their facilities.23


    However, such passport systems prompted objections in some Western countries across the political spectrum. Conservatives objected to the infringement on freedom of movement and to government tracking. They also asserted that passport systems amounted to a de facto vaccination mandate.24 The political left voiced concerns that the passports would effectively make second-class citizens of the unvaccinated and that they would more likely to burden minorities and the poor, who have less access to vaccines and less trust in government.25 Moreover, in countries with limited supplies of vaccines and prioritized allocations, younger citizens who were ineligible for vaccination felt it was unfair to relax social restrictions only on the vaccinated.26


    Some jurisdictions (and companies) offered direct financial incentives for vaccination. For example, West Virginia offered a $100 savings bond to young people (ages 16–35) to help the state reach herd immunity levels. “Our kids today probably don’t really realize just how important they are in shutting this thing down,” said Governor Jim Justice. “I’m trying to come up with a way that’s truly going to motivate them—and us—to get over the hump.”27 West Virginia, known for an abundance of outdoor recreation opportunities, also selected lottery prizes likely to sway the hesitant, such as hunting rifles, shotguns, and lifetime licenses for hunting and fishing.28


    Governor Mike DeWine of Ohio chose a different approach. He took inspiration from Bill Veeck, owner of several Midwestern baseball teams in the mid-20th century, who said, “To give one can of beer to a thousand people is not nearly as much fun as to give 1,000 cans of beer to one guy.” Ohio announced five weekly drawings of a $1 million prize to any adult who got at least one dose of a vaccine, dubbing the incentive Vax-a-Million.29 On May 26, 2021, 22-year-old Abbigail Bugenske of Silverton, Ohio, near Cincinnati, won the first $1 million prize.30 To encourage vaccination among younger populations, the state made vaccinated 12-to-17-year-olds eligible for weekly drawings for full scholarships to any Ohio state higher-education institution.


    Like other schemes, lottery campaigns drew criticism. Some denounced the use of public funds for such a cause, others questioned the effectiveness of such campaigns, while yet others considered them coercive. The campaigns, however, were widely successful. For example, vaccinations in Ohio among 16- and 17- year-olds increased by 94 percent and 65 percent among rural Ohioans of all ages.31 Colorado, Oregon, and Massachusetts followed suit with $1 million jackpots. Other local officials used less expensive approaches ranging from free beer in Erie County, New York, to a dinner with the governor of New Jersey.


    Beyond the purely humanitarian motivation to save lives, incentives for vaccination may ultimately save far more money than they cost by controlling Covid and eliminating the escalating costs and economic losses caused by the pandemic. As Ohio Governor Dewine wrote in an opinion piece in the New York Times on May 26, 2021, the day of the first drawing, “I thought about how much money the country had already spent fighting the virus, including millions of dollars in healthcare costs, the lost productivity and the lost lives. Frankly, the lottery idea would cost a fraction of that.”32 His statement was backed by an independent scientific analysis demonstrating that while the program’s cost was $5.6 million, the benefits—in hospital bill reductions alone—totaled $66 million.33


    The strongest incentives, of course, are mandates. Pakistan, for example, is requiring all citizens to be vaccinated. Region-specific penalties for refusing the vaccine include cutting off cell phone service, withholding salaries, denying pension benefits, prohibiting travel to popular northern mountain destinations, and many others.34


    Companies Do Their Part


    Companies and other private organizations played key roles in promoting vaccine adoption. Beyond the obvious examples of retail pharmacy chains directly providing vaccination services and sports teams hosting vaccination sites at their venues, many firms drove adoption through promotions, incentives, and even mandates. These efforts focused on both consumers and workers. On one level, these efforts could be considered part of corporate social responsibility in supporting the health of workers, customers, and the community. On a deeper level, the efforts were about accelerating the reopening of the economy, ending the economic and operational uncertainties of the pandemic, and supporting a post-pandemic rebound in business.


    Incentives for Customers and Staff


    Companies promoted vaccination among customers, like with Krispy Kreme’s offer of free doughnuts35 or Budweiser’s offer of free beer.36 Several colleges and universities offered gift cards and other financial incentives to students. Both Lyft and Uber offered free rides to vaccination appointments.37 Meanwhile, United Airlines gave away 30 pairs of round-trip tickets to members of its frequent flyer program who presented their vaccination records.38


    Many companies crafted incentives and accommodations to encourage employee vaccination as well. In mid-January 2021, discount retailer Dollar General offered hourly employees a vaccination bonus equal to four hours of pay and adjusted stores’ labor management systems to give those workers time off to get their shots. “We do not want our employees to have to choose between receiving a vaccine or coming to work,” the company said in a press release.39 Similarly, grocery chain Kroger offered $100 cash and other rewards to employees who got vaccinated.40


    Companies that depend on large, in-person workforces—such as front-line retail, e-commerce fulfillment, and meatpacking—lobbied governments to prioritize their workforces for vaccine eligibility.41 “There’s no doubt that getting their employees vaccinated is going to be good for business and will be an important boost to getting the economy back on track,” said Arthur Herman, senior fellow at the Hudson Institute, a think tank in Washington, D.C.42


    Mandates for Employees


    Some companies, especially those in the healthcare and long-term care sectors, issued vaccination mandates for employees. “As healthcare workers,” Dr. Marc Bloom, CEO of the Houston Methodist hospital system, told employees, “we must do everything possible to keep our patients safe and at the center of everything we do.”43


    Hundreds of universities mandated student vaccination ahead of their fall 2021 terms.44 Some, like MIT45 and Yale,46 went a step further and mandated vaccination for all faculty and staff as well (with limited exceptions).47 The New York Stock Exchange requires vaccination for anybody entering its trading floor, as do other Wall Street firms, including Putnam Investments, Morgan Stanley, Jefferies, and others.48


    On July 29, 2021, President Biden announced that all federal workers must be vaccinated or comply with new requirements, including masking, distancing, and frequent testing, among others. Several states issued a similar directive, while others limited the mandates to healthcare workers and those in long-term care facilities. And on September 9, Biden went a step further, extending the vaccination mandate to all companies with more than 100 employees.49


    Legal Obstacles to Workplace Mandates


    “Vaccination mandates are ethical,” said Lawrence O. Gostin, a professor of health law at Georgetown University Law Center. “Everyone has a right to make decisions about their own health and welfare, but they don’t have a right to expose other people to potentially dangerous or even lethal diseases.”50 The US Equal Employment Opportunity Commission issued extensive guidance permitting vaccination mandates with certain provisos and requirements for reasonable employee accommodations.51


    Issues around mandates became especially thorny in industries hit hardest by Covid. For example, Covid completely shut down the cruise industry—cruise ships being one of the early headline-making superspreader environments, where unavoidable social contact indoors fomented the spread of the virus. In order to ensure the safety (and willingness) of both passengers and crew to return to shipboard life and fun, Norwegian Cruise Line implemented a “Sail Safe” vaccination mandate that applied to employees and passengers alike.52


    However, Florida Governor Ron DeSantis issued executive orders prohibiting the creation of vaccination passports and prohibiting companies from requiring proof of vaccination from customers.53 They would face a $5,000 fine for each occurrence.54 “In Florida, your personal choice regarding vaccinations will be protected, and no business or government entity will be able to deny you services based on your decision,” DeSantis said. As a result, Norwegian considered suspending all Florida departures in favor of other states and Caribbean ports.55 In July, the cruise line sued Florida’s surgeon general in federal court, accusing the state of preventing it from safely resuming operations.56 The judge sided with Norwegian and issued an injunction that prevented the enforcement of the Florida rule,57 and other cruise lines, including Carnival and Virgin, followed suit.58 In September, Florida started issuing a $5,000 fines to businesses that required customers or visitors to show vaccination proofs. Cruise lines, however, were exempt due to the previous court decision.59 As demonstrated by this example, the evolving landscape of state-specific laws in the US poses challenges to companies with a national footprint.60


    Resistance to mandates also came from employees. For example, in April 2021, when Houston Methodist hospital system mandated vaccination (with limited exceptions) as a condition for continued employment for its 26,000 staff members, a handful objected. Although more than 99 percent of the company’s workers complied, 153, including 100 nurses, sued. The anti-vaccination workers lost their court case61 and were subsequently fired.62 Similarly, at the end of September, United Airlines began the process of terminating 593 employees who refused to comply with its vaccination mandate (out of a work force of 67,000).63


    Side Effects


    Whether customers adopt a new product depends on their confidence that the product’s benefits outweigh its costs and risks. In the case of vaccines and other pharmaceuticals, clinical trials are designed to document both the benefits (e.g., avoiding disease and death) and risks of side effects or safety issues (e.g., chances of headache, muscle aches, fever, or worse). This data, collected from tens of thousands of Covid vaccine trial participants, was designed to demonstrate whether those who got the vaccine experienced fewer health issues or deaths compared to the unvaccinated (those who received a placebo). Overall, the clinical trial data established that, on average, being vaccinated was significantly safer than being unvaccinated.


    That said, such trials cannot catch extremely rare side effects. For example, if a clinical trial has 10,000 people in its vaccinated group, then any side effect that occurs in fewer than 1 in 10,000 cases in the general population is unlikely to be discovered during the trial. And if, for instance, 5,000 subjects are women, with 1,000 women in each 10-year age cohort (e.g., 20–29, 30–39, etc.), then a side effect that occurs in less than 1 in 1,000 young women in a specific 10-year age cohort might not show up in the trial. Uncovering the rare side effects in subpopulations requires more data.


    Data collection on rare side effects does happen steadily as people get vaccinated. National regulators create monitoring systems that gather data on anomalous medical conditions that may potentially be rare adverse side effects of vaccines. For example, the FDA maintains the Vaccine Adverse Event Reporting System (VAERS). In mid-April 2021, VAERS highlighted six cases of women between the ages of 18 and 48 who suffered severe blood clots (including one death) within a week or two of getting the ­Johnson & ­Johnson vaccine.64 At that time, the US had already administered 6.8 million doses of the J&J vaccine. At first glance, this seemed to imply that the vaccine caused only a one-in-a-million risk of blood clots. But was that a valid conclusion, and how should regulators have responded to the data?


    No Easy Options


    In deciding whether to halt use of the J&J vaccine, authorities faced two problematic options. On one hand, if they halted injections of an effective vaccine while Covid continued killing 1,000 people per day in the US—and while other vaccines were in short supply—it would surely delay millions of vaccinations and lead to even larger numbers of additional cases and deaths. In addition, news of the halt would certainly confirm the fears of the vaccine-hesitant, further reducing vaccination rates. Alternatively, if authorities continued distributing the J&J vaccine, they risked a subsequent revelation of the adverse side effect data. At that point, the media (and partisan adversaries) would surely call it a cover-up, severely damaging the already low trust in government and science in certain groups and dramatically increasing vaccine hesitancy.


    On April 13, 2021, the FDA and CDC announced the existence of the six cases and recommended pausing injections of the J&J vaccine. The agencies called for a pause because VAERS (and similar systems) have limitations. The initial one-in-a-million estimate of risk may have been misleading; the true value might either be reassuringly lower or alarmingly higher. On one hand, VAERS may overestimate risks because the system does not require any proof that the vaccine caused the adverse condition. Every day, ordinary people suffer the onset of all manner of strange and serious maladies, but that does not mean these unusual medical conditions were necessarily caused by whatever unusual action the sufferer recently took, such as getting vaccinated. The logical fallacy of post hoc, ergo propter hoc† should not rule policy decisions.65


    
      † Post hoc, ergo propter hoc (Latin for “after this, therefore because of this”) is a logical fallacy in which one event is (incorrectly) said to be the cause of a later event simply because it occurred earlier. It is a fallacy because correlation does not equal causation.

    


    On the other hand, VAERS can also underestimate risks for several reasons. First, VAERS is a voluntary data collection system, not a comprehensive one that taps detailed healthcare records of every vaccinated person (a disadvantage of the US over countries with more centralized, digital healthcare systems like Israel or the UK). Thus, an unknown additional number of vaccinated patients could be suffering from some VAERS-logged possible side effect, but neither the patients nor their doctors ever saw a connection between the condition and vaccination or took the time to report it to VAERS. Second, some side effects may take time to manifest—thus, cases in VAERS may only reflect the effects of early J&J vaccinations, not all 6.8 million. Third, the simple one-in-a-million estimate for the original six cases in 6.8 million shots implies that every one of those 6.8 million vaccinated people was equally likely to suffer the side effect, which may be wrong. Further study may find the risk is concentrated in a subgroup.


