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Preface

Vaccines represent the most cost-effective medical intervention known to pre-
vent death and disease. From the creation of the first vaccine by Edward Jenner
in 1796, the first human disease, smallpox, was declared eradicated from the
face of the earth in 1977 by a global immunization campaign. Yet in 1974, only
5% of the world’s children received the six childhood vaccines recommended
by WHO. Since then, through extraordinary international public and private col-
laborations, the number of children receiving these basic vaccines has risen to
more than 80%, and in the ensuing years more than 10 million children’s lives
have been saved. Through creative basic and applied research a number of new
vaccines have been developed, and many more are in progress.

Over the past century the world has experienced a demographic transition,
with people living longer, an increase in the aging population in most societies,
and more people living in cities. That has been paralleled by an epidemiological
transition, in which the diseases that have taken their toll on humankind have
changed dramatically. Vaccines have contributed in a significant way to this
epidemiological transition by reducing the number of children dying before the
age of 6. That has profoundly extended life expectancy, with a concomitant
increase in chronic and degenerative diseases. It is a remarkable achievement
that infectious diseases no longer represent the largest cause of death in the
world, although they still remain the major cause of death in many developing
countries, particularly in Africa because there are major barriers to providing
children and adults with vaccines.

The aims of this book are to share some of the knowledge acquired over the
past quarter century and excitement about the future potential of vaccines to
prevent infectious diseases with a wide audience—students, health profession-
als, and anyone interested in the field of vaccines. We have sought to engage
readers who are nonexperts as well as scientists with a specific interest in im-
munization by presenting a very broad view of vaccines and immunization. We
have received the generous support of many contributors who have summarized
here the best current knowledge and experience in vaccines around the world.
The book is purposely not designed to be comprehensive, but rather to be selec-
tive in presenting innovative approaches and problems that are scientifically and
practically challenging.

Vaccines are relatively unique among medical interventions in that they are
given to healthy individuals, rather than most that are given to people already
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ill. Their importance to health is in preventing disease, thus saving costs in both
human and financial terms. That circumstance requires the highest level of safe-
ty and quality, and some of the chapters will indicate how vaccines are produced
and monitored to assured the highest level of safety possible.

Most vaccines are currently given to children. Currently in the United States
it is recommended that children be immunized against 14 childhood diseases. In
many cases the effectiveness of vaccines wanes with time and it is recommend-
ed that booster shots be given, which leads to the challenge of immunization of
adolescents and adults. Several existing vaccines, for example, HPV, and other
vaccines under development, for example, HIV/AIDS and tuberculosis will be
targeted at these groups. Their potential impact would be greatly increased if
there were an infrastructure for introducing them in populations. Another major
area of enormous promise is the development of specific monoclonal antibod-
ies or T-cell therapies, which have already proven to be the most dramatic new
intervention to reduce the spread of certain cancers. Finally there are the chal-
lenges such as when people age their immune systems decline, and an increas-
ingly important issue is how to protect the elderly against infectious killers such
as influenza and pneumonia. These represent new areas in vaccines that are
included in this edition of the book.

Beyond the challenges of these and other specific vaccines, we believe it is
important to understand immunization in a broader context. There are chapters
that evaluate the impact of current vaccines on world health and make projec-
tions of future impacts if new vaccines could be developed against some of
the major killers of mankind. We have included a broad overview, beyond the
challenges of the laboratory, of issues critical to the success of any vaccine.
For example, chapters deal with the somewhat unique economics of the vac-
cine industry, critical issues of vaccine safety, and concerns about risks and the
regulatory environment. Other chapters address how vaccine clinical trials are
designed, the infrastructures required to introduce and deliver vaccines effec-
tively at scale, and the special ethical issues posed by vaccines.

The success of vaccines in reducing childhood mortality and morbidity from
polio, measles, diphtheria, tetanus has, in many places, created a sense that in-
fectious diseases no longer pose a risk or of complacency. The recent Ebola
epidemic in W. Africa, which infected 26,000 people, with 11,000 deaths should
remind us of the epidemic potential of infectious diseases in the absence of vac-
cines. A new chapter presents the state of efforts to develop vaccines against
Ebola. Despite enormous efforts to assure the safety of all vaccines and the
enormous amount of scientific data establishing that there is no causal associa-
tion of vaccines and a variety of illness, including the fraudulent claims regard-
ing autism, the problem of public acceptance of vaccines has become a major
problem in many countries. In 2007, France reported 40 measles cases; in 2011,
there were 15,000 cases with 6 deaths. In 2013 the United States had the larg-
est number of measles and pertussis outbreaks and cases in 20 years. There are
two new chapters devoted to understanding issues relating to vaccine hesitancy
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and acceptance and to the more general issue of public trust in science and how
scientists can listen to public concerns and communicate more effectively the
value of vaccines.

We hope this book conveys some of the power of vaccines and immunization
to prevent disease and the challenges yet to be overcome. By striving to make
its contents accessible, we hope that this book has its own impact in stimulating
readers to contribute in various ways to realizing the potential of vaccines to
save millions of lives in future.

Barry R. Bloom
Paul-Henri Lambert



Introduction-Global Burden of
Disease addressed by Current
Vaccines and Vaccines in the
Development Pipeline

Stephen S. Lim, PhD, Christopher J.L. Murray, MD, DPhil

Institute for Health Metrics and Evaluation, Seattle, WA, United States

1 INTRODUCTION

Estimates of disease burden provide critical information to guide the research,
development and delivery of vaccines. In this chapter we present findings from
the Global Burden of Disease (GBD) 2013 study to describe across countries,
time, age, and sex, the disease burden attributable to conditions for which there
are vaccines currently available as well as vaccines that are in the development
pipeline.

2 THE GLOBAL BURDEN OF DISEASE STUDY

The GBD study is a powerful platform for understanding the main drivers of poor
health at international, national, and local levels. Coordinated by the Institute for
Health Metrics and Evaluation IHME), GBD measures all of the years lost when
people die prematurely or suffer from disability. It estimates healthy years lost
from over 300 diseases, injuries, and risk factors from 1990 to 2013. The GBD
findings are available for 188 countries. GBD results allow decision-makers to
compare healthy years lost from fatal conditions, such as cancer, to those lost
from nonfatal conditions, such as low back and neck pain. The study provides
more policy-relevant information than cause of death data by shedding light on
conditions that cut lives short, not just those that kill people primarily in old age.
The GBD study also provides insight on potentially preventable causes of disease
and injuries, known as risk factors which range from poor diets and high blood
sugar to unsafe water and micronutrient deficiencies. Examining the ranking of
diseases, injuries, and risk factors in a country, province, or county can help poli-
cymakers decide where to invest scarce resources to maximize health gains.

XXix
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3 GLOBAL BURDEN OF DISEASE METHODS

GBD uses more than 50,000 data sources from around the world to estimate
disease burden. Years of life lost (YLLs) due to premature death from different
causes are calculated using data from vital registration with medical certifica-
tion of causes of death. Years lived with disability (YLDs) are estimated using
sources such as published studies on disease and injuries occurrence, cancer
registries, data from outpatient and inpatient facilities, and direct measurements
of hearing, vision, and lung function. Disability-adjusted life years (DALYYs)
are the sum of YLLs and YLDs. Estimates are generated using advanced sta-
tistical modeling. For more information about GBD methods, see the papers
referenced at the end of this chapter.!™

4 VACCINE-PREVENTABLE DISEASE BURDEN
FROM GBD 2013

In the remainder of this chapter we briefly describe the disease burden associ-
ated with presently available vaccines and vaccines in development and high-
light the use of GBD results to identify important variations in disease burden
patterns. We encourage readers to use the publicly accessible visualization tools
available for the GBD (http://www.healthdata.org/results/data-visualizations)
to further explore disease burden patterns for specific conditions mentioned
throughout this book.

Tables 1 and 2 show presently available vaccines and vaccines that are
in development as denoted by the World Health Organization (WHO)’ along
with the corresponding GBD cause category. It should be noted that this is
not a precise mapping of vaccines against disease burden for several reasons.
Firstly, for some vaccines such as polio, GBD does not presently estimate
the corresponding disease burden. Secondly, the listed vaccines may only ad-
dress part of the corresponding GBD cause; for example, presently available
pneumococcal vaccines address only a selected number of subtypes included
under the GBD cause category of pneumococcal pneumonia and meningi-
tis. Finally, the estimates provided in this chapter do not take into account
the efficacy of the vaccine; for example, the protective efficacy of Bacillus
Calmette-Guérin (BCG) vaccine in reducing tuberculosis disease burden is
low as is the more recently developed malaria vaccine. In other words, we
present here the full disease burden attributable to a cause, not only the frac-
tion of the cause that is preventable by available vaccines or those under
development.

4.1 Disease Burden Associated With Current Vaccines

In 2013, 4.9 million deaths globally (8.9% of all global deaths) were attribut-
able to causes corresponding to presently available vaccines. This represents
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TABLE 1 Vaccine Preventable Diseases— Current Vaccines

WHO current vaccines®

GBD cause name

Cholera Cholera

Dengue Dengue

Diphtheria Diphtheria

Hepatitis A Hepatitis A
Hepatitis B

Hepatitis B Liver cancer due to hepatitis B
Cirrhosis due to hepatitis B

Hepatitis E Hepatitis E

Haemophilus influenzae type b (Hib)

Human papillomavirus (HPV)

H. influenzae type b pneumonia
H. influenzae type b meningitis

Cervical cancer

Influenza Influenza

Japanese encephalitis »
i » Encephalitis

Tick-borne encephalitis

Malaria Malaria

Measles Measles

Meningococcal meningitis

Pertussis

Pneumococcal disease

Meningococcal meningitis
Whooping cough
Pneumococcal pneumonia

Pneumococcal meningitis

Rabies Rabies
Rotavirus Rotaviral enteritis
Tetanus Tetanus

Tuberculosis
Typhoid
Varicella

Yellow fever

Tuberculosis
Typhoid fever
Varicella and herpes zoster

Yellow fever

XXXi

Mumps, rubella are included as part of the GBD other infectious disease category and not
included here. Poliomyelitis is not estimated as part of GBD.

an annual decline of 3.0% from 1990 levels (Fig. 1 for deaths, Fig. 2 for
DALYs); in 1990, 7.2 million deaths globally (15.1% of all global deaths)
were attributable to these causes. These declines represent improvements
in the original Expanded Program Immunization (EPI) vaccines included in
the standardized vaccination schedule established by WHO in 1984 [BCG,
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TABLE 2 Vaccine Preventable Diseases—Pipeline Vaccines

WHO pipeline vaccines* GBD cause name
Campylobacter Campylobacter enteritis
Chagas disease Chagas disease

Enterotoxigenic E. coli Enterotoxigenic E. coli infection
HIV HIV/AIDS

Herpes simplex virus Genital herpes

Human hookwork infection Hookworm disease
Leishmaniasis Leishmaniasis

Nontyphoidal salmonelloses Other salmonella infections
Norovirus Norovirus

Paratyphoid fever Paratyphoid fever
Schistosomiasis Schistosomiasis

Shigella Shigellosis

RSV (Respiratory syncytial virus) Respiratory syncytial virus pneumonia

*Streptococcus pyogenes are not estimated as part of GBD. Rotavirus vaccines (next generation),
streptococcus pneumoniae (pediatric vaccines), tuberculosis (new vaccines), and universal
Influenza vaccine are included in the corresponding GBD categories under currently available
vaccines.

diphtheria-tetanus-pertussis (DPT), oral polio and measles] but also the in-
troduction of new vaccines such as Haemophilus influenzae type b (Hib),
pneumoccocal conjugate vaccine, and rotavirus vaccine. Declines also reflect
other health, for example, treatment of pneumonia, and non-health interven-
tions, for example, improvements in maternal education, that affect these
conditions.

The remaining disease burden linked to presently available vaccines is pri-
marily concentrated among children under the age of 5 years as seen in Fig. 3
which describes the number of deaths attributable by cause and age. The con-
centration of disease burden in the young is further accentuated when using
DALYs (Fig. 4), which take into account remaining life-expectancy at the time
of death and nonfatal outcomes. Disease burden associated with presently avail-
able vaccines in children under 5 years of age is accounted for primarily by
causes such as pneumococcal pneumonia and meningitis, Hib pneumonia and
meningitis, measles, whooping cough (pertussis), rotaviral enteritis, influenza,
and malaria. Among those aged 5 years of age and over, presently available
vaccines primarily address disease burden attributable to hepatitis A, B, and E,
and HPV (cervical cancer). For these causes, the expected impact of these vac-
cines on disease burden will not be seen for many years given the more recent
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Introduction-Global Burden of Disease  xxxvii

introductions in the majority of countries of hepatitis B (as part of pentavalent
vaccine targeting infants) and HPV (targeting adolescents) and the low present
use of hepatitis A and E vaccines. Figs. 3 and 4 also highlight the potential for
the use of Pneumococcal Conjugate Vaccine (PCV) in older age adults based
on the recent CAPITA trial®.

The disease burden associated with presently available vaccines differs
tremendously by geography as shown in Fig. 5. Disease burden is highest in
the sub-Saharan African region followed by south Asia, south-east Asia and
Oceania. High-income regions (North America, Western Europe, Australasia,
southern Latin America, and the high-income countries of the Asia-Pacific)
as expected have the lowest burden of disease. This reflects both differences
in the composition of causes linked to presently available vaccines, the cor-
responding underlying risk of disease as well as variability in the coverage
of vaccines, particularly new vaccines such as PCV and rotavirus vaccine.
These findings with disease burden skewed towards less developed regions
highlights the potential of vaccines to address geographical inequalities in
health.

Variability in the contribution of associated causes is shown in a heat map
of the rank of the different causes associated with currently available vaccines
(Fig. 6). In high-income regions, disease burden is skewed more towards vac-
cines such as hepatitis B and HPV for adult conditions. HPV vaccine (cervi-
cal cancer) also figures prominently throughout Latin America. In sub-Saharan
Africa, malaria is often the leading cause and measles remains a leading cause
in sub-Saharan Africa and south-east Asia. Notably pneumococcal pneumonia
is a leading cause of disease burden associated with current vaccines across all
regions.

