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Introduction



The seed for this book was planted by an MMR vaccination.


Not in the way you’re probably thinking. It was nothing to do with the two-decades-and-counting row over the evidence-free assertion that the MMR causes autism. It was a mundane appointment to receive the MMR at my GP’s surgery.


The GP’s nurse delivered the ‘slight scratch’, as they call it, and asked if she could pick my brains about her adult son.


It happens. Like most medical researchers, I am often asked medical questions. More often than not, they’re in areas I know nothing about and I have to explain that I’m a scientist, not a doctor; I may or may not be able to explain why a doctor told you to do something, but don’t, whatever you do, mistake anything I say for medical advice. I usually end up falling back on my standard response: ‘I think you should see a doctor about that.’


A nurse working in a GP’s surgery didn’t need medical advice from me. She wanted to understand why her son, who had recently recovered from a lymphoma, had been advised against being vaccinated against yellow fever before travelling to South America.


That was a question I was comfortable with. Most of my research has been on how our immune systems interact with the microbes they protect us against, and how vaccines stack the deck in our favour. I was happy to pontificate about how a lymphoma, being a cancer of the lymphocyte cells that are key to the immune response, would have left her son with a weakened immune system. That mattered, because the yellow fever vaccine is a type called ‘live attenuated’: a strain of the yellow fever virus modified to be much weaker than the ‘wild-type’ circulating in nature.


Challenging the immune system with an attenuated virus is a bit like sending a boxer into the ring with one hand tied behind his back. He’ll be able to throw a couple of punches at the immune system, letting it know it’s in a fight but leaving no doubt about the outcome. As long as the vaccine strain is reasonably similar to the wild-type, it triggers protection against the real thing.


The catch is that the mildness of the infection depends on the immune system stamping it out while it’s still mild. If her son’s immune system was still reeling from lymphoma and chemotherapy, it might not be able to handle even the mild vaccine strain. To stay with the boxing analogy, her son’s immune system might be going into the ring with both hands tied behind its back, unable to protect him from the one-punch vaccine strain.


The nurse seemed happy with my explanation, and I was happy with my immunity to the three viruses in the MMR, but the nurse’s question crystallised something I’d been thinking about for some time. I get asked a lot of questions about vaccines, mostly by people bamboozled by the accusations and counter-accusations that fly around whenever a vaccine finds its way into the media. It leaves many people struggling to sift evidence from rhetoric and unsure of what’s best for themselves and their children.


The things that worry the people asking me questions are rarely the things that worry the researchers and public health professionals who work on vaccines. Diseases caused by viruses and bacteria shape our society in ways we barely notice, or so I mused in those halcyon days before COVID-19 reshaped our lives. Few of us give much thought to the microbial reason why there’s a sink next to every toilet.


In Britain, as in most high-income countries, vaccinations against the most dangerous microbes nature throws at us are available for every child, and we have been so successful at banishing them that it’s easy to forget why we need vaccines.


That’s what led to my first encounter with serious infectious disease. The year I was born, a long-simmering debate over whooping cough vaccination burst out of academic conferences and medical journals and into The Times and television news. Some doctors and scientists believed the vaccine was causing permanent brain damage in some of the children it was given to. Others saw no evidence that it was dangerous and were more worried about putting parents off the vaccine. The latter side would ultimately be proved correct,1 but that lay in the future.


My parents were intelligent people, but they weren’t equipped to evaluate the accusations of peddling dangerous vaccines from one side and counter-accusations of scaremongering from the other. They were as bamboozled as the people who ask me about vaccines now. All they knew was that highly qualified people were saying that the whooping cough vaccine might cause brain damage.


Watching one’s baby being jabbed with a steel needle is distressing enough without worrying that its contents might damage his developing brain, and by the 1970s, whooping cough was no longer the disease most likely to kill a child, as it had been when my parents were children.2 My parents decided that protecting me against a disease that belonged to the era of steam locomotives and air-raid sirens wasn’t worth any possible risk to my brain.


They weren’t alone. Two thirds of British parents decided their children were better off not being vaccinated against whooping cough. What happened next was inevitable. Whooping cough returned with a vengeance. Between 1977 and 1979, nearly 115,000 British children caught it.3


I was one of them. Paroxysms of coughing left me gasping for air with the ‘whoop’ that gives the disease its name, while my fevers kept both me and my parents up night after night. I recovered after a few months, as did most of the victims of the 1970s epidemic. Not all; thirty-eight children died,4 which scared parents back to the vaccine clinics. By the 1990s, whooping cough was once again a rare disease in Britain.


I don’t remember my brush with it, so I give whooping cough no credit for the career choice I made in my mid-twenties. With a newly minted doctorate in zoology and no job, I changed direction and applied for a post researching the infant immune system in The Gambia, a tiny West African country whose many mysteries include the definite article in its name.


In 2002, I left Britain in the throes of a new vaccine scare. The one you probably thought of when I mentioned the MMR. Researchers at London’s Royal Free Hospital were asserting that another vaccine caused brain damage. This time, the vaccine was the MMR, combining live attenuated vaccine strains of the measles, mumps and rubella (aka German measles) viruses, and the feared brain damage was regressive autism.


At the time, my colleagues and I thought the Royal Free team had raised a legitimate point of concern. If there was any chance that the MMR might cause autism, the researchers had been right to raise it so that it could be properly investigated.


We didn’t know that the whole thing was based on falsified data,5 and backed up by research practices so unethical that they would get the lead researcher struck off the medical register6 – although not until those practices had put a child in intensive care.7


The whole story didn’t come to light until years later, but we did know that the original research had only involved twelve children, and that subsequent studies, looking at hundreds of thousands of children, found no link between the MMR and autism.


But that wasn’t how it had been reported. As a rather green researcher, I remember chuckling at a headline in one of the more reputable broadsheets: ‘Research puts MMR autism link in doubt.’8 I didn’t think the link was in doubt; it was never proved in the first place, and had since been shown not to exist.


I didn’t fully appreciate that for parents, it was nothing to chuckle about. Like my parents a generation earlier, they were trying to make sense of media coverage that gave more space to strident opinion than to calm evaluation of evidence. Many parents of the 2000s made the same judgement that my parents had made in the 1970s: that erring on the side of caution meant not having their children vaccinated.


In The Gambia, I met parents who saw things very differently. For them, infectious disease was not a bogeyman of the past but an ever-present threat. Malaria and gastroenteritis stalked their children every day, and they had no confidence that the under-resourced healthcare centres would be able to help. It was a rare parent in The Gambia who hadn’t been to the funeral of a close relative’s child. They knew what their own babies faced.


In the early 2000s, childhood vaccination had recently expanded dramatically across Africa, including The Gambia. Infant mortality rates were dropping so precipitously that their children had a much better chance of growing up than children born even a few years earlier.


Gambian parents did whatever was necessary to get their children vaccinated. Most mothers had to take their babies to a clinic in the back of a ‘bush taxi’: a battered old Peugeot estate car that bounced and creaked along roads riddled with potholes. When a bush taxi stopped to let someone in or out, the passengers often had to get out and push-start it. At the clinic, mothers were often told to come back next week because the vaccines had run out – and come back is what mothers did.


I went to The Gambia to run one study, but the nature of research is that every question answered raises another dozen to be asked. I spent the next ten years digging into the immune system’s interactions with infections and with vaccines, moving from The Gambia to Malawi to South Africa and back to Malawi before my research career was cut short by the machinations of my own immune system. With irony I wasn’t inclined to appreciate, I developed a lymphoma: a cancer of my immune system’s lymphocytes similar to that suffered by the son of the nurse who would give me the MMR years later. My failing health sent me back to Britain and into the merciful arms of the NHS.


That lymphoma toughed out more rounds of chemotherapy than I care to remember. The superb clinicians resorted to the nuclear option of a haematopoietic stem cell transplant, replacing all of my misbehaving lymphocytes with a donor’s. My new immune system finally saw off the lymphoma, but my recovery came at a price. I lost all the immunity I’d accumulated from four decades of vaccines and infections. Worse, my new immune system was now in such a fragile state that, for the same reasons the nurse’s son couldn’t be vaccinated against yellow fever, it couldn’t be trusted to handle the live attenuated vaccine strains in the MMR.


Meanwhile, measles was returning to Britain. It was a consequence of headlines like the one I’d found funny a decade earlier; enough parents had avoided the MMR that there were now enough unvaccinated children to allow measles to circulate. Measles is serious enough in an adult with a healthy immune system, and because it’s a virus, antibiotics weren’t going to help if I caught it. If a child with measles breathed on me, they could kill me.


That headline wasn’t funny anymore.


Five years after the transplant, the doctors decided my immune system was ready to throw a few punches, which is why a man with two decades of medical research behind him was receiving a childhood vaccine.


The nurse’s question made me realise that even people who work with vaccines every day don’t always have a clear idea of how they work. That’s hardly surprising; modern vaccines are the product of three centuries of trial and error and, for much of that time, trials were so poorly conceived that errors often went undetected.


At the time, I would also have said that even people who work with vaccines often forget how important infectious disease was for most of those three centuries. How much time do any of us spend wondering at the closed sewer that freed us from typhoid and cholera?