    Indeed, later studies found nine additional cases of blood clots for a total of 15 cases and three deaths among women ages 18–60.66 Instead of a one-in-a-million risk, the additional data and analysis estimated the risk level as 12 per million in women age 30–39 and seven per million in the broader category of 18- to 49-year-old women. (The investigation also showed that the mRNA vaccines did not appear to induce this blood clot side effect despite being administered to 26 times as many people as the J&J vaccine.)67


    Risk in the Balance: J&J Beats Covid


    Finally, any newfound unusual risks of vaccination must be carefully compared to the well-documented, serious risks of remaining unvaccinated. Whereas vaccination may create some rare, one-time risks (like rare blood clots within a week or two), being unvaccinated creates a much higher ongoing risk of disease and death—and spread—for as long as Covid continues to circulate in the population.


    At the time of the FDA’s investigation in mid-April 2021, Covid was infecting more than 2 million unvaccinated Americans and killing over 23,000 of them every month.68 Moreover, Covid itself caused blood clots in an astounding 20 percent of those with the disease,69 along with a litany of other dangerous symptoms and side effects. The US was nowhere near herd immunity—some people were getting reinfected with Covid, and rising rates of mutant variants of the virus were increasing the likelihood that anyone who remained unvaccinated would face months (and possibly years) of ongoing risk of disease.


    Even among young women ages 18–49, who have the highest risk of vaccine-related blood clots and much lower risks of Covid-related medical problems, the updated risk analysis showed that Covid was more dangerous than the J&J vaccine by an order of magnitude. Whereas a million vaccinated women in this age group might lead to 13 cases of blood clots and one or two deaths, a million unvaccinated women would lead to more than 600 hospitalizations, almost 130 ICU admissions, and 12 deaths.70


    After a 10-day pause, more data collection, and much analysis, the CDC concluded that resuming the use of the J&J vaccine was safer than letting people remain unvaccinated.71 Moreover, because the J&J vaccine only required one dose, it had a better chance to get more people fully vaccinated in comparison to the two-dose vaccines, the second dose of which some people skip. Finally, to minimize the severity of the side effects, regulators publicized the potential risk so that patients could watch for symptoms of blood clots, and they also gave doctors instructions on how to best treat them.


    Importantly, regulators did not use VAERS to draw conclusions; they used it to trigger investigations to decide whether an abnormality was a coincidence or a problem of true concern. VAERS is figuratively the canary in the coal mine—a sensitive early-warning signal that might flag a possible problem with a vaccine. VAERS and similar systems, along with follow-up investigations, serve three purposes: (1) to catch rare but severe side effects that may change the regulatory approval status of a treatment, (2)nbsp;to modulate who should receive the treatment based on the updated risk analysis, and (3)nbsp;to alert doctors (and vaccine recipients) to watch for these effects so they can be quickly and correctly treated.


    Note that this monitoring function of VAERS is not unlike the monitoring systems used by companies to track problems surfaced by social media reports of product defects, warranty repairs, and other service problems. News of a problem isn’t always bad news if it reflects the normal rate of rare random defects, abusive customers, or other accidents. However, repeated reports of a problem necessitate an investigation. Depending on the outcome of the investigation, the company might tweak the product’s manufacturing; change the design; offer a free, optional remediation for concerned customers; or issue a full recall in the case of a serious issue.


    Other Responses to Side Effects


    A similar issue in Europe elicited more nuanced initial reactions among European countries. By April 2021, some 222 blood clot cases and 30 deaths were reported among 34 million people who got the first dose of the ­AstraZeneca vaccine.72 These cases were concentrated in younger people; as a result, the UK stopped using the ­AstraZeneca vaccine for people under age 30,73 and Germany similarly restricted ­AstraZeneca for those under 60.74 Australia recommended use of the ­AstraZeneca vaccine only for people over 50 years old and opted for the ­Pfizer–­BioNTech vaccine for those under 50.75 The rationale for these policies was to reduce the risk of blood clot side effects in the young by taking the ­AstraZeneca vaccine off the table for that age group while at the same time reducing the risk of Covid in the elderly by utilizing all available vaccine doses as soon as possible.


    It’s interesting to note that the two vaccines that have been linked to this kind of serious blood clotting are both based on the same vaccine technology: a non-replicating adenovirus viral vector. In July 2021, it was reported that both ­Johnson & ­Johnson and ­AstraZeneca were exploring vaccine reengineering in response to the rare blood clot problem. Time will tell whether Russia’s Sputnik V vaccine, which is also based on adenovirus viral vector technology, has the same problem. Unfortunately, in addition to Russia, where information is tightly controlled, Sputnik V is mostly used in developing countries where data collection and reporting of side effects is not as robust as in the EU and the US.


    On July 9, 2021, the FDA issued a new warning for the J&J vaccine following reports of 100 cases of Guillain-Barré syndrome (GBS), leading to one death.76 Given that, by then, 13 million Americans had received the J&J shot, the FDA did not hold up the J&J campaign because of the rarity of the condition. GBS takes place when a person’s nerve cells are attacked by the body’s own immune system, leading to possible (usually temporary) paralysis.77 The same rare side effect, at about the same rate, was observed in recipients of the H1N1 swine flu vaccine in 2009–2010.78 Note that 3,000–6,000 people in the US develop GBS every year regardless of any vaccination.


    In another instance, rare cases of cardiac inflammation following mRNA vaccinations have been reported: myocarditis (inflammation of the heart muscle) and pericarditis (inflammation of the thin membrane surrounding the heart). While both conditions are relatively rare, the data indicate a statistically significant increase relative to pre-vaccination levels, mostly among young male adults.79 In this case, the CDC did not halt the vaccination process. It only issued advisories and reports while it continued to monitor the data and investigate the issue80 because most cases were mild and resolved within a few days.81 In addition, patients infected by Covid-19 had nearly 16 times the risk for myocarditis compared with patients who had not been infected.82


    The Side Effects of Side Effects


    Infectious disease expert Dr. Howard Heller illustrated how mistakes in vaccination campaigns can have serious long-term consequences, as in the case of the 2016 campaign in the Philippines to vaccinate against dengue fever. Dengue fever—also known as breakbone fever—is a painful, mosquito-borne viral disease found in tropical and subtropical areas.83 Every year it infects about 400 million people, sickens about 100 million, and kills about 22,000.84 The virus has a unique biology with four distinct serotypes. Getting dengue of one type provides no immunity to the other three. In fact, it’s the opposite: subsequent infections by other types are often worse.


    After 20 years of development and $1.8 billion in costs, Sanofi introduced a dengue fever vaccine (Dengvaxia) in 2016.85 In April 2016, Philippine President Benigno Aquino III embarked on a dengue fever vaccination initiative. The Department of Health spent $67 million on Dengvaxia and kicked off a mass immunization program with the aim of vaccinating a million students by the end of the year.86 Heller described Aquino’s push for the vaccination effort: “He had this whole big publicity campaign that he was doing this for public good. They had slogans and cartoon characters and colors and costumes. And then people started to die—especially children.”87


    The problem was that if Dengvaxia was given to someone who had never had dengue before, their risk of severe dengue became three times higher than if they had remained unvaccinated.88 This was especially likely among children, who had previously been least likely to catch dengue. “All officials who spoke with me about the Dengvaxia campaign worried about the potential for future severe dengue cases in vaccinated persons who had never had a previous case of dengue,” said Dr. Jody Lanard, a public health risk communication expert who witnessed the April 2016 rollout of Dengvaxia in Manila.89


    The Philippines halted the campaign and ordered Sanofi to cease the sale and distribution of Dengvaxia in the country, but scandal, protests, and lawsuits ensued. Worse, the damage went beyond those who had received Dengvaxia. A year later, a second health disaster broke out when a measles epidemic hit the country. The Department of Health then, as before, embarked on a measles vaccine campaign. “Do you think the people were eager?” asked Heller. “Talk about vaccine hesitancy. They had just come through this dengue disaster, and now they’re trying to convince people to get a measles vaccine, and the people wouldn’t do it. So, they ended up having a lot of the people dying of measles.”90 Public distrust of vaccination in the Philippines caused more than 33,000 measles cases and 466 deaths from this obviously and safely vaccine-preventable disease.91


    Clearly, violating people’s trust has serious consequences, especially for public health. When it comes to evaluating products, people have a natural hierarchy of risk aversion and tolerance defined by whether the product is “in me” (such as medicine and food), “on me” (such as cosmetics), or “around me” (such as furniture and cars).‡ With vaccination being as “in me” as one can get, many have deep concerns about any risks. (That aversion is no doubt many times greater when it comes to “in me” products for children.)


    
      ‡ The concept was first suggested by Bill Morrisey, vice president of environmental sustainability at Clorox, in the context of environmental attitudes at the 2008 Sustainable Brands Conference.

    


    Whether Sanofi obscured the risk or the Philippine government ignored the risk is beside the core point about the much bigger picture of the risk management environment of vaccination. Although delaying a promising vaccine or treatment seems foolhardy, botching a public health campaign is much worse. The risks go beyond the trade-offs between deaths in the unvaccinated versus the vaccinated for any disease du jour. It is crucially important to protect the public’s fragile trust in science and government, which in turn influences subsequent rates of death and disease in all future public health initiatives.


    In fact, the high vaccine hesitancy among the Black community in the US92 can be traced to the US government using Black citizens as unwitting test subjects in medical experiments. The most well-known of these are the 1932–1972 Tuskegee syphilis study93 and the Henrietta Lacks cell studies from 1951 onward.94 Consequently, despite Blacks dying from Covid at three times the rate of white populations, the stain of these historical crimes is one explanation for vaccine hesitancy in this population—and for a general distrust of medical and governmental institutions.


    The Never-Ending Battle for the Truth


    The Covid-19 pandemic was more than just a physical virus that attacked the lungs and other organs of the human body. It also spawned a pandemic of viral memes on both sides of the debates about the best measures for tackling (or living with) the pandemic. The combination of a rapidly spreading and evolving new disease; the daring, innovative healthcare technologies; and the life-upending government policies created a cloud of unnerving unknowns from which emerged a rogues’ gallery of the misinformed, the fearful, and the exploiters of chaos. The collision of complex science, frightening anecdotes, nonintuitive dynamics of pandemics, and the frustrating behaviors of fellow citizens and politicians all sowed fertile ground for confusing, conflicting, and misleading information about Covid.


    Some of the disputed facts about both the pandemic and the ongoing attempts to control it did little more than provide fodder for the ephemeral theater of the 24-hour news networks, opportunist politicians, and internet flame wars. But some of it plainly affected people’s behavior (e.g., unwillingness to wear masks, reduce social contact, or get vaccinated) that, in turn, has prolonged and worsened the pandemic.95 For example, the net result of US President Donald Trump’s widely publicized views on Covid was very low vaccination rates in counties that supported him in the 2020 election,96 which have contributed to surging rates of disease in those same places in the summer of 2021. In addition, the ever-changing messages from the CDC without proper and detailed explanations, as well as the evolving safety protocols—such as requiring San Francisco marathon competitors to run wearing masks97—added to the confusion and skepticism about subsequent recommendations.


    A Bit of a Stink About How People Think


    The psychologist Daniel Kahneman is famous for his work on how people think. He disproved a core tenet of economics—that people are rational decision makers—for which he was awarded a Nobel Prize (in economics!). In his work, he explains what it means when people think they “know” something. “Knowing” means the lack of doubt in what is actually a belief, not necessarily a fact. And people develop excessive confidence in their beliefs, which they “know” to be true, by relying on the word of trusted sources. Thus, most people who believe in climate change trust the scientists who created the climate models; people who believe in their God trust their religious leaders and teachers; and many who believe that the 2020 elections in the US was fraudulent trust President Trump and his followers. For each of these groups, respective media outlets amplified the messages that each of these groups of people already believed. Invariably, the media outlets, using their own experts and communicating with their (already convinced) audiences, provided “proofs” for such knowledge.


    Kahneman explained that the notion that people carefully weigh unbiased data and rational arguments to form a logical conclusion to develop knowledge is just not the case. Kahneman is quoted as saying, “When people believe a conclusion is true, they are also very likely to believe arguments that appear to support it, even when these arguments are unsound.”98 Called confirmation bias, this concept means that people tend to cherry-pick the subset of facts that supports the conclusion they already believe rather than carefully arrive at a conclusion that fits all the facts.99


    Indeed, a May 2021 YouGov poll revealed that about 20 percent of Americans said they would not get vaccinated. Furthermore, 80 percent of them claimed that there was nothing that could convince them to change their minds.100 They harbored no doubt at all in their positions, validating Kahneman’s definition of what it means to “know” something. Worse, efforts to convince people to get vaccinated can often have the opposite effect. “People were thinking, why are they so pressed to give people incentives to take the vaccine?” said Gerard Dupree, who won Maryland’s vaccination incentive lottery but has many anti-vax friends and family. “For people who have mistrust, it just makes you more suspicious.”101


    In his 2011 book Thinking, Fast and Slow,102 Kahneman recounts an experiment in which he asked college students if the following chain of reasoning is true:


    All roses are flowers.


    Some flowers fade quickly.


    Therefore, some roses fade quickly.


