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Author’s note


Scattered throughout this book are dramatic examples of people receiving or seeking experimental medical treatments with viruses. These are not intended to represent, nor should they be read as, a body of evidence for the efficacy of these treatments. They are included to help demonstrate what patients and doctors must resort to when our existing antibiotics fail, and why the development of a modern, safe and clinically proven version of these strange and controversial treatments is so desperately needed.










Introduction


Invisible allies


In the summer of 1942, as German troops encircled the Russian city of Stalingrad, Nazi commanders began to receive bizarre reports of dead bodies disappearing from German field hospitals. In the dead of night, Soviet scouts were crossing the front line daringly to steal certain German corpses, before squirrelling them back down into a secret underground laboratory hidden deep beneath the city.


The Germans had been suffering outbreaks of cholera for weeks as they advanced east towards Stalingrad, and the Soviets were desperate to prevent the disease from crossing the front line. Although this nasty bacterial disease had helped further deplete their enemy, it could also spread like wildfire among the soldiers and civilians crammed into a city under siege. So what on earth were the Soviets doing seeking out potentially infectious German corpses and dragging them into their territory?


Even with today’s improved sanitation and modern antibiotics, cholera kills over 100,000 people every year. Spread through water contaminated with the tiny tampon-shaped bacteria Vibrio cholerae, if left untreated it causes debilitating cramps, diarrhoea, dehydration and, eventually, shock, coma and death. Professor Zinaida Yermolyeva, from Moscow’s Institute of Experimental Medicine, had been sent by Joseph Stalin to assess the cholera outbreaks on the front and formulate a plan.


Like other physician-scientists of the era, she had spent her career in a world without effective antibiotics, trying to work out how to kill bacteria like Vibrio cholerae without also killing the people infected with it. In 1942, just one genuine antibiotic substance was known to scientists – penicillin – and they were still unable to produce it in large enough quantities to treat patients. Most treatments for bacterial disease at the time were inconsistent, toxic, useless or all three. But one way to treat bacterial disease had shown more promise, especially in war, and Yermolyeva had become an expert in deploying it under battlefield conditions. It required cultivating a natural and yet invisible enemy of the cholera bacteria, which she could only find on the bodies of those who had cholera, or were close to those who had it. And so her morbid plan began. She was going to use viruses to kill the bacteria that were killing soldiers.
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Most people have quite a low opinion of viruses. It’s understandable – viruses make us ill, disable us or kill us; they spoil our crops and kill our animals. Computer viruses mess up our expensive machines and send emails that make us look like idiots. In 1985, the biologist Sir Peter Medawar famously described a virus as ‘a piece of bad news wrapped in protein’. The COVID-19 pandemic has further reinforced the idea that these tiny life forms exist only to spread pestilence, ill-health, economic disaster and death. Perhaps now is as good a time as ever to explain why that view is wrong.


I first considered writing a book on ‘good viruses’ in early 2020. The idea was to celebrate one particularly important but overlooked group of viruses with an intriguing and controversial history, which, fascinatingly, were once used to save lives – but then were largely forgotten. At that point, where I live in the UK, the public health messaging on the novel coronavirus spreading around the world from Wuhan, China, was essentially that if we all just wash our hands more often, then it should all be fine. Like most people, I had no idea how this one extremely not-good virus would come to dominate so many lives, for so long. And so, I soon found myself writing a book celebrating viruses as the worst viral pandemic in living memory swept around the world. Indeed, much of this book was written while my family and I hid from a virus.


I still believe viruses can be, and are, ‘good’. Thus the title of this book is not meant to be provocative or to diminish the immense suffering that viruses have caused – and continue to cause – us and our loved ones. Viruses kill millions of people every year and cause poor health in even more, whether it be in acute and terrifying infections like Ebola, familiar and ongoing global threats like flu, sexually transmitted viruses like herpes, childhood diseases like mumps, the millions of cases of sickness and diarrhoea caused by viruses like norovirus or dysentery or entirely new pathogens like COVID-19. Our battle with viruses has shaped human history, often tragically. However, the truth is that the viruses that cause us such suffering are vastly outnumbered by viruses that do extraordinary things for us: there are trillions of viruses out there that could actually save lives.


There are several types of virus that could be described as ‘good viruses’ – the harmless viruses used in many life-saving vaccines, for example, and the viruses scientists have developed that infect and kill only tumour cells, known as oncolytic viruses – a promising new therapy for cancer. There are the ancient viruses that became embedded in the genomes of our ancestors, which make us the species we are today. Several crucial genes that all mammals have are derived from viral genes that at some point were assimilated into our ancestors’ DNA. For example, genes that help the cells of a foetus connect to its mother’s cells in the placenta are derived from a gene that helps viruses fuse with cells. (Without this gene, we might still be laying eggs.) Another, essential for long-lasting information storage in the mammalian brain, is believed to be a repurposed gene that evolved in a virus to help it encapsulate genetic material.


While these old and new viruses and their various functions are fascinating, in this book, I focus on a very special group of viruses known as bacteriophages. These were the viruses Professor Yermolyeva was looking for, some eighty years ago, in the icy soil around Stalingrad.
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Bacteriophages, known simply as ‘phages’ for short, are viruses that infect and kill bacteria. Essentially harmless to humans, they exist solely to inject their genes into bacterial cells, where they can either lurk indefinitely or replicate madly. In the latter case, they cause their unfortunate host’s metabolism to go haywire, churning out copies of the virus instead of the materials it needs to sustain itself. When the time is right, the new viruses burst the bacteria open like a popped water bomb and spill out to find new hosts in which to repeat the process.