A year later, infectious disease reminded us of its importance. Thanks to COVID-19, I researched and wrote most of this book in lockdown, knowing that a donated immune system would never be as effective as the one I was born with, and that there was a strong chance I wouldn’t survive if the COVID-19 virus found its way into my throat.


It gave me a strong sense of what drove the vaccine researchers of previous generations – or at least some of them. The research that brought today’s vaccines was part of the last three centuries of history, and history is not always pretty. Many researchers were driven by humanitarian urges, but, like all aspects of science and technology, medical research has often been driven by the needs of army and empire. Some of the vaccines that are still in use were born of motives and methods that make for uncomfortable reading today.


By the time I entered medical research, the principle of informed consent was sacrosanct. Before I could accept a volunteer for a study, I needed to make sure they understood what they were volunteering for and that they knew they could unvolunteer at any time. If my studies involved children who were too young to give informed consent, their parents’ consent was needed on their behalf. I was required to make very sure that any information I collected was kept strictly confidential, and every procedure needed to be approved by institutional ethics committees.


Research hasn’t always worked like that. Until the 1970s, medical research often involved orderly lines of adults or children with no idea of what they were about to receive.


The world of today is built by choosing what we want to keep from the world of yesterday and discarding what we don’t. If the sort of experiments that proved today’s vaccines have no place in today’s world, we can choose to keep the vaccine and make sure tomorrow’s vaccines are proved with ethical experiments.


The first part of the book is a whistle-stop tour through the three centuries of discoveries – and more than a few blind alleys – that brought us to our current understanding of why we need vaccines, how they work and how we make sure they work.


The second part devotes one chapter to each of the vaccines routinely given in Britain. Not every country uses all of these vaccines, and some countries use vaccines that aren’t used in Britain, but most of the vaccines used in any country will be covered by those chapters. The story of each vaccine begins with the story of the disease it protects against. However, at the time of writing, the story of many of those diseases is far from over.


The third part deals with the most common concerns about the safety of the vaccines, some of which do have some basis and some of which are as mythical as the monster under the bed.


The final section lists the references from which I have drawn my information. It’s there as an invitation to check up on me. I don’t ask you to believe what I say because I am a scientist. I ask you to consider what I say in the light of the knowledge from which I draw my conclusions.


When you do that, I am confident you will agree with me that vaccination is one of the great discoveries of human history.
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How vaccines educate the immune system











Chapter 1



The principles of vaccination: isolate, attenuate, inject


On one side is the human body. On the other are the microbes that might harm it. Between them stand the phagocytes, lymphocytes and antibodies of the immune system.


They don’t stand alone. They have some help from the human mind.


Today’s vaccines are a product of the human mind and of a very modern process, from the peer-reviewed papers that show a vaccine is safe and effective to the quality-control stamps that tell us a vaccine contains exactly what it should contain and nothing else. Yet the human mind has been giving the human immune system a helping hand since long before anyone thought of academic journals or pharmaceutical factories.


Human minds have been applying themselves to immunological processes since time immemorial, in the literal sense that the person who first found a way to work with the immune system has been forgotten. How they came up with their trick has been lost, along with their name. The earliest definitive evidence we have that their trick worked arose from a conversation between two men whose names, in the British colonial outpost that was Boston in 1706, encoded their relationship: Cotton Mather and Onesimus.


Mather was a puritan clergyman, owner of the largest library in England’s American colonies, member of London’s Royal Society and an authority on witch-finding who vocally supported the Salem trials.1 The boundary between science and mysticism then lay in a very different place to where it lies now.


Onesimus was Mather’s slave.


He was born somewhere in Africa, but beyond that, his origins are lost, along with his given name. He was only Onesimus for the few years between Mather receiving him as a gift from his congregation and selling him for disobedience.


It’s unlikely that the man who taught Europeans how to fight one of their greatest scourges was ever thanked for it.


Europe wakes up to variolation


Mather asked Onesimus if he’d ever had smallpox, one of the most feared diseases of the eighteenth century. We now know that the smallpox virus infects the throat and is transmitted when someone breathes it out. It then spreads rapidly through the body, and anyone who survives its attack on their major organs is likely to be permanently scarred by the pustules it raises on the skin.2


In Mather’s day, all that was known was that it was a fast-spreading harbinger of death and disfigurement, so when Onesimus answered, ‘Yes and no,’ Mather wanted to know what he meant.


Onesimus showed Mather a scar on his arm and told a curious tale. When he was a child, the pus from someone else’s smallpox pustule was inserted under his skin. Onesimus endured a mild case of smallpox, hence his yes. It had been far less serious than naturally acquired smallpox, hence his no.


Mather knew that nobody caught smallpox more than once, but he didn’t know there was a way to ensure that one time would be mild. Once his curiosity was piqued, he discovered that the technique Onesimus described was well known in Boston – but only among its African-born slaves. Their European owners had never heard of it, because before Mather, none had thought to ask.


Controlled exposure to a microbe that causes a disease is not vaccination, which uses an adulterated version of the microbe. The two approaches do, however, work in the same way: by triggering immune memory, the phenomenon by which the immune system can recognise a microbe it has encountered in the past and respond faster and more effectively the second time round.


In 1706, no one knew that microbes even caused disease, let alone how to adulterate them, but the technique Onesimus described was well known in much of Asia and Africa.3 Mather couldn’t know that there are written records from mid-1500s China,4 when the practice was described as so commonplace that the unknown genius behind it may already have been forgotten. Europe had been somewhat slow on the uptake.


The learned men of Europe and its colonies called smallpox ‘variola’, so they called Onesimus’s procedure ‘variolation’.


Fifteen years after that conversation, smallpox arrived in Boston. In 1721, it tore through the town, reducing Bostonians to agonised wheezing for breath as the pustules encrusting their skin spread into their lungs. For possibly the only time in their lives, black Bostonians fared better than white. Many had been variolated and remained untouched.


Mather might have sold Onesimus by then, but he hadn’t forgotten him. He appealed to Boston’s medical men to try the technique that had protected their slaves, but only found one willing to give it a try. Zabdiel Boylston, a member of Mather’s congregation, variolated his six-year-old son, his slave and his slave’s son. All three recovered without serious illness.


Boylston and Mather offered to variolate anyone who wanted to be variolated. Some were willing but others took a view summed up in a note attached to a grenade thrown through Mather’s window, which, fortunately, failed to explode: ‘Mather, you dog, damn you, I’ll inoculate you with this.’5


Mather had not only introduced the forerunner of vaccination to the European world. He had also inspired the forerunner of the anti-vaccination movement.


Nevertheless, his results were hard to argue with. Boylston inoculated 280 people, and all but six survived the 1721 epidemic, giving a death rate of one in forty-seven. Among Boston’s population as a whole, the death rate was one in thirteen.6


Variolation became so widely used across North America that five decades later, George Washington had his entire continental army variolated, putting an end to the smallpox outbreaks that nearly stifled the American revolution at birth.7 The first president of the United States of America probably had no idea that he owed his country’s independence to the advice of a slave.


Lady Mary Wortley Montagu


Mather and Boylston were the first to use variolation in the European world, but only just. While they were fighting Boston’s 1721 smallpox outbreak, Lady Mary Wortley Montagu introduced variolation to London.


Being the daughter of a duke, Lady Mary could get away with the occasional breach of protocol – and a century and a half before women were admitted to British medical schools, revolutionising medical practice was certainly a breach of protocol. In her youth, she was a celebrated beauty who caused a minor scandal when she broke her engagement to an Irish viscount called Clotworthy Skeffington by eloping with Lord Wortley Montagu. Her marriage endured but her beauty did not. A few years into her marriage, a bout of smallpox left her face eyebrowless and pitted with scars.8


The following year, her husband was appointed ambassador to the Ottoman Empire, and in Constantinople, she learned about variolation. She was so impressed with the practice that when her husband was away, she had their son variolated and presented his scar to her husband as a fait accompli. The boy recovered quickly, and when the family returned to London, she brought her knowledge of immunisation with her. In 1721, while smallpox was ravaging Boston, it also made an appearance in London, so Lady Mary enlisted the court surgeon to variolate her daughter.


Her title and connections protected her from the sort of vitriol that Mather received. Hans Sloane, president of the Royal Society, was an early convert to variolation and his patronage, combined with Montagu’s aristocratic connections, did far more to make variolation respectable than the solid evidence provided by Mather. Variolation was taken up across Britain and subsequently Europe. It saved a lot of lives, albeit at the cost of a few. Deliberately infecting someone with smallpox could never be a completely safe process.


Respectability proved to be a mixed blessing. As European physicians adopted variolation, they also adapted it to fit their concept of how medicine should be practised.


Where Montagu had described a simple scratch to the arm with a pus-dipped needle, physicians prepared their patients with a course of bloodletting, laxatives and emetics. Physicians and surgeons charged by the procedure, and the more they complicated variolation, the more lucrative it became.


The preparations weakened their patients, leaving them vulnerable to a more severe infection than they needed to endure. One man left with a particularly unpleasant memory of variolation was a Gloucestershire surgeon called Edward Jenner.9 It may have been what inspired Jenner to come up with something better: vaccination.