    A large majority of college students said this syllogism was valid. In fact, the argument is flawed, because it is possible that there are no roses among the flowers that fade quickly. Yet, people know that the conclusion is true and so they think the line of reasoning is valid.


    Dr. Robert Kaplan, research director of Stanford’s Clinical Excellence Research Center, noted that since August 2020, before any Covid-19 vaccine was available, 20 percent of the US population claimed that they would never get one, and another 15 percent said they were unlikely to. Subsequent polls revealed that these percentages did not budge as vaccines came out following successful clinical trials, and even after hundreds of millions of people were vaccinated.103 Thus, as Kahneman argued, data cannot change somebody’s firm “knowledge.”


    Even personal experience was sometimes not enough to convince people. Dr. Clay Dunagan, chief medical officer at BJC HealthCare in Missouri, said, “We have had patients that, even when they come down with Covid, don’t believe Covid is a real thing; even when they are in the ICU and on a ventilator.”104


    Such examples explain why new data and reasoning can fail to convince people who are self-assured about their knowledge that they have any chance of being wrong. While this framework of human thought can explain most of the vaccine hesitancy and anti-vaccine positions, there are many other contributing factors, none of which are new.


    The History of Hysteria


    Opponents of vaccination—those so-called anti-vaxxers—date to the beginning of vaccinations shortly after Dr. Jenner’s 1796 experiments showed that inoculation with mild cowpox virus created immunity to the deadly and disfiguring smallpox virus. An 1802 satirical cartoon suggested that the cowpox vaccine would cause people’s bodies to erupt with cow heads and horns.105 Public health regulations requiring vaccination engendered protests and spawned anti-vaccination leagues in the mid-19th century.106


    Just like any other “knowledge,” pro- and anti-vaccination sentiments are a function of whom and what people trust. Vaccine proponents trust medical advances, technology, their doctors, and pro-vaccine politicians with whom they agree politically. Anti-vaxxers trust different people, including their like-minded neighbors, religious leaders, or politicians with whom they agree politically. Some are part of naturalistic movements (opposing injection of artificial substances) and take their cues from the leaders and healthcare providers supporting such views, while others hold strong beliefs in personal liberty above all and are not willing to get vaccinated simply because the government recommends it.


    The fact that a large portion of individuals in developed countries are anti-vaxxers, despite all the vast data about the safety and efficacy of most Covid vaccines, is a testament to Kahneman’s view of people’s decision-making processes. Anti-vaxxers seek support for their “knowledge” from other sources. Interestingly, the highest percentage of people who do not believe that vaccines are safe is in Europe. In a 2019 Gallup poll, a third of the French said they did not believe that vaccines are safe,107 dovetailing with data showing that more than half of French people distrusted science and technology. Similarly, half of Ukrainians believed that vaccines do not work. It is no surprise, then, that measles cases tripled across Europe in 2020, largely driven by 54,000 cases in Ukraine.108


    While objective evidence suggests that the Covid vaccines are safe and effective, multiple elements contribute to the generation and propagation of “knowledge” that contradicts the science. First, the complexity of medical issues in the face of fundamental uncertainty leaves much room for different interpretations of the data, models, and conclusions. Second, the media, especially today’s social media platforms, make the spread of different points of view very easy. Third, warped incentives mean that the media and other providers and distributors of information are rewarded for information that is scary and alarming, rather than sober, accurate, and rooted in facts. Fourth, and worst of all, mistrust in institutions and governments (some of which may be well-deserved) creates an obstacle to effective official communication—including data-supported facts. Distrust in the messenger prevents acceptance of the message, no matter how well-reasoned.


    (Mis)Understanding


    The Covid-19 pandemic sparked a lot of discussion, armchair analysis, media punditry, and vitriolic debate about the disease, treatments, preventative measures, vaccines, and policies. “Covid has turned us all into amateur scientists,” said Talya Miron-Shatz, an associate professor and expert in medical decision-making at Ono Academic College in central Israel. “We are all looking at data, but most people are not scientists.”109 The resulting uninformed proclamations led to unintentional misunderstandings on the part of citizens, journalists, politicians, and even some scientists about what the data actually meant.


    The example described earlier of the risks of blood clots with some vaccines illustrates some of the many challenges to correctly understanding and interpreting the data surrounding an important issue. The first are biases in the data that may be caused by an emphasis on anecdotes, underreporting, overreporting, wishful thinking, biased sample, or biased observers. For example, a statistical analysis of fish caught in a given lake concluded that there are no fish smaller than the holes in the net. Such results ignores the biased sample which includes only fish that were caught. The second are challenges in understanding the meaning of statistical results. For example, claiming that a statistician was drowned when crossing a river whose average depth is only 50 centimeters (20 inches) sounds implausible if you ignore the fact that the “average” value says nothing about the deep end of the river. The third is understanding the limits of any kind of data, such as the statistical chances that something looks true due only to blind randomness. Finally, there is the widespread confusion of correlation with causality. While it is true that the damage from a fire is directly correlated with the number of fire trucks at the scene, the fire trucks do not cause the damage.


    Consequently, investigators (and commentators) face the problem of identifying a plausible cause of any adverse health events, analyzing their implications, and readjusting public health policies to fit the new data. Such analysis either strengthens confidence in the initial suspicion (e.g., the vaccine caused the blood clots), dispels the concern by showing that an apparent side effect actually has causes unrelated to the vaccination, or establishes that the occurrences are so rare that the dangers from contracting and dying from Covid far outweigh the risk of the side effect (in this example, the clots). The marshaling and analyzing of data helps determine if the vaccine really does have a side effect and, if so, what to do about it. All of these issues compound the need for dedicated and specialized experts who understand the data, the math, the demographics, and the medical context. Thus, trust in such experts is crucial.


    The scientific community has developed certain processes to reduce the possibility of trust-busting false scientific conclusions and results. These processes include peer review of scientific publications, requiring scientific experiments to be repeatable by others, careful experimental designs, and double-blind experiments (in which neither the subject nor the investigator knows if the subject got the treatment being tested or a placebo). For products that clear all these hurdles, governments have systems to monitor rare side effects, be they defects in automobiles or other products (leading to recalls) or unexpected adverse reactions to vaccines or other medications. However, trust is hard to foster and easy to lose. That’s especially true when dealing with complex new phenomena, where there may be contradictory, unvetted “knowledge” sources—with easy access to information dissemination channels—that can chip away at trust.


    Perhaps the deepest source of misunderstanding, and even mistrust, comes from the unavoidable chaos of the scientific process itself. When a new threatening phenomenon such as Covid appears, no one really knows anything about it because the scant data that first appears is fragmentary (e.g., a few cases of a mysterious disease), often collected under non-ideal conditions (e.g., potentially biased anecdotes), and in many cases collected and analyzed by parties that have incentives to hide the facts or tout their role in a potential discovery. Although science seems to be a set of absolutely true facts supported by evidence, it is, instead, a process for developing plausible potential hypotheses (from theories and initial data) and then gradually testing them to determine which are true, which are false, and which still belong in the “we don’t yet know” column.


    However, right from the beginning of a crisis like a pandemic, government leaders and the public need to make potentially life-altering decisions. Therefore, both politicians and the public demands prompt answers about existential threats like Covid. The result is that, in the beginning, many different scientists announce many different conclusions and recommendations based on the varying (and limited) bits of data and each scientist’s pre-existing knowledge and beliefs. Unfortunately, many if not most of those early conclusions will, in time, prove false as scientists collect more and better data. “You can be wrong if you’re dealing with information that is evolving,” said Anthony Fauci on the New York Times’s podcast Sway.110 That gulf between what science can do and what people expect or wish it could do creates fertile grounds for mistrust.


    (Mis)Information Distribution


    Rumor mills and grapevine gossip may be as old as humanity, but the internet converted the dissemination of misinformation from bounded, over-the-fence whispering into unbounded, around-the-world shouting. The birth of social media platforms created zero-cost distribution networks for anyone with any sort of belief and a way with words to attract thousands or even millions of followers. For example, an analysis of online messages found that a mere twelve leading online anti-vaxxers with a combined total of 59 million followers generated nearly two-thirds of all anti-vax social media messages across all major platforms.111


    In a plea to combat misinformation, attorneys general from a dozen US states sent an open letter to the CEOs of Twitter and Facebook, saying, “As Attorneys General committed to protecting the safety and well-being of the residents of our states, we write to express our concern about the use of your platforms to spread fraudulent information about coronavirus vaccines and to seek your cooperation in curtailing the dissemination of such information.” The letter added, “Unfortunately, misinformation disseminated via your platforms has increased vaccine hesitancy, which will slow economic recovery and, more importantly, ultimately cause even more unnecessary deaths.”112


    Social media platforms have taken some steps to reduce anti-vax information. Facebook claimed it had removed some 2 million examples of false information related to Covid from Facebook and Instagram. “We’ve also labeled more than 167 million pieces of Covid-19 content rated false by our fact checking partners, and now are rolling out labels to any post that discusses vaccines,” Facebook spokesperson Dani Lever said in a statement.113 Facebook also said it was working to improve proliferation of factual information. “Since research shows that the best way to combat vaccine hesitancy is to connect people to reliable information from health experts, we’ve connected over 2 billion people to resources from health authorities.”114 Yet, as a series of articles in the Wall Street Journal revealed, Facebook fell woefully short on many of its proclamations,115 including CEO Mark Zuckerberg’s push to help the US vaccination campaign.116


    Despite the efforts of all the main platforms, false information keeps popping up. Andy Pattison, manager of digital solutions for the WHO, said that anti-vaxxers “learn the rules, and they dance right on the edge, all the time… It’s a very fine line between freedom of speech and eroding science.”117 Just as dangerous variants of the Covid virus spread faster, dangerous variants of ideas about Covid spread faster too. Bad news travels fast.118 As the great Mark Twain said, “A lie can travel half way around the world while the truth is putting on its shoes.” Indeed, an MIT researcher found that false information does travel faster, deeper, and more broadly on Twitter than real news.119


    Incentives for Deception


    The old newspaper adage “If it bleeds, it leads” encapsulates the sad truth that stories of disasters and pending calamities that evoke fear help sell media. Similarly, social media and internet media have financial models based on customer activity, such as engagement and click-throughs, which are reinforced by provocative messages leading to “doomscrolling.” In the never-ending search for sales, high ratings, clicks, and screen time, media organizations have incentives to overemphasize rare but terrifying defects or flaws, or to dig up the most lurid anecdotes. As such, the various media entities profit from fearmongering, even if the information is flat-out false.


    Likewise, politicians have strong incentives to spin the truth if it suits their agenda and leads to continued political power. For example, during the first year of the pandemic, politicians in many countries hid evidence of the disease or belittled its danger.120 The Chinese suppressed information about the pandemic and delayed the isolation of Wuhan, all in order to support the public image of China as a stable power. Similarly, Iran’s leaders hid the existence of Covid and the growing numbers of Covid deaths from the public in order to minimize public perception of the depth of the crisis.121 Mexico’s President Andrés Manuel Lopez Obrador told his citizens in speech after speech that they shouldn’t fear Covid-19 and should go shopping.122 Politicians who saw Covid as a threat to their power had incentives to downplay the pandemic. Brazil’s President Jair Bolsonaro claimed that the disease “would be like a little flu or a little cold,”123 echoing similar claims by US President Donald Trump.124 Spain’s Prime Minister Pedro Sánchez led a newly formed, fragile minority government and was loath to anger citizens with unpopular restrictions. Consequently, he allowed attendance at soccer games and rallies in Madrid, leading to the world’s fourth-largest outbreak.125


    Finally, the vaccine makers themselves have financial, professional, and personal incentives to highlight the advantages of their vaccines and obscure their disadvantages. They have a natural incentive to publicize the positive data they expected to get and be skeptical of or explain away any negative data. Although modern, double-blind clinical trial protocols can employ a range of fraud-prevention measures,126 problems can still occur. A meta-analysis suggests that about 2 percent of scientists have fabricated, falsified, or modified data or results at least once.127


    The Political Point of View


    Political scientists have argued that political leaders come to power with their own personal or ideological agendas rooted in their respective views of the world. Any issue that contradicts or falls outside those views may be actively disregarded or take a back seat, regardless of the importance of the issue or the validity of the data supporting it (something that Kahneman would probably agree with).128 For example, US President Ronald Reagan wanted nothing to do with the HIV/AIDS crisis, barely acknowledging it. He saw it as a crisis affecting gay men—not a concern for him or his religious backers.129 By contrast, US President George W. Bush, also a Republican, rose to power on the back of “compassionate conservatism.” He launched a major, well-funded program to combat the HIV epidemic in Africa, seeing it as the duty of a US president to alleviate such suffering.130


    Of course, Republican politicians do not have a monopoly on political points of view that distort what should be data-driven decisions. President Joe Biden’s team shut down an effort launched late in the Trump administration to prove the coronavirus originated in China’s Wuhan lab. President Biden’s view was that Trump had been trying to shift the blame for the pandemic to China to distract the attention of the media and rally his nationalistic, anti-Chinese base. Later, the Biden administration directed the intelligence community to relaunch the investigation.131 In addition, the Biden administration also played down the crisis of asylum seekers at the US–Mexico border, its role in the execution of the withdrawal from Afghanistan, and many other unflattering matters.