The vast majority of these viruses are so-called ‘tailed’ phages. Along with a sinister-looking twenty-faced head, known as a capsid, these viruses have a distinctive protein tube, or tail, which they use to inject their DNA into their unfortunate host like a tiny syringe. Even finer, spider-like legs fold out from the base of the phage to help it detect and bind to the surface of the bacterial cell, like an unfathomably tiny lunar lander.FN00


Confusingly, the two major types of microbes at war in this book – bacteria and viruses – are often grouped together simply as ‘germs’, but they are distinct in important ways. The most basic difference between them is that bacteria are cells and viruses are not. Cells are biology’s basic units of life – microscopic capsules with everything needed for life and replication contained within a fat-based membrane and, sometimes, a tough outer wall. All life on the planet – except viruses – consists of cells, either working in concert with one another (like the human body, for example, a network of trillions of related cells arranged to form tissues and organs) or existing just fine as single cells.


Viruses, conversely, are far less complex. At their simplest, they are little more than a length of genetic material (normally DNA, deoxyribonucleic acid, but sometimes its chemical cousin, RNA, ribonucleic acid) wrapped in a protective protein capsule. Outside of a host, they are inert, lifeless even, lacking the biochemical components to do anything with the information contained in their genes.


In order to replicate, the virus must get inside a cell. Viruses have been described as living ‘a kind of borrowed life’, only ever able to exert an influence on the world when inside a host cell. It’s a little like how a computer virus is just a piece of code on a USB stick – unable to do anything when lying in a drawer – until it is placed into a computer, when it can suddenly instruct that computer’s systems to send copies of itself to a thousand inboxes around the world. This reliance on other life is, in part, why there has always been a debate over whether viruses are ‘alive’ or not. To me, the question is unhelpful, suggesting that viruses are somehow not a proper, paid-up member of our wonderful living world.


Whether or not viruses meet the criteria we have decided characterises a distinct living being, they are an essential biological component of the ecosystems that have developed on Earth. They are built from the same basic building blocks as life, use the same chemical language as life, evolve and replicate alongside life, and interact with and transform life. Some scientists believe that all life may have evolved from self-replicating entities more akin to viruses than cells.1 And by operating in the fascinating and illuminating grey area where complex chemistry becomes simple biology, they can arguably tell us more about what life is than living creatures so complex that they may never be fully understood.


For every type of cellular life on earth – bacterial, fungal, animal or plant, and the weird things somewhere in between – there are viruses that have evolved to infect them, and together these viruses outnumber all other living entities on Earth. While we commonly associate viruses with disease and death, just a tiny fraction are a danger to us. The vast majority are phages. And it is only very recently that we have begun to understand that phages are an essential part of the living fabric of the planet, drivers of innovation, diversification and change.


Bacteria are also essential to all life on Earth. Although we have ‘learnt to hate and fear them’, as the science writer Ed Yong puts it,2 just a hundred or so of the many thousands of species of bacteria in the world colonise our body in a way that makes us ill or causes disease. Even these mostly live quite happily on and around us without our noticing, only causing ill health when a vulnerability in our immune systems is exposed. The rest perform a suite of essential environmental services that make our planet hospitable. They capture chemical and solar energy to form the foundational layer of the food chains that support the rest of life on Earth; they take inorganic material, other life’s waste-products and dead things and recycle them back into forms that can be used by other life. They produce 20% of the atmospheric oxygen we breathe. They help us digest our food, help plants absorb nutrients, protect us from other microbes and ferment some of our favourite foods. They have adapted and co-evolved to live in almost every environmental niche on the planet, from boiling vents at the bottom of the sea to the internal organs and tissues of other life, from lakes with the acidity of battery acid to the nodules in the roots of our most important crops.


They, and other similar single-celled life that together are known as prokaryotes, have been growing and multiplying on Earth ceaselessly for almost four billion years, since life first emerged on our scorching, primordial rock. Among the most ancient forms of life on the planet, they have evolved into thousands, probably millions of different species, exploiting and colonising virtually every environment possible. They are literally everywhere. Just on the sponge in your kitchen sink, there are probably more bacteria than the total number of humans who have ever lived.


For as long as all this bacteria has been around, however, phages have been perfecting the art of infecting and destroying them. For every single one of the immense number of bacterial cells on the planet, there are thought to be at least ten phages – perhaps more. Anywhere and everywhere a bacterial strain has evolved to exploit an ecological niche, there will be viruses that have evolved to exploit that bacteria. This makes these seemingly obscure viruses easily the most abundant biological entity on Earth.


Sail out into the middle of the ocean and scoop up a cup of water and it will contain millions, possibly hundreds of millions of phages. Take some water from a briny marsh or your local stream, a caustic alkaline lake or a scorching hydrothermal vent and still you’ll find millions of phages in every millilitre. On land, there can be even higher concentrations – billions of phages in a single gram of rich soil. Even a gram of baked desert earth or frozen Arctic peat contains an active community of millions of phages, locked in a never-ending dance with their bacterial hosts.


There are so many phages on this planet that they can even be found floating in thin air. When one group of researchers installed collection devices on a concrete platform almost 3km above sea level in the Sierra Nevada mountains in Spain, they found that hundreds of millions and sometimes billions of viruses3 rained down onto their equipment every day.FN00 Researchers estimate there may be as many as 10³¹ phages on Earth – that’s 10 with 30 zeros after it – a truly preposterous number that equates to around a trillion phages for every grain of sand on the planet. The biologist J. B. S. Haldane famously quipped that if God created all the living organisms on Earth, then the creator must have ‘an inordinate fondness for beetles’: it seems God is even fonder of bacterial viruses.


Of course, these viruses are all over and inside our bodies, doing their deadly bacteria-bursting thing millions of times over as you read this introduction. It is often said that there are more bacterial cells in a human body than human cells. Well, there are even more phages: trillions and trillions of them in our guts in particular. These phages are bursting bacteria open inside you and all around you right now, and in every moment of your life.