The man from Gloucestershire


Jenner became a surgeon the hard way. He couldn’t afford university fees, so he learned his trade through apprenticeship, starting when he was thirteen years old. When his mentors ran out of things to teach him, he learned by experiment.


At thirty-five years old, his experiments with unmanned hydrogen balloons were probably the first experiments in aeronautics conducted in Britain. At thirty-nine, his first manuscript to the Royal Society resolved a question that had bamboozled naturalists for centuries: where the cuckoo lays its eggs. At forty-five, he proved that a man had been poisoned by feeding his stomach contents to two dogs, which subsequently died. His foray into forensics failed to impress a jury, however, and the man’s wife was acquitted of murdering him.10


At forty-eight he conducted the experiment that made him famous. In 1797, he enlisted a dairymaid called Sarah Nelmes, who had a cowpox pustule on her hand. Cowpox was a disease of cattle that occasionally infected dairy workers, but although cowpox pustules looked identical to smallpox pustules, they were no more than a minor irritation and did not spread across the body. Jenner took a scraping from Nelmes’s pustule and used it to inoculate an eight-year-old boy called James Phipps. James later complained of a headache and a mild fever but quickly recovered. Jenner then variolated him, and recorded symptoms so mild that he would have expected them in someone who had already had smallpox. Cowpox had rendered James immune to smallpox with no need for weeks of bleeding and purging.


Jenner wrote a report of his experiment, but the Royal Society declined to publish it. Rejection is a common fate of manuscripts reporting revolutionary results, but the Royal Society’s reason was solid: one small boy wasn’t much of an experiment. Instead of repeating his procedure on more children, Jenner self-published his report as a pamphlet.


It attracted enough attention that other surgeons tried it. There was never a clinical trial of Jenner’s technique but surgeons and physicians all over Britain, and subsequently Europe, concluded that it worked.11


Jenner’s experiment replaced variolation with vaccination as we now understand it: he had triggered James’s immune memory to smallpox without exposing him to the smallpox virus.


The word ‘vaccination’ was coined by Richard Dunning, Jenner’s friend and fellow surgeon. He derived it from vacca, the Latin word for ‘cow’, so vaccination literally means, ‘from the cow’.


From the cow to the world


Vaccination proved as effective as variolation and far safer. Physicians and surgeons around the world embraced it as a phenomenon that protected people from smallpox, but none could have explained how it worked, any more than Onesimus or Mather could have explained what underpinned variolation.


It was only decades after Jenner had vaccinated James Phipps that anyone delved into the possibility that vaccination might be more than a phenomenon, and looked for the principles behind it with the hope that understanding them might open the door to protecting against more than smallpox.


The discovery of those principles hinged on an 1879 experiment on chicken broth in the Paris laboratory of the man who, more than anyone else, turned vaccination into a practical approach to tackling multiple diseases.


Louis Pasteur started his career as a chemist and agricultural scientist on a mission to improve the quality of French wine. When he delved into the process by which grapes ferment, he realised he was looking not at a chemical process but a biological one. Fermentation did not simply happen to grape juice, but was done to it by yeast, a type of microbe. If a living microbe lay behind fermentation, Pasteur reasoned, then flash-heating it to kill the yeast could stop the fermentation at the moment when the wine was perfect.12 ‘Pasteurisation’, as flash-heating became known, is now more widely associated with sterilising milk, but generations of oenophiles owe a debt to Pasteur’s first major success.


His work on wine showed a process that would characterise Pasteur’s career: he would investigate what lay behind a problem and use it to work out a practical solution. For Jenner, phenomenon had been the end of his process. For Pasteur, it was the beginning.


Pasteur reasoned that if fermentation was caused by microbes, perhaps putrefaction was as well. Having proved it, he went further. If microbes were what rotted dead flesh, perhaps microbes might also be behind the diseases that afflicted the living.


By then, Pasteur was in his late forties and had lost the use of one hand to a stroke.13 With a Légion d’Honneur and a seat in the Académie des Sciences, he had reached the career stage where most scientists stepped back from the laboratory and dispensed their wisdom to the younger men who toiled in it. However, the distant sage was not a role that suited Pasteur. He preferred to stand next to his toiling assistants – or sometimes over them – while dispensing wisdom in the form of direct orders.


In 1873, he was elected to the Académie de Médecine, whose members thought they might benefit from the insights of a man versed in scientific thought. They got more than they bargained for. Once Pasteur had conceived his microbiological theory of disease, he wouldn’t let it go – and he’d never learned the art of diplomatic disagreement.


His fellow academicians might have appreciated a tanner’s son improving the quality of their wine, but that didn’t mean they were going to listen to him telling them they were doing medicine all wrong. On one occasion, grey-bearded men had to physically intervene to prevent a punch-up that led to Pasteur being challenged to a duel.14 Not everyone elected to the Académie gloried in drama, however, and cooler heads got everybody calmed down before any pistols were fired.


Between debates, Pasteur was gathering evidence. He’d returned to agricultural science and was working on a disease called chicken cholera, so-called because, like human cholera, it causes diarrhoea, although the microbe behind it would later prove to be unrelated.


There are two versions of the story of how the seminal experiment came about, and frustratingly, we don’t know which is true.15 One has Pasteur’s assistants keeping the chicken cholera microbe alive in chicken broth. They periodically took a sample of the microbe to inoculate a fresh bottle of broth – a process called ‘passaging’ – before it got through all the nutrients in the first bottle. When Pasteur was away, his assistants paused the passaging, leaving the microbe in the same nutrient broth for much longer than usual. When he returned, the microbe could no longer make chickens fall ill, but it could protect them against fresh chicken cholera microbes.


The other version credits one of Pasteur’s assistants, Émile Roux, with discovering the protective version of chicken cholera bacteria by passing pure oxygen through the cultures.


However it came about, the 1879 experiment showed that a microbe could be adapted to confer immunity without causing infection. In short, it could be turned into a vaccine.


Pasteur broadened the definition of the word ‘vaccine’ beyond smallpox by applying a similar approach to anthrax. Charles Chamberland, Pasteur’s most adept assistant when it came to developing laboratory equipment, found that anthrax microbes treated with carbolic acid at exactly the right temperature protected livestock from infection with fresh anthrax.16


In 1881, Roux and Chamberland tested their anthrax vaccine on a herd of sheep and cattle in the village of Pouilly-le-Fort, a short train journey from Paris. By this time, the Académie debates had attracted widespread attention and quite a crowd gathered to watch. There were livestock breeders who wanted a successful experiment to end their problems with anthrax, detractors who wanted a failed experiment to make Pasteur shut up about microbes, and journalists who didn’t care either way if they got a story out of it.


The Pouilly-le-Fort trial was a spectacular success. When anthrax killed all the unvaccinated animals and none of the vaccinated ones, vaccination in the modern sense had arrived. Pasteur and his assistants had shown that vaccination was not a one-off phenomenon, but followed principles that they had successfully applied to two different diseases, and could apply to many more.


It’s thanks to Pasteur that we still call it vaccination, even though few modern vaccines have anything to do with cows. A few months after the Pouilly-le-Fort trial, Pasteur, with a recent promotion to his Légion d’Honneur that he insisted on sharing with Chamberland and Roux, presented his results at the International Congress of Medicine.


In his summing up, he said, ‘I have given to the term vaccination an extension which science, I hope, will adopt as an homage to the merits and the immense services rendered by one of the greatest men England has ever produced, your own Jenner.’17


With this speech, he ensured that the word ‘vaccination’ would stick.



Isolate, attenuate, inject


Pasteur’s experiments with chicken cholera and anthrax led him to codify his approach into the three-step Pasteur doctrine of vaccine development: isolate, attenuate, inject.


First, isolate the microbe causing the disease. Work out what it is and how to culture it.


Second, attenuate the microbe by finding a way to turn the disease-causing ‘wild-type’ into a vaccine strain that triggers the same immune memory without causing the disease.


Third, inject it into the chicken, cow or human that you’re trying to protect, and, if you’ve got the isolation and attenuation right, you can stop worrying about that chicken, cow or human getting the disease in question.


The principle is simple. The practice is anything but. Nevertheless, vaccines are still developed using the broad outline of the Pasteur doctrine, albeit using techniques that Pasteur could only have dreamed of.


After his success with anthrax, Pasteur was keen to try his doctrine on a human disease, which presented a new problem. Until he injected his attenuated strain into someone, he couldn’t be sure it really was attenuated. It was one thing to risk a chicken or a cow keeling over because the strain wasn’t attenuated enough. It was quite another to risk a human being.


The dilemma led him to target rabies. Someone bitten by a rabid dog was already facing a painful death within a few weeks. If Pasteur could inject someone with an attenuated rabies strain soon enough after they were bitten, he might be able to save someone who was otherwise beyond hope. If something went wrong, it wouldn’t make their situation any worse.


Pasteur couldn’t know that he’d picked a particularly awkward disease to start with. Rabies is not caused by a bacterium, like chicken cholera and anthrax, but a fundamentally different type of microbe that would later be called a virus. At the time, it wasn’t called anything, because nobody suspected the existence of viruses. It says a lot for Pasteur’s confidence in his microbial theory that despite the microbe being too small to be seen through his microscopes, he was so sure it was there that he persisted in applying his isolate, attenuate, inject doctrine.