4.2 Pipeline Vaccines

In 2013, disease burden associated vaccines in the development pipeline were
responsible for 1.7 million deaths globally (3.2%) and 98.0 million DALY's
(4.0%). In contrast to existing vaccines, pipeline vaccines have the poten-
tial to affect a more diverse set of ages, particularly young and middle-age
adults. This is primarily driven by an HIV vaccine as shown in Fig. 7. Other
pipeline vaccines target pathogens causing diarrheal disease (eg, salmonella,
shigellosis, enterotoxigenic Escherichia coli), RSV pneumonia and neglect-
ed tropical diseases which primarily affect the very young and the very old.
Given the nature of the conditions targeted by pipeline vaccines, it is not
surprising that disease burden associated with these vaccines is concentrated
in less developed regions such as sub-Saharan Africa (Fig. 8), highlight-
ing the potential for these vaccines to address geographical inequalities in
health.
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5 CONCLUSIONS

Findings from the GBD Study 2013 highlight the potential for currently avail-
able vaccines and vaccines in the development pipeline to address disease bur-
den across multiple age groups and particularly in the poorest, less developed
regions of the world.
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Chapter 1

The Impact of Vaccination on
the Epidemiology of Infectious
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1 INTRODUCTION

Looking back at the past 100 years of medical advances in the prevention and
treatment of disease, vaccination is the miracle of modern medicine. In the past
50 years, evidence suggests it has saved more lives worldwide than any other
medical product or procedure (Fig. 1.1). Vaccination has a long history, dating
back to the work of the British physician Edward Jenner in 1796 on variolation
to protect against smallpox,' and advancing in complexity in recent times to the

The Vaccine Book. http://dx.doi.org/10.1016/B978-0-12-802174-3.00001-1
Copyright © 2016 Elsevier Inc. All rights reserved. 3
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FIGURE 1.1 Reported measles case in the United Kingdom from 1940 to 2006. (Source:

Public Health England.)

production of multivalent vaccines to protect against infections such as pneu-
monia and human papilloma virus (HPV), with many antigenic strains of the
pathogen in circulation in human communities.>* An example of the population
level impact of mass vaccination over time in the United Kingdom is shown
in Fig. 1.2 which records the decline in measles cases post the introduction of
vaccination in 1968.

The global vaccine market rose in value from $12 billion in 2005 to $48
billion at the end of 2015. A relatively few multinational pharmaceutical com-
panies conduct much of the innovation, research, and development in this field.
They have released a steady flow of new vaccines into the market over the past
decade but the number of major companies involved in vaccine research and de-
velopment is declining. The expanded programme for immunization in low and
middle income countries, which has done so much to reduce the burden of vac-
cine preventable childhood infections, is mainly supplied through purchases by
UNICEF from a number of manufacturers in Asia (especially India) and South
America, who produce low cost products, but do not contribute significantly to
innovation and the development of new products.

Today, however, most of the “low hanging fruits” for vaccine development
have been plucked. What remains of infections that cause significant burdens of
morbidity and mortality worldwide, are those where the pathogen populations
exhibit much antigenic heterogeneity. Antigenic variation within an infectious
disease agent population presents many problems for the development of an
efficacious vaccine (Fig. 1.3). HIV is a clear example of a pathogen with high
genetic variation both within and between patients. The quasi-species of HIV
continually evolves under host immune system selection. Today no effective
vaccine is in existence, despite 40 years of intensive research.
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FIGURE 1.2 Impact of vaccination in the United States as reflected in the percentage reduc-
tion in cases from the prevaccine era to 2015. [Source: US Centres for Disease Control data
(CDC) 2015.]

The development of a safe and effective vaccine is only the first step—
albeit a vital one—toward the control of an infectious agent. Acceptance of
vaccine safety by a population and high uptake are obviously essential, as is
an understanding of how best to use the vaccine for community based control.
This chapter focuses on the epidemiological impact of vaccination on patterns
of infection and morbidity within a vaccinated population. It describes how
theory and epidemiological observation help in creating an understanding of
how the herd immunity created by vaccination influences patterns of infec-
tion and how these change under both different levels of vaccine uptake and
different patterns of delivery by age. The key questions examined include the
following: What proportion of the population (or a cohort of children) should
be immunized to stop transmission? How is this affected by demographic fac-
tors such as birth rates? What is the best age to immunize? How does mass
vaccination, given a defined degree of herd immunity, affect the age distribu-
tion of infection and associated morbidity? How do genetic, social, and spatial
sources of heterogeneity influence the design and impact of vaccination pro-
grammes? How cost effective is a given vaccine in preventing infection and
associated disease?
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FIGURE 1.3 Schematic representation of common infectious agents and the degree of
antigenic variation with their populations.

2 CHANGING WORLD

Our modern world is changing in ways that influence the spread and evolution
of many infectious agents, especially those viruses and bacteria that are directly
transmitted between hosts. Three factors are of major importance.

First, population growth worldwide, where predictions suggest that our cur-
rent population size of 7.3 billion will reach 9.6 billion by 2050. Population
size influences directly transmitted infectious diseases in two ways. Increased
population density tends to enhance the rate of contact between people and
hence transmission. Concomitantly, each transmission event is an opportunity
for evolution. As such, population growth enhances the rate of spread and the
rate of evolution.

Second, our world is becoming more urbanized with a huge growth in mega-
cities, defined as those above 10 million population size, especially in Asia
(Figs. 1.4 and 1.5). These major urban centres will be hotspots for pathogen
spread and evolution in the coming decades. Over our past history as a spe-
cies, new infections in humans are typically acquired from livestock or wild
animals.* To feed the populations of megacities, livestock are bought into peri-
urban or urban areas, and the intimacy of contact with humans is increased. At
the same time, to house the growing population of the world, human habitation
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FIGURE 1.5 Schematic of the typical course of infection within the host of an acute viral
infections such as influenza A.

increasingly invades the habitats of wild animals and hence increases the inti-
macy of contact for transmission and evolution of infection to occur.

The third factor is the movement patterns of people in our modern era. Air
travel has greatly increased our ability to move large distances within the incu-
bation and infectious periods of many common infections. Our life time tracks
have moved from local travel to air travel between continents within four gen-
erations of our species.’ As such, today an infectious agent that emerges in one
continent will spread rapidly worldwide within a few weeks to months. This
pattern is well illustrated by the spread of a new strain of influenza A, such as
the HINT strain that emerged in rural Mexico in 2009, and spread world-wide
within a few months via air travel.®’

3 BASIC EPIDEMIOLOGICAL PRINCIPLES

3.1 Basic Reproductive Number R,

A central concept in the epidemiological study of infectious disease and the
impact of vaccination is that of the basic reproductive number R,,.* For directly
transmitted microparasites (viruses and bacteria), R, is the average number of
secondary cases of infection generated by one primary case in a wholly suscep-
tible population. Clearly, an infection cannot maintain itself or spread unless
Ry is larger than unity in value. In a steady endemic state, each primary case
produces on average, one secondary case. The effective reproductive number,
R, is R =1 at this endemic state. This happens because the basic reproductive
number has to be discounted, since at endemic infection many of the contacts
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have already experienced infection and are now recovered and immune (for
infections that induce lasting immunity). Roughly speaking, if mixing is fairly
homogeneous in a defined community, R, is discounted in proportion to the
fraction remaining susceptible, x, such that R = Rypx = 1. Thus very crudely
Ry can be estimated by 1/x, where in principle the fraction susceptible, x,
can be estimated from serological studies that determine who has and has not
been infected by the presence of infectious agent specific antibodies. The frac-
tion 1—1/x measures as a proportion the immunity of the herd or population.
The phrase herd immunity (or population immunity) therefore defines the frac-
tion who have either experienced infection and recovered and are immune, or
the fraction vaccinated plus the fraction who have been infected.

Simple compartmental mathematical models (susceptibles, infected, and
immunes) of the transmission dynamics of directly transmitted viral and bacte-
rial infections that induce lasting immunity yield the following definition of R

R, = BXL, (L.1)

Here [is the per capita transmission probability from contact between a sus-
ceptible and infectious person, X is population size or density and L; is the aver-
age duration of infectiousness (the average infectious period). It is clear from
this expression that R, for a directly transmitted infection will usually increase
as host population density rises (this is not true for sexually transmitted infec-
tions where R depends on the rate of sexual partner acquisition). The criterion
that Ry > 1 for the infection to persist translates into a requirement that popu-
lation density exceeds some threshold value. Bartlett and Black, for example,
have shown that populations of 400,000-500,000 or more are needed within
island or city communities for the endemic persistence of measles.” '’ The no-
tion of a threshold density for persistence derives from a deterministic model.
Stochastic effects do play an important role in setting these critical community
sizes, as do birth rates that determine the inflow of new susceptibles. Most di-
rectly transmitted viral and bacterial infections have high threshold densities
and hence probably appeared in human populations some 10,000 years ago
when agriculture and associated settled communities became more common.'!

Two of the quantities in Eq. 1.1 are easily measured; namely, population size
or density and the average duration of infectiousness based on house hold stud-
ies of person to person transmission. Fig. 1.6 records a schematic for acute viral
infections showing how changes over time in viral abundance (viral load can
be measured in a patient using quantitative PCR methods) are related to some
common terms in clinical epidemiology—the latent period (not infectious), the
incubation period (delay before symptoms appear), an illness period usually as-
sociated with high viraemia, the infectious period, and recovery plus immunity.

The transmission probability Bis difficult to measure and alternative expres-
sions for R, have more practical use in infectious disease epidemiology. For
example, it is possible to express R, in terms of an easily measurable quantity
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FIGURE 1.6 Patterns of seasonal measles incidence in England and Wales as reported by
the Royal College of General Practitioners (RGCP). The model line reflects a fit to the observed
data. Note the impact of school terms and holidays. The confidence bar reflects variation by year—
with the solid line representing an average from many years.

derived from age stratified serological surveys; namely, the average age at infec-
tion A.'? Ignoring sources of heterogeneity (eg, spatial or age related exposure),
we can express Ry as follows:

R, =(L—M)I(A—M) (1.2)

Here, A is the average age at infection, M is the average duration of pro-
tection arising from maternal antibodies post the birth of a child and L is life
expectancy. The value of M for most viral infections is of the order of 6 months
since maternally derived antibodies decay with a half-life of 6 months, although
low concentrations may be detectable up to 1 year postbirth. Note that as R,
increases in value (high transmission) the average age at infection decreases.
This equation is based on the assumption that the human population is stable in
size. In growing populations the equivalent expression is:

R, ~BI(A—M) (1.3)

The term B is the reciprocal of the intrinsic birth rate of the population.

The magnitude of R, for a particular infection in a defined population will
determine the difficulty of control by mass vaccination. The higher the trans-
mission potential as measured by Ry, the greater the fraction that will have to be
immunized to slow transmission. This will be dealt with in a later section, but
first we consider some other epidemiological parameters or measures that are
important in the interpretation of observed epidemiological pattern.

3.2 Fluctuations in the Incidence of Infection Over Time

Many acute viral and bacterial infections show marked periodicity in
incidences—both on an annual time scale and longer multiyear time scales. The
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annual cycles are the consequence of seasonality in exposure to infection, and
are very common among all infectious diseases. For the vaccine preventable
childhood viral and bacterial infections, seasonality is in part due to climatic
and human behavioral changes (in cold weather, more time is spent inside, often
in close proximity to others thus enhancing rates of transmission). However, it
has become apparent recently that school terms and holidays, which control
assembly and disassembly of school aged children, play a very important role
in transmission of many directly transmitted infections including influenza A."?
Classrooms and playgrounds are very important settings for effective transmis-
sion! The seasonal patterns in measles incidence in England and Wales prior to
wide scale vaccination are portrayed in Fig. 1.6.

Aside from the seasonal trends in incidence, much more interesting longer
term fluctuations are apparent for many vaccine preventable viral and bacterial
infections that induce lasting immunity on recovery. For example, a 2 year cycle
can be seen in measles incidence in the United Kingdom in Fig. 1.1 between
1949 and 1967. Intuition suggests that an epidemic in a susceptible population
will eventually fade as the supply of susceptibles is exhausted (the effective
reproductive number falls below unity in value), and will only grow again as
this supply is replaced by new births and R rises above unity in value. This
is exactly what happens for many infections—they show boom and bust pat-
terns with multiyear cycles, the length of which is determined by a number of
epidemiological and infection specific parameters.'>!* Theory shows that the
interepidemic period 7is defined as:

- {M} (1.4)
R, -1

Here L is human life expectancy, L; is the average infectious period and
Ly is the latent period before an infected host becomes infectious. This can be
expressed in terms of the average age at infection (which is related to the mag-
nitude of Ry—see Eq. 1.3):

T=2n [A(L, +L)]" (1.5)

Interestingly, in the dynamics of the system in the epidemic phase, far from
the steady state, there is a decoupling of the time-scales of the spread of infec-
tion and the replenishment by births (or immigration) of the susceptibles. It
is the latter that dominates in the observed cycles in incidence since in cities
such as Lagos in Nigeria, prior to mass vaccination the high birth rate essen-
tially gave annual cycles in measles incidence. This is to be compared with the
2 year cycles in the United Kingdom where the birth rate was less than half
that in Lagos.

It is to be expected that mass vaccination will impact the pattern of multi-
year cycles in incidence. By essential reducing the magnitude of the effective
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FIGURE 1.7 The impact of changes in vaccine coverage for measles on the interepidemic
period in the United Kingdom over the period 1996-2014. The vertical axis records reported
cases and the horizontal one records the year.

reproductive number, R, Eq. 1.4 suggests it will lengthen the interepidemic pe-
riod. This is exactly what is observed as shown in Fig. 1.7 which records the
incidence of measles in the United Kingdom. After many years of high vaccine
coverage in children, uptake declined after it was suggested that vaccination,
particularly with the measles—mumps and rubella (MMR) vaccine, was related
to the development of autism in children in 1998. This association was sub-
sequentially shown to be false'® but vaccine coverage declined to just 80% in
2003-2004, but slowly recovered thereafter (Fig. 1.8). As shown in Fig. 1.7,
the interepidemic period lengthened under good vaccine coverage from 2 years
prior to the stat of vaccination in 1968, to around 4 years from 2001 to 2014.