    Geopolitical Pandemic Propaganda


    Governments also have strategic incentives to play the misinformation game—creating and disseminating propaganda to undermine economic and geopolitical rivals. For example, four publications associated with the Russian government attacked Western vaccines, trying to instill fear about their efficacy and side effects.132 Similarly, a pro-Chinese propaganda network of thousands of fake YouTube, Twitter, and Facebook accounts sowed doubt about the safety of the ­Pfizer–­BioNTech vaccine and other US measures against Covid.133 According to a European Council task force report on disinformation, “Both Chinese official channels and pro-Kremlin media have amplified content on alleged side effects of the Western vaccines, misrepresenting and sensationalizing international media reports and associating deaths with the ­Pfizer–­BioNTech vaccine in Norway, Spain and elsewhere.”134


    The European External Action Service, an arm of the EU diplomatic service, accused China and Russia of using disinformation in their vaccine campaigns. It said, “so-called ‘vaccine diplomacy’ follows a zero-sum game logic and is combined with disinformation and manipulation efforts to undermine trust in Western-made vaccines, EU institutions, and Western/European vaccination strategies.”135 US State Department researchers and officials said that Russian news outlets connected to election disinformation campaigns in the United States were now targeting Latin American and African countries with disinformation campaigns to attack American coronavirus vaccines and boost trust in the Russian vaccine.136


    Mistrust in Information Suppliers


    Around the world, trust altogether has been declining, according to the public relations firm Edelman, which publishes an annual “trust barometer.”137 Edelman’s 2021 barometer uncovered a marked decline in trust around the world in all categories of societal leaders: government leaders, CEOs, journalists, and even religious leaders. Yet business was the most trusted source—it is perceived as both ethical and competent—followed by NGOs, government, and the media. The pandemic drove trust in all news sources to record lows, with social media being the least trusted. The widespread erosion of trust made the system unable to confront the rampant “infodemic” of false and biased messaging.


    “Vaccine hesitancy has less to do with misunderstanding the science and more to do with general mistrust of scientific institutions and government,” said Maya Goldenberg, a philosophy expert at the University of Guelph, Ontario, who studies this phenomenon.138 The net result of both partisan and malicious false information is an overall erosion of trust, as documented by the Edelman Trust Barometer mentioned above. Dr. Fauci noted that “there is a general anti-science, anti-authority, anti-vaccine feeling among some people in this country—an alarmingly large percentage of people, relatively speaking.”139


    A week before his election to the US presidency, Joe Biden tweeted, “I believe in science. Donald Trump doesn’t. It’s that simple, folks.”140 If only it were that simple. British science writer Donald Ridley contends that the pandemic highlighted the disconnect between science as an idealized philosophy and science as a human institution. The former represents the “primacy of rational and objective reasoning.” The latter, like all human institutions, is subject to political dogma, human needs and wants, and can be erratic and prone to failures.141


    While Ridley used the example of the Chinese Communist Party’s total censorship on scientific publication, the problem, in less extreme forms, exists in every scientific institution. For example, the pressure to “publish or perish” in universities leads to many subpar scientific publications and pressure to bias or even fabricate results. Peer review—intended to filter out low-quality research—also stifles new ideas if they run contrary to the theories of venerated peers. Thus, sometimes science only advances “one funeral at a time.”142 In addition, peer pressure to avoid controversial opinions under the threat of “cancel culture” can inhibit open debate, which is crucial for scientific inquiry and arriving at a knowledge and truth that are not a byproduct of sacred notions that may or may not be truthful.


    The unfortunate result can be public mistrust of messages coming from the scientific establishment. Major societal challenges, such as pandemics, climate change, or economic inequality, often involve complex phenomena with counterintuitive or hard-to-explain effects. In many cases, simple corrective initiatives, which seem intuitively “right,” only exacerbate the problems. Having to study and then justify nuanced and counterintuitive courses of action is often politically impossible. In addition, the media in the age of the internet has become politicized, opinionated, and simply uneducated about most scientific subject matters. The public, who consume the output of their chosen media outlets, is left to sift between several competing “scientific truths” with no clear way to decipher what is fact-based, what is conjecture, or what may be simply figments of a journalist’s, blogger’s, or tweeter’s imagination.


    Battling Misinformation


    The Israeli government fought misinformation and disinformation in its efforts to quickly vaccinate the country, bring infection rates down, and reopen the economy. In particular, as mentioned earlier, it worked to dispel false rumors that fomented vaccine hesitancy among the ultra-orthodox, who tend to have large families, lead highly social lives, and distrust modern technologies. Health authorities worked both from the top down and from the bottom up to build trust and stamp out misinformation.


    On the top-down end, the Israeli Ministry of Health worked with influential ultra-orthodox rabbis to explain the science behind the vaccines and debunk falsehoods about risks such as infertility. Avi Blumenthal, an ultra-orthodox public relations consultant, told NPR, “The rabbis needed to know two things, really: (a) effectiveness and (b) safety.”143 The result was that the religious leaders changed their recommendations to their congregations from “let’s wait” to “let’s get vaccinated.”


    On the bottom-up end, the government tried to snuff out sources of false information circulating in the ultra-orthodox community. Although the ultra-orthodox eschew technology and do not use social media, surf the internet, or watch TV, they do get information (and misinformation) from paper posters in public spaces and an array of telephone hotlines offered on “kosher” cellphones. For example, in the Haredi neighborhood of Bnei Brak, next to Tel Aviv, daily street posters appeared at one point claiming that the vaccinations were part of a dark government conspiracy and led to death. Very quickly, these anti-vax posters would be covered by pro-vax government posters quoting many religious leaders, with their pictures, who encouraged vaccinations. “They’d put one up, we’d put one up on top. They’d put one, we’d put one. It became a war,” Blumenthal said. “They tired out.”144


    The kosher cellphone hotlines make money from callers through a revenue-sharing model with the caller’s phone’s carrier. To combat misinformation, an influential council of rabbis put the anti-vaccine hotlines on a telephone blacklist of numbers declared unsuitable for the devout. This both cut off the distribution of the false, fear-inducing information and killed the financial underpinnings of these groups.145


    To address internet sources of false anti-vaccine information circulating among the secular population in Israel, the Ministry of Health expanded its digital task force to conduct daily monitoring of popular social media platforms in five languages and to combat anti-vax misinformation before it could spread.146 When a pregnant woman who had not yet gotten vaccinated caught Covid, killing both her and her baby, the anti-vaxxers spun a false version of her story and publicized it. “They were claiming that my wife was vaccinated and therefore she died,” said the bereaved husband. “It was like they were twisting a knife in our stomach.”147 The family, national media, and the government subsequently launched a campaign to set the story straight and turn it into an example of the horrible risks of not getting vaccinated.


    Combating misinformation is an ongoing job. When applied continuously, it is like the immune system in having to be ever vigilant against an onslaught of intruders and infections. The “system” must recognize false information and react. And, as with the battle against mutations of Covid, information immune systems need to track new adaptations created by providers of false information, such as by obscuring their messages from misinformation-filtering algorithms by using new misspellings like “vacseen.”


    The Flaws in the Vaccination Fears


    Anti-vaxxers often claim that the vaccines are experimental drugs and that the full set of side effects of these newly invented vaccines are not yet known. Technically, they are right, although the history of vaccines shows that virtually all side effects happen in the first two months.148 Only time and science will reveal the long-term effects of the Covid vaccines. Anti-vaxxers use this fact to create fear of the unknown and to argue against vaccination.


    However, this line of argument ignores two important facts. The first is that the full set of long-term side effects of Covid itself are also not yet known (and the problem of “long Covid” exemplifies how serious illnesses do have a very bad history of long-term side effects). If the vaccines are an experimental cure, then Covid is an experimental disease. The second fact is that all of the evidence to date strongly shows that the short-term effects of Covid (e.g., illness, hospitalization, disability, and death) are both orders of magnitude worse and orders of magnitude more common than the short-term side effects of vaccination (even among populations who are most susceptible to the side effects).


    From Hesitancy to Immunity


    One can hardly blame authorities for thinking the anti-vax problem is practically impossible to overcome. In some cases, however, government policies did help. Recall that France had a very high vaccine hesitancy rate in 2019. Yet, a combination of government pressure (in the form of mandates) and inducement (in the form of a vaccination pass required for a variety of activities, from traveling to sitting in a café) resulted in a very high vaccination rate. About 88 percent of people over age 12 in France had received at least one shot by September.149


    Government pressure, however, is not always necessary. As it turns out, people may find the path to the truth on their own, especially when the anti-vax campaigns are not egged on by some of the phenomena mentioned above. Throughout 2021, vaccine hesitancy around the world has been falling steadily, from 45 percent in January to just 20 percent in late June.150


    Two perceptual phenomena help explain such dips. First, when the number of Covid cases spiked, the rate of vaccination increased dramatically in some countries. For example, Taiwan had been very successful in keeping the pandemic at bay through May 2021, with a total of only 12 deaths since the onset of the pandemic. Its vaccine hesitancy rate was 66 percent until then. However, between mid-May and mid-July, Covid broke through the country’s containment processes and more than 700 people died. When cases and deaths surged, hesitancy plummeted to 27 percent. The same was most likely the case in Saudi Arabia.151


    Second, while increasing perceptions of the dangers of Covid intuitively suggest a cause of decreasing anti-vax sentiments, decreasing perceptions of the dangers of vaccines has helped as well. In countries where vaccination rates were high, vaccine hesitancy also declined. For example, Singapore had also contained the pandemic well; by July 2021, it had a total of only 36 deaths.152 As Singapore’s vaccination campaign gained speed (by July 12, more than 70 percent of Singaporeans had received at least one vaccine dose), vaccine hesitancy fell from 53 percent in December 2020 to 10 percent in June 2021. Naturally, one driving force of vaccine hesitancy in these countries was the fear of the unknown effects of vaccines. As more people “survived” the vaccine, others felt better about it.

  


  
    5. The Future


    Widespread vaccination seems to promise an end to the tragic scourge of Covid on people’s lives and livelihoods. In theory, a sufficient level of vaccination (plus immunity developed through natural infection) can provide a path to herd immunity. The concept of herd immunity originated during the epidemic of “contagious abortion” in cattle and sheep in the US at the beginning of the 20th century. In a 1916 article in the Journal of the American Veterinary Medical Association, George Potter and Adolph Eichhorn wrote: “Abortion disease may be likened to a fire, which, if new fuel is not constantly added, soon dies down. Herd immunity is developed, therefore, by retaining the immune cows, raising the calves, and avoiding the introduction of foreign cattle.”1 Herd immunity provides an indirect protection from infectious disease when enough of a population has become immune to an infection, whether through vaccination or previous infections, thereby reducing the likelihood of infection for individuals who lack immunity. With herd immunity for Covid in a local population, some will remain susceptible—such as the unvaccinated, babies, and the immunocompromised2­—but their risk will diminish.


    In the spring of 2021, this post-Covid future seemed well on its way. Vaccine production was rising, vaccination campaigns were accelerating, and new Covid cases were declining precipitously in communities with high rates of vaccinated people. For example, Israel was projected to reach herd immunity by March 20213 and likely achieved it by April or May. By June 1, with 80 percent of adults vaccinated and infection rates falling, Israel lifted some of its remaining pandemic restrictions. Dr. Eyal Zimlichman, deputy director general at Sheba Medical Center, Israel’s largest hospital, said, “This is probably the end of Covid in Israel, at least in terms of the current strains that we know.” And, he affirmed, “We’ve obviously reached herd immunity.”4


    Mutants Versus Boosters


    Progress toward vanquishing the virus ground to a halt, and then reversed, with the rise of the so-called Delta, or B.1.617.2, variant of Covid, first identified in India. This lineage of the virus had accumulated 15 mutations in its spike protein, which increased its transmissibility as well as its virulence, even in immunized people.5 Dr. Rochelle Walensky, director of the CDC, told reporters, “It [the Delta variant] is one of the most infectious respiratory viruses we know of, and that I have seen in my 20-year career.”6


    These enhanced virus attributes are a significant—and possibly insurmountable—setback in the quest to reach herd immunity. They demand an even higher percentage of vaccination and more effective vaccines to reach that goal. In addition, such mutations sparked greater numbers of cases, hospitalizations, and deaths. By August 2021, US states with inadequate vaccination rates and pandemic response measures, such as Florida, were setting new records for cases and hospitalizations.7 Even Israel—with one of the highest full-vaccination rates in the world—saw an increase from fewer than two dozen new cases per day at the end of May 2021 to more than 10,000 per day by early September.8


    The Making of a Mutant


    As humanity adapts to Covid and tries to defeat the pathogen, the rapidly multiplying permutations of the SARS-CoV-2 virus continue to hinder humanity’s efforts with their own adaptations. While people make use of their laboratories, supply chains, and governments to develop, manufacture, distribute, and fund measures against the virus, the virus counters those measures by employing the Darwinian roulette game of genetic mutations and natural selection, using the growing numbers of replicated virions* manufactured by the victims themselves.