Pasteur and his assistants spent four years culturing rabies in rabbit spinal cords and experimenting on dogs and rabbits. By 1885, they had something they were confident enough to try on a human.


That human was nine-year-old Joseph Meister, whose parents had heard there was one man in the world who might save their son after he was bitten by a rabid dog. It was an anxious few weeks for everyone concerned, but when Joseph showed no sign of developing rabies from either the bite or the vaccine, Pasteur was confident enough to try it on a second patient.


That patient was a boy who became a hero. Fifteen-year-old shepherd Jean-Baptiste Jupille was bitten while defending younger boys from a rabid dog. He was rushed to Paris for Pasteur’s groundbreaking treatment, and not only survived but was sent home with a thousand francs from the Institute de France to reward his courage.


Jupille’s five minutes of fame helped to publicise the success of the vaccine, and before long, Pasteur was receiving patients from as far afield as the USA and Russia. His success was a key driver behind the establishment of the Institut Pasteur, so named despite Pasteur’s objections. It was funded by charitable donations, ranging from a few francs from thousands of ordinary French people to bundles of cash from great names in finance, like Rothschild and Rockefeller, and emperors, like Dom Pedro II of Brazil, Tsar Alexander III of Russia and Sultan Abdul Hamid II of the Ottoman Empire.18


The Institut was decorated with statues of its major donors alongside a statue of Jean-Baptiste Jupille’s epic battle with the rabid dog. When Jupille, like Joseph Meister, accepted a job as a concierge at the Institut, he gave the Institut the rare distinction of having a statue of a serving doorman.


Developing the Pasteur doctrine


Pasteur’s idea of attenuation involved a series of injections, starting with a highly attenuated version of the microbe and ending with something close to the wild-type. The idea was to habituate the patient to progressively more virulent versions of the microbe until they could handle the real thing.


Many of today’s vaccines are produced by attenuation, but, with the benefit of a century and a half of hindsight, Pasteur’s way of doing it now looks over-complicated and unsafe.


Over-complicated because it depended on immune memory triggered by the first injections to cope with the more virulent strains used in later injections. If the immune system could handle those virulent strains, it could already handle the wild-type and there was no need for multiple vaccine strains. Unsafe because if it couldn’t, those later injections were as dangerous as injecting with the wild-type.


Attenuation is still used, but these days an attenuated vaccine is a single highly attenuated strain of the microbe.


Ironically, Pasteur’s attenuated rabies vaccine almost certainly wasn’t working in the way he thought it was. He assumed that the more times he passed it between rabbit spinal cords, the more attenuated the microbe became, which gave him his selection of strains of different virulence. We now know that while viruses do become attenuated in culture, the process is nowhere near as predictable as Pasteur concluded. It’s far more likely that the process was producing a lot of inactive virus, and that’s what triggered the immunity that saved Meister and Jupille.


Modern vaccinology is built on the Pasteur doctrine but it does not use it in the way that Pasteur did. The building began with two of the more colourful characters of early vaccinology: Waldemar Haffkine and Almroth Wright.


In 1884, Haffkine earned his zoology doctorate from the University of Odessa not a moment too soon. Being a Ukrainian Jew, his youth had been punctuated by regular pogroms of rape and vandalism. Haffkine combined his studies with helping to organise his community’s self-defence association which, by the time he graduated, made him a marked man.19 He needed to leave the Russian Empire in a hurry, and his fascination with the emerging science of microbiology led him to the Institut Pasteur.


He quickly established himself and, using Pasteur’s doctrine, developed an attenuated vaccine strain of the cholera microbe. It involved two injections, with the second being less attenuated than the first,20 but even after he tested it on himself and several of his friends, the French authorities balked at the idea of injecting cholera microbes into healthy people.21


One of those friends saw the authorities’ refusal as an opportunity. Ernest Hankin, an officer of the Indian Medical Service, promptly recruited Haffkine. In 1893, Haffkine arrived in Calcutta,* where he initiated the first large-scale roll-out of a vaccine since smallpox nearly a century earlier.


Haffkine met Wright when he returned to Europe in 1895, recovering from a bout of malaria. Wright was a dishevelled giant of a man with a voice one acquaintance described as the ‘narrowest squeak possible’22 and a solid track record in the study of blood.23


In 1892, Wright was appointed head of the British Army’s medical school at Netley, Hampshire. It was a controversial appointment for a man with no military background, especially as he had been promoted over the head of David Bruce, an army officer of nearly ten years. Bruce had proved his scientific chops in describing what he called Malta fever, which would later be renamed brucellosis in his honour. However, Bruce’s drinking and womanising – and what was mysteriously described as ‘an unfortunate incident with a railway porter’24 – saw him passed over for promotion.


By 1895, Wright was trying to apply the Pasteur doctrine to typhoid, one of the many diseases that ran rampant through tightly packed army camps. He was persuaded by the microbiological theory of disease but didn’t know how to apply it.


He invited Haffkine to advise him and their conversations must have been productive, because both men went on to invent vaccines by simply killing the isolated microbe, enabling them to develop vaccines much faster than they could have done using attenuation. Wright acknowledged Haffkine’s input in the first sentence of the paper describing his typhoid vaccine,25 and threw himself into a two-decade-long barney with the War Office until they started vaccinating soldiers upon recruitment.26


Haffkine’s target was bubonic plague, which was spreading across central Asia and arrived in India at about the same time as Haffkine returned in 1896.27 Instead of the attenuation he’d used against cholera, he did what Wright was doing with typhus: he simply killed the bubonic plague microbe.


Wright and Haffkine didn’t so much ‘isolate, attenuate, inject’ as ‘isolate, inactivate, inject’. Their development of Pasteur’s doctrine enormously widened its possible application. It was a lot easier to kill a microbe than to maintain multiple strains at different levels of attenuation. Moreover, it avoided the danger of a microbe turning out to be less attenuated than it should have been and causing the disease it was supposed to prevent.


Simply killing the microbe didn’t work with every disease, as Wright found out when he tried it with brucellosis. His disgruntled deputy had already done the isolating, so Wright inactivated it and injected it into himself. He tested it by injecting the wild-type microbe and nearly died of the subsequent infection.28


Bruce had his revenge.


More importantly, Wright had shown that there was no single approach to the middle part of the Pasteur doctrine. Killed vaccines might have worked against typhoid and bubonic plague, but that didn’t prove they would work against anything else. Each microbe would require a bespoke approach.


Immunology


The most remarkable aspect of what men like Pasteur, Haffkine and Wright achieved is how little they knew while they were achieving it. They had only glimpsed the enormous diversity encompassed by the word ‘microbe’, and while they recognised that exposure to a microbe could confer immunity to it, they had only a vague idea of how immunity works.


The first step in unravelling immune memory was made by Paul Ehrlich, who worked for Pasteur’s arch-rival Robert Koch.


Pasteur had loathed all things Teutonic since a Prussian artillery shell decapitated a stuffed crocodile in the Muséum National d’Histoire Naturelle.29 For Pasteur, bombarding a museum was a direct assault on science and culture, but worse was to come. The 1870 Franco-Prussian War ended in humiliating defeat for France and, just to rub it in, the proclamation of the new nation of Germany in the Palace of Versailles. Koch had been an army surgeon in that war and was less than enamoured of France,30 leading to a bitter rivalry between the two fathers of the microbial theory of disease.


Ehrlich discovered that if he injected mice with minuscule concentrations of plant toxins, their blood acquired the ability to neutralise those toxins.31 He concluded the toxins were triggering the mice to produce a substance he called antikorps, literally translated into English as ‘antibody’. It followed that if an animal could produce antikorps against a plant toxin, then an animal – or a human – could produce antibody against a disease-causing microbe.


Meanwhile, in Paris, Élie Metchnikoff, Pasteur’s protégé and Haffkine’s mentor, had discovered a type of cell called a phagocyte that engulfed and killed microbes.32 Their directors’ rivalry dictated that both Ehrlich and Metchnikoff insist that they had found the basis of immunity while the other was mistaken. Almroth Wright showed that they were both right;33 a phagocyte might be able to kill microbes, but it was a lot better at it when the microbe had been treated with antibodies. Wright had discovered a process we now call opsonisation, in which antibody molecules coating the microbe also bind it to the phagocyte.


He’d also shown that the immune system is made up of many different elements that interact with each other while attacking invading microbes in different ways. It would later emerge that Metchnikoff’s phagocytes encompassed several different types of white blood cell. The other major type is the lymphocyte, which is central to immune memory.


Some types of lymphocytes produce the antibodies that Ehrlich first identified. Others, called killer T-cells, identify cells of the body containing invading microbes and destroy them. Still others regulate the immune response, preventing it from attacking certain types of microbe.


The immune system has been learning about microbes for as long as there have been immune systems and microbes, and it’s got pretty good at it. At the same time, microbes have been learning about the immune system, and those that cause disease have got painfully good at slipping past it. That’s where the human mind is needed to assist the human immune system. It can develop vaccines that use the mechanism it uses to remember microbes it has seen in the past to warn it of the ones it needs to be ready for in the future.