3.3 Age Specific Serology

As noted in Egs. 1.2 and 1.3, estimates of R, can be derived from a knowledge
of the average age of infection. This can be determined from age stratified re-
ports of cases of infection, but a more reliable source is age stratified serology
to detect antibodies to defined infectious agent antigens. Cross-sectional by age
and gender surveys are the most commonly performed but, in an ideal world, the
surveys would be cohort based and longitudinal.

A schematic example of such a cross-sectional survey from which the aver-
age age at infection can be estimated is presented in Fig. 1.9, which records the
decay in maternally derived antibodies and the rise in seropositivity with age re-
sulting from recovery from infection with measles. Note that the peak in suscep-
tibility (relevant for the ideal age at which to vaccinate) is around 1-1.5 years of
age. Vaccination when high titres of maternally derived antibodies are present
results in lower vaccine efficacy.'® The rapidity in the rise in seropositivity re-
sulting from infection is positively associated with the magnitude of R.
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One possible consequence of effective mass vaccination over the longer term
is the effect vaccination, as opposed to natural infection, may have on the dura-
tion of protection provided by a mother’s maternal antibodies to the new born
child. Recent work by Waaijenborg and coworkers'’ in The Netherlands, sug-
gests that children of mothers vaccinated against measles and, possibly, rubella
have lower concentrations of maternal antibodies and lose protection by maternal
antibodies at an earlier age than children of mothers in communities that oppose
vaccination. This potentially increases the risk of disease transmission in highly
vaccinated populations. However, as suggested in Fig. 1.9, most infection occurs
much later than the wane of maternal antibodies so the effect is likely to be small.

3.4 Generation and Doubling Times

An alternative way to measure R is via estimating the distribution of the gen-
eration time of an infectious disease. The generation time is defined as the time
interval between infection of a primary case and infection of a secondary case
caused by the primary case.'® In the early stages of an epidemic, say of a new
strain of influenza A, understanding the time intervals between successive gen-
erations of infected individuals is of importance to estimating the transmission
potential of an infectious agent as measured by R. The serial interval, is the
time interval between onset of a primary case and onset of a secondary case gen-
erated by the primary case. It is usually difficult directly to observe the actual
time of infection for directly transmitted viral or bacterial disease. The distri-
butions of the serial interval and generation times can be measured in practice
based on contact tracing and molecular epidemiological genome sequencing
techniques which identify who acquired infection from whom with calendar
times of onset among traced cases or on the time intervals between the onset of
the first and of the subsequent cases in households.

The generation—time distribution is related to the magnitude of R, via the
following equation:

. | exp(-ro)g(0)do (1.6)
R, “°

Here r is the initial intrinsic exponential growth rate parameter of the rise in
case numbers, O is the generation time and g(0) is the probability density func-
tion of the generation time O.

In the early stages of the growth of case numbers or the beginnings of a new
wave of cases for a recurrent epidemic cycle this equation can be simplified to
give an expression for the initial intrinsic growth rate r;

r=(R,-1)/o, (1.7)

where O, is the average generation time. The parameter, r, can be estimated
from data on case number rise over time by fitting an exponential model to give
Ry in the early phase of the epidemic.
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FIGURE 1.10 Schematic of an epidemic with the growth rate in case reports over time giving
a method for estimating the magnitude of R, from the intrinsic growth rate of the early stages
of the epidemic (Eq 1.8).

Fig. 1.10 presents a schematic of this growth rate of cases numbers and the
expression relating r to R,

4 VACCINE COVERAGE REQUIRED TO INTERRUPT
TRANSMISSION

The concepts outlined in the previous section create a template for exploring
how vaccination influences observed epidemiological pattern and, most impor-
tantly, what level of vaccine coverage is required to block transmission and
eradicate the infection. Many sources of heterogeneity can influence such calcu-
lations, but the concepts derived from simple models of transmission and mass
vaccination are informative in settings broad policy objectives on the desired
level of coverage required.'”

To eradicate transmission, the effective reproductive number R, where
R = Ryx and x is the fraction susceptible in the population, must be brought
below unity in value. If a proportion p are successfully immunized (p equals
the vaccination coverage proportion g times the vaccine efficacy € measured as
a proportion effectively protected by the vaccine, p = g€), then x = 1—p. This
gives the following crude guide to the level of coverage required:

p>qe>[1-1/R,] (1.8)

To give a simple example, if R is around 15 in value, as it was for measles
transmission in the United Kingdom prior to vaccination (average age of in-
fection of around 5 years of age), then the fraction that must be successfully
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TABLE 1.1 Key Epidemiological Parameters for Some Childhood Vaccine
Preventable Infections'

Critical level of

Infection/  Average age Interepidemic effective immunization
infectious  atinfection  periodin required to block
agent in years years Ry transmission

Measles 4-5 2 15-17 92-95

Pertussis 4-5 3-4 15-17 92-95

Mumps 6-7 3 10-12 90-92

Rubella 9-10 3-5 7-8 85-87

Diphtheria 11-14 4-6 5-6 80-85

Polio virus 12-15 3-5 5-6 80-85

immunized is roughly 94% of each cohort. Table 1.1 lists some key epidemio-
logical properties of some childhood vaccine preventable viral and bacterial
infections.

The previous calculations assume that vaccination takes place immediately
post the wane of maternally derived antibodies. This is rarely the case, and in
practice vaccine is delivered to a cohort at some average age V,. In this case, the
critical coverage level of effective vaccination is given by'%;

P>[1-(UR)V[1-(V,/L)] (1.9)

where L is human life expectancy. It is clear from this equation that higher levels
of coverage are required as the average age at vaccination increases. In particu-
lar, these calculations highlight the need to vaccinate as soon as programmati-
cally possible after the decay in maternal antibodies (ie, after 6-12 months of
age). Delaying delivery to 3—4 years of age greatly reduces the impact of the ac-
cumulated herd immunity arising from cohort vaccination, and creates pockets
of susceptibility in infants in which the viral or bacterial infection can persist.
Parents delaying the vaccination of their infants often arises after scare stories
in the press concerning vaccine safety, as arose for the MMR vaccine in 1998 in
the United Kingdom. The result of this, some years later in 2012—15, was minor
epidemics of measles created by pockets of susceptibility in young children in
some regions of the United Kingdom.'*%°.

5 A SHIFTING AVERAGE AGE AT INFECTION

Cohort based vaccination acts to reduce the effective reproductive number post
the introduction of mass vaccination as the level of herd immunity builds up
over time. Concomitantly, this acts to change the observed epidemiology of the
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FIGURE 1.11 The impact of mass vaccination at age 2 years on the average age at infection
A for an infectious disease where A was 5 years of age prior to the start of vaccination.'> A
rough approximation of the relationship if vaccination is close to birth is given by A" = A/(1—p),
where A is the average age at infection when vaccination is occurring, p is the proportion effectively
immunized and A is the average age at infection prior to vaccination.'?

infection within the population. It has already been mentioned that mass vacci-
nation acts to lengthen the interepidemic period. It also acts to increase the aver-
age age of infection A in those still unvaccinated, as the effective reproductive
number R declines in value from its pristine value of R,. Simple theory predicts
the relationship displayed in Fig. 1.11, with the value of A only increasing sig-
nificantly once coverage at age 2 years rises above 80%. However, if this impact
of mass immunization is not understood it can lead to false claims concerning,
for example, vaccine efficacy decaying with age postimmunization.

This has arisen in the United States where clusters of cases in university stu-
dents have been reported during the 1980s and 1990s. For example, in early 1988
an outbreak of 84 measles cases occurred at a college in Colorado in which over
98% of students had documentation of adequate measles immunity (physician
diagnosed measles, receipt of live measles vaccine on or after the first birthday,
or serologic evidence of immunity) due to an immunization requirement in ef-
fect since 1986.7' This was interpreted as a failure of one dose of the measles
vaccine to protect against infection and, as such, the authors recommended two
doses of measles vaccine for college entrants to reduce measles outbreaks in
college populations. Part of the explanation is likely to be a significant shift in
the average age at infection in those still susceptible to infection at college entry.

6 PERVERSE EFFECTS OF VACCINATION

One consequence of shifting the average age at infection by mass vaccination is
to shift the pattern of morbidity caused by infection if such morbidity is age re-
lated, as is often the case. Many texts on paediatric infections state that disease
arising from infection is more common in the young as opposed to adults. This
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is true in terms of numbers of cases but may not be the case once translated into
cases of serious morbidity per case of infection, given that most infections occur
in the young for diseases such as measles.

Typically, the case complication rate in terms of morbidity rises with age as
well illustrated by measles, mumps, and rubella. In the former, the number of
cases of measles encephalitis per case of infection rises linearly with age.”” In
the case of mumps, the risk of serious complications is most acute in the 20—
40 year olds.”’ For rubella, it is the hazard of significant congenital abnormali-
ties (congenital rubella syndrome, CRS) in offspring of women who acquire
rubella during pregnancy, especially during the first trimester.”* CRS typically
occurs in roughly 80% of infants born to mothers who contract rubella in the
first trimester of pregnancy.

Analyses of the likelihood of mass vaccination moving more people into the
high risk age classes than was the case before mass vaccination is a complex
problem and not one where intuition alone will lead to the best vaccination pol-
icy. Calculations are required based on the functional form of the precise age-
related risk of serious disease and the level of vaccine coverage. In most cases,
such calculations give encouraging results. Provided the risk of serious compli-
cations from infection does not rise faster than linearly with age, no perverse
impacts are predicted. This is not the case for mumps and rubella. Detailed stud-
ies have been conducted on both?*%> and the conclusion is that all programmes
for mumps, independent of vaccination coverage, are very unlikely to make
matters worse. For rubella the situation is different since some vaccine coverage
levels can create more cases of CRS than was the case prior to mass vaccination.

A summary of these effects is presented in Fig. 1.12 for rubella vaccination
involving girls at age 12 years and boys and girls at age 2 years. The graph
records the ratio of CRS cases after vaccination divided by cases before, as a
function of the proportion of the 12 year old girls vaccinated and the 2 year old
boys and girls vaccinated, assuming an average age at infection of 6 years prior
to the start of mass vaccination. In an unvaccinated population most women
acquire infection before the pregnancy age classes and hence the risk of CRS
in the infant is very low since most mothers are immune and therefore do not
acquire infection. Vaccination reduces the exposure to infection of those not
vaccinated and raises the average age at infection such that some women enter
the pregnancy age classes still susceptible to infection. As shown in Fig. 1.12
this risk arises for low to moderate levels of coverage but does not materialize
at high coverage over 85-90%. This risk can be greatly reduced by immunising
boys and girls both at high coverage to significantly impacting the circulation
of the virus.?

Note that the relative benefits of such rubella immunization programmes
will be influenced by the prevailing pattern of age dependent fertility. As shown
in Fig. 1.13 this can change over time in given populations as illustrated by data
from the United Kingdom in years 1981 and 1996. Such changes must be taken
into account when reviewing rubella vaccination policies.
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FIGURE 1.12 Mass vaccination can increase the incidence of serious disease per case of
infection if the likelihood rises with age. Average age of infection prior to vaccination was set as
6 years. In the shaded region a two stage policy rubella vaccination programme of vaccinating boys
and girls at age 2 years and girls at age 12 years is predicted to create more CRS cases than was the
case before vaccination for certain levels of coverage (the black regions)*. The vertical axis records
cases CRS cases after vaccination divided by the numbers before.
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FIGURE 1.13 Demography-age specific birth by age group in years in the United Kingdom
in 1981 and 1996.

7 TROUGHS IN HERD IMMUNITY AS A CONSEQUENCE OF
THE INTRODUCTION OF COHORT BASED VACCINATION

Previous sections have highlighted the impact of vaccination on the average
age at infection in those still susceptible. When cohort immunization begins for
a defined set of age classes such as 2 and 3 year olds, those just older who are
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FIGURE 1.14 Schematic representation of the impact of cohort vaccination on the cross-
sectional age serology profile. In graph (a) the profile is before vaccination and shows maternal
antibody protection in infants and then serpositivity due to the recovery from infection. In graph
(b) a small set of child age classes are immunized and this acts to reduce overall transmission which
implies that those older than the vaccinated classes are exposed to a lower rate of infection due to
the herd immunity generated by vaccination.

still susceptible will experience a reduced rate of infection due to the impact of
herd immunity created by vaccinating the younger age group on virus circula-
tion. This is illustrated schematically in Fig. 1.14 by reference to the impact on
a cross-sectional serological profile stratified by age.

Few countries carry out regular population-based serological screening of
immunity to various common infectious agents. The first to do so was Finland
who started sampling children and adults in 1980. Serological studies for ru-
bella antibodies from 1979 to 1991 reveal the pattern predicted by theoretical
studies of the transmission dynamics of the virus and the impact of cohort vac-
cination”’ as shown in Fig. 1.15. In the period 1980-82 vaccination was targeted
at girls age 1213 years of age, but in Nov. 1982, MMR vaccine was admin-
istered to boys and girls aged 1418 months and 6 years of age.”® The impact
of the programme in reducing exposure to infection in those just older than the
vaccination age is shown by a trough of susceptibility that moves across the
three dimensional profile as the cohort programme progresses over time. This
trough is most apparent in the female population at the start of the programme
of immunisation that only targeted girls.

8 INDIRECT AND DIRECT EFFECTS OF VACCINATION—
BENEFITS OF HERD IMMUNITY

Vaccination benefits directly those who are successfully immunized, and in-
directly those who are not, by the creation of herd or population immunity
in the vaccinated that reduces exposure to infection in the remainder of the
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FIGURE 1.15 Cross-sectional by age (months and years), and longitudinal over time (year),
serological survey in Finland for antibodies to the rubella virus in males and females.?®

population. The magnitude of the indirect effects will depend on the proportion
of the population immunized rising as this increases. Calculations can be made
of the relative magnitude of the direct effects that increase linearly with the
proportion immunized, and the indirect effects that increase in a very nonlinear
manner as immunization rises. This pattern is displayed in Fig. 1.16 from which
it can be seen that the magnitude of the indirect effects only begin to rise steeply
when vaccine coverage reaches high levels of over 75%.
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FIGURE 1.16 The indirect effects of vaccination as a function of the proportion immu-
nized up to the critical level of vaccination, p, required to eradicate infection. The indirect
effects are represented as a % gain over the direct effects (for those immunized). The indirect ef-
fects represent the benefits of herd immunity for those not immunized in reducing their chance of
acquiring infection.
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9 HEALTH ECONOMICS—COSTS AND BENEFITS OF
VACCINATION

Any evaluation of the costs and benefits of vaccination programmes must take
account of both the direct and indirect benefits of vaccination. If this is not done,
any health economic evaluation that solely depends on calculations of the direct
costs will underestimate the true benefit, especially at high vaccine coverage
levels. Surprisingly, many health economic evaluations of the costs and benefits
of introducing a programme of vaccination (eg, when a new vaccine enters the
market) do not take account of the indirect impact of herd immunity. The reason
for this relates to the simplicity of calculating the direct costs and the complex-
ity of using mathematical models of the transmission dynamics of the infectious
agent to calculate the indirect herd immunity related benefits. Such models with
full age structure and other complexities have only entered the literature over
the past 30 years and their use by policy makers in the field of vaccination has
been limited to date.