And so, when Professor Zinaida Yermolyeva decided, all those years ago, to try to use viruses to kill the bacteria threatening to wipe out the soldiers defending Stalingrad, the problem wasn’t finding one – it was finding the right one.
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Today, in a few scattered pockets of the former Soviet Union, swigging a tiny vial of yellowish liquid, thick with trillions of phages, is just as common as taking an antibiotic pill. In parts of Georgia and Russia, you can buy packets of phages over the counter to help treat stomach bugs, infected cuts or spots. In Tbilisi, the capital of Georgia, and in the Polish city of Wroclaw, clinics offer more intense ‘phage therapy’ – concentrated viruses washed straight into infected wounds or, for severe infections, injected intravenously.


Since the break-up of the USSR, in the 1990s, an increasing number of patients from all over the world, with bacterial infections that Western medicine just can’t treat, have taken the long and expensive trip to these strange and often outdated clinics. Bacteria that have evolved resistance to our most important antibiotics are becoming increasingly widespread and, for a growing number of people, infections that were once easy to treat are now unstoppable.


Phages were first discovered around 1917FN00 and were first used medically just a couple of years later, in 1919, almost twenty-five years before the first true antibiotic drug, penicillin, became widely available to doctors. For a few decades in the early twentieth century, the world went mad for phages, and phage therapy was everywhere – from chemists’ shops in Britain to Brazilian public hospitals. Large European and American pharmaceutical companies mass-produced mixtures of different phages for the treatment of an assortment of bacterial diseases, and the viruses were brewed in industrial-sized copper vats by the Soviets during World War II to try to keep troops free from gangrene, cholera, dysentery and other nasty diseases of war.


But there was a catch.


You can’t use just any old phage to treat any old bacterial disease. Certain phages only infect certain bacteria, and most are extraordinarily specific in which bacteria they target. Some will only infect just one or perhaps two very similar species of bacteria, and most are even choosier, infecting only a specific strain of a specific species. For doctors in the early twentieth century, this made phages extremely difficult to work with: if a phage they had was active against the strain of bacteria causing the disease, the results could be spectacular – patients brought back from the brink of death, up and walking and rid of their bacterial invaders completely within days. But if the phages weren’t an exact match, it was completely useless.


Yermolyeva, looking for phages that could keep the people of Stalingrad safe from the cholera spreading on the German side of the front line, needed to find phages that could infect and kill the exact strain of Vibrio cholerae bacteria causing the local outbreaks. The best place to find these viruses was in and around the deadly bacteria itself. And the best place to find the deadly bacteria was on the bodies of people who were dying from it.


Working with the corpses in her underground lair, she soon isolated the strain of Vibrio cholerae bacteria causing the disease, and then the phages living alongside it. She tested which ones could kill the bacteria most effectively, and using only rudimentary equipment, isolated them, concentrated them and purified them. The phages in their natural state had clearly not helped the dead soldiers on which they were found – but Yermolyeva aimed to create a concentrated mix of the most powerful viruses that together, might be able to overpower a nascent cholera infection before it took hold. Soon she had made enough anti-cholera phage mixture to ensure 50,000 preventative doses were given out to soldiers and civilians in the city every day.4,5


Ahead of what would become a pivotal battle of World War II and the defeat of the German Army, Yermolyeva is said to have received a call from none other than the commander-in-chief of the Soviet Union, Joseph Stalin.FN00 ‘Is it safe to keep more than a million people at Stalingrad? Can the cholera epidemic interfere with the military plans?’ he asked. Yermolyeva replied that she was winning on her front – no cholera outbreaks had broken out within the city. Now it was the Red Army’s turn to win on theirs.
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It is hard for most of us to truly understand that a never-ending microbial war between viruses and bacteria is going on in the world around us, every minute of every day. Given how easily our brains are baffled by extremely large and small numbers, accurately perceiving the size of a single bacterial cell or virus in our mind’s eye is tricky. Bacteria are generally measured in units known as micrometres – that is, one-thousandth of a millimetre. And viruses, far smaller, must be measured in nanometres – one-thousandth of a micrometre.


If you’ve no idea what that really means, practically, you’re not alone. (Apparently, it’s about the length that your nails grow every second.) To help you visualise a micrometre, the width of an average-sized human hair is around 100 micrometres. One of the largest types of human cell, a skin cell, is less than half the width of a hair’s breadth – a blob just 30 micrometres across. Our eyes cannot see objects this small. These and other human cells still dwarf bacterial cells. A single rod-shaped E.coli bacterial cell is just three micrometres long, and less than one micrometre wide – you could fit ten E.coli cells lengthways inside the skin cell, and dozens across the shaft of a human hair.


To understand the size of a virus, scientists have to go down to the nanoscale – a set of units used to measure the distance between atoms. A nanometre is a thousandth of a micrometre. The T4 phage, a well-studied virus of E.coli bacteria, is a fairly large virus at 200 nanometres long and 70 nanometres wide. The E.coli cell, at 3,000 nanometres long, now looks like a giant hairy bean in comparison.


The extremely tiny size of viruses – smaller than the wavelength of light itself – means that they remained mysterious to science for decades into the twentieth century, hundreds of years after we were able to see bacteria with microscopes. Modern microscopes that use beams of electrons, rather than light, now allow us to ‘see’ these tiny predators, stuck into their bacterial host cells like pins in a voodoo doll.


With the help of this technology, we see that phages, although tiny and relatively simple compared to other forms of replicating life on Earth, are exquisitely, beautifully evolved. They come in a variety of shapes and sizes, with whiskers, tails, spider-like legs and landing gear for attaching and breaking into their hosts.


These tiny protein structures help the all-important phage genes survive in the world and enter a suitable host. Once the phage chemically binds itself to its host, its genes are pumped into the cell under huge pressure, along with a barrage of chemicals to disrupt the bacterium’s defences. As the hijacked cell starts synthesising the component parts of new viruses, those parts then self-assemble into new phages, a mind-blowing feat of bioengineering that scientists don’t yet fully understand. Finally, in the most spectacular act of the infection cycle, the phage genes instruct the host to synthesise a suite of enzymes to rupture itself from the inside out, a violent end meticulously timed to maximise the number of viruses released.