This leads us to the question of what exactly we’re talking about when we talk about microbes.


 


* Now Kolkata.










Chapter 2



The adversaries: bacteria and viruses


‘Microbe’ is a catch-all term for anything alive that’s too small to be seen with the naked eye. In the late nineteenth century, the idea that microbes could make people ill is what drove the three founding fathers of the microbiological theory of disease: Louis Pasteur, his hated rival, Robert Koch, and an English surgeon called Joseph Lister.


All three first got interested in microbes at a time when that interest placed them squarely against the prevailing medical opinion, hence Pasteur’s frequent spats in the Académie de Médecine. All three contributed evidence that microbes did indeed cause disease, and all three spent a considerable amount of effort trying to persuade their peers to pay attention to that evidence.


A major turning point was the 1881 Seventh International Medical Congress in London, where Pasteur presented his anthrax vaccine trial to the great and the good of European medicine and expanded the word ‘vaccination’ to mean more than a scraping of cowpox.


Among his frock-coated audience were Koch and Lister. Pasteur even found a few kind words for Koch’s new method for microbial culture, in which he solidified liquid nutrient broth into a jelly using a substance called agar. It allowed him to watch bacterial colonies form on the surface, which Pasteur called ‘un grand progrès’,1* one of the nicest things he ever said about Koch or any other German after the Siege of Paris.


Lister, who corresponded regularly with both Koch and Pasteur, was more interested in applying the microbiological theory in his operating theatre than in studying microbes. Spraying everything in sight with carbolic acid2 lacked the elegance of Pasteur and Koch’s experiments, but when surgery carried a fifty-fifty chance of fatal infection, Lister’s near elimination of the problem3 made the microbiological theory difficult to argue with.


If their peers took their time in coming round to the microbial theory, it wasn’t because microbes themselves were a new idea. In the 1670s, an inquisitive Dutchman named Antonie van Leeuwenhoek discovered microbes when he put a drop of pondwater under a microscope.4 For two centuries, natural philosophers regarded the cornucopia of squirming, wriggling, shimmering ‘animalcules’ as mere curiosities. The journey towards recognising them as agents of human disease only began when Pasteur recognised that a microbe was behind fermentation.


Meet the microbes


Follow in van Leeuwenhoek’s footsteps and place a drop of pondwater under a microscope, and you’ll glimpse how much is going on where we can’t see it. Tiny animals munch on chains of algal cells, but you’ll need to turn up the magnification to see the squirming dots of bacteria. What you won’t see with a microscope are viruses, which are too small to be seen with even the most powerful microscope.


To give an idea of how small a virus is, we’d have to scale it up 100,000 times for it to be the size of a full stop on this page. At that scale, a bacterial cell would be about the size of a marble and a cell of the human body would be as big as a grapefruit.


Today, we grow up with the axiom that tiny ‘germs’ cause disease, but for Pasteur’s peers, microbes were tiny shapes that danced through drops of pondwater. The idea that such minuscule ‘animalcules’, as they were called, might threaten a human being was absurd.


Science had yet to understand that each of us is a walking bag of nutrients, gathered from fields, farms and fisheries and eaten into one body for the delectation of any microbe that can exploit it. That’s why we need an immune system: to protect us from those hungry microbes.


The immune system staves off the vast majority before we even notice them, but it can’t change the fact that each of us is a bonanza to any microbe that sneaks past it. Some microbes have become extremely adept at sneaking, and those are the ones that make us ill.


A microbe that causes disease is called a pathogen, and there are many different classes of microbe that qualify for the term. To cover all of them, this book would break the average coffee table, which is why I’ve restricted it to the vaccines on the British schedule. As all of those vaccines are against bacteria and viruses, we’ll put fungi, protozoans and a horror of different worms to one side, and focus on those bacteria and viruses.



Bacterial friends and foes


Let’s start with the bacteria, the marbles to the human cell’s grapefruit. They’re everywhere. Pour some of Koch’s nutritious agar into a Petri dish, touch a swab to anything that hasn’t just been disinfected, touch the agar with it and watch a colony of bacteria spread from where you touched it.


Bacteria cover the planet, from the deepest oceans to the highest mountains. Weigh all the bacteria on earth and they’d outweigh the animals, human beings included, thirty-five times over.5 Wherever there is a source of nutrients for a bacterium to metabolise into more bacteria, there will be a bacterium metabolising it.


We’re very good at living in a world dominated by bacteria. If we weren’t, we wouldn’t be living at all. We’re so good at cohabitation that our bodies are coated, inside and out, with a bacterial community that we’re still a long way from fully understanding. Most of the bacterial cells we’re carrying are in our bowels, but they’re also on our skin and in our mouths, throats and throughout our digestive systems. There are so many that men typically have as many bacterial as human cells, while women, who have proportionally larger bowels, have twice as many bacterial as human cells.6


That doesn’t mean that if we look in a mirror, we’re seeing a bundle of bacteria looking back at us. Because bacterial cells are so much smaller than human cells, bacteria only make up around three grams of every kilo of our body weight. What we can see of ourselves is all human.


In the century after Pasteur, Koch and Lister argued their microbiological theory into being the dominant paradigm of medicine, relations between human and bacterium were seen as inherently antagonistic. We might not be able to avoid being swarmed with bacteria, the reasoning went, and we might even need some bacteria to digest our food, but we were never more than one misstep away from some mischievous bacterium slipping past our defences and making us ill.


That began to change in 1989, when David Strachan, an epidemiologist at the London School of Hygiene and Tropical Medicine, noticed that more British children were developing hay fever and eczema than they had in the 1950s.7 Strachan suggested that children were living in such clean environments that their immune systems, products of the age-old battle against bacteria but deprived of enough bacteria to battle, were reacting to things they should be ignoring.


It happened less often in children who shared their home with other children, which, Strachan suggested, might be because children exchanged bacteria with the children they mixed with outside the home and then exchanged those bacteria with their siblings. More children meant more diversity among their bacteria, and perhaps a diverse bacterial community was a healthy bacterial community.


Strachan’s ‘hygiene hypothesis’ reframed our interactions with bacteria as more of a balance than a battle. However, different studies that explored the hygiene hypothesis came up with different results. Some found clear associations between bacterial exposure and health but others did not.


The hygiene hypothesis is one of the few concepts in microbiology to be widely recognised by people who are not microbiologists. However, it does not tell the whole story.


In 2010, Graham Rook of University College London suggested that among the many species of bacteria that we might share our bodies with, some are ‘old friends’8 that have been with us since our ancestors were hunting antelope on the East African savannah, hundreds of thousands of years ago. Our old friends have been with us for so long, Rook suggested, that they’ve become ‘as essential to health as our liver or kidneys’.9 Conversely, a body that is not hosting its old friends is effectively missing a critical organ. The ‘old friends’ hypothesis suggests that bacterial diversity is important not for diversity’s sake, but because the more bacteria we meet, the more likely we are to be reacquainted with those old friends.


The problem with the old friends hypothesis is that we don’t understand enough about the bacteria we share our bodies with to know if it’s true. If it is, we certainly don’t know which bacteria are the old friends that are – hopefully – a part of me as I write this, and part of you as you read it, and which we can happily live with or without.


If we can live in harmony with our bacteria, it’s thanks to the immune system maintaining a sometimes precarious balance. The difference between peaceful cohabitation and conflict is often a matter of where the bacteria are. For instance, a bacterium that we need to keep our bowels healthy might cause serious disease if it finds its way into the bloodstream.


As well as policing that balance, the immune system stands between us and a select list of bacteria with which there is no balance to be found. That’s where vaccination comes in. It gives our immune system advance warning so that when those bacteria arrive, they find us suffused with antibodies that rip open their surfaces or bind them to phagocytes that engulf and destroy them before they can do any harm.


The viruses: unseen murdering ultra-microbes


Being one of the first to culture bacteria in the laboratory, Pasteur was also one of the first to encounter a perennial problem in bacterial culture: making sure the bacteria you put in your nutrient medium are the only ones in it. He needed a way to sterilise the medium, and when Pasteur needed a solution to a technical problem, he turned to Charles Chamberland.


Chamberland, the man who had worked out how to attenuate anthrax, invented a porcelain filter too fine for bacterial cells to pass through.10 When he published his design, the ‘Chamberland filter’ became an essential piece of equipment for anyone exploring the new science of microbiology.


Among those nascent microbiologists was Martinus Beijerinck, a botanist at the Polytechnic School of Delft* in the Netherlands. Beijerinck recognised that if microbes caused human and livestock disease, they may also cause diseases of economically important plants. His particular interest was tobacco mosaic, a disease named for the mottled pattern it causes on the leaves of the tobacco plant.


Beijerinck started by looking for a bacterium. He didn’t find it, but when he passed the sap of an infected plant through a Chamberland filter, the filtered sap caused tobacco mosaic in unblemished plants.


Beijerinck concluded that if sap could carry tobacco mosaic after he’d filtered out any bacteria, then something much smaller than a bacterium must be causing it.