Aside from early studies on rubella,”® which did not address costs but did
factor in indirect benefits, the first major study of indirect benefits and costs
was in the evaluation of a varicella vaccine in the United States” in the 1990s.
The study by Halloran and coworkers concluded that, although implementation
of a vaccination programme resulted in a shift in the age distribution of the
remaining varicella cases toward older ages with higher complication rates (as
demonstrated in Fig. 1.11), the overall reduction in cases resulted in decreased
morbidity as measured by overall number of hospitalizations and number of
primary cases. They also argued that routine immunization with live-virus vari-
cella vaccine would probably result in a substantial reduction in the number of
uncomplicated primary cases of chickenpox, as well as a decreased number of
complicated cases requiring hospitalization. This led to the introduction of this
vaccine in the US national programme of immunization.

More recently, the uses of transmission models on which to base cost benefit
calculations has expanded to cover a range of new and widely used vaccines.
A recent example is that of the evaluation of influenza A immunization for all
age groups in England, and not just for the very young and elderly who are at
greatest risk of serious morbidity from infection.’” Annual seasonal influenza
vaccination is recommended for people most at risk of infection and its com-
plications in many high-income countries. However, the age and clinical risk
groups considered most at risk of infection, and hence targeted by vaccination,
differ widely between countries.’! The authors of the influenza A study noted
that, despite the limitations of the available data, their study was one of the very
few cost-effectiveness evaluations of seasonal influenza vaccination that used a
transmission dynamic model to factor in the indirect effects of immunization.

They concluded that a well-matched vaccine to the strains in circulation
would reduce the incidence of laboratory-confirmed influenza illness from 8.2%
(95% range 4.3-13%) to 5.9% (95% range 2.9-9.7%), with 56—73% of this due



The Impact of Vaccination on the Epidemiology of Infectious Diseases Chapter | 1 23

to indirect protection. They stressed that influenza A immunization is likely
to be cost-effective, unless both low severity of the dominant viral strain, and
poor vaccine matching to that strain, occurs. Their main conclusion was that the
current seasonal influenza vaccination programme in England appears to sub-
stantially reduce disease burden and provides good value for money.

The lessons from both the varicella and the influenza A studies, is that
accurate cost-benefit evaluations must be based on direct and indirect benefits.
Additional considerations of the broader benefits of immunization include their
impact on increased education and cognitive attainment, greater productivity
in the work force, increased wealth by savings and investment, and a “demo-
graphic dividend”, with fewer births and greater investments of parents in fewer
children®”

10 PARTIALLY EFFECTIVE VACCINES—EFFICACY VERSUS
DURATION OF PROTECTION

As noted in the introduction, most of the “low hanging fruit” for vaccine devel-
opment have been plucked, and the infections targeted by the majority of the
currently available vaccines target pathogens where little antigenic variation ex-
ists. Influenza A is an exception, with drift and shift in antigenic composition of
the circulating strains resulting in the vaccine being modified annually to match
the appropriate viral strains.

Those pathogens that continue to cause a great deal of morbidity and mortal-
ity worldwide, for which we do not currently have effective vaccines, tend to be
ones in which genetic variation in surface antigens is high, either resulting in a
constantly moving antigenic landscape or a large number of strains with differ-
ent antigenic compositions to target in any potential vaccine. To some extent,
this problem has been addressed by the production of polyvalent vaccines for
pneumococcal disease, HPV and rotavirus, but this raises the question of how
natural selection might favor those stains not targeted in the current vaccines.
This issue is addressed in a later section.

For the constantly moving antigenic targets presented by, for example, HIV-
1 and Plasmodium falciparum, success in vaccine development has been limited
to date. Recent results for a malaria vaccine look promising,* but the vaccine
is partially efficacious in protecting against both infection and associated mor-
bidity, and the long term duration of protection afforded to those immunized is
uncertain at present. The first malaria vaccine candidate (RTS,S/AS01) to reach
phase 3 clinical testing is partially effective against clinical disease in young
African children up to 4 years after vaccination.’® The results suggest that the
vaccine could prevent a substantial number of cases of clinical malaria, especial-
ly in areas of high transmission. Such progress is encouraging, given the ability
of the malaria parasites to generate antigenic variation in three different ways;
namely, by mutation, recombination, and multiple but slightly different copies
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FIGURE 1.17 Protective vaccine with limited life of efficacy. Critical proportion to be immu-
nized, p, to block transmission as a function of R, and the duration of protection, V (efficacy, €= 1).

of the genes that encode for surface antigens (the so called var genes numbering
approximately 60) whose expression can be switched on and off.**

Vaccines that are partially efficacious, and do not reach the target protection
of 80-90% plus that most widely used childhood vaccines possess, and which
vaccine developers aim for, may still be powerful public health tools in prevent-
ing infection and associated morbidity and mortality. It is not just efficacy that
determines impact. The duration of protection is equally important. For a vac-
cine that provides protection for an average of V years where life expectancy is
L years, the eradication criterion defined earlier by Eq. 1.8 must be modified to
mirror the properties of the vaccine™

A relationship is plotted in Fig. 1.17 for various values of R, and the dura-
tion of vaccine protection V, from which it can be seen that short durations of
protection makes blocking transmission difficult. However, a low efficacy vac-
cine can be very effective if the duration of protection it offers is long.*

In the case of HIV-1 vaccines (none available at present), the situation could
be very complicated if immunization does not protect against infection but acts
to reduced viral load. In this sense it would be acting as an immunotherapy. In
trial studies of such products, if or when they become available, many epide-
miological parameters must be measured. At a bare minimum, the following
should be measured: (1) of those receiving the vaccine (a single or short course
of injections), the fraction who seroconvert and seem to be immunized (the ap-
parent efficacy); (2) average duration of protection relative to average lifespan
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of sexual activity; (3) fraction of vaccinated individuals who, when exposed to
the virus, become infected (vaccine failure rate); (4) ratio g of the infectious-
ness of infected vaccinated individuals relative to that of unvaccinated people;
and (5) ratio of the length of the average incubation period of AIDS in infected
vaccinated individuals relative to that in unvaccinated persons.*> Population
outcomes from treating individuals with such immunotherapeutic products are
many and varied, and will of course include perverse outcomes where immuno-
therapy may be beneficial to the individual but not to the community if it leads
to continued low infectiousness and sustained risk behaviors.

The general issue surrounding the development of partially efficacious vac-
cines relates to the need in clinical trials, for potential vaccines against the more
antigenically heterogeneous infectious agents, not only to measure efficacy
(the fraction protected), but other properties as well. Most importantly, these
include the prevention of morbidity as opposed to infection (as for the malaria
vaccine RTS,S/AS01) and the duration of protection induced (Fig. 1.17).

11 SPATIAL AND OTHER HETEROGENEITIES

The real world is replete with complexity relating to the many factors that con-
trol the likelihood of transmission of an infectious agent between individuals.
These heterogeneities can affect the simple concepts outlined earlier, on how
mass vaccination influences observed epidemiological patterns, in many dif-
ferent ways. Perhaps the most important relates to space and the prevailing
networks of contact between individuals that result in transmission. Genome
sequencing of pathogens has increasingly offered a way of defining “who in-
fects whom”, and is being used to define networks of transmission events. A
good recent example is that of the study of networks of HIV-1 transmission in
Amsterdam, since the near the beginning of the epidemic in 1987-2007, based
on specific gene or whole genome sequencing.’

Mathematical and computational tools are now available to facilitate incor-
porating the details of such social or transmission networks and the diffusion of
infection, not only through time, but also across space. Such individual-based spa-
tially structured stochastic models are computationally intensive, and also require
many parameters to be measured or estimated.’’*® They also do not necessarily
permit the derivation of general insights into the controlling factors of observed
pattern. However, they do permit much greater flexibility in determining how
known heterogeneities influence the impact of a defined vaccination programme.

A schematic diagram of the level of detail that can be examined is presented
in Fig. 1.18, showing three different scales for the study of transmission and the
impact of control measures; namely, the household, the local network in which
a person lives, and the larger spatial scale of people movements between home,
work, and beyond. Increasingly, new tools are being used to populate the data
demands of such models, including mobile phone tracking of an individual’s
movements. An illustration of this technique is presented in Fig. 1.19, which
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FIGURE 1.18 Three different social and spatial scales commonly used to structure indi-
vidual based stochastic simulations models of infectious disease spread.

records data from a sample of 10,000 mobile phones in the United Kingdom
(data anonymized), recording the distance moved per unit of time. The graph
presents a frequency distribution of these recorded movements, and shows that
most people move locally while a few move long distances. These long move-
ments will be responsible for the jump of infection from one town to the next,
or between cities and from country to country.

These simulations models of infectious disease spread and how vaccination
impacts the epidemiology of a given disease, incorporating movements in space
and different scales of people interactions, have been used in recent years to

10,000 -
- ---Daily extent
@ 10004777777 RN
o ~
) =N
@
Qo
o 1001
[
R
£
=]
2
10 A
1 T !
1,000 10,000 100,000 1,000,000

Distance metres

FIGURE 1.19 Spatial kernels of people movement in the United Kingdom. Anonymized
mobile phone data from a sample of 10,000 people giving the frequency versus distanced moved
per time unit of 1 day.
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FIGURE 1.20 Global map of human population density in 2008 based on satellite imagery
(from Oakridge National Laboratory, United States). The darker the area the higher the density.
Light grey denotes minimal human occupancy.

explore what might be optimal control strategies.*”*’ Some generalities emerge,

which also come from more complex deterministic models that include crude
representations of various forms of heterogeneity.*' Spatial structure is impor-
tant, and for many directly transmitted vaccine-preventable infections, cities
with high population density serve to seed infection into smaller populations.
Seeking to achieve very high vaccine coverage in these high density communi-
ties is clearly important to protect the population as a whole. This is of particular
importance in many developing countries, where logistics dictate that getting
vaccine to remote communities is difficult. In these circumstances high cover-
age in cities acts to protect remote areas.

Maps of the world-wide distribution of human population density, as shown
in Fig. 1.20, reveal the densely crowded regions of the world, especially in Asia.
These are the areas where the highest net rates of transmission of directly trans-
mitted infectious agents pertain. Concomitantly, these are the areas where evo-
lution of these infectious agents will probably be most rapid.

12 NATURAL SELECTION AND MASS VACCINATION

The advent of polyvalent vaccines for HPV, pneumococcal infection and rota-
virus, for example, targeted at some subsection of the antigenic strains of the
infectious agent circulating in a population, raises the question of whether or
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not natural selection will drive the nontargeted stains to become prevalent. With
the advent of a potential dengue vaccine, its variable efficacy against the four
different serotypes also raise the possibility that when it is introduced it may act
as a selective agent.*

Herd immunity will act as a very strong selective force and strain replace-
ment is a very likely outcome. Epidemiological monitoring is most advanced
for the pneumococcal vaccines and HPV, given the duration of time they have
been in use. In the case of the pneumococcal vaccine, the products available
have moved from a heptavalent vaccine (containing antigens to the six most
common serotypes in children) to a 13 valent one from 2000 to 2012. Epide-
miological evidence of strain replacement is clear cut—the vaccine imposes a
strong selective pressure and once rare stains slowly become dominant under
the pressure of herd immunity to their competitors.** To combat this trend, an-
tigens from more and more serotypes are planned to be incorporated in future
pneumococcal vaccines.

In the case of HPV vaccination, although concern was expressed about the
selection of strains that then become oncogenic, to date the evidence for strain
replacement leading to the circulation of newly recognized pathogenic strains
is limited.** However, in general, where multivalent vaccines are employed,
good molecular epidemiological surveillance is essential. This applies also to
the potential wide scale use of future dengue, RSV (respiratory syncytial virus)
and malaria vaccines.

13 DISCUSSION

Theory and epidemiological observation reveal a number of simple concepts
that pertain in all cases where mass or cohort vaccination is used to control the
spread of an infectious agent. First, eradication by mass vaccination will be dif-
ficult for infections that have very large basic reproductive numbers (the aver-
age number of secondary cases generated by one primary case in a susceptible
population), especially when vaccine efficacy is less than 80-85%, in commu-
nities with high birth rates (constant renewal of the supply of susceptibles), or
when vaccine coverage is heterogeneous especially in densely populated urban
centres. Few infections fall in this category, but some such as measles, mumps,
rubella, malaria (in hyper endemic areas), and RSV are certainly at the high end
of recorded R, values. Interestingly, influenza A has low R, values (between 1.5
and 2.5), and hence if a universal vaccine became available, pandemics would
be easy to control with moderate vaccine coverage.

Heterogeneity in vaccine coverage will continue to thwart achieving trans-
mission eradication of most common childhood infections in many regions of
the world. Poor coverage levels may be due to many factors, including simple
logistics of reaching remote human communities, poor education of parents
leading to a failure to appreciate the value of immunization and scare stories
about vaccine safety which, although typically unfounded on epidemiological
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evidence, continue to cause problems even in highly educated communities
such as California in the United States.

Given that smallpox is the only directly transmitted infection to have been
eradicated from humans, high levels of coverage against the childhood infec-
tions will have to be maintained while pockets of infection (eg, polio) remain
in some countries, due to the high mobility of some people in our modern era.

