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Dedication

This book is dedicated to the thousands of volunteers from many diverse backgrounds who enrolled in COVID-19 vaccine clinical trials in 2020. These individuals, through a commitment to research and to public health, facilitated emergency use authorization of safe and effective COVID-19 vaccines by the United States FDA and other regulatory agencies in less than one year. The book is also dedicated to the individuals who conducted the critically important foundational work on viruses including coronaviruses and the vaccine platforms that have been adapted to fight this pandemic. Also, to the vaccine developers and manufacturers who responded within days to the call to develop and manufacture COVID-19 vaccines, and to the private and governmental funding agencies that invested billions of dollars in this effort. In addition, thanks to the frontline workers and clinical coordinators from academic medical centers and from clinical research organizations who day by day and night by night performed and documented these clinical trials amid a raging pandemic. These contributions often go unrecognized. Finally, to the people who are diligently working to assure vaccines are distributed, delivered, and administered to persons for whom they are recommended. Only vaccinations, not vaccines, can stop this pandemic.

We also dedicate this work to the millions of individuals infected, the lives lost, and the suffering and pain inflicted by this pandemic. These individuals have also contributed to our understanding of COVID-19 and the imperative to prevention. The hope as a global society is that we forever recognize and prepare for future pandemics.






Chapter 1

COVID-19 Introduction and Illness



We live in a microbial world. In December 2019, the Wuhan Municipal Health Committee, Hubei province, China, identified an outbreak of rapidly progressive and sometimes fatal viral pneumonia found to be due to a novel coronavirus named Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2). Since then the virus and the associated disease it causes, Coronavirus Disease 2019 (COVID-19), have rapidly spread globally, resulting in an unprecedented pandemic, not seen since the influenza pandemic of 1918–1919. COVID-19, transmitted from one person to another by respiratory droplets containing a highly infectious virus, is an acute infectious disease with variable respiratory and systemic manifestations. Most individuals have asymptomatic disease or mild or moderate disease. However, individuals over 65 years old and those with underlying health problems such as obesity, lung disease, cancer, chronic hypertension and heart disease, diabetes, kidney disease, and other chronic medical conditions are at greater risk for severe disease. It also disproportionately affects populations of color. Progression to severe infection in the lungs leads to pneumonia and acute respiratory distress syndrome (ARDS), with subsequent failure of other organs and death. As of the end of February 2021, there were over 110 million confirmed cases of COVID-19 and approaching 2.5 million deaths worldwide with cases reported in every country and region around the world including Antarctica. However, this is the “tip of the iceberg.” A conservative estimate is that five times as many infections have occurred than the cases reported with the number of reported deaths also a significant underestimate.

As this pandemic emerged and spread in early 2020, there was no vaccine against SARS-CoV-2. The unprecedented global effort to develop, manufacture, and deploy vaccines to prevent this disease is a part of the story in this book. By the end of January 2021, 237 COVID-19 vaccines were in development, and 63 of these were in human clinical trials.1

Currently, two COVID-19 vaccines made by Pfizer-BioNTech and Moderna have emergency use authorization (EUA) in the United States and Europe and one or both of these vaccines are being deployed in several other countries (the United Kingdom, Argentina, Chile, Bahrain, Canada, Saudi Arabia, Switzerland Singapore, and Israel). Other vaccines produced by Oxford-AstraZeneca and Johnson & Johnson (Janssen) have completed large-scale (phase 3) clinical trials, released efficacy results, and are authorized for use in several countries (the United Kingdom, Argentina, India, and Mexico); and one other manufacturer, Novavax, has completed (and released initial efficacy results) and is conducting additional phase 3 trials. The phase 3 vaccine studies have shown very high protection against death, hospitalization, and severe illness. In addition, COVID-19 vaccines have been developed and clinically tested in China (Sinopharm, Sinovac, CanSino), Russia (Gamaleya Research Institute, Vector Institute), and India (Bharat Biotech) and these are being deployed in several countries. This is a remarkable and unprecedented accomplishment of science and medicine to have vaccines available and in use less than one year from identification of the outbreak.