    
      * A virion is the complete, infectious virus particle outside a host cell.

    


    When the virus infects a human being, it converts the person’s cells into “bio-factories” that churn out more copies of the virus. These copies leave the infected cell to float inside the victim’s body where they either find another cell to infect, are attacked by the person’s immune system, or are expelled in droplets and aerosols into the air. In severe cases of Covid, the copies of the virus quickly infect more of that person’s cells, creating more bio-factories and making the person sicker. As the numbers of infected cells rise and production of the virus gets into full swing, the person sheds billions of viral particles (virions) in respiratory droplets and aerosols that float in the air. Other people near the infected person may be exposed, and if they are susceptible, they too will be infected.


    Most copies of the virus in an infected person are identical to their parent virus. However, sometimes the hijacked cellular machinery makes a minor mistake in copying the virus’s genetic code, creating a mutation that is passed on to that copy’s offspring. Many mutations have no effect, some damage the copy’s ability to continue infecting other cells and other people, but a few help the virus infect more cells, become aerosolized and shed into the world, or evade the immune system. As Covid spreads, new lineages of the virus acquire and accumulate mutations to create variants of the virus with different disease-related properties.9 In short, as long as people are catching and spreading Covid, the virus has a chance to become ever more dangerous.


    The Rise of “Variants of Concern”


    As Covid spread around the world, labs in different countries sequenced samples of the virus and shared that data (some 1.2 million sequences by May 2021)10 to trace the emergence and spread of mutations (including nearly 4,000 variants of the original virus, some with more than a dozen accumulated mutations). Most genetic mutations have little impact and only serve to enable tracing the vagaries of human-to-human contact and travel patterns that spread each lineage of contagion around the world.11 However, a few mutations become what the WHO and the CDC call “variants of concern”12 for any of several reasons.


    Some variants appear to be more dangerous, driving increased rates of hospitalization and death. For example, some variants don’t respond to treatment with currently available front-line antiviral drugs.13 The original Covid variant primarily hit the elderly and (mostly) spared the young, but some of the newer variants (e.g., the Alpha variant) seem to increase the chance of severe illness in the (unvaccinated) young14 (akin to the so-called 1918 Spanish flu, which was most severe and most often fatal in young adults). These more virulent variants increase the sad toll of the dead and the severely affected, but they have the ironic side effect of making individuals and governments more likely to act against the disease.


    For example, Asian countries that had been very successful in controlling the spread of the virus in 2020 were vaccination laggards in 2021. Vaccine acceptance rates were falling during the first part of 2021 in Australia, South Korea, and Japan. Low positivity rates and normal life resuming in these countries drove people to avoid or delay vaccination.15 Australia peaked at 600 Covid cases per day in August 2020, shut down, contained the virus, and saw low daily new case rates (often in the single digits) for almost a year, but then infections surged back to several hundred a day in August 2021.16 The country was caught off guard without enough vaccine doses; by mid-August 2021, less than 20 percent of its population had been vaccinated. Similarly, not until June 2021 did South Korea start shoring up its vaccination rate, projecting to vaccinate 70 percent of its population by the third quarter 2021.17


    Notably dangerous are variants that increase the infectiousness of the virus so that it spreads more quickly and to more people.18 Some variants (e.g., the Delta variant) are less detectable by some widely used Covid testing methods, which means that infected people are less likely to quarantine and more likely to spread the variant.19 More infectious mutations directly boost R0, the number of susceptible people that are infected by each infectious person. Such variants exacerbate surges in infections, make it harder to contain the pandemic, and require even higher vaccination rates and more stringent social distancing and masking protocols to counter the virus. In fact, after a successful early vaccination campaign in the UK (by the end of June 2021, about 50 percent of the population had been vaccinated), a sharp rise in cases—due to the prevalence of the Delta variant—prompted UK Prime Minister, Boris Johnson's government to delay the opening of the economy.20


    As mentioned above, more transmissible variants also increase the herd immunity threshold—requiring a greater percentage of the population to be infected with Covid or get vaccinated with more effective vaccines to reach herd immunity. Epidemiologist Dr. George Rutherford of the University of California, San Francisco, estimated that conventional coronavirus strains required 71 percent of the population to be immune (via vaccination or natural infection) to reach herd immunity.21 In contrast, he estimated that the Delta variant’s increased infectiousness called for an 84 percent level of immunity.


    Variants of the greatest concern are those that can evade the immune systems of the vaccinated or previously infected. Mutations in the spike protein can make the virus less recognizable by the immune system; the spike protein of the variant may look different enough that the antibodies to the original Covid virus don’t bind to it as well.22 For example, the Brazilian city of Manaus had, in theory, reached herd immunity with about 75 percent of the population having antibodies to the original Covid,23 but then the P.1 (Gamma) variant arose and began reinfecting people. Similarly, South Africa had to suspend use of the Oxford–­AstraZeneca vaccine after data showed that it was less effective against the B.1.351 (Beta) variant that was first detected in that country.24 At the very least, such variants reduce the effectiveness of the existing vaccines, requiring even higher vaccination rates for herd immunity. At the very worst, variants that look different enough from the original strains could reset progress on vaccination back to zero, requiring both the development of new vaccines and entirely new mass vaccination campaigns.


    Vax to the Max


    While the Covid virus attempts to evolve in order to infect the vaccinated, vaccine makers are crafting strategies to ensure continued immunity. The easiest strategy may be periodic booster shots of the existing vaccines to increase the immune system’s response to Covid, including the variants. Data from ­Pfizer shows that the efficacy of their shot declines by 6 percent every two months.25


    On July 11, 2021, Israel announced a booster shot campaign for adults with impaired immune systems, giving them a third dose of the ­Pfizer–­BioNTech vaccine.26 By the end of that month, Israel started giving booster shots to everyone over 60 years old,27 and by the end of August, Israel lowered the booster shot age limit to 12 years.28 Britain also began a booster campaign for the elderly and other vulnerable populations in September 2021.29 France announced its plan to give booster vaccines to vulnerable individuals (including patients in elderly care homes, people over 75, and people with comorbidities),30 as did Germany.31


    Although US authorities claimed in early August 2021 that a booster vaccine was not yet necessary, some Americans were getting a booster shot on their own. They would walk into a pharmacy or a retail outlet and ask to be vaccinated without disclosing their vaccination status, and because the US lacks a central immunization database, nobody could tell that they had already been fully vaccinated.32 Recognizing that this phenomenon is happening, the CDC has asked people to report any safety issues if they receive the unauthorized booster (even though it was not recommended) as part of the CDC’s research into booster vaccines.33 On August 13, the US authorized a booster for an estimated 10 million Americans with compromised immune systems.34 The White House chief medical advisor, Dr. Anthony Fauci, has said that everyone will need a booster shot at some point in the future.35 Indeed, on August 18, the White House announced plans to administer booster shots for most Americans beginning the following month.36 The plan still needed approval from the FDA, which supported the plan, and a CDC advisory panel, which approved the shots only for elderly and immunocompromised individuals. But in a highly unusual move, the head of the CDC, Dr. Rochelle Walensky, overruled the CDC advisory panel on September 24 and expanded eligibility for booster shots to a wide array of workers across the US.37


    Scientists know that antibody levels tend to decline over time,38 and they soon learned that some Covid variants aren’t as quickly neutralized by existing antibodies produced by previous infections or vaccinations.39 Boosting antibody levels can help counter any reduction in vaccine effectiveness. The question is when to provide a booster, because scientists don’t know how specific levels of antibodies correlate with specific levels of susceptibility to catching the virus, becoming symptomatic, requiring hospitalization, or dying. “As we know, Covid is not going to go away anytime soon, and we know that the antibodies decrease over time, so that a boost will be needed at some juncture. I can’t predict when,” said John Beigel, associate director for clinical research in the Division of Microbiology and Infectious Diseases at the US National Institute of Allergy and Infectious Diseases (NIAID).40


    The optimization of any booster campaign—who should get booster shots, when should they get them, which vaccine should they get—is a question for science that will take time to answer. “We’re entering a data-poor zone here,” said Barton Haynes, a professor of immunology at the Duke University School of Medicine.41 For example, should people get boosters of the same vaccine they had originally or a different vaccine? The former strategy might reinforce the existing immunity, and the latter might teach the immune system slightly new tricks.42 “People just have to recognize the limitations of the data we have right now, and the critical need to generate the data to inform the decisions that matter,” Beigel said. “We assume that it would be okay to give a boost with any other vaccine, but we want to make sure.”43


    Finally, an ethical question is whether any resources should be devoted to booster shots while the majority of the world remains largely unvaccinated.44 As a matter of personal safety, many may want to increase their protection against Covid from, say, 80 percent to 95 percent. However, as a matter of public health, those same doses would make a bigger difference helping the unvaccinated get from 0 percent to 80 or 90 percent protection. In fact, on August 4, 2021, the WHO called for a halt on booster shots in order to tackle vaccine shortages in the developing world,45 a call that was rebuffed by the US as a false dichotomy.46 Citing United Nations data, President Biden stated that the US had donated more Covid-19 vaccine doses to nations in need than all other donor countries combined.47


    Although factories may be stretched to the limit in producing the existing Covid vaccines, vaccine scientists continue to work on new and better vaccines. ­Moderna’s CEO, Stéphane Bancel, said, “Leveraging the flexibility of our mRNA platform, we are moving quickly to test updates to the vaccines that address emerging variants of the virus in the clinic.”48 For example, ­Moderna designed a new vaccine for the Beta variant and began clinical trials in March 2021.49 Marcello Damiani, chief digital and operational excellence officer at ­Moderna, explained that the trials first reporting out in May tested three possible boosters: “One is the ancestral type, one is the one with the Beta variant, and one is a combination of the two. Additional studies looking at variations of the booster strategy have been initiated since.”50


    Initial data from the ­Moderna clinical trials showed that a half-dose of a vaccine tailored to the virus variant, given to people previously fully vaccinated, boosted antibody response against the ancestral variant as well as others.51 “We hope to demonstrate that booster doses, if necessary, can be done at lower dose levels, which will allow us to provide many more doses to the global community in late 2021 and 2022 if necessary,” said Bancel. Part of ­Moderna’s latest effort tests a multivalent vaccine: one that includes mRNA for more than one variant and that can train the immune system to recognize several different variants.52


    Variants: The More, The Scarier


    The longer-term challenge is that more variants will keep on coming. The already named “Delta plus” variant has all the mutations of Delta, plus a mutation found in the Gamma variant that may further help the virus infect the supposedly immune.53 “Mutations are natural survival strategies of viruses, and SARS-CoV-2 variants are going to continue to occur throughout the world, and their number is likely to increase in the future,” said Thorsten Schüller, vice president of communications at German biopharmaceutical company ­CureVac, which is also developing mRNA vaccines. “There will be an enormous need for vaccines in general and particularly for multivalent vaccines.”54


    Annual booster vaccination programs might entail a vaccine supply chain that provides billions of doses per year. Manufacturing and distributing another shot to the whole world sounds daunting in the face of the slow rollout of the first doses. However, while the vaccine makers have struggled to satisfy initial demand in the short term, they have, in the process, built tremendous production capacities that are likely to total many billions of doses per year in the long term. Any subsequent vaccine that uses that same technological platform (e.g., another mRNA vaccine) can be quickly mass-produced at very high volumes in short periods of time.


    Some worry that the virus may mutate faster than the world can immunize everyone for each new variant—not unlike what happens with the annual influenza vaccine process. Dr. Fauci echoed this worry: “My only concern about chasing all the variants is that you’d almost be playing Whac-A-Mole, you know, because they’ll keep coming up and keep coming up.”55


    To avoid a perpetual cycle of crises from new Covid variants, some scientists are working on a universal coronavirus vaccine.56 In theory, a universal vaccine would prime the immune system to react to multiple variants, such as by targeting some part of the virus that does not mutate—probably because it performs some essential function for the virus. Dr. Fauci told the Atlantic, “It just makes sense to me to use all of our capabilities to really go for a universal SARS-CoV-2 vaccine. If we don’t, we’re going to be constantly chasing things, as opposed to getting it off the table.”57 Nobel Laureate and MIT Professor Phillip Sharp went a step further, saying: “In the future, mRNA vaccine technology may allow for one vaccine to target multiple diseases.”58


    Keeping Darwin from Winning


    “We don’t have evolution on our side,” said Devi Sridhar, a professor of public health at the University of Edinburgh.59 Thinking about the virus through a lens of evolution involves looking at two phenomena: the virus’s mutation rate and the various natural selection processes affecting the survival and spread of those mutants. The first phenomenon embodies the opportunities the virus has for mutating. The second one includes the process by which the environment (and human behavior) either suppresses those mutations or enables them to replicate more widely, as a function of natural selection.