Theory and observation show that mass vaccination acts to increase the
interepidemic period, increase the average age at infection, and may in some
circumstances create troughs in susceptibility in cohort immunization pro-
grammes, which may need to be filled by extending vaccination to a broader
range of age classes. It is important that policy makers and public health work-
ers are aware of these effects.

The future, in terms of the development of new vaccines, and vaccines for
rare but lethal infections such as the Ebola virus, looks bright, given advances
in basic plus applied research and manufacturing. The issue of adverse events,
however, will not go away since all vaccines cause some morbidity in a very few
individuals for reasons that are probably associated with genetic background. In
the genes that matter in developing an immune response [HLA and the immune
response (Ir) genes], humans show great genetic diversity (perhaps showing
how important an ability to combat infections has been in the past evolution
of Homo sapiens). As such, we all respond in different ways when exposed
to foreign antigens. Modern societies demand safer and safer medicines, and
although current vaccines are very safe, this will not prevent public reaction
when adverse events in a very few vaccinated children occur. Indemnification
of manufacturers by governments against these events will have to continue, if
we are to maintain a vaccine producing industry. At present, there is a need to
encourage more manufacturers into this field, to cope with world demand, espe-
cially in a crisis such as an influenza A pandemic

The future will undoubtedly see the production of some partially efficacious
vaccines for the antigenically variable infectious agents. Indeed, this era is al-
ready with us, given new vaccines for falciparum malaria and dengue. However,
care must be taken in the design of clinical trials for such products, to ensure
measurement of not only efficacy against infection, but also changes in morbid-
ity and duration of protection. In addition, sufficient funds must be set aside to
ensure long-term phase IV monitoring of their impact on, for example, strain
replacement patterns.

It is to be hoped that the remaining major cause of childhood infections can
all be addressed by vaccination in the coming decades. It is also to be hoped that
vaccines will be developed for some of the neglected tropical diseases in devel-
oping regions of the world, such as the soil transmitted helminths, schistosome
parasites, and the filarial infections, that cause such a high burden of morbidity.
The ability to develop effective vaccines against helminths in the veterinary field,
argues that this should be possible for humans. Continued scientific progress in
understanding both epidemiology and immunology will help to meet these aims.



30 PART | I Understanding Vaccine Impact at Population and Individual Levels

REFERENCES

1.

11.
12.

13.

14.

15.

17.

18.
. Public Health England. https://www.gov.uk/government/collections/measles-guidance-data; 2015.
20.
21.

22.
23.

24.

Riedel S. Edward Jenner and the history of smallpox and vaccination. Proc Bayl Univ Med
Cent 2005;18(1):21-5.

. Koutsky L. The epidemiology behind the HPV vaccine discovery. Ann Epidemiol

2009;19(4):239-44.

. Black S, Shinefield HR, Fireman B, et al. Efficacy, safety and immunogenicity of heptavalent

pneumococcal conjugate vaccine in children. Pediatr Infect Dis J 2000;19:187-95.

. Woolhouse MJ, Gowtage-Sequeria S. Host range and emerging and reemerging pathogens.

Emerg Infect Dis 2005;11(12):1842-7.

. Cliff AD, Haggett P, Smallman-Raynor M. Deciphering global epidemics: analytical ap-

proaches to the disease records of world cities. Cambridge: Cambridge University Press; 1996.

. Gog JR, Ballesteros CV, Simonsen L, et al. Spatial Transmission of 2009 Pandemic Influenza

in the US. Plos Comput Biol 2014;10(6):e1003635.

. Fraser C, Donnelly CA, Cauchemez S, Hanage WP, Van Kerkhove MD, et al. Pandemic poten-

tial of a strain of influenza A (HIN1): early findings. Science 2009;324:1557-61.

. Anderson RM, May RM. Vaccination and herd immunity to infectious disease. Nature

1985;318:323-9.

. Bartlett MS. Measles periodicity and community size. J R Statist Soc A 1957;120:48-70.
10.

Black FL. Measles endemicity in insular populations: critical community size and its implica-
tions. J Theor Biol 1966;11:207-11.

Anderson RM, May RM. Population biology of infectious diseases Parts I and II. Nature
1979;280:361-7 455-461.

Anderson RM, May RM. Infectious diseases of humans: dynamics and control. Oxford: Oxford
University Press; 1991.

Cauchemeza S, Bhattaraib A, Marchbanksc TL, Faganb RB, Ostroffc S, Ferguson NM, Swerdlowb
D. the Pennsylvania HIN1 working group. Role of social networks in shaping disease transmission
during a community outbreak of 2009 HIN1 pandemic influenza. PNAS 2011;108:2825-30.
Anderson RM, Grenfell B, May RM. Oscillatory fluctuations in the incidence of infectious
disease and the impact of vaccination: time series analysis. J Hyg 1984;93(3):587-608.
DeStefano F, Price CS, Weintraub ES. Increasing exposure to antibody-stimulating proteins and
polysaccharidesin vaccines is not associated with risk of autism. J Pediatrics 2013;163:561-7.

. Niewiesk S. Maternal antibodies: clinical significance, mechanism of interference with im-

mune responses, and possible vaccination strategies. Frontiers in Immunology 2014;5:446-51.
Waaijenborg S, Hahne SJM, Mollema S, et al. Waning of maternal antibodies against measles,
mumps, rubella, and varicella in communities with contrasting vaccination coverage. J Infect
Dis 2013;213:1-7.

Svensson A. A note on generation times in epidemic models, Math. Biosci 2007;208:300-11.

Public Health Wales. www.wales.nhs.uk/sitesplus/888/page/66389; 2012.

Hersh BS, Markowitz LE, Hoffman RE, Hoff DR, et al. A measles outbreak at a college with a
pre-matriculation immunization requirement. Am J Public Health 1991;81(3):360—4.

CDC. Measles encephalitis—United States 1962—1979. Morb Mort Wkly Rep 1981;31:217-24.
Anderson RM, Crombie JA, Grenfell BT. The epidemiology of mumps in the UK: a prelimi-
nary study of virus transmission, herd immunity and the potential impact of immunistaion.
Epidemiol Infect 1987;99:65-84.

Gregg NM. Congenital cataract following German measles in the mother. Trans Phthalmol Soc
Aust 1941;3:35.


http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0010
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0010
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0015
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0015
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0020
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0020
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0025
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0025
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0030
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0030
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0035
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0035
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0040
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0040
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0045
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0045
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0050
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0055
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0055
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0060
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0060
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0065
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0065
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0070
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0070
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0070
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0075
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0075
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0080
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0080
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0085
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0085
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0090
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0090
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0090
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0095
https://www.gov.uk/government/collections/measles-guidance-data
http://www.wales.nhs.uk/sitesplus/888/page/66389
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0100
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0100
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0105
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0110
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0110
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0110
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0115
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0115

The Impact of Vaccination on the Epidemiology of Infectious Diseases Chapter | 1 31

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,
. Wheeler Cosette M, Kjaer Susanne K, Sigurdsson Kristjan, Iversen Ole-Erik, Hernandez-Avila

Anderson RM, May RM. Two stage vaccination programme against rubella. Lancet
1983;iii: 1416-7.

Anderson RM, May RM. Vaccination against rubella and measles: quantitative investigations
of different policies. J Hygiene 1983;90:259-325.

Anderson RM, May RM. Directly transmitted infectious diseases: control by vaccination. Sci-
ence 1987;215:1053-60.

Ukkonen P. Rubella immunity and morbidity: impact of different vaccination programmes in
Finland 1979-1992. J Scand Infect Dis 1996;28:31-5.

Halloran ME, Cochi SL, Lieu TA, Wharton M, Fehrs L. Theoretical epidemiologic and morbid-
ity effects of routine varicella immunization of preschool children in the United States. Am J
Epidemiol 1994;140(2):81-104.

Baguelin M, Jit M, Miller E, Edmunds WJ. Health and economic impact of the seasonal influ-
enza vaccination programme in England. Vaccine 2012;30:3459-62.

Editorial. The macro-epidemiology of influenza vaccination in 56 countries, 1997-2003. Vac-
cine 2005;23:5133-43.

Bloom DE, Cummings D, Weston M. The value of vaccination. World Economics 2005;6(3):15-39.
RTS,S Clinical Trial Partnership. Efficacy and safety of RTS,S/AS01 malaria vaccine with or
without a booster dose in infants and children in Africa: final results of a phase 3, individually
randomised, controlled trial. Lancet 2015;386:31-45.

Schef A, Lopez-Rubio JJ, Riviere L. Antigenic variation in Plasmodium falciparum. Annu Rev
Microbiol 2008;62:445-70.

Anderson RM, Garnett GP. Low-efficacy HIV vaccines: potential for community-based inter-
vention programmes. Lancet 1996;348:1010-3.

Bezemer D, Cori A, Ratmann O, van Sieghem A, et al. Dispersion of the HIV-1 epidemic in
men who have sex with men in The Netherlands: a combined mathematical model and phylo-
genetic analysis. Plos Med 2015;12(11):e1001898.

Grenfell BT, Bjornstad ON, Kappey J. Travelling waves and spatial hierarchies in measles
epidemics. Nature 2001;414:716-23.

Ferguson NM, Keeling MJ, Edmunds WJ, Gani R, Grenfell BT, Anderson RM, Leach S. Plan-
ning for smallpox outbreaks. Nature 2003;425:681-5.

Hall PM, Egan JR, Barrass I, Gani R, Leach S. Comparison of smallpox outbreak control strate-
gies using a spatial metapopulation model. Epidemiol Infect 2007;135(7):1133-44.

Ferguson NM, Cummings DAT, Fraser C, Cajka JC, Cooley PC, Burke DS. Strategies for miti-
gating an influenza pandemic. Nature 2006;442:448-52.

May RM, Anderson RM. Spatial heterogeneity and the design of immunistaion programmes.
Math Biosci 1984;72:83-111.

Villar L, Dayan GH, Arrendo-Garcia JL, Rivera DM, et al. Efficacy of a tetravalent dengue
vaccine in children in Latin America. New Eng J Med 2015;372:113-23.

Croucher NJ (2013) Population genomics of post-vaccine changes in pneumococcal.

Mauricio, Perez Gonzalo, Brown Darron R, Koutsky Laura A, Tay Eng Hseon, Garcia Patricia,
et al. The Impact of Quadrivalent Human Papillomavirus (HPV; Types 6, 11, 16, and 18) L1 Virus-
Like Particle Vaccine on Infection and Disease Due to Oncogenic Nonvaccine HPV Types in
Sexually Active Women Aged 16-26 Years. Journal of Infectious Diseases 2009;199(7):936-44.


http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0120
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0120
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0125
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0125
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0130
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0130
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0135
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0135
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0140
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0140
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0140
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0145
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0145
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0150
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0150
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0155
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0160
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0160
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0160
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0165
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0165
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0170
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0170
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0175
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0175
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0175
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0180
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0180
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0185
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0185
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0190
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0190
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0195
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0195
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0200
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0200
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0205
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0205
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0210
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0210
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0210
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0210
http://refhub.elsevier.com/B978-0-12-802174-3.00001-1/ref0210

Chapter 2

How Vaccines Work

Claire-Anne Siegrist, MD, Paul-Henri Lambert, MD
University of Geneva, Centre of Vaccinology, Department of Pathology and Immunology, Geneva,
Switzerland

Chapter Outline

1 Introduction 33 7 Vaccine-Induced T-cell

2 What Follows a Vaccine Responses 38
Injection? Basis of Antibody 8 Innate Immunity and T-cell
Response to Protein Vaccines 34 Differentiation 40

3 Vaccine Antigen Recognition 34 9 Vaccine-Induced T-cell

4 Germinal Center Reaction 35 Memory 40

5 Building B-cell Memory 36 10 Conclusions 41

6 Response to Polysaccharide References 41
Vaccines 37

1 INTRODUCTION

Most of the current vaccines are delivered through intramuscular or subcutane-
ous injection. What happens between the injection, the early reaction, and the
induction of protective mechanisms is explained in this chapter. Vaccine re-
sponses depend on their interaction with the immune system and understanding
the main features of this interaction may help designing vaccines and defining
optimal vaccination strategies. Five steps are involved: (1) initial events at the
site of injection and the draining lymph nodes (dLNs); (2) recognition of anti-
genic specificities at B- and T-cell level; (3) cell proliferation, maturation, and
differentiation; (4) effector stage with production of antibodies and effector T
cells; and (5) building up of immunological memory that allows later responses
at the time of exposure to the specific pathogen. We will briefly review each of
these steps and consider the importance of the vaccine types and vaccine formu-
lations in the outcome of induced responses.

More emphasis will be given to vaccine-induced antibody responses. Indeed
most of the current vaccines essentially work through effects of antibodies.'
Antibodies can protect by a number of effector mechanisms.” They can bind
to the enzymatic active sites of microbial toxins and prevent their action and
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diffusion. They can neutralize viral replication through preventing virus entry
into their target cells. They can activate the complement cascade and promote
opsonization and phagocytosis of bacteria by macrophages and neutrophils.
These effects are essential to rapidly limit the microbial load and to help clear-
ing extracellular pathogens from the body. However, critical factors influence
vaccine-induced antibody responses.

2 WHAT FOLLOWS A VACCINE INJECTION? BASIS OF
ANTIBODY RESPONSE TO PROTEIN VACCINES

When one injects a classical subunit vaccine (eg, influenza or tetanus toxoid)
intramuscularly, the first reaction is local pain, followed by varying levels of
swelling and redness. This reaction reflects an inflammation at the injection
site, characterized by increased vascular permeability and local recruitment of
inflammatory cells from circulating blood.”

The Lymph that may contain antigens and antigen-transporting cells ar-
rives from the injection site through lymphatic channels. These channels open
on the outer part of the dLN, in the subcapsular (or marginal) sinus. Antigens
and antigen-containing cells are distributed through small conduits within the
Iymph node to the outer cortex and to the inner medulla. The cortex is filled with
lymphocytes and the outer cortex contains aggregates of cells called follicles
(B-cell zones). T cells are densely located around the cortical follicles and also
extend to the medulla (Fig. 2.1).