Once we see the viruses all around us in this way – as molecular machines, capable of manipulating cells and the building blocks of life in an impossibly intricate and sophisticated way – how can we not be filled with wonder?
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Phages are one of the most important and yet underappreciated life forms on this planet. The totality of what these viruses do and could do for us is immense, but remains largely unknown and uncelebrated. These tiny biological predators keep bacterial growth in check in every known ecosystem, and the endless release of new phages from infected bacteria creates the extraordinary numbers of phages on this planet. If you could lump all these tiny slivers of protein and DNA together, they would weigh the same as roughly 75 million blue whales6, or for those of us who use London Buses as their imaginary units, over 800 million Routemasters.


Constantly hijacking and breaking open the microorganisms that cycle nutrients and energy in the environment, phages are thought to be responsible for approximately 10% of the carbon turnover of the entire planet. By constantly swapping genes with their hosts and each other, phages have played a central role in the spread of important genetic traits around the world. And, because bacteria must constantly change and evolve to evade them, they have helped drive the diversity and complexity of life on Earth that led to higher organisms, including us.


You may think that, considering that we’re covered in billions of these nanoscopic killing machines every day of our lives, we should know quite a lot about them. But here’s the wild thing: we know hardly anything about any of them. Together, phages represent the greatest source of genetic diversity on the planet, and it is estimated that something like 99% of them may be unknown to science.


While scientists have been studying microorganisms like bacteria since the late 1600s, it is only in the last thirty years that they have realised that our seas and soils and bodies are awash with bacterial viruses. Even the phages that call our guts home, which help regulate the microbial communities now known to be crucial to our health and wellbeing, are mostly unknown to science. Ask most people what a phage is and they will look at you blankly. It’s likely that more people have heard of the Marvel Comics character Phage than actual phages, the most abundant and diverse form of life on the planet.


The more we study phages, the more remarkable things we discover. CRISPR, the revolutionary gene-editing technology that in the last decade has dramatically changed what is possible in biotechnology and medicine, uses at its heart a microbial immune system that evolved to defend cells from attack by phages. Up to an eighth of the oxygen in the atmosphere is thought to be produced thanks to genes that marine phages give to their bacterial hosts. And so-called jumbo phages – relatively massive phages which seem to have some of the complexity of cellular life – could even help us answer one of the great mysteries of how the first cells on Earth originated. We are only just beginning to understand how the soup of viruses in which we all live impacts us and our planet and how we can use their power for good.
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Perhaps as remarkable as phages themselves is the strange and often dramatic history of our relationship with them. As we saw earlier, phages were first deployed in medicine almost one hundred years ago, were once used to treat infectious disease all across the globe, and arguably helped turn the tide of World War II. So why was this important idea abandoned? How could it be virtually forgotten by the entirety of western medicine? And why is our understanding of these ubiquitous, important viruses still in its infancy?


The answer is not just about science. This book is about how personalities, power, politics – and our narrow view of viruses – have repeatedly crashed together to hinder our understanding of what phages are and how we could benefit from their bacteria-killing abilities. This is an epic story with a cast of brilliantly bold and often eccentric scientists. While most focused their attention on the viruses that harm humans, these extraordinary characters focused on the seemingly obscure viruses of bacteria, often in the face of indifference and even hostility to their work.


The story starts with a decades-long effort by some of the world’s leading microbiologists to deny that these viruses even existed. We’ll explore why phage therapy flourished in Stalin’s Soviet Union, before the regime went murderously mad and almost destroyed its world-beating phage expertise. We’ll examine why the rest of the world shunned the idea of using phages in medicine for much of the last century, and the heroes and outsiders and who fought to keep the idea alive.


We’ll go phage-hunting with the surprisingly small community of scientists now tasked with finding and cataloguing the dizzying diversity of phages on our planet, from the frozen poles to the bottom of the sea, and we’ll learn how phages have been central to some of the most important and exciting scientific breakthroughs of the past hundred years. Along the way, we’ll meet a range of very special phages, from some of the simplest replicating life forms on Earth to the ‘giant phages’ that blur the line between viral and cellular life, as well as other less well-known but equally exceptional bacterial viruses, each with their own unique strategies for exploiting their bacterial hosts.


And, most crucially, we will see why we need phages more than ever before: the escalating threats posed by antibiotic-resistant bacteria.
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In February 2022, as many countries began to finally see a path out of the COVID-19 pandemic, a report by the medical journal The Lancet revealed the terrible scale of a parallel, silent and perhaps more worrying public health problem, a pandemic involving not one pathogen, but many. The report pooled data from across the world to try to understand, for the first time, how many people were dying each year from bacterial infections that were no longer treatable with antibiotic drugs. They found that in 2019 alone, almost two million people had died from infections with bacteria that were resistant to frontline antibiotics, and a further three million died from causes associated with a drug-resistant infection.7 That puts drug-resistant infections up there with killers like diarrhoeal diseases and dementia on the World Health Organization’s (WHO) list of the ten leading causes of death globally.8


Antibiotics revolutionised healthcare in the mid-twentieth century, but they are not the panacea we once thought they would be. Some bacteria are naturally resistant to or unaffected by certain antibiotics, while others are able to surround themselves in a thick, sticky slime as they colonise surfaces in our bodies, forming what is known as a biofilm. This not only helps firmly adhere the growing colony in place but also creates a tough physical barrier to keep antibiotics out. Antibiotics also destroy many of the bacteria that we need to keep us healthy, causing both temporary and sometimes long-term side-effects – the medical equivalent of a bomb dropped on a city to weed out one group of troublemakers.