He considered a toxin, but when he took a drop of sap from a plant with tobacco mosaic, that drop was all that he needed to infect an unblemished plant. However many times he passed tobacco mosaic from one plant to another, the effect remained undiluted, which showed he was not dealing with a toxin. Whatever was causing tobacco mosaic, Beijerinck concluded that it could replicate in the plant it infected. Every time he took a drop of sap from a plant he had infected, it had as much of the tobacco mosaic agent in it as the drop of sap he had used to infect the plant in the first place.


His 1898 paper describing what he called a contagium vivum fluidum* is a classic example of how something invisible can be described by its effects.11 He proposed some sort of living liquid, which, given what he was able to observe, was a reasonable supposition.


Scientists soon realised that contagium vivum fluidum was a phenomenon that occurred in animals, including humans, as well as plants. There was, as one author put it, ‘an ultra-microbe, too immensely small for the strongest lens to uncover, revealing its existence only by the murdering of men with its unseen mysterious poison’.12


Beijerinck’s dilution experiment showed that it was not a poison, but the unknown ultra-microbe nevertheless acquired the Latin word for poison: ‘virus’.


We now know that a virus is a fragment of rogue genetic code. When that code gets into a living cell, it hijacks the processes of the cell to replicate itself. That’s the fundamental difference between bacterial and viral infections: a bacterium uses the human body as a source of nutrients, while a virus repurposes the machinery of a cell that it slips into.


It’s also why nobody had any chance of properly understanding a virus for more than fifty years after Beijerinck’s seminal paper. Nobody knew how genes were coded. The fundamentals of virology only became visible after 1953, when James Watson and Francis Crick at Cambridge University were celebrated around the world for describing the structure of deoxyribonucleic acid, or DNA as it became universally known. Less celebrated was Rosalind Franklin, whose expertise in X-ray crystallography had made their breakthrough possible.


Watson, Crick and Franklin all saw describing DNA’s structure as the beginning of a scientific adventure rather than the end of one. Describing the molecule that carries the genetic code didn’t explain how to read it, let alone how it controlled the machinery of every cell it lies at the centre of.


The three of them spent the next few years simultaneously cooperating and competing in their efforts to understand DNA. Franklin started with a clear advantage as the only one with a solid grasp of X-ray crystallography, the technique used to directly visualise DNA. When they were working on DNA’s structure, she’d been hobbled by her position as a postdoctoral assistant at King’s College, where the idea of a woman doing science was still so outlandish that she was barred from the men-only common room. While Watson and Crick’s paper was rolling off the presses, Franklin moved up the Piccadilly Line to Birkbeck College, where, as the head of her own research group, she had a much freer hand.


Franklin developed a close friendship with Crick and his wife, even travelling through Spain with them after a symposium in Madrid. She would never be as friendly with the notoriously difficult Watson, who once wrote of her that ‘the best place for a feminist is in someone else’s lab’,13 but they kept in touch and Watson advocated on her behalf when she ran into funding difficulties.14


By the time Franklin was in her own lab rather than someone else’s, scientists could at least see viruses directly. The 1940s saw the emergence of the electron microscope as an important tool in biology; this device gives a magnification a thousand times better than the best microscopes that Beijerinck had peered through.


Franklin knew she was dealing not with a living fluid but with a particle so tiny it could pass through the pores of a Chamberland filter. She also knew that it contained a genetic code. Over the next few years, she went a long way towards establishing how the genetic code forms those tiny particles.


For most living things, ‘genetic code’ is synonymous with DNA, the molecule that carries that code for all animals, plants, fungi and bacteria. However, viruses are so different from each other that they can’t even agree on one molecule with which to encode their genes. Some use DNA, but others use ribonucleic acid, abbreviated to RNA. Viruses do share a similar life cycle: they enter a cell, replicate themselves, leave the cell and find another cell to replicate in. That other cell is usually right next to the cell the virus emerged from, but a virus won’t be around for long unless it can find a way into someone other than the person it last replicated in. It needs a way to transmit from one person to another.


When a virus is between cells, or between people, it takes the form of those tiny structures that can only be seen with an electron microscope. Those structures became very familiar during the COVID-19 pandemic, when news anchors used their studded spheres as backdrops to their sombre reports. However, those pictures showed not the virus itself but a vehicle for it.


The studded sphere is a coat of protein molecules called the capsid, which protects the virus’s DNA or RNA when it’s outside a cell. Until those studs bind a target cell and insert the DNA or RNA into it, the virus is completely inert. How long a virus can last outside a cell depends on the virus. Most decay within hours, although some can last for days or even weeks. If it finds a cell to infect before it decays, the virus discards the capsid and its genetic material initiates the processes that make a virus viral.


One of the immune system’s main weapons against viruses is the killer T-cell, which kills cells that viruses are replicating inside. When the rogue genetic code that is a virus hijacks a cell, the cell itself goes rogue. The virus turns it from a functional part of a human being into a factory for viral replication. Killing the cell is the quickest way of shutting down that replication.


Franklin started with plant viruses, but was quick to apply what she learned to human disease. She did not live to see her work come to fruition. She had barely started work on the poliovirus when she died of ovarian cancer at only thirty-seven years old.


Franklin’s work went on without her. Aaron Klug, one of her postdoctoral researchers, completed the structure of the poliovirus, and his insights into how the genetic code is read won him the 1982 Nobel Prize.15 He always acknowledged that his work was built on Franklin’s, and had she lived, they would have shared it.


If the battle against microbial disease were a drama series, the unveiling of the ultra-microbes at the end of Franklin’s short life would be the first season’s finale. More than half a century later, we are still a long way from the final season, but thanks to scientists like Pasteur, Beijerinck and Franklin, we have the principles we need to understand the microbial pathogens that harm us.


If you’re heading for a clinic where you or your child will be vaccinated, the past and the future of vaccinology may look like rather abstract concepts. You’re more likely to be interested in how we know that vaccine will help you or your child to stay healthy. To answer that, we need to take a look at where vaccinology stands today.


 


* A great step forward.


* Now Delft University of Technology.


* Contagion of living fluid.










Chapter 3



Vaccines today: what vaccines mean to us


In the 1930s, polio was to American microbiologists what Baby Face Nelson and John Dillinger were to the FBI, but while the FBI could produce mugshots of its designated public enemies, microbiologists had only a vague idea of what a virus was.


Uncertainty didn’t stop John Kolmer of Philadelphia’s Temple University. He claimed to have cultured the poliovirus in monkey spinal cords and attenuated it into a vaccine strain with a mercury compound and a castor bean extract called ricin. Quite how he got the idea that mercury and ricin would attenuate poliovirus remains a mystery, but Kolmer believed he was following the Pasteur doctrine of isolate, attenuate, inject.


He injected his supposed vaccine into forty-two monkeys, himself and twenty-five children – in that order – and when none showed any sign of harm, he decided it would put an end to polio and distributed it to doctors all over the USA and Canada.1


If Kolmer’s approach seems reckless, it was far from the weirdest thing to fly the banner of medicine in Depression-era America. Men who believed themselves infertile were beating a path to the door of one John Brinkley, who treated them by surgically implanting goat testicles inside their scrotums.2 Brinkley’s treatment didn’t cause a baby boom, but it made Brinkley very rich at the same time as Kolmer’s vaccine enterprise ended in tears.


Of around 11,000 children who received Kolmer’s concoction, ten developed polio within a week of being injected and five died.3 The American Medical Association, who were trying to put clear water between medical practice and quacks like Brinkley, were not impressed by Kolmer’s freewheeling approach. They took the view that Kolmer’s vaccine was not as attenuated as he thought, and that far from protecting children from polio, it had caused it in those ten.


Kolmer stood by his vaccine and insisted the ten children must have been infected before they were vaccinated. He may have been right. There was a lot of polio about, but nobody knew how much, so it wasn’t possible to say whether ten cases among 11,000 children was disturbingly high or encouragingly low.


Kolmer faced his critics at a 1935 meeting of the Southern Branch of the American Society of Public Health in St Louis. No punches were pulled. Kolmer was accused of being a murderer, and while he never accepted that his vaccine was responsible for the deaths, it was the end of both his vaccine and his reputation.4


This is why we don’t do vaccine development like Kolmer anymore.


From Kolmer to COVID-19


Today, Kolmer’s idea of vaccinology looks closer to Brinkley’s testicular shenanigans than serious research, but before condemning him too harshly, we should remember that he had no framework to guide him. If he made up his procedures as he went along, so did everyone else doing medical research in the 1930s. If no one thought to stop him until after it had all – possibly – gone wrong, that was typical of the prevailing suck-it-and-see attitude.


Today’s vaccine development follows a structured process to test first whether a vaccine is safe and then whether it is effective. Standardised procedures spare vaccinologists the need to reinvent them for every new vaccine, and produce a standard set of results for regulatory authorities to evaluate.


The best way to understand those procedures is to follow a recent vaccine from concept to clinic, and, at the time of writing, they don’t come any more recent than the AZD1222 vaccine against COVID-19 developed by Sarah Gilbert’s team at Oxford’s Jenner Centre.