    The first phenomenon, mutation, is mostly about numbers: The total number of times the virus (and each virus variant) gets to replicate determines the number of potential mutated copies of the virus. The higher the number of infected individuals and the longer the virus is allowed to replicate inside more victims, the greater the chance of producing more mutations.


    The second phenomenon, natural selection, is illustrated by the famous quote (wrongly) attributed to Charles Darwin: ‘“It is not the strongest of the species that survives, nor the most intelligent. It is the one most adaptable to change.” Among all the mutations, those that survive are those that are the most infectious; they can find more and more susceptible humans to infect, and they can continue to replicate themselves. Mutations that are not particularly infectious simply disappear due to lack of hosts. Furthermore, because of their higher infection rates, these viral mutations will become the majority of the viruses in circulation. “This pathogen seems to always be changing in a way that makes it harder for us to suppress,” Sridhar said.60 That’s because human practices that only partially suppress the spread of the virus actually favor the toughest and most dangerous variants, which are more capable of withstanding such practices, making it harder to snuff out the pandemic.


    This aspect of evolution is behind Dr. Fauci’s warning at the end of May 2021: “We cannot abandon public health measures when you still have a degree of viral activity in the broad community in the United States. Although we’re down to less than 30,000 infections† per day, that’s still a lot of infections per day.”61 The more that infected people commingle with potentially immune people, the higher the likelihood of breakthrough infections by mutations that evade the immune system and evolve to infect the vaccinated and the previously infected alike. In other words, uncontrolled spread of Covid provides the perfect petri dish for further evolution and more dangerous strains of the virus. Dr. Maria Van Kerkhove, of the WHO’s Health Emergencies Programme, said, “We don’t want to be in a situation where the virus changes enough that we go back to square one. This is why we need to prevent as many infections as we can right now.”62


    
      † By the end of August 2021, the number of US infections had catapulted to more than 150,000 per day.

    


    Although “flattening the curve” was a key strategy early in the pandemic to prevent the collapse of healthcare systems, it created case-rate plateaus with ongoing rates of infection. “Case plateaus can hide the emergence of new variants,” said Carl Pearson, a research fellow at the London School of Hygiene & Tropical Medicine.63 If the effective reproduction number (Re) of an older, prevalent variant drops below 1 while the effective reproduction number of a newer more dangerous variant rises above 1, the net result might be stable or even declining case rates for a limited period, all the while the dangerous variant is spreading rapidly. That’s exactly what happened with the Delta variant in the spring of 2021, which surged in the background.


    Each variant has its own reproduction rate and unique proclivities toward symptoms, disease, and death in people of various ages and immunity conditions. “The best way to think about B.1.1.7 [Alpha] and other variants is to treat them as separate epidemics,” said Sebastian Funk, a professor of infectious disease dynamics also at the London School of Hygiene & Tropical Medicine. “We’re really kind of obscuring the view by adding them all up to give an overall number of cases.”64 This danger highlights the need for systematic, ongoing genetic sequencing of enough samples to catch both new variants and unexpected surges of more virulent ones.


    The Race Is On


    Thus, humanity is in a deadly race against the evolution of Covid with its growing number of variants, and as of mid-2021, it seemed that the virus was winning. Less than 14 percent of the world’s population had been fully vaccinated (and about 27 percent had had at least one dose).65 The world was vaccinating at a rate of 0.4 doses per 100 people per day, meaning that it would take almost another year (assuming a two-dose regimen) to reach 75 percent worldwide immunity. (Only a little over 2 percent of the world’s population may have gained some immunity by natural infection from Covid,66 but that may be a woefully low estimate.) “This is crunch time,” Dr. Peter Hotez, dean of the National School of Tropical Medicine at Baylor College of Medicine, told CNN. “This is going to be our most difficult period right now in terms of seeing who wins out.”67


    Health officials began warning about the rising threat of variants as soon as the data showed the growing danger they posed. For example, the spread of the Alpha variant in early 2021 prompted Dr. Fauci to say, “The way we can counter [Alpha],68 which is a growing threat in our country, is to do two things: to get as many people vaccinated as quickly and as expeditiously as possible with a vaccine that we know works against this variant. And finally, to implement the public health measures that we talk about all the time.”69


    The rise and spread of variants in countries around the world highlights the risk in overemphasizing a country-specific response. Without draconian border closures that almost no country seems to be able to sustain, the spread of each new variant from its origin to other countries is inevitable. “As long as there is some degree of activity throughout the world, there’s always a danger of variants emerging and diminishing somewhat the effectiveness of our vaccines,” Fauci told the Guardian.70


    A more hopeful solution to the variants lies in how quickly the mRNA vaccines that were developed for the first variant can be adjusted for other variants. As mentioned above, this vaccine development technology can be adjusted for use against new variants within a relatively short time. Once a new variant is sequenced, it is relatively easy to formulate and manufacture the appropriate vaccine using the same ingredients and processes as the “classic” one. It basically means a quick edit to the genetic code used for the mRNA.71


    However, fully eradicating Covid calls for more than just developing a booster vaccine. “For a vaccine to do that, what you would need to do is deploy it around the world sufficiently, completely and rapidly so that you wouldn’t give the virus time to develop variants fast enough to get around it,” explained Professor Roland Kao, chair of veterinary epidemiology and data science at the University of Edinburgh.72


    Failure to quickly vaccinate a high enough fraction of the world’s population increases the chance of additional deadly vaccine-evading variants leading to new pandemics: Covid-21, Covid-22, and so on. In the meantime, public health measures such as contact tracing, social distancing, mask wearing, regulation of super spreader locations, and enhanced ventilation and cleaning can all help limit the rates of infection while the world catches up on vaccinations. The International Monetary Fund (IMF) estimates that the entire world could be vaccinated for a mere $50 billion, a pittance compared to the $16 trillion spent propping up pandemic-pummeled economies.73


    The Not-So-Great Pandemic Divide


    Average vaccination levels and vaccination rates don’t tell the full story of the risk of Covid. Although by July 2021 the world may have been vaccinating 0.4 people per 100 per day, India’s daily rate was only 0.3 per 100 and Africa’s was a meager 0.04 per 100. According to the IMF, “In the absence of urgent actions, many emerging and developing economies may have to wait until the end of 2022 or later to bring the pandemic under control.”74 As of the writing of this book (fall 2021), that gave Covid another 18 to 24 months to further mutate. Considering that Covid was able to double its infectiousness in less than 18 months, allowing the virus that much time for further mutations seems exceedingly dangerous. “That will be too late not just for those countries but also for the world,” the IMF warned.


    Even within countries that have vaccinated large percentages of their population, such as the US, the statistics don’t always reflect those countries’ safety. Although the US had fully vaccinated more than 50 percent of the population by the end of July 2021,75 the coverage was quite uneven, with a mix of leading and lagging states. For example, as of late September 2021, more than two-thirds of adults were fully vaccinated in states like Massachusetts, Connecticut, Maine, and Vermont. In contrast, full vaccination rates hovered near 40 percent in states such as Alabama, Idaho, and West Virginia. Children have been under-vaccinated; only 42 percent of those 12–17 years old were vaccinated with one or more doses in the US by September—again with wide disparities (for example, 70.1 percent in Vermont and only 20.2 percent in Mississippi).76


    The Possible Endemic Endgame


    The sad truth is that the current vaccines and rates of vaccination may be too low for the world to ever reach herd immunity.77 The delays in vaccinating everyone in the world,78 the stubborn prevalence of anti-vaccination sentiments,79 and the mounting numbers of aggressive mutant strains of Covid80 may mean that Covid may not disappear for years—or ever.


    Instead, many scientists expect Covid to become endemic like influenza81—a disease that continues to circulate, with its impact governed by two opposing forces. On one hand, because Covid is both more contagious and more virulent than influenza, ongoing and future outbreaks of Covid variants may sicken and kill significant numbers of people, especially among the unvaccinated and the immunocompromised. On the other hand, as people accumulate exposure to Covid through vaccines and recovering from the virus, they will likely become less prone to illness and death even if they do catch it. The data as of the writing of this book clearly shows that being vaccinated or surviving Covid does provide significant partial immunity against infection by the variants and strong protection against severe sickness or death. Thus, Covid may become much more like the flu: being an unpleasant nuisance for most, posing a danger only to a vulnerable subset of the population, and only occasionally leading to more serious outbreaks for the general public.


    Disrupting the Viral Supply Chain


    The SARS-CoV-2 virus infection process, like that of any pathogen, depends on a figurative supply chain of fresh victims to infect. The virus depends on “manufacturing” by an infected host to mass-produce more infectious viral particles; “packaging” of the particles in respiratory droplets; “airfreight transportation” via coughing, speaking, singing, and breathing; “arrival at the inbound docks” of enough susceptible victims; and then the hijacking of the manufacturing systems of the next victims. Each one of these steps contributes to the Re of the virus in terms of the number of subsequent "factories" (i.e., people) hijacked to mass-produce the next batch of viruses.


    Although supply chain managers typically do all they can to avoid supply chain disruptions, defeating Covid calls for the opposite goal. Disrupting the supply chain of the virus as much as possible with the least inconvenience and cost to people and society can reduce the spread of infection and, potentially, eliminate the virus. Many possible tactics could disrupt the virus’ supply chain and chip away at the reproduction number of the virus, reducing the effective reproduction number (Re) down from the original R0 value. Recall that if Re drops to below 1, the daily infection rate starts shrinking (see The Advantages of Adoption in Chapter 4).


    The first tactic for disrupting the viral supply chain is immunization (e.g., vaccination or recovering from a bout of the disease), which is like training the factory’s staff and security guards to look out for and detain the virus. However, immunization of people, like the training of employees, is never 100 percent effective. The first-generation vaccines against Covid seem to have upwards of 95 percent effectiveness against the original Covid variant, but their effectiveness declines over time and is lower with the more aggressive variants. For example, estimates suggest an efficacy against the Delta variant of 72–95 percent for the ­Moderna vaccine and 42–96 percent for the ­Pfizer vaccine.82


    The overall effective immunity level of a community is the percentage of immunized people in the community multiplied by the effectiveness of the immunization processes (e.g., vaccination or recovery). The greater the percentage of immunized people in a community, the lower the rate of growth will be in the infection rate in that community. If half (50 percent) of people are immune, then the Re will be half the original R0, making it sufficient to control a variant with an R0 < 2, ensuring that it does not spread. If three-quarters (75 percent) have immunity, the Re will be one-quarter of the original R0, making it sufficient to control a variant with an R0 < 4. Note that if the vaccine is only 85 percent effective against a Covid variant, getting to 75 percent immunity requires immunizing 88 percent of the entire population. Suppressing a variant with an R0 of 7.5 (the estimated R0 for Delta is between 5 and 9.583) requires vaccinating 100 percent of the population with a vaccine that is at least 87 percent effective against that variant.


    A second tactic is to apply means of control inside the “factory” by administering pharmaceuticals to reduce the infection rate inside the body. For example, fenofibrate is a cholesterol drug that was found to markedly inhibit SARS-CoV-2 viral replication in in vitro animal cells. The drug not only reduced the number of infected cells, but it also appeared to reduce the amount of viral matter outside of cells.84 As of this writing, two clinical trials of fenofibrate are already underway in the Hospital of the University of Pennsylvania and the Hebrew University of Jerusalem.85 If these and other Covid pharmaceutical trials prove successful, each “factory” will become less effective at spreading the virus.


    In potentially encouraging news, Merck and Ridgeback Biotherapeutics announced on October 1, 2021 the results of Phase 3 trials of an experimental viral pill for Covid patients that could cut the likelihood of dying or even being hospitalized by 50 percent. The pill, molnupiravir, is designed to introduce errors into the genetic code of the virus. It would be the first oral antiviral medication for Covid-19. Preliminary results showed that only 7.3 percent of patients receiving molnupiravir required hospitalization, with zero deaths; while 14.1 percent of the placebo recipients were hospitalized, and eight died. Merck has licensed the drug to generic manufacturers in order to expedite the drug’s availability around the world.86 Other pharmaceutical companies are also developing oral antiviral Covid medications that may conclude clinical trials in 2021, including ­Pfizer, and partners Atea Pharmaceuticals and Roche.87


    A third tactic for disrupting the virus’s supply chain is to hire inspectors to check "factories" for Covid and prevent those factories from exposing others by taking them offline. That is, testing everyone and isolating the infected cuts off the supply of viral particles that could infect others. While immunization reduces the percentage of susceptible people, testing reduces the percentage of infectious people. A hypothetical perfect testing program would test everybody every day and immediately isolate those who test positive from the susceptible population.