More importantly, we have overused these special compounds, in both medicine and agriculture, and allowed them to wash out into the world in industrial quantities. This has created environments – both in hospitals and in our waterways – where any bacteria with some degree of tolerance to these chemicals becomes dominant, and stronger and stronger resistance to the drugs evolves. Bacteria live and die fast, and therefore evolve fast; they have an annoying habit of trading useful genes between themselves, meaning resistance to antibiotics emerges and spreads quickly and repeatedly.


For much of the late twentieth century, as resistant strains of bacteria emerged and spread, scientists simply developed new types of antibiotics to keep bacteria guessing. But that pipe has run dry – no major new class of antibiotic has been developed in the past thirty years. In recent decades, even our ‘last-resort’ antibiotics, reserved for mortal emergencies, have alarmingly started to fail. The continued overuse of antibiotics in medicine and in agriculture is now causing a boom in the number of bacterial strains with resistance to not just a few common drugs, but many antibiotics we have in our arsenal – known as ‘superbugs’, or multi-drug-resistant (MDR) bacteria. Even where bacteria still have some windows of vulnerability, it can be expensive and time-consuming to identify which drugs will still work – time that people suffering from acute, life-threatening infections simply do not have. In addition to MDR bacteria, there are XDR (extensively drug-resistant) and PDR (pan-drug resistant) bacteria. These bacteria are virtually unstoppable.


Many have been warning about this crisis – officially known as antimicrobial resistance – for decades, alongside an oft-cited projection that globally, up to ten million people could die from these infections every year by 2050. But few realised the crisis was so acute already. The crisis threatens to return us to the pre-antibiotic age, where common illnesses, food poisoning, basic surgical procedures and even an infected cut could develop into life-changing infections, chronic disease, disfigurement, and death.


This has been a silent pandemic that started long before viral threats like COVID and AIDS – not making evening bulletins or closing schools, but now killing millions of people every year. Without new ideas, we face a return to the horrors of a world cowed by bacterial disease, when the crack of a broken tooth or pang of a stomach cramp are once again harbingers of an infection that cannot be stopped.


If we could design the perfect antidote to this crisis, what would it look like? It would be something that kills bacteria efficiently and quickly. It would be cheap and easy to produce from an abundant natural source. It would be easily stored, shipped and administered, with few side-effects or interactions with our own cells. It would target only the bacteria causing us disease, leaving the useful bacteria in our bodies unharmed. It would be easy to adapt or change or evolve as new resistance emergences. And it would complement existing antibiotics, extending the use of the antibiotics we already have.


Bacteriophages are all of these things.
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In 2010, Lilli Holst, a South African university student, was taking part in an exciting international project to help students find and isolate their own phages from their local environment.FN00 Drawn to her parents’ compost heap, Holst decided that a half-buried, decomposing aubergine was the perfect place to scrape a sample from.


Almost a decade later, a phage isolated from this piece of rotting veg – which Holst had named ‘Muddy’ – was injected into the arm of seventeen-year-old Isabelle Carnell-Holdaway at London’s Great Ormond Street Hospital. Isabelle was fighting an aggressive drug-resistant mycobacterium infection that had taken over her body following a double lung transplant; she had been given just a 1% chance of survival. Aggressive treatments with a variety of antibiotics had failed to halt the progress of the infection, which was soon so advanced that festering purple pockets of bacteria were pushing up through the skin on her arms and legs. With nothing to lose, three different types of viruses, including Muddy, were injected into Isabelle’s bloodstream twice a day and slathered directly onto the lesions on her skin. Within days, her condition had stabilised. Within weeks, the skin lesions were disappearing and wounds that had been open for months were beginning to close up. A few months later, Isabelle was able to leave the hospital.


Muddy has since been used in over a dozen similar cases, and the virus from the rotten aubergine has proven to be one of the most useful phages for this particular type of infection. Sadly, Isabelle died in 2022 from complications of her multiple health challenges. Yet this random virus, found in a random place, had enabled her to live several years, allowing her to learn to drive, travel abroad and tick several other items off her bucket list before she died.


As we will see in this book, phage therapy can be used to save lives, but it is far from simple. The number of people able to benefit from these remarkable viruses remains tiny, and many of those who do receive phage therapy receive it as a last resort, far too late in their illness. It has proven difficult to conclusively prove to investors and regulators that these unusual treatments work in traditional clinical trials. Despite repeated attempts, modern Western medicine just can’t seem to get its collective head around the idea of making people better with bacterial viruses.


Those trying to make it work are hampered by scepticism and prejudice because of the wild, wacky and Stalin-tainted history of this one-hundred-year-old idea – as well as regulatory systems built up over many decades to assess the safety of pharmaceutical-grade chemicals, not viruses dredged from compost heaps or found in human waste. With a treatment this complex, which can’t be patented and often must be tailored specifically to each patient, the challenge of making phage therapy workable at scale and affordable for all, not just for a lucky few, is perhaps even greater.


As awareness of their power to kill bacteria grows, phages are now finding use in everything from deodorants to probiotics for penguins. They are being used to save crops, pollinating bees and even valuable silkworms from bacterial infections, and as tiny sensors of bacterial contamination. Yet still, the battle to use them in mainstream human medicine continues. And so hundreds of people with chronic or potentially fatal drug-resistant infections still must make the difficult trip to Georgia for treatment using phages in poorly equipped clinics. Many, many more – millions perhaps – don’t even get that chance. Even if they or their doctors have heard of phage therapy, they certainly wouldn’t know how to access it.


The situation is changing, however, albeit slowly. As the antimicrobial resistance crisis bites, nature’s original antibacterials are once again the focus of huge amounts of interest and investment. Where once regulators and funders turned their nose up at the idea of using phages in medicine, they are now open to specially adapted regulatory systems and clinical trials. Research to catalogue and classify the vast unknowns of the ‘phageosphere’ is finally beginning in earnest, and more scientists are beginning to recognise the importance of phages to our general health. Science journalists like me are breathlessly writing books about them.