AZD1222 is one of several names it’s been known by. It was originally called ChAdOx1 nCoV-19, and when the pharmaceutical giant AstraZeneca got involved, they branded it as Covishield and Vaxevria. To most of the world, it’s the Oxford/AZ vaccine.


Gilbert had set her team to work on a COVID-19 vaccine within weeks of the virus being identified,5 but they weren’t starting from scratch. For years before COVID-19 appeared, Gilbert had been working on the new technology of viral vector vaccines.


A viral vector is a virus that infects humans without doing any harm. Slot a gene from another microbe into the viral vector, and when it infects a cell, it produces a protein from that microbe along with its own. As far as the immune system is concerned, that protein is part of the invading virus, so it retains a memory of it. That’s the vaccine.


Gilbert’s vector was a virus called ChAdOx1, an acronym of the three words that sum up the virus’s history: ‘chimpanzee adenovirus Oxford’. It was derived from a type of virus called an adenovirus that had been isolated from a chimpanzee. In Oxford, Gilbert’s team made a critical adjustment before they put it into a human being: they removed a gene so it can’t replicate itself.6 It can infect a human cell, but then it’s stuck in there until the immune system rallies its killer T-cells to root it out.


Once they’d rendered ChAdOx1 harmless, Gilbert’s team could slot a gene from any microbe into it. They first tried a gene from the virus that causes Middle Eastern Respiratory Syndrome, or MERS, a virus carried by domestic camels that causes a particularly nasty disease when it infects humans. They chose the gene that codes for the spike protein, which attaches the virus’s capsid to a cell so it can infect it. If a vaccine could trigger the immune system to produce antibodies to the spike protein, the logic went, they would block the attachment, and a virus that can’t attach itself to a cell can’t infect it.


Gilbert’s MERS vaccine had looked promising,7 but no one had stepped up to fund its further development. It fell into the ‘biotech valley of death’,8 a financial chasm between the small-scale trials that suggest a vaccine might be useful and the much larger-scale trials needed to prove it. At the time of writing, the MERS vaccine languishes among countless vaccines and treatments littering the bottom of the valley, and it will remain there unless and until someone ponies up the cash needed to pull it out.


The COVID-19 virus is very closely related to the MERS virus. When it appeared in 2019, ChAdOx1 was still a solution looking for a problem, and it had shown at least the potential to solve a very similar problem. If slotting the MERS virus’s spike protein into ChAdOx1 triggered immune memory to the MERS virus, there was every reason to expect the COVID-19 virus’s spike protein to do the same.


From mice to men: preclinical studies


Like Kolmer, Gilbert tested the new vaccine on animals before letting it anywhere near human beings. Any experiment involving human beings is classed as ‘clinical’, and no ethics committee will allow a clinical trial of a vaccine until they can scrutinise ‘preclinical’ results from animal studies.


Kolmer didn’t need to worry about ethics committees. Kolmer is part of the reason why today’s vaccinologists do.


As with most vaccines, the first preclinical studies were on mice. As different as mice are to humans, they’re similar enough that if a vaccine can’t trigger a mouse’s immune system, it probably won’t trigger a human’s. Gilbert would know her team’s time and effort would be better spent elsewhere.


Gilbert’s vaccine triggered both antibodies and killer T-cells that responded to the COVID-19 virus.9 So far, so good. Now Gilbert needed to know if that immune response could protect against the COVID-19 virus.


For that, she needed an animal a lot more similar to a human than a mouse. Like Kolmer a century earlier, and most vaccine developers since, she opted for a monkey called the rhesus macaque. Macaques are not endangered and are susceptible to many human diseases, making them an oft-used intermediate between mice and humans.


The idea of experimenting on monkeys – or even on mice – makes a lot of people queasy. I happen to be one of them. Since I left zoology for medical research, I’ve avoided jobs that involve animal experiments. I am far from the only medical researcher more comfortable being forbidden from harming my subjects than being compelled to do so.


Lacking the stomach for animal experiments does not make me opposed to them. On the contrary, I recognise them as essential. Without them, we would be forced to choose between seeing medicine stuck where it is, with no new treatments ever being developed, or having every new medication tested on human beings without weeding out the dangerous ones through preclinical studies on animals. Given the stark choice between human suffering and animal suffering, I will choose animal suffering every time.


If the battle against human suffering requires animal suffering, that suffering can be minimised by not using more animals than are necessary. Where Kolmer used forty-two monkeys to conclude they looked fine – which was as scientific as Kolmer’s description got – Gilbert only needed eighteen to show that the vaccine could trigger an immune response, that two doses could trigger a better immune response than one, and that this immune response protected the monkeys from COVID-19. By properly designing her experiments, Gilbert gleaned considerably more information with half the number of monkeys.


The results from the preclinical studies were as good as Gilbert could have hoped, but an oft-quoted truism of vaccinology is, ‘mice lie and monkeys exaggerate’.10 The only way to find out if the vaccine was as safe and effective in humans was to give it to human volunteers. It was time to move on to clinical trials.


The four phases of clinical trials


A vaccine must pass through four phases of clinical trial:11


Phase 1 trials involve giving the vaccine to a small number of healthy people to make sure it doesn’t cause any nasty side effects that didn’t show up in the preclinical studies.


Phase 2 trials involve larger numbers of people to test whether the vaccine triggers an immune response.


Phase 3 trials test whether the vaccine protects against the disease it is designed for, which involves a large number of people at risk of being infected.


Phase 4 is not a formal trial, but involves ongoing monitoring of the vaccine after it has been rolled out.


If preclinical trials are a vaccine’s infancy, clinical trials are its adolescence – and, like most self-respecting adolescents, most vaccines don’t follow conventions to the letter.


The first clinical trial of the Oxford/AZ vaccine combined phases 1 and 2. That’s a common practice, because if you’re going to inject people with the vaccine to test its safety, you may as well evaluate their immune response, and once you’ve done that, you’ve done the phase 2 trial.


The Oxford/AZ vaccine had a somewhat precocious adolescence because, unlike most vaccines, that first human trial did not involve dose-escalation. Usually, the first few volunteers get a very low dose, and if they suffer no serious ill effects, the next group get a slightly higher dose. If they’re fine, the next group get a higher dose again, and so on.


One reason for doing this is that if you’re exposing people to a vaccine for the first time, it’s sensible to start with very little of it. Another is that higher doses usually trigger stronger immune responses, but only up to a point. Raising the dose beyond that point is likely to make the side effects worse without improving the immune response.


Dose-escalation finds the ideal dose with minimal risk, but Gilbert had already done a dose-escalation trial with her MERS vaccine. She decided that the ideal dose for ChAdOx1 carrying a MERS spike protein would be the same as the ideal dose for ChAdOx1 carrying a COVID-19 spike protein. Nevertheless, similar is not identical, so she still needed that phase 1 and 2 trial to see if the vaccine was as safe and effective in humans as it had been in rhesus macaques.


The double-blind placebo-controlled clinical trial


The gold standard for testing a vaccine, or indeed any medical intervention, is the double-blind placebo-controlled trial: placebo-controlled because some volunteers are given a fake vaccine to compare to those given the test vaccine; double-blind because neither the volunteers nor the trial clinicians know which is which.


Every clinical trial designer must decide what to use as a placebo. Some trials use a syringe full of saline solution, but everyone knows that a vaccine gives you a sore arm. Saline solution doesn’t. If word got around that some people were getting sore arms and some weren’t, the volunteers would know whether they’d got the vaccine or the placebo, which would defeat the object of double-blinding.


Gilbert needed an active placebo; something that would make an arm as sore as the test vaccine. Vaccine ethics committees take a dim view of injecting volunteers with something purely to make them feel ill, even if it only causes mild inflammation. Gilbert’s solution was a vaccine against the meningococcus bacterium that, as we’ll see in the chapter on meningococcal disease, has been given to British fourteen-year-olds since 2015. Anyone injected with it would feel like they’d been vaccinated because they had, and their sore arm wouldn’t be for nothing, because they’d gain immunity to meningococcal infection.


The meningococcal vaccine also provided a baseline for an acceptable level of side effects with which to compare the COVID-19 vaccine. However, a paradox of vaccine trials is that to evaluate side effects, investigators have to assume they don’t know them when they see them.


Not side effects, but adverse events


Vaccines cause side effects. A sore arm for a few days, a slight headache, maybe a raised temperature. We accept them as a price worth paying for protection, but before a vaccine can be rolled out, we need to know that’s as bad as it gets.


However, if a doctor or nurse working on a trial were to try to measure them, they’d probably get it wrong.


Put yourself in their position. Yesterday, someone had either the vaccine or an active placebo. You don’t know which. Today, they’re running a fever. You’d probably be comfortable calling that a side effect.


Someone else had the vaccine or placebo six weeks ago, and today, they’re in A&E with a broken nose. It could be a side effect, but you’ll probably blame it on the dozen pints of Guinness they sank before mouthing off at a passing rugby team.


Now consider someone who got the vaccine or placebo a week ago, and today, they’re vomiting so badly they’ve been hospitalised with dehydration. Vaccines sometimes cause nausea and vomiting, but it would be an extreme case to hospitalise someone. A week is a long time for a side effect to take to kick in, but not an impossibly long time. How do you decide whether it’s a side effect or if that person ate something that disagreed with them?