COVID-19, THE ILLNESS

The first reports of SARS-CoV-2–infected individuals from China suggested that most COVID-19 cases were only mildly to moderately ill, with about 15% of the cases severe and 5% critical. As more experience was gained with COVID-19, the presentation of the infection can be divided into five stages. The asymptomatic or presymptomatic stage is characterized by detection of the virus in the nose and upper respiratory tract without any symptoms. Initially, the importance of asymptomatic infection was not appreciated. However, it was later found that many asymptomatic individuals were discovered to be infectious and could infect others. Unlike some other serious coronaviruses, individuals with SARS-CoV-2 are infectious before symptoms begin. Some individuals remain asymptomatic throughout the entire course of infection, while others progress to the further stages.

Symptomatic COVID-19 can be divided into different presentations. Mild COVID-19 (although many who have had the disease feel the term “mild” is a misnomer) is characterized by fever, cough, loss of taste or smell, but with no difficulty breathing. Moderate COVID-19 is described as having symptoms of pneumonia such as high fever, worsening cough and shortness of breath on exertion, but still having normal levels of oxygen in the blood. Severe COVID-19 is defined as having an increased rate of breathing at rest, decreased levels of oxygen in the blood, and evidence from X-rays or other chest scans that extensive pneumonia is present in the lungs. The most advanced stage of disease is termed “Critical” and is designated when there is failure of the lungs to provide adequate oxygen to the blood with the concurrent failure of other organ systems. At the onset of the outbreak it was projected that the fatality rate was between 1–3%, but with the detection of asymptomatic individuals and improved care, the overall fatality rate has decreased. However, the COVID-19 fatality rate is also dependent on age, with a much higher mortality rate in the elderly (those over 65 years). Also, mortality is greater in men than women, and higher mortality is seen in individuals with other medical conditions, as outlined above. Race and ethnicity are often markers for underlying conditions that affect health including socioeconomic status, access to healthcare, and exposure to the virus related to occupation (e.g., frontline, essential, and critical infrastructure workers). American Indians, Alaska Natives, Black or African Americans, and Hispanic or Latino persons have a 2.6–2.8× greater risk of death from COVID-19 than white non-hispanic populations.2


Symptoms of COVID-19

Fever and chills are a prominent feature of COVID-19 illness. Initially fever is present in approximately 60% of individuals and is 100.4°F or higher at onset. Over the subsequent course of the disease, fever occurs in 83–99%, but the temperature is variable with nearly 20% having only an initial low-grade fever <100.4°F. A new or increased cough is seen in nearly 60% at onset, and over 80% develop cough over the course of illness. Generally, at least one additional symptom develops from the following list:


• Fatigue/profound weakness occurs in about 70% (at onset and over course of the illness; this often lasts for two or three weeks)

• New loss of taste and/or smell occurs in two-thirds or more (onset early in the illness and is a characteristic symptom of COVID-19)

• Severe headache occurs in about 40% (often at onset)



Other less specific symptoms include:


• Loss of appetite (anorexia) occurs in 40–84%, and gastrointestinal symptoms, nausea, and vomiting in 10–30%

• Myalgias (muscle pain) occurs in about 35%

• Sore throat and initial runny nose are less common



Shortness of breath or difficulty breathing occurs in 40% and can progress in the later stages of disease. Persistent pain or pressure in the chest can emerge four to 10 days after onset of illness in a subset of those infected. X-rays, as noted, show “diffuse pulmonary infiltrates” or pneumonia throughout the lung (pneumonia is often best seen on a chest computerized tomography CAT scan. There is evidence of lack of oxygen (hypoxia) with low oxygen (O2) saturation in the blood, that is, an O2 saturation of <94%. As noted below, clotting of the blood is an important complication in some individuals, called “thromboembolic” complications. Failure of the lungs to deliver oxygen to the blood may necessitate mechanical ventilation. Respiratory failure and severe inflammation in the lungs and bloodstream (cytokine storm) can lead to death.