Those who study phages know their time in the spotlight is long overdue. In this book I hope to celebrate all that phages have done for us in just a century, and what they could do for us in the next hundred years if given the attention they deserve. We just have to see them for what they are – an essential and necessary part of life on this planet. Phages are the ‘dark matter’ of life on Earth, central to the evolution of more complex life and the continuation of every ecosystem on the planet but largely unclassified and unstudied. They are our potential allies in the critical global battles against bacterial contamination and infection. And they are front and centre of some of the most exciting and important science and technology of our time.


Still, too few people have even heard of phages, or the weird and wonderful people who have tried to alert us to their importance over the years. I hope this book goes some way to changing that. This is the story of our remarkable world of phages, and a century of struggle to get the world to see them.










PART 1


First Phages
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Something in the water


Starting in the fresh, still air of the western Himalayas and washing into the hot, tiger-filled mangrove swamps of Bangladesh, the Ganges rushes and rolls and ripples through the towns and cities of northwest India, one of the most densely populated regions of the world. The river throngs with life, death and everything in-between. As well as being home to dolphins, otters, turtles, fish and gharials, the 2,500km river is thought to support a whopping 11% of all the people on the planet. Every twelve years, tens of millions of pilgrims congregate in the towns of Allahabad and Haridwar to bathe together for the Kumbh Mela, the world’s largest religious festival and possibly the largest gathering of humanity on the planet.


The Ganges is also buzzing with some of Earth’s most dangerous bacterial life. Its water contains up to ten times more faecal bacteria than the Indian authorities’ ‘safe limit’ and frighteningly high levels of pathogens that are resistant to antibiotic drugs.9 Despite this, the river has long been believed to be capable of healing the sick and even to be somehow self-purifying. In the Hindu faith, the Ma Ganga, or the mother Ganges, is a divine entity formed from the Milky Way, flowing from heaven to cleanse humanity of its sins.


As well as discarded idols, flowers, food waste and the ubiquitous plastic trash that appears around all modern humans, the pewter-coloured river flushes out all manner of waste from the vast region around it: millions of tonnes of sewage and wastewater; dyes and solvents from tanneries and garment factories, fertilisers from nearby farms; animal dung, animal offal and animal carcasses; debris from endless construction and demolition and human remains.


In the holy city of Varanasi, piles of smoking ash from funeral pyres burning twenty-four hours a day wash off the banks of the river. During the peak of the COVID-19 pandemic, in 2020, hundreds of partially cremated bodies could be seen bobbing down the Ganges, and many more sank into its sandy banks. Surely, even a holy river must have a limit to what it can purify?


Yet, somehow, the Ganges’ association with cleansing and healing remains. Many swear that bathing in its water helps cure, not cause, infectious diseases. In the nineteenth century, it was observed that when epidemics of infectious diseases like cholera broke out around the Ganges, they often didn’t spread downstream, as would be expected at places where wastewater and sewage enters the water regularly. Why? What could possibly be in the water of this famous river that could counteract the effect of trillions of hideous bugs finding their way into it daily?
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In 1892, an English scientist called Ernest Hanbury Hankin set sail for India. With the tips of his twirled moustache extended as wide as his ears, the Cambridge microbiologist intended to study cholera and other infectious diseases in the country. It was an era in which such illnesses were still believed by many to be spread by ‘miasmas’ or putrid air, and Hankin’s subsequent suggestion to boil dirty drinking water to help prevent illness was viewed as a rather novel idea.


After conducting a series of tests on water from the Ganges, Hankin found something extraordinary. Water from the river did indeed seem to have an antibiotic effect, killing cultures of the water-borne bacteria, Vibrio cholerae, that causes cholera. Hankin noted: ‘the unboiled water of the Ganges kills the cholera germ in less than three hours. The same water, when boiled, does not have the same effect.’10 There was some invisible essence in the murky waters of the Ganges that seemed to be helping limit the spread of cholera in the region.


Hankin’s observation, published in the annals of the famous Pasteur Institute in 1896, is thought to be the first description in print of what was probably the bactericidal action of phages.


It has since been found that the Ganges’ extraordinary abundance of bacteria encourages a similarly extraordinary abundance of the viruses that prey on them, and that epidemics of cholera are closely linked to bacteriophage numbers.11 When phage numbers are low, the Vibrio cholerae bacteria start to proliferate, causing outbreaks of disease. With lots of hosts available to replicate in, the phages then explode in number, causing the epidemic to collapse as the phages start to wipe the bacteria out. Then, with all their hosts gone, phage numbers fall again, starting the cycle anew.


In 2016, Indian scientists studying the river found there were phages capable of destroying human pathogens even at the Ganges’ source, high up in the Himalayas and far from human activity.12 Here, in a special region known as Gomukh, melting permafrost gathers from a trickle to a stream to a gushing torrent, and the Ganges begins its epic journey seawards. The authors of the study suggest viruses released from this ancient sediment could be the ‘seed’ that gives the Ganges its especially high levels of phage – and its revered healing properties. That, and the vast amount of our murky wastewater and sewage – packed with phages – that has flowed into the river each day for thousands of years. The Ganges’ holiness is, as the scholar Rijul Kochhar puts it, a result of the remarkable confluence of ‘faith, filth and phage’.13


After Hankin’s remarkable findings in India, a variety of scientists witnessed similar phenomena elsewhere. In what has been called the ‘prehistory’ of phage science, scholars have identified up to thirty scientific observations from the nineteenth and early twentieth century that may be unknowingly describing phages killing bacteria.14 A few years after Hankin, for example, a Ukrainian bacteriologist called Nikolay Gamaleya published an article in which he described an unknown agent, produced in a dying culture of anthrax bacteria (Bacillus anthracis), which seemed able to destroy other cultures of the same bacteria.15


Countless microbiologists throughout history may have observed cultures of bacteria that suddenly died, or grew patchily during their work, and many would have put it down to a failure of their technique or simply the vagaries of working with microbes. (And maybe cheesemakers, brewers and any number of people throughout history who worked with microbes too.) Few would have considered that a bacterial virus may be responsible. In Hankin’s time, virtually nothing was known about what viruses were or how they caused disease, and they were of course far too small to be seen with even the most powerful microscopes of the era.