3 VACCINE ANTIGEN RECOGNITION

Antibody responses to protein vaccines depend on their recognition by B-cell
receptors and interactions between B- and T cells within lymph nodes. The
immune system can recognize 10’—10° different antigenic moieties: B- and T
cells carry a highly diverse set of antigen receptors that are generated in naive
cells through gene rearrangement.*> Soluble antigens, such as those present in
a classical influenza vaccine, which are drained from the site of injection to the
marginal sinus of the local lymph nodes are translocated by specific subcapsular
macrophages into the B-cell zone. If the vaccine forms a depot at the site of in-
jection, for example, tetanus toxoid adsorbed to an aluminum salt, antigens are
also captured by attracted monocytes/dendritic cells (DCs) which then migrate
to the T-B cell zone border of the dLNs. There, antigen transported by activated
DCs recruit and activate antigen-specific CD4 T helper cells that provide ap-
propriate cofactors for the stimulation of antigen-specific B cells. This leads
to the first step of the antibody response, called “extrafollicular” (Fig. 2.2). It
is associated with B-cell proliferation and differentiation into plasma cells but
the resulting antibodies are of low affinity and the response is short-lived.® It
should be noted that replicating live vaccines which are usually injected subcu-
taneously, are more widely distributed than subunit vaccines. They can induce
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FIGURE 2.1 Lymph node architecture and vaccine antigens pathway. First, vaccine antigens
migrate from the injection site to the dLNs through afferent lymphatic channels (Step 1). They are
then picked up by subcapsular macrophages in the marginal sinus and delivered to B cells in the
B-cell zone (Step 2). These B cells benefit from a helper effect from T cells located at the T-B
cell border (Step 3) and are essential elements of the germinal center (GC) that develops within
lymphoid follicles (Step 4). The process will eventually lead to the differentiation of plasma cells
and memory cells.

responses in multiple lymphoid sites largely dependant on the viral vaccine dy-
namics and tropism.

4 GERMINAL CENTER REACTION

The second step of the immune response is essential. It is the GC reaction.
Activated antigen-specific B cells and CD4 follicular helper T cells (Tth) are
attracted by antigen-bearing follicular dendritic cells (FDCs) and form special-
ized units, GCs, within lymphoid follicles (Fig. 2.2). A GC can be considered
as a B-cell factory. It is providing an optimal environment where within a few
days, B-cell clones actively proliferate. This proliferation is associated with an
extensive somatic hypermutation process that affects the variable-region seg-
ments of immunoglobulin. In some B cells, this results in higher affinity B-cell
receptors. Such B cells compete efficiently for binding to the vaccine antigen
that persists at the surface of FDCs. After antigen processing, they benefit from
helper signals and further proliferate.’” B cells also switch from IgM to IgA, IgG,
or IgE antibody production. Finally, they mature either into antibody-producing
plasma cells or into memory B cells. Plasma cells become detectable in blood



36 PART | I Understanding Vaccine Impact at Population and Individual Levels

1. Recognition and 2. Proliferationand 3. Differentiation and
extra follicular step maturation (GC) production

Vs

i Memory B cells A
Marginal @
sinus & )
Short-lived PC
' Blood
\ - ~— ///,"
/ N
Long-lived PC
' . Bone
Germinal center . marrow
/ ‘\ P

Draining Iymph node Antibody

FIGURE 2.2 Vaccine-induced B-cell responses. Sequence of events leading from inflammation
at the site of injection to lymph node localization, B-cell recognition, T-cell help, GC reaction and
final differentiation into memory cells or antibody-producing plasma cells that may home into bone
marrow niches. FDC, follicular dendritic cell; DC, dendritic cell; Tfh, follicular helper T cell; PC,
plasma cell; and SCM, subcapsular macrophage.

after 10—14 days, reaching their peak at 4 weeks after immunization. Most plas-
ma cells die after a few weeks. However, some home to “survival niches” in the
bone marrow where they are rescued from apoptosis, become long-lived plasma
cells, and are responsible for the prolonged persistence of antibody production.®

Some essential factors control the initial peak antibody responses: (1)
antigen characteristics such as the epitopic structure (2) the administered dose,
(3) B-/T-cell repertoires, largely influenced by genetics, and (4) the activation
status of antigen-presenting cells and the generation of Tth (GC control) that
are dependent on the triggering of innate immunity by adjuvants and pathogen-
associated molecular patterns. Adjuvants can optimize antigen delivery to B
cells and activate DCs, follicular helper T cells and B cells.

The duration of the antibody response is largely dependent on the number of
long-lived plasma cells that have been induced. For example, the persistence of
HBsAg vaccine antibodies may be predicted on the basis of initial antibody titers.”

5 BUILDING B-CELL MEMORY

Sustaining protection using a protein vaccine is usually dependent on the admin-
istration of a booster dose of the same vaccine several months or years after the
priming series. Following a booster dose, antibody levels rise rapidly with a peak
around day 7. Antibody titers are higher than after the priming dose and the qual-
ity of these antibodies, for example, neutralizing capacity, is also better than in the
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initial stages. This reflects a higher affinity. This antibody response (so-called sec-
ondary response) lasts longer than the primary one. In fact, secondary responses
reflect the restimulation of persisting memory B cells that were induced during
the primary immunization.! All protein vaccines induce memory. As previously
described, memory B cells are produced within GCs in parallel with the induction
of antibody-producing plasma cells. However, after migrating in the blood, they
localize in the B-cell zone of all lymph nodes and remain quiescent until a new
antigen encounter. Their reactivation can result from a natural microbial exposure
(colonization, infection), exposure to cross-reacting microbial antigens, or booster
vaccine doses. This leads to a very rapid cell multiplication and differentiation,
explaining the rapid increase of antibody level (IgG) within 4-7 days. The im-
proved quality of these secondary antibodies reflects the affinity maturation that
takes place during the first phase of the immune response. During the GC reaction,
random somatic mutations occur in B-cell immunoglobulin genes. Some of them
confer a better capacity to bind to the vaccine antigen and these cells get a definite
competing advantage in the context of limited availability of antigen. Within the
GC, only those B cells that strongly bind antigen on FDCs receive the appropriate
survival signals. Memory B cells continue their affinity maturation during several
months and this leads to the persistence of cells that have at their surface immu-
noglobulin receptors of higher affinity than the antibodies produced as a result of
the primary response. Thus, when reactivated, memory B cells produce antibodies
of higher affinity.

In addition to the essential factors that control primary responses, a criti-
cal determinant of the quality of secondary responses is the timing of vaccine
boosters. The interval between priming and boosting should be sufficient to
allow for affinity maturation. A too short interval would result in additional
primary dose effect. For example, in adolescents receiving two doses of 10 ug
of hepatitis B vaccine, it was found that antibody responses measured 1 month
after the second immunization were much higher after a 6-months interval than
a 4-months interval.'” Similarly, it was observed in young adolescents that su-
perior responses were induced after a 0—6-months than a 0-2-months schedule
with a bivalent adjuvanted HPV vaccine.''

Therefore, on the basis of immunological data, it appears now logical to
consider as an ideal protein vaccine schedule, the following sequence: priming
with one or two doses (at 1-month interval), then rest for 4 or 5 months to
allow for B-cell response maturation, and then boosting at 6 months. Obviously,
adjustments have often to be made in relation to programmatic limitations or
epidemiologic considerations.

6 RESPONSE TO POLYSACCHARIDE VACCINES

Antibody responses to polysaccharides are independent from T-cell help and
do not involve a GC reaction. Polysaccharides are presented to the immune
system during bacterial infections or after vaccination (eg, pneumococcal
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polysaccharide vaccines). This leads to the rapid induction of a wave of short-
lived antibody-producing plasma cells. This is the end result of a sequence of
events.® First, injected polysaccharides diffuse through lymphatic vessels to
the local dLN. They enter the dLN through the marginal sinus and are cap-
tured by subcapsular sinus macrophages that translocate them to the marginal
B-cell zone (Fig. 2.1). In the B-cell zone, the PS antigens are exposed to a
large number of B cells and bind to the few cells that carry surface immuno-
globulins able to recognize this particular PS antigen with a sufficient strength.
The cross-linking of B-cell receptors results in the activation and proliferation
of these B-cell clones which differentiate into short-lived antibody-producing
plasma cells. The absence of GC reaction explains why vaccination with plain
polysaccharide vaccines induces antibody responses that are relatively modest
and do not last for very long. A characteristic of these responses is the poor
induction of memory.'? Usually a second injection of the same vaccine after
a few months induces again a primary response similar to the first injection.
However, the second administration may result in a decreased response to the
PS vaccine or to a corresponding PS-conjugate. This hyporesponsiveness was
first reported for meningococcal C polysaccharide vaccine and subsequently
for pneumococcal vaccines and is probably reflecting an exhaustion of the
antigen-specific B-cell reservoir.'?

Responses to polysaccharides can be markedly improved through the use
of protein-conjugated glycoconjugates.'* When capsular PS are conjugated to
a protein carrier, there is an effective GC response due to the differentiation
of carrier-specific Tth cells and PS-specific B cells which differentiate into
high-affinity antibody-producing cells, long-lived plasma cells, and memory
B cells.

The assessment of antibody responses is initially based on measurement of
the amount of antigen-binding immunoglobulin (eg, ELISA assays) or the num-
ber of antigen-specific B cells (ELISPOT assays) before or after their in vitro
reactivation by antigen. However, functional assays for example, viral or toxin
neutralization assays, measurement of serum bactericidal or opsonophagocytic
activity, and influenza hemagglutination inhibition may better correlate with
vaccine efficacy.

7 VACCINE-INDUCED T-CELL RESPONSES

All protein vaccines induce T-cell responses. They are essential to support the
induction of antibodies (helper effects). They also participate in effector mecha-
nisms that contribute to reducing the microbial load and clearing pathogens in
infections by viruses and intracellular pathogens and they play a major role in
controlling immune responses and limiting the risk of concomitant autoimmune
manifestations.

The production of T-cell precursors takes place in bone marrow where,
like B cells, their initial repertoire are being developed through receptor gene
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FIGURE 2.3 Vaccine-induced primary T-cell response. Sequence of events leading from in-
flammation at the site of injection to lymph node localization, T-cell recognition, T-cell help, and fi-
nal T-cell differentiation. Ag, antigen; DC, dendritic cell; 7, T cell; and Tfh, follicular helper T cell.
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rearrangements. This results in a hugely diverse capacity of recognition of an-
tigen moieties. However, two major characteristics dominate the recognition
pattern. First, T-cell receptors only see small peptides bound in the groove
of HLA surface molecules. Second, T cells have to undergo a severe selec-
tion process in the thymus while maturing into potential effector cells (CD4,
CDS8). Paradoxically, the T-cell repertoire that participates in defense mecha-
nisms against foreign invaders is initially selected on its capacity to bind self-
peptide-HLA complexes on thymic cortical epithelial cells.'> However, a sub-
sequent negative selection takes place in the thymus medulla and only low
affinity self-reactors leave the thymus. Medium-affinity cells form a pool of
regulatory T cells. Interestingly, the protective function of vaccine-induced
T cells is relying on cross-reactivity between self and foreign peptide moi-
eties.!® After vaccination, initial contacts between specific T cells and vaccine
antigens primarily take place in the dLNs (Fig. 2.3). T cells recognize pep-
tide—-HLA complexes presented on DCs, in the T-cell zone of the dLN. T-cell
activation and proliferation require a number of cofactors, including cytokines
and other chemokines as well as cell-to-cell contact. As previously indicated,
CD4" helper T cells and particularly Tfh strongly contribute to T-dependent
B-cell responses. Some of the CD4 progeny cells primarily release Thl-type
cytokines (IFN-y, TNF-0/, IL-2) and others Th2-type cytokines (IL-4, IL-5,
IL-14, IL-6, IL-10), whereas Th17 cells produce IL-17, IL-21, IL-22. Con-
versely to B cells, T cells do not undergo extensive somatic mutations or affin-
ity maturation in peripheral lymphoid organs after immune activation.
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8 INNATE IMMUNITY AND T-CELL DIFFERENTIATION

How do vaccines induce more or less specific T cells of one or another cell type?

A key step is the activation of innate immunity. At the site of vaccine in-
jection, the formulated antigens induce a local inflammation which favors the
recruitment and activation of DCs as professional antigen-presenting cells.
These cells capture the antigens as well as the accompanying adjuvant or micro-
bial DC activator which makes them express activation markers while migrating
toward the local dLNs. DCs, monocytes, and neutrophils can be activated by
“danger signals” of microbial origin. They have receptors—including the so-
called Toll-like receptors (TLR) which can recognize evolutionarily conserved
pathogen patterns that differ from self-antigens.'” Their activation results in the
increased expression of critical surface molecules and the production of proin-
flammatory cytokines and chemokines. '

In the absence of activation signals, DC may present processed antigenic
peptides to specific T cells in a tolerogenic mode. These DC remain immature
and, on contact with naive T cells, trigger their differentiation into regulatory
CD4* T cells that maintain immune tolerance.’!

A moderate level of DC activation, for example, when using aluminum salts
as adjuvant, may favor Th2-type responses. Strong inflammatory signals favor
the differentiation of naive CD4* T cells toward the Thl type. With some ad-
juvants, there is an induction of Th17 cells, which play a major role in tissue
inflammation, particularly at mucosal level.

CD4* T cells may also differentiate into regulatory T cells (Treg), which
inhibit T-cell proliferation/activation and help terminate a T-cell response. They
also play an essential role in avoiding excessive cross-reactions against autolo-
gous tissues during responses to microbial aggression.”>

Live viral vaccines introduce antigens within the cell cytosol, ensuring
their access to MHC class I molecules. As a result, they also induce CD8* T
cells which after activation can produce high amounts of IFN-y and become
potent killer cells. CD8" T cells recognize peptides associated with MHC-
type 1 whereas CD4" T cells recognize peptides associated with MHC-type 2
molecules.”

9 VACCINE-INDUCED T-CELL MEMORY

T-cell memory is a critical component of immune responses to intracellular
pathogens. Following the antigen-driven expansion and the death of effector
cells after antigen clearance, some of the remaining T cells differentiate into
memory T cells of two different types: central memory and effector memory T
cells.”* The first ones are located in lymphoid organs and bone marrow and have
a high proliferative potential whereas the second ones stay in peripheral tissues
in a preactivated form that enables them with immediate action on pathogen rec-
ognition. A third type of memory T cells (resident memory cells) was recently
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recognized as memory T cells which remain settled within specific organs such
as the intestine, the lungs, and the skin. They appear important for the protection
against mucosal infections.”