The virus spreads from the initial site of entry in the nose and upper respiratory tract to the lungs, causing the pneumonia. It can also be found in the gastrointestinal tract. The virus also may spread to other organs or more commonly induce in the lungs and blood the inflammatory response that causes neurologic, heart (cardiac), kidney (renal), and skin involvement. Again, one of the most prominent aspects of severe COVID-19 is the tendency to cause blood clots throughout the body, including the brain, lungs, kidneys, and heart. Severely ill hospitalized patients have fever, increased blood proteins that promote blood clotting, and evidence of inflammation in all the organs of the body. In an autopsy study of people who have died from COVID-19, the lungs showed blood clots and inflammation.

Some individuals, maybe up to 10% of those infected, who recover from COVID-19 have persistent symptoms, the “COVID-19 long-hauler syndrome.” We are still learning about the spectrum of conditions associated with this syndrome. Symptoms include persistent cough, persistent fatigue, chronic shortness of breath, cardiac dysfunction (“cardiomyopathy”), memory loss or inability to concentrate, difficulty sleeping, headaches, and joint pain.

Children have lower rates of COVID-19 incidence and hospitalization. Clinical symptoms in children are less severe than those seen in adults with more asymptomatic infections and milder cases. This is distinctly different from other respiratory infections, such as influenza or respiratory syncytial virus, where children have more severe symptoms than adults. However, some children, particularly adolescents and older children with comorbidities such as obesity, can have a critical course with mortality. Children have also developed a later disease called multisystem inflammatory syndrome in children (MIS-C) 2–6 weeks after COVID-19 infection. These children have varied clinical manifestations but these include high fever, rash, abdominal pain, and heart failure. If this condition is promptly managed with medications to support the heart and reduce the inflammation, the children generally do well. The disparities by race and ethnicity noted among COVID-19 adults are also seen in children.

COVID-19 in pregnant women is usually associated with a low risk for transmission to the infant while in utero. A few pregnant women have a more complicated course with pneumonia, organ dysfunction, and premature delivery. SARS-CoV-2 virus is not detected in breast milk, and infants can be breastfed. Infected mothers need to practice masking and careful handwashing to prevent transmission of the virus to the infant after birth.




1 “Draft Landscape and Tracker of COVID-19 Candidate Vaccines.” World Health Organization, January 26, 2021. https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines.

2 “COVID-19 Hospitalization and Death by Race/Ethnicity.” Centers for Disease Control and Prevention, November 30, 2020. https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-race-ethnicity.html.






Chapter 2

Introduction to Vaccines and Vaccinology



Vaccines are the most cost-effective intervention for preventing human disease. What is a vaccine? How does it work? How do vaccines protect?

A vaccine is a substance, such as an inactivated protein from an infectious organism, that when given to a person induces an active immune response to prevent or mitigate a disease. Your immune system acts as an army. The immune system ideally detects the foreign invading germ (i.e., virus, bacterium, fungus), generally called a “pathogen,” and destroys it or contains it so that it cannot cause disease. What a vaccine does is give the immune system practice so that when it encounters the real pathogen, it is ready. Without practice from the vaccine, the pathogen can overwhelm an unprepared immune system, causing serious illness.

The immune system can protect against infection and disease in two different ways. First, it can secrete immune proteins, called antibodies, into blood or tissues that bind to the invading pathogen and prevent it from multiplying or invading cells of the human body and enhancing the uptake of the pathogens into special cells (“phagocytes”) which destroy the pathogen. This aspect of the immune system is often called the humoral immune system. Critical players in this response are B cells and specialized B cells called plasma cells. The plasma cells produce the antibodies that circulate in the blood and other body fluids and tissues, which when encountering the pathogen neutralize it or bind to it, facilitating destruction of the pathogen by other cells of the immune system.