The term ‘virus’ derives from a rather vague Latin term with meanings including ‘poison’, ‘sap of plants’, ‘slimy liquid’, and ‘a potent juice’, and the Romans used the term for everything from snakes’ venom to semen. In Middle English, the word increasingly came to mean a putrid substance that might spread disease. ‘A kind of watery stinking Matter, which issues out of Ulcers, being endued with eating and malignant Qualities’ is a rather fun definition from a dictionary in 1770.16


In the nineteenth century, the pioneers of vaccination, Edward Jenner and Louis Pasteur, realised that for infectious diseases without a bacterial cause there might be a pathogen present that was far too small to detect. They developed vaccines against viral infections but still did not really understand the nature of the infectious agents themselves.


By the 1890s, two scientists, the Russian Dmitri Ivanovsky and Dutch Martinus Beijerinck, had independently deduced that a disease of plants – known as tobacco mosaic disease – was caused by an infectious agent smaller than a bacterium. They took water from plants infected with the disease and put it through what is known as a Chamberlain Filter – a chamber where water is forced through the ultra-fine pores of unglazed porcelain under pressure. This filter could remove even the smallest bacteria from a liquid. Ivanovsky and Beijerinck showed that the filtered and apparently microbe-free water could still cause tobacco mosaic disease when sprayed on plants. Beijerinck called this Contagium vivum fluidum, essentially classifying it as a ‘contagious life form with the properties of a liquid’. Aside from this work, nobody knew what viruses were. Even as the twentieth century dawned, the term ‘virus’ was still generally used to describe an infectious disease with a cause that could not be seen or explained.


Then, in the mid-1910s, our understanding of viruses took a dramatic turn. Phages – having gone unseen for the whole of human history – suddenly appeared in visible form to two different scientists, in two different countries, at almost exactly the same time, scorching perfect little holes in plates of bacteria like smoke signals rising from the world of the small. It would start an almost unprecedented period of scientific bickering that would go on for several decades.
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A microbe of a microbe


Frederick Twort was born in 1877, in the leafy southern English county of Surrey. The son of a strict country doctor,17 Twort began studying medicine at just sixteen at St Thomas’s Hospital in London and, after excelling in his studies, accepted the first paid research post he was offered. ‘It was imperative that I earn at least sufficient to be able to pay for lodgings and food,’ the sober and immaculate-looking Twort wrote of his early career.18


Later in life, Twort would gain a great scientific rival in the form of eccentric French-Canadian microbiologist Felix d’Herelle, who had a rather different approach to his scientific education. Four years older than Twort, d’Herelle had also left school at sixteen, but spent his late teens travelling around Europe and South America, attending talks and lectures when it took his fancy, reading books and spending his well-connected family’s money.19


The two men grew up in an era when ‘microbe hunting’ was a glamorous profession that had captured the world’s attention. Bacteriologists like Louis Pasteur, Robert Koch and Paul Ehrlich had become household names as their work advanced understanding of the causes and prevention of contagious diseases, and the public and politicians alike eagerly awaited the latest discoveries, conjured from flasks of putrid broth in the light of a gas flame. In France, Pasteur was virtually a saint. Not only had he developed a range of vaccines and serums to prevent illness, but he had also developed the miraculous process of ‘pasteurisation’, which finally allowed people to prevent bacterial contamination of everyday items like food, milk, water and wine. It is still widely used in food production today. But in a world without any true antibiotics – that is, drugs that reliably killed bacteria in the body without side effects – infectious disease still played a huge part in the lives of everyone, rich or poor, young or old. The average age one could expect to live to in Europe at the turn of the twentieth century was just over forty – even lower in poorer countries.


D’Herelle idolised Pasteur, and would later claim in his memoirs that his entire life plan from an early age was to emulate the career path of the great French scientist.20 Considering that Pasteur attended one of the most prestigious medical schools in France, and d’Herelle left school with few formal qualifications, he set about it rather oddly.


Nevertheless, d’Herelle saw himself as a potential star microbe hunter of the future. On one of his plentiful teenage holidays, cycling around rural France and Belgium, he overheard locals talking about a boy who had been bitten by a rabid dog and the plan to rush the boy to a nearby abbey, where monks could apparently cure the terrifying disease. With little else on his schedule that day, the precocious sixteen-year-old cycled 60km to the abbey to find out more about the monks and their proposed treatment, which mainly involved a lot of chanting and a bit of old thread from the clothing of an eighth-century bishop. D’Herelle was intrigued and studiously compared the monks’ alleged success rate with that of a rabies vaccine being tested by Pasteur in Paris. He had performed his first scientific review, of sorts.


‘It is probable that I have, by birth, the first required quality needed to make a good microbe hunter,’ he wrote after another encounter with disease and death.21 While travelling back from a holiday in South America, an outbreak of yellow fever struck the ship he was on shortly after leaving Rio de Janeiro. ‘One morning, very early, seven bodies, one-by-one, slid into the sea . . . Most of the passengers were in anguish: I was perfectly calm, I thought I was invincible.’