    However, as with immunization, even daily testing is not 100 percent effective. The limitation of testing is that, even if the test is perfectly accurate, anyone who tests positive in that daily test could have exposed others since their previous negative test the day before. In addition, the test results (of high-quality testing procedures) take, even in advanced settings, about 24 hours. On average, then, with a daily test, anyone testing positive would have exposed others for half a day, on the average, before being tested (assuming 24 hours since the last negative test). In addition, these people would expose others for a full day before they receive their positive test result and are isolated from the population. The effective reproduction number created by the day following the positive test and the half day of average exposure before the positive test would depend on the reproduction number in the absence of testing and the average duration of the infectious period.


    Researchers estimate that, with Covid, people are infectious for an average of nine days.88 That implies that, with comprehensive daily testing, the infectious only expose other people for a day and a half, on the average, out of those nine days. Thus, with daily testing, infected people would only transmit the virus 17 percent of the time, on the average, compared to the situation with no testing, and the Re would be 17 percent of the original R0. Naturally, if getting the test results takes longer or the test is less than 100 percent accurate, Re would be higher. Similar logic suggests that twice-weekly testing of everyone in a community would create an Re that is 31 percent of the original R0,‡ while weekly testing would have an Re of 50 percent of the original R0. Few institutions, however, are equipped for testing their entire populations with these kinds of frequencies (MIT and other Boston-area universities and private schools were opening their campuses in September 2021 with a weekly testing requirement for all). In general, the US tests only 0.25 percent of its population every day, while Austria tests 3.7 percent, and the UAE 2.8 percent.89 Despite such low testing rates, these testing regimens can be reasonably effective because they focus on those most likely to be infectious: the symptomatic and those who are found through contact tracing to have been exposed to someone who tested positive.


    
      ‡ (3.5 ÷ 2 + 1) ÷ 9 = 0.31

    


    The last category of supply chain disruptions that can be used to control a pandemic is disruption of the “airfreight transportation system” of the virus—somewhere between the “outbound dock” of the infectious (their noses and mouths) and the inbound side of the susceptible. First, if the infectious wear masks (a common pre-Covid social practice in some Asian societies that could become a more common practice globally), their masks can catch the outbound respiratory droplets from taking to the air. Second, if the susceptible wear masks, their masks will block the inbound droplets from reaching them.§ Third, social distancing, especially indoors, puts susceptible hosts beyond the typical range of airborne viral particles. (Note, however, that the ubiquitous “6-foot rule” is much less significant than masking, air filtration, and time spent inside.)90 Fourth, if the indoor places occupied by the infectious and the susceptible have good ventilation, the air that includes virus aerosols is replaced frequently, so these aerosols have less time to be inhaled and infect the susceptible.


    
      § Only the highest quality, best-fitting masks provide protection to the wearer.

    


    Given the limited flight range of viral particles, the ultimate distancing tactic may be more reliance on work from home, online retail, and online service channels (e.g., online education, worship, exercise, telemedicine). The greater the fraction of formerly in-person activities that can be converted into at-home, online, or mobile services, the lower the chances of exposure between the infectious and the susceptible. Although people will still want and need to gather in person, those present at in-person gatherings can be protected by vaccination and testing to reduce the chance of the infectious connecting with the susceptible in close quarters.


    Implications for the Public and Businesses


    The potential for endemic Covid has two types of implications for people and institutions. The first is in taking steps to minimize the risks of the spread of Covid among staff, customers, and local communities. That implies encouraging (even mandating91) vaccination among staff. In fact, many companies, including Google, Facebook, Twitter, Netflix, Lyft, Tyson Foods, Morgan Stanley, Microsoft, Saks Fifth Avenue, The Washington Post, Ascension Health, and BlackRock have announced vaccination mandates, as have many universities, as mentioned above (for students as well as all staff). It is, of course, no surprise that mandates are working and leading to significant increase in vaccinations.92


    In the same vein, organizations should also create a disease-averse culture, such as setting expectations for those with any sort of illness to either wear masks or work from home. Although these measures may be motivated by Covid, they will also reduce the burden of influenza, colds, pneumonia, and other respiratory infections in the workplace and the wider community.


    The second implication of Covid becoming an endemic phenomenon is in preparing the organization for outbreak readiness—enabling companies to easily switch the operating procedures of local offices from “normal” to “outbreak” mode based on local Covid intensities. Retail stores, for example, commonly have different operating procedures for different seasons because they entail different volumes of customers (e.g., extra staff for the holidays) and different types of merchandise (e.g., bulky outdoor gear in summer). Similarly, companies can prepare for “Covid season” and “non-Covid season” either to comply with local rules or as part of a proactive response to potential outbreaks in communities where they operate.


    Bioengineering the Future


    The near-simultaneous development of more than a dozen successful Covid vaccines in less than a year piggybacked on a great many innovations in biomedical technology, such as the understandings of cell biology, genetics, immunology, and virology. Decades of scientific breakthroughs enabled new laboratory, manufacturing, and clinical technologies related to vaccines and diseases. Moreover, these accelerated successes actually portend an even brighter future, because they have proven the practicality of some extremely powerful ideas: how to safely program a patient’s own cells to effectively fight a disease or improve their health. “It’s absolutely astonishing that this has happened in such a short time—to me, it’s equivalent to putting a person on the moon,” said Dr. Cody Meissner, pediatric infectious-disease specialist at Tufts Children’s Hospital in Boston. “This is going to change vaccinology forever.”93


    The New Lean, Mean Vaccine Machine


    Pamela Bjorkman, a bioengineering professor at Caltech, wonders what Covid and its relatives are going to do for an encore. “This isn’t going to be the last one,” she says of the pandemic. “We’re going to have SARS-CoV-3 and SARS-CoV-4. Everyone said this before the current pandemic. Most of the world ignored them. To do so again would really be burying your head in the sand.”94


    Swine flu, bird flu, cowpox, as well as Covid’s contorted and contested origins95 (possibly from bats or pangolins) all attest to the dangers of zoonosis: diseases transmissible from animals to humans. New diseases, of which 75 percent have come from animals, have literally plagued humanity since the dawn of civilization. Moreover, the spread of human civilization across all parts of the globe, growth of human density with urbanization, and increase in global travel is bringing more people into contact with sick animals and with each other.


    What has improved are society’s tools to understand the processes by which invisible viruses, bacteria, or fungi that never afflicted humanity in the past are likely to turn nasty. The rapidly falling costs of genetic testing and sequencing have created a surge in knowledge of the myriad pathogens that afflict animals in the natural world. For example, the United States Agency for International Development (USAID)’s PREDICT pandemic-preparedness project collected half a million samples from 75,000 animals and found 700 new viruses.96 The project is ranking these and other animal viruses according to their risk of spillover: the chance the pathogen might become much more dangerous to humans.97 Interestingly, the Covid virus, SARS-CoV-2, ranked right between two viruses that caused multiple outbreaks of hemorrhagic fever in Africa: Lassa and Ebola. Like the other two, the original host of the SARS-CoV-2 was not known before the outbreak and reflects the ongoing risks of zoonosis that can be reduced through programs such as PREDICT. (Likewise, the hosts of SARS—palm civet cats—and MERS—camels—weren’t known until these coronaviruses became human diseases.)


    “When they write the history of vaccines, this will probably be a turning point,” said Amesh Adalja of the Johns Hopkins Center for Health Security, in Maryland.98 The ability to rapidly sequence a new pathogen, engineer a suitable mRNA sequence, and rapidly mass-produce a vaccine, offers a new platform for tackling pandemics. Andreas Kuhn, senior vice president for RNA biochemistry and manufacturing at ­BioNTech, said, “One process can be used to manufacture essentially any mRNA sequence.”99 The new technology largely avoids the one-bug-one-drug, trial-and-error processes of attempting to culture the new pathogen in the lab, finding a way to eliminate the pathogen’s virulence while retaining its antibody-stimulating properties, and then scaling that pathogen-specific process.


    “New advancements in mRNA vaccines and other novel vaccines may mean that we are entering a new golden age for vaccines,” said Charles Christy, head of commercial solutions of Ibex Dedicate, the customized supply chain solution developed by Lonza Pharma & Biotech (the contract manufacturer helping mass-produce the ­Moderna vaccine).100 Already, ­Moderna and ­BioNTech are looking beyond Covid toward developing or testing nine more vaccines each. Targets include influenza, HIV, Nipah, Zika, herpes, dengue, hepatitis, and malaria.101 “What the success of the coronavirus vaccine has now shown is that mRNA is really a proven technology for infectious diseases,” says BioNTech’s Kuhn.102 Similarly, ­Johnson & Johnson’s ­Janssen unit built what they call AdVac: a viral vector vaccine technology platform they’ve used to develop an Ebola vaccine, their current Covid vaccine, and three new candidate vaccines (for Zika, RSV, and HIV).


    New Messengers for New Missions


    Messenger RNA has many potential applications beyond vaccines and other antibody-stimulating products. For example, the acronym VEGF stands for Vascular Endothelial Growth Factor, which is a protein-based hormone that the human body creates to spur the growth of new blood vessels, a process known as angiogenesis. A collaboration between ­AstraZeneca and ­Moderna is using mRNA to create VEGF in cells in the hearts of people suffering from heart failure.103 Early results from clinical trials show that it can trigger regenerative angiogenesis that could restore heart muscle damaged by heart attacks, hypertension, and other heart-related ailments.104 If the VEGF treatment works for hearts, it may be adaptable to other vascular diseases, such as chronic kidney disease.


    Professor Robert Langer of MIT noted the large role of protein-based pharmaceuticals that may be amenable to mRNA approaches: “The last time I looked at the top 10 best-selling drugs, seven of them were proteins, many are antibodies.”105 As a broader technology, mRNA is a way to get the patient’s own body to make therapeutic proteins. Messenger RNA is ideal in creating a targeted, short-term boost to the human body’s own natural growth and repair mechanisms with less likelihood of side effects compared with small molecule drugs and DNA therapies.


    Messenger RNA is but one type of RNA that can be used to program cells. Another key type is called siRNA (small interfering RNA or silencing RNA) that can tell cells to stop making something, such as a key component of a disease-causing pathogen, cancerous tumor, or other cellular product that is harming the patient.106 While mRNA says, “Make this,” siRNA says, “Don’t make this.”


    For decades, scientists have sought ways to cure cancer by getting the patient’s own immune system to corral and kill the tumor’s proliferating cells. Treating cancer has always been hard because it means creating something toxic enough to kill human cells but not so lethal that it kills the whole human—which is why chemotherapy often makes people so very ill. RNA has two big potential advantages: It can target a very specific cancer-related protein or tumor mutation and then disappear after it performs its duties. MIT’s Phillip Sharp noted this advantage for curing cancer, saying, “[there is] the possibility that someone could do that with RNA: arm it, juice it, and put it in the cell, and for another week it would go activate processes to clear out the tumor and then disappear.”107 Treatment would begin with genetic testing or sequencing of the patient’s tumor cells to determine the right kind of RNA therapy. The same production technologies that enabled ­Moderna to make a candidate vaccine in weeks could let it quickly create a personalized cancer therapy.


    The future of these kinds of RNA therapies continues to unfold as scientists further explore the relationship between a cell’s DNA and all the cellular activities controlled by it. MIT’s Sharp explained, “Keep in mind that all mRNAs in human cells are encoded by only 2 percent of the total genome sequence. Most of the other 98 percent is transcribed into cellular RNAs whose activities remain to be discovered. There could be many future RNA-based therapies.”108


    Engineering Drug Delivery


    The use of LNP (lipid nanoparticles) in the vaccines of ­Pfizer, ­Moderna, and others to deliver fragile mRNA strings is another category of breakthrough technology with many potential biomedical applications. Currently, many drugs are delivered orally or via injection containing the drug. “That’s a big problem,” said Pieter Cullis, a University of British Columbia biochemist focusing on LNP, “because the drugs go everywhere in your body, but a very small proportion gets to where you want [it] to go.”109 The result is that much of the drug’s dosage is wasted, creating a higher chance of side effects when the drug interacts with other tissues.


    The ­Moderna and ­Pfizer–­BioNTech vaccines both use the same phospholipid in the LNP membrane, but using a different phospholipid could control which cells tend to absorb the LNP, according to Kathryn Whitehead, a nanoparticle scientist at Carnegie Mellon University.110 Designer LNPs that encapsulate designer mRNA would lead to targeted treatments. In theory, an LNP could be like a shipping box that is addressed to a particular cell type and safely delivers the protected contents of the particle (mRNA or any other therapeutic) directly inside the targeted cell.