It is useful to know that the establishment of T-cell memory requires some
time after the initial priming. Secondary T-cell responses are lower if vaccine
boosters are given too early. Through homeostatic proliferation, memory T cells
may persist lifelong, even without antigen exposure.*®

A number of T-cell parameters can be measured during vaccine studies.
Some are quantitative for example, measurement of T-cell proliferation
following antigen stimulation with a dye and quantification of T-cell frequen-
cies by ELISPOT or flow cytometry. Some assays add a functional component,
for example, assessment of the production of cytokines by ELISPOT or flow
cytometry, or cytotoxic assays.

10 CONCLUSIONS

There is now a better understanding of the different factors that affect vaccine-
induced responses. This allows for a more rational development of new vac-
cines and building more appropriate vaccination strategies. A particular at-
tention is required for the selection of an appropriate formulation. Vaccine
characteristics have a significant impact on the initial steps of immune respons-
es, extrafollicular responses, and the generation of GCs. A critical aspect of
vaccine efficacy is the duration of protection. In most cases, it depends on the
quality of memory induced by priming doses. Both B- and T-cell memory are
slowly maturing, which implies the need for a sufficient delay before giving a
vaccine booster dose. Responses to live viral vaccines are more disseminated
and the exposure to vaccine antigens is often prolonged, resulting into stronger-
and longer-lasting responses. The understanding of how adjuvants influence
the T- and B-cell machinery should help to define optimal pathways toward
protective vaccine responses.
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1 INTRODUCTION

Vaccines are well-established medical interventions capable of preventing in-
fectious disease. There are many notable vaccine success stories, starting more
than 200 years ago with the earliest work by Jenner that led to a cowpox-based
immunization to prevent smallpox disease. Subsequent work by Pasteur during
the 19th century refined and consolidated the basis of vaccinology through the
principles of isolation, inactivation, and administration of key components from
disease-causing pathogens. Relatively soon, this basis had enabled the devel-
opment of several “first generation” vaccines that afforded protection against
rabies, typhoid, cholera, and plague (within the 19th century), followed by
tuberculosis, yellow fever, and pertussis by the first half of the 20th century.
Breakthroughs in mammalian cell culture technology in the second half of the
20th century led to the development of “second generation” vaccines, protecting
against polio, measles, rubella mumps, and varicella (as reviewed previously').
In the late 20th century the first polysaccharide and glycoconjugate vaccines
were developed, some of which have been refined and are implemented on a
global scale.
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Despite estimates that vaccines have saved several hundred million cases
of disease and more than 100 million deaths, there are still numerous patho-
gens causing globally significant morbidity and mortality, for which effective
vaccines are not yet available. Here, we describe the existing and emerging
technologies and strategies that we believe will be crucial for design of next
generation vaccines to address unmet medical needs relevant across the world
in the 21st century.

2 STRATEGIES FOR MODERN VACCINE DESIGN
2.1 Glycoconjugate Vaccines

In the mid-20th century, plain polysaccharide vaccines were developed to pro-
tect against pneumococcal, meningococcal, and Haemophilus influenzae type
B (Hib) infection and disease. Such vaccines were based on the use of capsular
polysaccharide (CPS) preparations derived from the surface of these bacteria.
The high abundance and surface-exposure of CPS make them readily accessible
to antibodies and thus susceptible to opsonophagocytosis and complement-
mediated bactericidal killing, the two main processes underlying polysaccha-
ride vaccine-induced immunity. However, plain polysaccharide vaccines were
effective in adults but not in infants and young children, and therefore improve-
ments were required.

A major breakthrough in the 1980-90s was the development and imple-
mentation of glycoconjugate vaccines, using CPS components chemically
conjugated to carrier proteins,” such as the chemically detoxified diphtheria or
tetanus toxoids (DT or TT), or CRM197 a nontoxic mutant of diphtheria toxin.’
Covalent coupling of CPS to a carrier protein enables recruitment of T-cell
help, resulting in the generation of an affinity-matured and protective immune
response in all age groups. The first glycoconjugate vaccine targeted Hib and
dramatically reduced Hib meningitis and patient mortality following introduc-
tion in North America.*

While the great majority of Hib disease was caused by one serotype, more
complex epidemiology exists for many other pathogens, for which several im-
munologically distinct serogroups (or serotypes) circulate and cause disease.
For such pathogens, broadly protective glycoconjugate vaccines can be de-
signed by including multiple CPS serogroups in a “multivalent” formulation.
For example, a highly successful 7-valent glycoconjugate vaccine against Strep-
tococcus pneumoniae conferred large reductions in pneumococcal meningitis
and invasive pneumococcal disease in all age groups, between 1998 and 2007.°
However, while such multivalent vaccines are broadly protective, there are now
more than 90 distinct disease-causing pneumococcal serotypes, suggesting that
an alternative pneumococcal vaccine based on one or a few highly conserved
protein antigens, rather than a complex formulation of many different CPS com-
ponents, would increase breadth of protection and ease of manufacturing.®
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Glycoconjugate vaccines have also been developed and implemented to
protect against Neisseria meningitidis. In 1999 a monovalent formulation was
introduced in the United Kingdom to control the hyperendemic N. meningiti-
dis serogroup C (MenC). Routine nationwide implementation directly reduced
MenC disease, acquisition and carriage, and conferred a herd protection effect.’
Subsequently, tetravalent glycoconjugate vaccines have been licensed to protect
against N. meningitidis serogroups A, C, W, and Y.® Perhaps most remarkably
of all has been the rapid development and broad deployment of the monova-
lent glycoconjugate vaccine (MenAfriVac™) to protect against MenA in sub-
Saharan Africa, a region that experiences annual meningococcal outbreaks and
devastating epidemics. The MenAfriVac vaccine was pioneered by the “Men-
ingitis Vaccine Project” (MVP)’ and within a decade it was administered on
a large public health scale in several neighboring African countries with ex-
cellent results both in preventing MenA disease and in eliminating carriage,
likely aided by strong herd protection.!”!! Building on the success of the MVP,
a similar pentavalent glycoconjugate vaccine to protect against MenACWYX
is now under preclinical development. Promising preclinical studies have also
shown that glycoconjugate vaccines of MenX CPS combined with CRM197
could be developed to protect against MenX, currently emerging in Africa.'”
However, a glycoconjugate vaccine against MenB is generally not considered
viable because the MenB CPS resembles a neuraminic acid moiety present on
human tissues, shows poor immunogenicity in humans, and generated debate
regarding the risk of undesirable autoimmune responses.'*!*

Glycoconjugate vaccines are also under clinical development to combat
Group B streptococcus (GBS)'® and Salmonella Typhi.'® Further, while an early
small-scale clinical trial using a glycoconjugate vaccine against Staphylococcus
aureus was promising,'” subsequent S. aureus trials have failed, as discussed
recently.'® Nevertheless, new trials are ongoing for a multivalent staphylococcal
vaccine containing both protein and glycoconjugate antigens.'”

Recent research has continued to build on the great achievements of the gly-
coconjugate vaccine field, especially by attempting to improve CPS production
and conjugation methodologies. Standard glycoconjugates are prepared by CPS
purification from the cultured pathogenic bacteria, followed by CPS fragmenta-
tion to generate poly- or oligosaccharides of specific composition and size. A
recently developed alternative that avoids pathogen manipulation is the use of
purified recombinant polymerases directing capsule biosynthesis to enable safer
production of the CPS in vitro.”’ Alternatively, the impurities and batch vari-
ability associated with bacterial CPS generation could be eliminated by using
chemically synthesized oligosaccharides.”! Indeed, a synthetic oligosaccharide
Hib vaccine showed clinical results comparable to those obtained using stan-
dard Hib vaccines.”” In any case, following CPS/oligosaccharide preparation,
conjugation to the carrier protein is typically a chemical reaction that covalently
attaches the oligosaccharide to one sort of amino acid (usually lysine, aspar-
tic/glutamic acid, or cysteine), available on the surface of the carrier protein.
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The latter is therefore not a precisely defined site-specific conjugation, such
that some variability in the glycoconjugate product is obtained. To reduce vari-
ability, a variety of chemistry-driven methods have been developed to enable
controlled site-specific glycoconjugation, in principle offering to deliver glyco-
conjugate vaccines with better-defined labeling sites and stoichiometry.?! Alter-
native genetic-based approaches are also conceivable, where rare codons could
direct the incorporation of nonnatural amino acids into a recombinant carrier
protein to enable its site-specific labeling with defined oligosaccharides.’! Both
these examples open the possibility to add saccharide units in selected well-
exposed regions of a carrier protein without masking its beneficial protective
epitopes (Fig. 3.1).

A . Carrier
Polysaccharides protein

oo e, o

AN
Standard
conjugation
Carrier
antigen . . Carrier
Oligosaccharides protein
m < ® NP/ _O>
. i Y
Well-defined Site-specific AN

conjugation onto )
structurally characterized
carrier

glycoconjugates

Glycoconjugates
with variable
amounts/sites of
oligosaccharide

Monosaccharides © _O
oe

(oo e

oo ©

(B) Glycoconjugate
produced
E.coli glycoengineering | _> recombinantly in
E.coli with specific
glycosylation site

FIGURE 3.1 Glycoconjugate vaccines. (A) Progression from plain polysaccharide antigens to
polysaccharide-carrier glycoconjugates (right) enabled the development of more efficacious vac-
cines against Hib, S. pneumoniae, and N. meningitidis. Ongoing refinements in oligosaccharide pro-
duction processes, site-specific conjugation strategies, and the use of new carrier antigens that simul-
taneously present oligosaccharides and protective protein epitopes (¢) is expected to potentiate the
development of novel well-defined glycoconjugates with enhanced safety and efficacy profiles (left).
(B) An important new alternative approach to generate glycoconjugate vaccines is represented by the
use of genetically modified Escherichia coli to directly produce recombinant glycoprotein antigens.
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Novel site-specific chemical glycoconjugation approaches have shown ini-
tial promise yet appear to be hampered by relatively low yields. One study
demonstrating improved conjugation yields used a copper-free reaction mecha-
nism for tyrosine-specific labeling.>* Further, advances in the ability to directly
produce protein antigens with posttranslational addition of specific polysac-
charides in E. coli has opened new possibilities to generate “bio-conjugate”
vaccines.”* In preclinical studies, the approach was successful in generating
antigens protective against S. aureus.”> Moreover, a promising bio-conjugate
vaccine against Shigella dysenteriae was made using the polysaccharide com-
ponent of the Shigella O1 lipopolysaccharide conjugated to exotoxin protein A
of Pseudomonas aeruginosa, and both the CPS and carrier components were
immunogenic,’® suggesting that the bio-conjugate approach may be broadly ap-
plicable. Similarly, attempts to make hybrid antigens by combining CPS and
protein carrier components that both target the same pathogen (rather than sim-
ply coupling the CPS to an unrelated carrier) have shown promise in preclinical
studies targeting Clostridium difficile, by chemically conjugating the clostridial
PSII polysaccharide and the TcdA and TcdB toxin proteins.”’ Indeed, evidence
that a protein can act both as CPS carrier and as an immunogen emerged from
clinical studies using pneumococcal polysaccharides conjugated to protein D
from nontypable H. influenzae.”® In such cases the design of conjugation sites
should include structural considerations, such that CPS moieties do not perturb
beneficial conformational epitopes on the carrier protein. Continued efforts in
this arena will accelerate the journey toward “precision” bio/glycoconjugate
vaccines safely produced in vitro with scalable production processes.

2.2 Protein Subunit Vaccines and Structure-Based Antigen
Design

While glycoconjugate vaccines have been highly effective, they are not the only
modern vaccine strategy available. Indeed, several early protein-based vaccines
have been very successful. Notably, by purification from host pathogens fol-
lowed by chemical inactivation, toxoid protein vaccines were developed in the
early 20th century against diphtheria and tetanus; and, soon after, inactivated in-
fluenza virus vaccines were developed, using viral hemagglutinin purified from
infected eggs as the main antigen. Later, in the 1980-90s, several bacterially
produced protein subunit vaccines were licensed to protect against pertussis,
and led to the proposal of a genetically detoxified form of the pertussis toxin
(PT) that showed superior immunogenicity over chemically detoxified PT.>
Finally, late in the 20th century, efforts to develop a vaccine against hepatitis B
virus (HBV) led to the first widely implemented vaccines composed purely of a
recombinant protein subunit (the HBV surface antigen, HBsAg).*"
Subsequently, efforts to generate new recombinant protein-based vaccines
were initiated for many other disease targets that had been difficult to address
via previous technologies. One interesting example is the case of N. meningitidis
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serogroup B (MenB), where a CPS-based vaccine was not feasible (mentioned
earlier). Consequently, a protein-based subunit vaccine against MenB was
sought. This challenge was greatly facilitated by the dawn of the genomic era
at the turn of the 21st century, which accelerated the computational identifi-
cation and selection of potential meningococcal protein antigens, an approach
now termed “reverse vaccinology.”*! Extensive computational and experimental
screening led to the identification of three main protective protein antigens®”
and later the development and licensure of the first genome-derived recombi-
nant protein-based vaccine (Bexsero®) against MenB, approved by the Europe-
an Medicines Agency in 2013, and subsequently in over 35 countries.”* Reverse
vaccinology has been applied to several other vaccine research programs, with
promising results in the quest for protective antigens against GBS,** extraintes-
tinal pathogenic E. coli,’® and S. aureus® to name a few examples.

Reverse vaccinology indeed presents a speedy route to candidate identifi-
cation, yet frequently reveals antigens for which prior biological information
is unavailable. Given the high attention focused on vaccine safety, it is de-
sirable that the antigenic composition of any formulation is extremely well-
characterized and understood when proceeding with clinical trials, in order to
ensure safety, antigen formulation stability, and reproducible vaccine efficacy.
Detailed biochemical, biophysical, and structural biology investigations can
combine effectively with functional studies to provide the high degree of anti-
gen characterization required to support the vaccine development process.