He continued to travel for years, staying in England, Greece and Turkey, where he met his future wife, Marie Caire, who was just fifteen.22 According to d’Herelle’s biographer William Summers, the couple married quickly and enjoyed a ‘leisurely life of idleness’. At twenty-four, d’Herelle finally decided to settle into a career, and moved to Canada, where there were so few microbiologists that he simply declared himself one and set up his own home laboratory. In his first scientific paper, he claimed that he had discovered carbon was ‘not an element’ – dismissing the work of the great chemists of the eighteenth and nineteenth centuries – following an experiment he conducted on radishes.23


Back in England, meanwhile, Twort’s scientific career had progressed along a more conventional path. After his medical degree, he studied under the noted bacteriologist Professor William Bulloch, published his first paper aged twenty-eight, and a few years later gained a permanent research post at the Brown Institute, a veterinary hospital and research faculty in Vauxhall, just south of the River Thames.24


At about the same age, his wandering French-Canadian peer had only just settled on what to call himself. Born Hubert Augustin Félix Haerens, he was known at various points as Félix Hoerens and Hubert Félix Haerens d’Hérelle, before he finally settled on Felix d’Herelle in around 1901. There is also some debate over where he was actually born. D’Herelle’s claim to have been born in Canada seems to be contradicted by a Parisian birth certificate unearthed in the early 2000s.25 Some historians believe he may have been Belgian.26 His shape-shifting identity may be explained by the fact that by his early twenties, he had presided over a bankrupted chocolate factory and was listed as ‘deserted’ from the French Army.27


Photos of a young d’Herelle show a roguishly handsome and even slightly villainous-looking man, like some hard-drinking saloon owner from the Wild West. His dark hair was buzzed short, and a Lenin-style goatee was sometimes topped with a flamboyantly twirled moustache. But the real drama was in his eyes – you could carry your shopping in the dark bags under them. In the rare images where he looks directly into the camera lens, he stares out from tired, guilty peepers. Later in life, the dark hair receded and turned grey, the goatee became bushy and the chain-smoking microbiologist swapped the dapper suits and skinny ties for a bulging full-length lab coat – but the dark and doleful eyes remained.


Twort – with his carefully parted hair, often photographed sporting a gentle smile in his British Army officer’s uniform – was the yin to the wild-eyed yang of d’Herelle. In his Brown Institute lab, crammed beside the busy London and South Western Railway and a smelly Beef Tea factory, he invented a new type of staining to reveal the fine structure of microbes, and made important progress in his research focused on bac-teria that caused wasting disease in cattle. He liked to work alone.28


Meanwhile, across the ocean, the French, Canadian or possibly Belgian adventurer eventually secured his first semi-official scientific job with the help of his well-connected father. In a strikingly Canadian turn of events, the Quebec government employed him to see if it was possible to turn its excess maple syrup into whiskey. In his DIY laboratory, he set about using his self-taught microbiology skills to turn the sticky sap into a liquor that could be sold to the United States. It didn’t work. Unfazed, he saw an advert for a government scientist in Guatemala, a newly independent Latin American state, and yearning for more travel, he applied. To his surprise, he got the job, and his career as a microbiologist began. It was a country where few questions would be asked about his lack of qualifications.29


As Twort was diligently building a research career in London, d’Herelle was living on the edge in the Americas. Guatemala, in the late 1800s, was a wild, lawless place, and he was soon doing wild, lawless science. Without any formal training, d’Herelle found himself responsible for bacteriological examinations of patients at the General Hospital in Guatemala City, and even acted as an examiner for students. Tasked with dealing with an outbreak of yellow fever, he apparently burned a row of family houses to the ground when his quarantine orders were not obeyed. He had been advised on arrival to carry a revolver when outside of the cities, and so when a drunken man staggered up to him wielding a knife, he discharged his revolver into his chest, piercing his heart and killing him.


‘After dressing my wound in a so-so fashion (I still carry the scar), I continued my trip,’ he wrote of the incident. ‘At that time, in such cases, it was preferable not to have dealings with the authorities; I certainly had nothing to worry about, but I did not want to be delayed for some time, under the pretext of an inquest.’30


His wife Marie and their two young daughters, the youngest only eighteen months old, were not spared from the madness. Plagued by heat and humidity and by new and unfamiliar toxic plants and animals, all three contracted malaria repeatedly, as well as yellow fever. By 1907, d’Herelle had been hired by the government in nearby Mexico (again, as he wrote later, ‘where anyone could be a doctor, no degree was required’) and his family were so badly affected by diarrhoea and an intermittent water supply that they at one point looked like skin and bone. ‘We are all very depressed’, wrote his long-suffering wife Marie.31
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Twort and d’Herelle could hardly have been more different in terms of career path and character. Yet while they worked on different sides of the world, on different questions, with different bacterial cultures, both noticed a certain strange phenomenon which would later define both their careers and bring their paths crashing together.


Twort, among the dark wood, brass and chequered tiles of his hospital lab in England, had been trying unsuccessfully to work out how to grow human and animal viruses in the lab so that they could be observed and studied like bacteria. With so little known about viruses at the time, Twort would certainly not have known that viruses require the facilities of a living cell to replicate and so his attempts to grow the smallpox virus on various chemical extracts, bacterial mixtures and nutrient broths were doomed to fail.


He tested hundreds of different mixtures, none of which worked as a growth medium for the virus he wanted to study, smallpox. But he did notice something odd in one of his plates, where instead of virus, bacteria had started to grow. While less attentive scientists might have cursed another batch of contaminated plates and sent them for cleaning, Twort observed them carefully: one bacterial colony appeared itself to be afflicted with some kind of disease. On the otherwise uniform film of bacterial cells, there were tiny ‘glassy’ holes, or plaques, where the bacteria had simply vanished. The holes grew, quickly, leaving behind nothing that could be seen under the microscope except ‘fine granules’, as he described them later.32


Intrigued, Twort switched the focus of his research to investigate what might be causing these holes or plaques. He took a sample from the middle of a plaque, diluted it, and passed it through the same ultra-fine porcelain filters used by Ivanovsky and Beijerinck to remove all traces of microbes from the liquid. After adding the filtered substance to another plate of bacteria, he saw the same ‘glassy transformation’ of healthy bacterial cells into regions of empty space. The point where he touched the substance to the bacteria soon became transparent, and gradually made the whole colony transparent. When he examined the transformed areas, he found ‘minute granules’ again but no sign of any bacteria, where just hours before they were packed solid.
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