    “I’m convinced that in the next 50 to 100 years we’ll be able to solve all the [medical] problems that we have not yet,” said Sylvia Daunert, a biochemist studying nanoparticles at the University of Miami.111 These nanoparticles, with therapeutic contents and coatings that help direct the particles to their destinations, will be like molecular surgeons traveling through the body to fix particular problems. Technologies such as mRNA will give the body the tools for self-repair. “It’s not just The Magic School Bus, it’s a reality,” Daunert quipped.


    Accelerating the Pace of Innovation


    Although the Covid mRNA vaccines were the culmination of decades of work, the timeline for their development hints at a future of much faster innovations. When asked about this potential, ­Pfizer CEO Albert Bourla told the Washington Post, “If we did it with Covid, why only Covid? And why can’t we speed up treatments for cancer? Why can’t we speed up treatments for Alzheimer’s or Parkinson’s? So, I think that is an experience that will teach us all a lot of things.”112 Daniel Anderson, an mRNA therapy researcher at MIT, remarked, “You can have an idea in the morning, and a vaccine prototype by evening. The speed is amazing.”113


    Sean MacLeod, CEO of Seattle-based FenoLogica Biosciences, a startup combining high-throughput analysis and machine learning to decode how genes affect cells, added, “Recent advances in protein synthesis and genome editing have created the opportunity to rapidly accelerate biotech innovation, transforming the approach to vaccine research, pharmaceutical discovery, and manufacturing.”114 For the most part, scientific knowledge and engineering innovations are cumulative, and medical science and pharmaceutical engineers have accumulated a lot to get to this point.


    As these new technologies blossom, though, there is the potential problem that legacy regulatory processes might nip them in the bud. One of the most important challenges will be to reform the regulatory agencies that approve novel treatments. In many cases, current FDA approval processes suppress innovation and delay the application of lifesaving therapeutics.115 As with other fast-moving technology fields, government cannot keep up. In the high-tech industry, government slowness leads to loss of privacy and the growth of monopolistic enterprises. In biotech, which requires government approvals, the results can be significant delays, lost opportunities, and needless suffering.


    Beyond Medicine


    Ribosomes are the 3D printers of biological cells. These intricate assemblies of proteins and RNA are tiny programmable machine tools that read an mRNA string of instructions and assemble a corresponding chain of amino acids. The resulting chain of amino acids then naturally folds up into the final product, which may be any of an astounding range of possibilities such as structural proteins, active enzymes, controlling hormones, or other cellular machinery such as more ribosomes. The mRNA, like an engineering blueprint or a recipe, can be read and translated hundreds or thousands of times to make hundreds or thousands of copies of the product.


    The routine application of mRNA and DNA to induce ribosomes to make something useful presents a huge new opportunity for manufacturing a wide range of products that go well beyond medicine. The ribosome could make valuable biomaterials, such as silk for textiles, edible proteins for meat substitutes, or novel bioplastics. Ribosomes can also make enzymes that catalyze valuable chemical reactions, which could make biofuels, digest plastics, neutralize toxic waste, or capture carbon.


    Perhaps most importantly, a ribosome can make parts for making more ribosomes. Ribosomes really are like a 3D printer that can print parts for more 3D printers. Self-replication is a key function because it is the pathway to industrial scale. Biological cells are factories, and thus, the most important product of the cell may be more cells.


    Whereas a new semiconductor factory can take five years of planning and construction, a single bacterium can make a new bacterium (which is a new bacterium factory) in a mere 20 minutes in the right environment.116 Although more sophisticated mammalian cells take longer to reproduce, popular biotechnology cell lines such as Chinese hamster ovary cells (CHOs) can double in 20 hours.117 That implies that CHO cells can increase in factory capacity by 1,000 times every eight days and by a trillion times in a bit more than a month. Then the right added DNA or mRNA can program all those cells to make industrial quantities of anything.


    


    Curing the Climate Pandemic


    The challenge of fighting a worldwide pandemic and the challenge of climate change share many common aspects. Both the pandemic and climate change are affecting the entire world, have complex nonlinear effects, and cannot be solved through local initiatives. Global challenges require global solutions.


    If the majority of current scientific opinion is correct, climate change could be viewed as a kind of pandemic created by the ongoing, uncontrolled spread of practices that increase the amount of greenhouse gases in the atmosphere (coal-fired power plants, fossil fuel vehicles, deforestation, etc.). The result is a metaphorical infection that affects the entire world as GDPs, standards of living, and consumption of energy and resources rise. This infection is emitting greenhouse gases and other pollutants, likely changing the climate, and damaging the lungs of the planet. The disease threatens to create fevers in some places as higher temperatures increase the frequency of droughts and forest fires. Other places may suffer severe chills; if, for example, a melting Arctic shuts down the Gulf Stream, the climate of Europe may become much more like that of Canada. (In latitude, London is actually north of Winnipeg, Canada, where the average temperature in January is only 3°F [-16°C].)118


    The Curse of Cultural Inertia


    The first line of defense against both climate change and Covid-19 (before vaccines were available) focused on changing behavior and cutting down on certain freedoms and conveniences. To reduce infections during the pandemic, people were asked to wear masks, keep a safe distance from each other, and stop going to bars, restaurants, and other places where people congregate indoors. Much of the current effort to mitigate the future effects of climate change is similarly focused on behavioral changes—doing less: less consumption, less flying, less energy use, and so forth.


    Unfortunately, the Covid pandemic revealed how human societies have a great deal of cultural inertia. Even when people’s lives were being directly threatened by a potentially fatal disease, a considerable number of people failed to fully comply with recommended behavioral changes. Some people never complied. Others did so for a few months but could not maintain the necessary lifestyle changes to keep the virus at bay. In a sense, the virus was relentless while people relented. More alarming, many people refused to get the lifesaving vaccines even at the risk of severe illness and death.


    The threat of climate change is far subtler, far less direct, and farther in the future than the threat of a deadly virus. One of the unfortunate conclusions from the experience of the pandemic is that many people tend to refuse to change their habits even when faced with a daily drumbeat of actual illnesses and deaths. The obvious question is, How can society expect them to change now in response to some nebulous forecast of bad weather some distant decades away? The answer is that many, if not most, people are not going to heed the warning.


    Enabling Solutions without Imposing a Change


    Given the failure to bring about sufficient behavioral changes to defeat Covid, humanity turned to science and engineering to offer a less onerous solution. In vaccines, the world found a solution that would allow people to continue their normal lives through technology. Scientists around the world used decades of amassed biological and medical knowledge plus collaboration and government funding to develop many highly effective vaccines. Then pharmaceutical organizations built upon global supply chain assets to manufacture and distribute those vaccines, while governments funded and coordinated vaccination campaigns. As outlined throughout this chapter, the first vaccines were only the first technological weapons in the battle to conquer Covid. While manufacturing and distribution operations were ramping up and billions of people were getting vaccinated, the virus mutated, creating more infectious variants. As Covid becomes endemic, the forthcoming technological weapons, which may eradicate it, would be universal vaccines that will work against all variants.


    Because most consumers are not yet willing to change their behavior in order to halt climate change, the solution may need to be technological as well. The first phase of developing and using technological solutions to climate change is already here. It includes a range of renewable energy sources. This family of solutions is based on replacing the current carbon-based technologies with clean ones. Accumulating knowledge in physics, chemistry, electronics, engineering, and manufacturing is creating exponential declines in the cost of renewable energy systems.119 New photovoltaic materials can increase the efficiency and decrease the costs of renewable power; new battery technologies can boost energy density to enable electric-powered transportation120 and reduce costs of grid storage that can buffer the variable levels of power supplied by solar and wind.121


    Regardless of their merits, renewable energy sources have inherent limitations. Both wind and solar power, among other limitations, are intermittent and depend on the weather. Both of these renewable technologies require significant land areas, as does biomass energy, among other limitations. However, just like the first generation of vaccines were the first technology salvo in the fight against the pandemic, renewables may be only the first set of technologies to fight climate change. More potent technologies such as carbon capture and sequestration, including air capture, may have to be applied. Such technologies, already operational on a laboratory scale, can not only limit but also reverse the impacts of climate change when developed and applied at scale.


    As in the case of the Covid vaccination effort, governments will almost certainly play a key role in funding some of these green technologies on the basis that such technology development and scaling may be far cheaper than the economic and social impacts of climate change. The fact that governments invested billions of dollars in vaccine development and the trillions of dollars to mitigate the economic impacts of the pandemic demonstrates that when governments recognize a danger, money is no object. Such funding is sure to help jump-start R&D into green technologies just as it helped fund the pharmaceutical industry’s vaccine development efforts.


    Our Tools for the Future


    Overall, this book’s story of the record-breaking speed and success of the Covid vaccines from lab to jab illustrates important lessons about our world. The story shows the depth and breadth of our societal capacity to invent new technologies, design new products, build production systems, and deliver billions of units of those new products in record time at global scale. Human civilization has created a three-layer foundation—science, engineering, and supply chains—for tackling big global problems.


    


    More Science for More Knowledge


    First, scientists have developed a very sophisticated toolbox of scientific methods and data-gathering systems to objectively measure and analyze situations. They’ve used and refined these systems for decades in an effort to better understand our universe, our world, and ourselves. With these tools and the knowledge gained through them, the 8.8 million scientists of today’s world122 can turn their attention to creating new knowledge to address the world’s most pressing problems even beyond public health, including challenges such as poverty, food and water security, and climate change. It is that growing toolbox, knowledge base, and capacity to answer questions that then feeds the next layer of development.


    More Engineering for More Know-How


    Second, engineers have applied the tremendous troves of accumulated scientific knowledge to develop solutions to problems. New or updated scientific ideas give rise to new engineering formulas, inventions, patents, and know-how. The engineers use their know-how to convert laboratory findings into workshop prototypes and then into designs for factory systems. In turn, this layer of engineering ideas, tools, and designs underpins a vast global array of manufacturing and service organizations.


    More Supply Chains for More Products and Services


    Third, manufacturing and service organizations have applied engineering know-how to build and operate manufacturing, logistics, and service operations that create and deliver large volumes of specific materials, parts, products, and services. These organizations have built relationships with other organizations to define globe-spanning supply chains that convert the bounty of the planet into all the goods and services used by its 7.8 billion consumers. New scientific ideas and engineering know-how create new opportunities for improved downstream products and services while new perceived problems or needs percolate upstream to drive more engineering and science. The result is that no matter how specialized the product (e.g., enzymes for producing mRNA), chances are that someone somewhere knows how to make it, or has the on-site engineering and scientific staff to create a way to make it.


    More Connectivity for More Speed and Effectiveness


    These three foundational layers are woven together by ever-expanding global networks of cross connections created by the internet and transportation systems. Mobile broadband, online collaboration apps, video calls, messaging systems, and cloud services enable interdisciplinary global teams both in and across all three layers. Automated data collection, digital networks, big data repositories, and analytics software provide visibility, control, and objective data for optimized management. Even with pandemic disruptions, physical transportation systems continue to move goods (and people) in high volumes and rapid speeds around the globe. The overall result is that scientific knowledge, engineering solutions, and manufacturing capacity are readily available to almost anyone anywhere.


    We Are the Limits to Our Own Futures


    Alas, the epic success story of the Covid vaccines also revealed a dark underbelly to human civilization: Some people create and spread erroneous information either through misunderstanding, wishful (or fearful) thinking, or for fraudulent gain. Such spreaders of falsehood find receptive ears in times of stress. However, in a powerful knowledge-driven economy, the use of misinformation can create a serious risk of squandered resources and tragic outcomes (e.g., the high death tolls and economic losses in anti-vax strongholds). Although different people can certainly have different values, these individual beliefs and values don’t change the actual biological or physical properties of viruses, vaccines, masks, or planetary atmospheres.


    The Way Forward


    The challenge facing complex pluralistic societies is to imbue the three layers of science, engineering, and supply chains with a robustness against falsehood but also a sensitivity to personal values. Three improvements to knowledge supply chains can help address this sociological problem. The first is to build trust in the institutions that find or create knowledge. That, in turn, requires ensuring that said institutions are, in fact, worthy of that trust among people of all political outlooks. The second improvement is to sufficiently (but lightly) regulate information creation and distribution systems (especially social media) to curtail the spread of misinformation without censoring legitimate differences in personal preferences or values. The third is to educate people so that they can make informed decisions—as consumers and as voters—that are consistent with both their personal, subjective values and objective reality. Although to err is human, making progress on these challenges can mitigate the effects of human errors, regardless of whether they are accidental or intentional.


    As the successful invention and launch of the Covid vaccines show, the combined power of science, engineering, and supply chains has created a growing global capacity to confront the unknown, understand it, and improve the future. Moreover, each problem that we tackle (e.g., Covid) creates new assets in the form of new science, engineering, and supply chains, which accelerate solving the next set of critical global challenges.
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