Second, the immune system consists of specialized cells, called T cells, which destroy infected human cells and prevent the pathogen from spreading and causing serious disease. This aspect of the immune system is called the cellular immune system.

A number of vaccines include substances called adjuvants or immune system helpers. These adjuvants enhance the immune response to the vaccine. In the United States, the most common adjuvants are aluminum-based compounds. But an increasing number of vaccines have other new adjuvants that stimulate immunity, particularly in the elderly or those with less-robust immune responses (see https://www.cdc.gov/vaccinesafety/concerns/adjuvants.html).

The first vaccine was developed in 1796 by William Jenner. He had noticed that milkmaids in the United Kingdom did not get smallpox. He also noted that many of them had mild skin lesions, called cowpox, from which they had recovered without serious illness. He hypothesized that cowpox infection led to protection from smallpox. On May 14, 1796, he inoculated James Phipps, a child, with pus from a milkmaid, Sarah Nelms. After James recovered from the cowpox, Jenner exposed him to smallpox and the child was protected. The cowpox virus was later named “vaccinia” after the Latin word for cow, vacca, which later became the root of the word “vaccine.”

There are many types of vaccines. The first vaccines developed were modeled on those of Jenner and included related viruses or bacteria that infected animals and were able to induce cross-protective immunity against human pathogens, when injected into humans. Examples of these vaccines include the previously mentioned smallpox vaccine used by Jenner and another animal bacteria from cows, called BCG, that is administered to children in developing countries to protect against tuberculosis. Next came killed whole viruses or bacteria with an excellent example being the inactivated or killed polio vaccine (IPV) developed by Jonas Salk, which became available in 1955. Another vaccine in this category includes a virus to prevent hepatitis (inflammation of the liver) called hepatitis A.

Some bacteria cause disease by excreting potent substances, called toxins, into the body. There are ways to chemically alter these toxins so they no longer cause disease but do stimulate a protective immune response. These are called “toxoids” and the major examples of these are toxoids to prevent tetanus and diphtheria, which are given as part of the combined diphtheria, tetanus, and pertussis (DTP) vaccine. Another example of the use of proteins released from an organism to produce vaccines is the acellular pertussis or whooping cough vaccine, which contains several of these purified proteins from the pathogen (called Bordetella pertussis) and used as a vaccine.


A major breakthrough in vaccinology came with the development of live attenuated or weakened pathogens that through repeated passage in the laboratory lost their virulence but maintained their ability to induce a protective immune response. Examples of these vaccines include those against measles, mumps, rubella, varicella (chickenpox), and yellow fever. The organisms in these vaccines can reproduce in the body following administration, cause the immune system to recognize them as foreign, and thereby induce the immune system to make and sustain a protective immune response.

Some bacteria have capsules made of complex sugars, called polysaccharides, to protect the bacteria. Another class of vaccines induce the immune system to make antibodies against these polysaccharides and protect the body from diseases these bacteria cause. Sometimes these polysaccharides do not induce a protective immune response by themselves, particularly in young children. But when the polysaccharides are chemically linked to proteins, they become better able to stimulate a potent immune response. These are called protein-polysaccharide conjugate vaccines. Examples of such vaccines are the pneumococcal conjugate vaccine, which protects against common causes of severe pneumonia and the meningococcal conjugate vaccines that protect against epidemic meningitis.

Another major breakthrough in the field of vaccinology has been the production of particles that look like the surface of a given pathogen. These vaccines are made by taking a gene from the pathogen, which often codes for a part of the surface of that pathogen, and putting it into another organism, which expresses and excretes the protein. When excreted, the protein forms particles with the surface similar to the surface of the pathogen. These particles are then purified and can become vaccines, inducing an active immune response against the original pathogen. An example of this technology is the hepatitis B vaccine. Hepatitis B is a virus that can cause liver inflammation, fibrosis (cirrhosis) of the liver, and liver cancer. Another example is the human papilloma virus (HPV) vaccine, which is highly effective in preventing cervical cancer and several other types of cancer caused by HPV.
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