The answer is: you don’t.


You record it as an ‘adverse event’, along with the fever that you thought was a side effect and the broken nose that almost certainly wasn’t. An adverse event is any and every medical problem experienced by a volunteer. Later on, you can work out whether the vaccine caused more adverse events than the placebo, but to do that, you need to have recorded every single one of them.


The adverse events are constantly monitored by an oversight board. Its members are not blinded, so they can watch out for obvious red flags. If a vaccinee becomes seriously ill, the oversight board usually orders a pause in vaccinations while they investigate.


Their job is to err on the side of caution, so it’s a rare trial that doesn’t get paused now and again. If there’s evidence that a vaccine caused a serious adverse event, it’s usually the end of the trial and the end of the vaccine. However, vaccines are usually given to thousands of volunteers before they’re rolled out. There’s bound to be the occasional medical emergency that has nothing to do with the vaccine.


During the Oxford/AZ vaccine trials, journalists who had never covered a clinical trial before breathlessly reported every pause as if it might be curtains for the vaccine. In fact, those pauses were simply due diligence.


At the end of the trial, the investigators have a comprehensive list of who got sore arms, headaches, fevers and broken noses. The investigators can then use that list to see whether the more serious adverse events were more common among volunteers who got the vaccine than volunteers who got the placebo.


Even something as unlikely to be vaccine-related as a broken nose could be part of a pattern. One volunteer getting into a drunken punch-up is unfortunate; half a dozen would be a worrying pattern if everyone in the placebo group remained unpunched. There has never been a vaccine that makes someone obnoxious after a few drinks, but vaccine developers can’t assume they’ve anticipated every possible side effect. As long as all adverse events are recorded, they don’t have to; they’ll be in the data even if no one was looking for them.


Nothing dramatic happened in the Oxford/AZ vaccine’s first clinical trial.12 It caused the usual sore arms and an occasional fever but nothing out of the ordinary.


The Oxford/AZ vaccine had passed phase 1 and phase 2 at the same time. It was time for phase 3.


It’s safe, but does it work?


Just because a vaccine triggers an immune response, it doesn’t necessarily follow that the immune response will protect against the pathogen. That’s a lesson that HIV has repeatedly and painfully driven home, where one candidate vaccine after another has triggered beautiful immune responses only for a phase 3 trial to show they don’t protect anyone.


Phase 3 trials need to be much larger than phase 2. The larger the better. The more people in the trial, the sooner the infection rate among the placebo recipients outstrips the infection rate in the vaccinees – or the sooner it’s obvious that it isn’t going to – and the sooner the trial returns an answer. The Oxford/AZ vaccine passed phase 2 with 1,077 volunteers. A phase 3 trial would need tens of thousands. It was going to be expensive.


Gilbert’s vaccine had arrived at the biotech valley of death.


Unlike her MERS vaccine, it didn’t fall into it. With most high-income countries in lockdown, governments were willing to build a solid-gold bridge across the valley of death if that was what it took. The phase 3 trial was funded by various sources, including British government agencies, charitable foundations and AstraZeneca.


In the event, four phase 3 trials were run in parallel. None was large enough to show a clear discrepancy between the vaccine and placebo groups, but between them, a clear answer emerged.


The first was a simple expansion of the phase 1 and 2 trial already underway in Britain. The transition happened in the spring of 2020, as we were emerging, blinking dazedly, into a short summer of respite. We badly needed the breather between lockdowns, but Britain was no longer the ideal testing ground for the vaccine because, at the time, there wasn’t much COVID-19 around for it to protect volunteers against.


Instead of waiting for the next surge, parallel trials were funded in Brazil, South Africa and the USA, where a lot more COVID-19 was circulating.


In the rush to phase 3, a few details fell through the gaps. Instead of an active placebo, the South African investigators opted for saline solution, while the Brazilian investigators ended up using the meningococcal vaccine for the first dose and saline for the second.


Another problem was that while most trials of two-dose vaccines aim for rigid consistency in the scheduling of the doses, the interval varied between two and three months. Then, after the trials had been running for several months, the British trial team uncovered a manufacturing glitch that had led to 3,500 people getting a half-dose of the vaccine.13


None of these problems added to the risk – a half-dose was safer than a double-dose – but they risked making the results harder to interpret. The oversight board could have excluded the results from anyone whose dose regime had not followed the intended protocol, but instead, they opted to roll with it and treated the problems as unintentional trials of the dose regime.


In a phase 3 trial, the oversight board periodically reviews the data to see whether there have been enough infections to evaluate a vaccine’s efficacy: how effective the protection it gives is, if, indeed, it gives any protection at all. By November 2020, they had an answer. Not the answer. The trial is still ongoing as I write this. But an answer.


The headline result was that for every three people who were infected after being given the placebo, only two were infected after being given the vaccine.14 That was good news. It showed the vaccine was protecting people, even if the protection wasn’t as strong as Gilbert – and by then, most of the world – might have wanted.


Much better news was that only around half the infected vaccinees noticed they’d been infected. Their immune systems had fought off the virus before they became ill, and they only knew they’d been infected because they’d had their throats swabbed every week. The vaccine wasn’t putting up an impenetrable wall of protection, but it was keeping people well who would otherwise have been ill.


It was an interim rather than a final analysis, but it was enough to apply for an emergency licence. Different national regulators took different views of the application. The British Medicines and Healthcare products Regulatory Agency (MHRA) and the European Medicines Agency (EMA), recently separated by Britain’s departure from the EU, were quick to grant the emergency licence. In the USA, the regulators took a different view and withheld it.


It’s unusual for different regulators to take different views of the same data, but it’s unusual for regulators to be presented with an interim analysis in the middle of a pandemic. If the American regulators took a more cautious view, it may have been because the USA had secured supplies of other COVID-19 vaccines that had been developed at the same time.


The emergency licence allowed the Oxford/AZ vaccine to be rolled out in Britain and across the EU, but even if the phase 3 trials had been completed by then, it wouldn’t have been the end of the testing.


The Oxford/AZ vaccine was still in its phase 3 adolescence, but amid the COVID-19 pandemic, the world needed it to grow up fast. It was time to enter phase 4.


Where vaccine roll-outs go right and wrong


However well a phase 3 trial is designed, tens of thousands of volunteers are never going to capture the complexity encompassed by the potentially billions of people who receive a vaccine after it is rolled out. Some of those people will have rare medical conditions. Some will accept the first dose and not turn up for the second. Some will be pregnant, barring them from volunteering for a clinical trial in the first place.


Somewhere among those billions, there may lurk a few people who, through some combination of genetics, underlying conditions and sheer bad luck, will have a particularly nasty reaction to the vaccine. The Oxford/AZ vaccine’s interim analysis showed no such reaction had happened among the 12,000 people who had received it by then, but that only proved that nasty reactions were rarer than one in 12,000. It didn’t prove they could never happen.


Rare adverse events are what keep vaccinologists awake at night. Maurice Hilleman, Merck’s legendary head of vaccine development, who was involved in developing around half the vaccines on the childhood schedule, once said that he could only relax when a vaccine had gone into 3 million people without a serious incident.15


This is where phase 4 comes in.


National regulators depend on reports of adverse events suffered immediately after receiving a vaccine, made either by the person who suffers from them or by their doctor. In Britain, reporting is through the Yellow Card scheme,16 originally set up in 1964, although the eponymous yellow cards have since been replaced with a website tinted to stay on brand. It allows anyone or their doctor to report a side effect from a vaccine or any other medication directly to the MHRA.


Most high-income countries have a similar scheme, and by March 2021, the EMA had received thirty reports of blood-clotting disorders from the 5 million Europeans who had received the Oxford/AZ vaccine.17 The EMA didn’t say the vaccine had caused the blood clots. Blood clots happen for many different reasons, and among 5 million unvaccinated people, thirty would not have been an unusually large number. The report was simply raising a possible concern, although the Danish Health Agency was less sanguine than the EMA; they had already suspended the Oxford/AZ vaccine.


The rare adverse event is the bane of any vaccine regulator. A side effect as rare as thirty in 5 million, or one in 167,000, wouldn’t have shown up among 12,000 people. However, thirty reports didn’t necessarily mean thirty blood clots. For all the EMA knew, those thirty could be the tip of an iceberg of cases that no one had thought to report.


On the other hand, just because something happened soon after a vaccination doesn’t mean the vaccine caused it. One paediatrician told me how easy it is to mistake coincidence for cause through the story of a child he treated for epilepsy.18 The child’s mother had taken him for a vaccination, but arrived to find the clinic was running late. Rather than sit in the waiting room, his mother pushed his buggy to a nearby café. In that café, the child had his first epileptic seizure.


If the clinic had been running on time, he’d have had that seizure immediately after being vaccinated. His mother would have been convinced that the vaccine caused the seizure and quite possibly that it caused his lifelong epilepsy. His GP, not knowing if it was a coincidence of timing or part of a pattern, would have made a Yellow Card report, and would have been right to do so. The first sign of a worrying pattern is a series of events that, taken individually, look like coincidences.
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