In addition to providing exquisitely detailed antigen characterization, it has
also been demonstrated over the last decade that structural biology, powered
by X-ray crystallography, electron cryomicroscopy (cryoEM), nuclear magnetic
resonance spectroscopy, and computational studies, can make a very significant
contribution to the design and optimization of vaccine antigens.’” A number of
key studies demonstrating the combination of computational and structural bi-
ology in vaccine antigen design (an approach termed “structural vaccinology”)
have been reported, as reviewed recently.*®

Structural vaccinology is a multidisciplinary strategy that combines the
insights gained through high-resolution structural and computational biology
studies with neighboring fields such as formulation science, immunology, ani-
mal studies, and serology, in order to design, evaluate, optimize, and deliver
leading candidate vaccine antigens. There are at least three key ways in which
structural biology can support vaccine research. First, structural biology can
highlight potential weaknesses in an antigen, such that issues of poor biochemi-
cal behavior can be resolved; as exemplified by studies leading to the design of
a novel form of the respiratory syncytial virus (RSV) glycoprotein F antigen in
a highly stable nonaggregating postfusion conformation capable of raising high
titers of neutralizing antibodies in preclinical studies.”” Second, structural stud-
ies can reveal conformational heterogeneity in an antigen, which may suggest
routes to engineer mutated forms of the antigen that adopt only the preferred
conformation most likely to elicit the desired immune response. For example,
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the crystal structure determination of the RSV F protein in complex with the
Fab fragment of the human antibody D25 (specific for an antigenic site targeted
by potently neutralizing antibodies) provided the first detailed insights into the
atomic structure of the prefusion F conformation.*” Moreover, that structure
enabled the design of site-directed mutations that locked the F protein in the
prefusion conformation, via the introduction of stabilizing intramolecular di-
sulfide bonds and hydrophobic cavity-filling residues, yielding an immunogen
capable of eliciting high-titers of RSV-specific neutralizing activity in mice and
macaques.*! Third, when combined with epitope mapping studies that identify
the regions of an antigen that are crucial for raising protective or neutraliz-
ing antibody responses, structural information can be used to generate novel
immunogenic protein surfaces with enhanced breadth of coverage due to the
introduction of epitopes from multiple pathogenic variants onto a single vac-
cine antigen. This strategy of epitope grafting was demonstrated by engineering
the meningococcal factor H binding protein variant 1 to display more than 20
surface-exposed residues from variants 2 and 3, thus generating a novel hybrid
surface that conferred broader strain protection and overcame the issue of high
sequence variability on meningococcal surface antigens.*?

Structural vaccinology has been applied extensively in research toward a
vaccine against human immunodeficiency virus (HIV). Efforts have focused on
designing immunogens that raise protective antibody responses targeting the
gp120 or gp41 components of the HIV envelope glycoprotein (Env) trimer, the
only target for neutralizing antibodies. For example, the structure of CD4-bound
gp120 was used for the rational design of a gp120 construct with mutations that
lock it in the receptor-bound state, thus eliciting a greater proportion of an-
tibodies focused on conserved CD4 and coreceptor binding sites.* Recently,
cryoEM and crystal structures of HIV Env (in genetically engineered soluble
and stabilized mutant forms) have been determined in complexes with broadly
neutralizing Fab fragments.***® These structures have provided the molecular
basis for the design of novel immunogens capable of eliciting broadly neutral-
izing antibodies against HIV Env, and it is now a major ongoing challenge to
develop such research into efficacious vaccines.

In an even more creative fashion, structural vaccinology has been combined
with nanobiology, via the design of self-assembling protein nanoparticles pre-
senting multiple copies of an antigen in an ordered array. For example, in seek-
ing to design a broadly protective influenza vaccine, a single genetic construct
was used to encode an influenza hemagglutinin (HA) antigen followed by a
C-terminal bacterial ferritin protein, thus generating nanoparticles composed
of 24 ferritin protomers that self-assembled to display 8 copies of the trimeric
HA in a native-like conformation, with the HA head projecting outward. In
preclinical studies, this antigen-nanoparticle was successful in raising anti-HA
antibodies targeting both the stem and the receptor-binding site in the head, and
provided broader and more potent immunity than standard influenza vaccines.*’
More recently, the same authors also performed iterative structure-based design
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to obtain a stable HA stem-only fragment displayed on ferritin nanoparticles.
This novel HA stem-only nanoparticle lacked the immunodominant sequence-
variable head domain, focused the immune response onto the immunogenically
subdominant highly conserved stem region of HA, and conferred heterosub-
typic protection in preclinical studies.*®

The benefits of combining structural vaccinology and nanobiology are man-
ifold. The considerably larger antigen-nanoparticle is more immunogenic than
the individual recombinant proteins, the multiple copies in ordered arrays en-
hance B-cell receptor avidity and mimic the surface of the natural pathogenic
organism, and the ability to genetically encode antigen display on a nanoparticle
means that a precisely controlled number and orientation of antigenic constructs
can be achieved, potentially allowing focusing of the immune response against
a carefully selected region of the antigen identified previously by epitope map-
ping. It emerges from these pioneering studies that structural vaccinology has
the potential to drive the design of promising new vaccine candidates, and this
ability is inextricably linked to obtaining high-quality structural information,
which is somewhat unpredictable and a potential hurdle, but which is becom-
ing easier to overcome due to continuous improvements in protein crystallogra-
phy?® and major breakthroughs in cryoEM.* These purely structural techniques
can be effectively combined with the complementary ability to reliably perform
mapping of conformational epitopes in solution via hydrogen—deuterium ex-
change mass spectrometry (HDX-MS).’" Because structural vaccinology is also
dependent on the ability to perform epitope mapping using antibody reagents,
several recent technological advances in human B-cell cloning and antibody
production have potentiated structure-based antigen design enormously, and
these breakthroughs are discussed later.

2.3 B-Cell Repertoires, Antibody Discovery,
and the Human Immune Response

For more than 30 years it has been known that antibody-mediated immune
responses are crucial for preventing infection, while T-cell-mediated effector
mechanisms are important in controlling the clearance of virus-infected cells.
Antibodies are the primary elements of adaptive immunity, and the induction
and maintenance of protective levels of antibodies underlie the basis of the im-
mune response to vaccination. The B-cell response is initiated by the cognate
interaction between activated antigen-specific T cells and B cells that have cap-
tured and processed the antigen through the B-cell receptor (BCR). The cognate
T-B interaction leads to the expansion of antigen-specific B cells and to their
differentiation into short-lived plasma cells, which represent the first line of
defense through the production of unmutated antibodies, usually of the IgM
isotype.

The extra-follicular aforementioned response is followed by formation of
the germinal center (GC) in the lymphoid organs. The GC reaction is driven by
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the presence of the antigen on the surface of the follicular dendritic cells (FDCs)
in the form of immune complexes, and the antigen:antibody immune complexes
continuously stimulate resident antigen-specific B cells.’! The interaction of
B cells with follicular helper T cells (Tgy) within the GC drives proliferation,
isotype switching, somatic hypermutation, and affinity maturation of the BCR
leading to the generation of memory B cells and long-lived plasma cells that
produce high-affinity somatically mutated antibodies of switched isotypes (typ-
ically IgG).>? Plasma cells with higher affinity for the antigen that emerge from
GCs can migrate to the bone marrow, where they persist in specialized survival
niches.” This pool of long-lived plasma cells continuously secretes antibodies,
and is therefore responsible for sustained serum antibody levels even in the
absence of antigen.’’ Memory B cells generated by a GC reaction recirculate in
secondary lymphoid organs and peripheral blood, are highly capable of captur-
ing the antigen due to their high affinity BCR, and can be triggered to proliferate
and differentiate into antibody-secreting plasma cells once they reencounter the
antigen. Typically, the newly generated plasma cells reach a peak level in the
blood on day 7 after antigenic boost and antibody titers concomitantly increase
in the serum.’*

Not all antibody responses are equally effective. T-cell-independent anti-
body responses to free polysaccharides are known to be short-lived, whereas
T-cell-dependent antigens can elicit immunity lasting for decades or a lifetime.
The continued dissection of the basic mechanisms defining the dynamics of the
immune response to vaccination and a deeper knowledge on the correlates of
vaccine-induced protection or biological signatures of responsiveness are fun-
damental aspects in the development of novel vaccines in the 21st century.

Nearly all licensed vaccines confer protection against infectious diseases
by stimulating the production of antibodies by B cells, but the nature of a suc-
cessful antibody response has been difficult to capture. The isolation and char-
acterization of the antibodies produced by the antigen-specific B-cell repertoire
has therefore acquired importance in the last decades, to dissect the response to
vaccine antigens. Antibodies consist of heavy (., a, vy, 8, €) and light chains (x,
\), are linked by disulfide bonds, and each chain contains variable and constant
domains. Antigen binding occurs in the variable domain, which is generated by
recombination of a finite set of tandemly arranged variable (V), diversity (D),
and joining (J) germline gene segments. This process, called VDJ recombina-
tion, assures a high diversity of the antibody repertoire and allows antibodies
to recognize an extraordinary variety of antigens. Diversity in the antibody rep-
ertoire is mainly concentrated at the variable site of the heavy chain (IgH VDJ
gene segment), also known as the IgH complementarity-determining region 3
(CDR-H3), the most diverse component in terms of length and sequence and the
principal determinant of antibody specificity.>

A milestone in the understanding of antibody responses has been the de-
velopment of technologies for the production of human monoclonal antibodies
(mAbs) by using Epstein-Barr (EB) virus transformation,’® by phage display,”’
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in genetically modified mice,’®" by stimulation with TLR agonists,’* or by pro-
ducing human hybridomas® for immortalization of antibody-producing B cells.
Since 2008, advances in sequencing technologies have enabled the amplifica-
tion and cloning into expression vectors of both the heavy and light chain im-
munoglobulin (Ig) genes from single B cells,’! allowing isolation and synthetic
production of human mAbs by transfection of producer cells in vitro. To date,
this technology has been mainly applied to identify high-affinity influenza-spe-
cific antibodies®” and to isolate broadly neutralizing antibodies (bnAbs) against
HIV.% These first examples of the isolation and characterization of bnAbs in-
duced by infection have highlighted that understanding the mechanisms leading
to the elicitation of neutralizing antibodies can aid the design of more effective
vaccines. Such methods have been used to investigate mAbs generated against a
variety of antigens, and have allowed characterization of “key” antibodies with
a protective role in response to vaccines against influenza, tetanus, Hib, and
some serotypes of S. pneumoniae as well as to natural infection (reviewed in®").
Nonetheless, one key limitation is the low-throughput of single B-cell cloning
technology used to isolate mAbs, such that we can only interrogate a miniscule
slice of the full antibody repertoire.

Recent advances in next-generation sequencing (NGS) technology have
enabled the sequencing of antibody genes from millions of cells simultane-
ously, giving a high-resolution characterization of the antibody sequence
repertoire, and of the changes that occur following vaccination.®> These ap-
proaches have yielded important insights into the B-cell response and have
raised the possibility of using specific antibody sequences as measures of vac-
cine immunogenicity. The antibody repertoire has been examined using NGS
after vaccination with influenza and tetanus.®®°” These studies revealed minor
changes in the VDJ segment usage, and the size and diversity of the differ-
ent B-cell lineages after vaccination, but they have opened up the possibility,
through the analysis of the B-cell repertoire of different individuals, to identi-
fy “antibody signatures” (common Ig VDJ sequences) providing insights into
the adaptive immune responses elicited by vaccination. The majority of pub-
lished studies are consistent with the notion that while the VH gene repertoire
is highly private (unique to an individual) a small number of CDR-H3 appear
to be shared among different individuals (ie, are stereotypical or public). Boyd
and coworkers®® observed convergent antibody signatures (stereotyped CDR-
H3 sequences) in patients experiencing acute dengue infection, suggesting
that Ig-sequencing aimed at detecting stereotypical responses could be used
as a tool for identifying common sequences induced by vaccine antigens or
pathogens in different individuals.

Further, analyses of the human antibody repertoire offer the novel possi-
bility of tracing the evolutionary paths that lead to the generation of broadly
neutralizing Abs (bnAbs) targeting conserved antigenic epitopes. The avail-
ability of new techniques to isolate human mAbs, combined with the abil-
ity to determine protein structures in atomic detail, allows to finely describe
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FIGURE 3.2 Starting center-left, a schematic flow-path representation of how human B-cell rep-
ertoire analyses, the selection of protective antibodies, antibody and antigen (Ag) production can be
combined with the structural characterization of a protective epitope (¢), followed by its selection
over nonprotective epitopes (O and A within Ag, not targeted by protective Ab) in order to allow
the rational design of novel immunogens.

antigen:antibody interactions. Such high-resolution epitope mapping enables
the design of novel immunogens and vaccination schedules that will elicit an
immune response driven by a B-cell clonal selection that leads to the production
of the best bnAbs®”’" (Fig. 3.2). Many advances in this field have been driven
by the quest for a vaccine to prevent HIV infection, but should be applicable to
combat other pathogens like pandemic influenza and RSV.

Finally, in recent studies, the analysis of the Ig gene repertoire has been
combined with the mining of the antigen-specific mAb repertoire that com-
prises the human serum polyclonal response.’' The new perspective offered by
combining the analysis of the B cell and antibody repertoire induced by tetanus
toxoid (TT) vaccination has highlighted that the anti-TT serum IgG repertoire
is composed of a limited number of antibody clonotypes (80—100) while the
B-cell BCR repertoire diversity in the memory and plasmablasts compartments
is orders of magnitude greater than that of the serological repertoire.”” This sug-
gests that most peripheral B-cell-encoded antibodies are unlikely to be present
in detectable amounts as soluble proteins in blood or secretions and thus are un-
likely to contribute to humoral immunity, leaving unanswered questions regard-
ing the nature and dynamics that regulate the serological memory. Collectively,
these examples of our growing understanding of the immune response high-
light a new era in which a detailed understanding of pathogenic antigen-specific
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human immunology can drive vaccine development in the design of more ef-
ficacious vaccine antigens to prevent current and future pathogenic threats.

2.4 Nucleic Acid Vector Vaccine Delivery Systems

Most licensed vaccines used to date are based on immunizations that elicit a
protective antibody response and indeed the correlates (or surrogates) of protec-
tion established are typically based on the functional antibody levels induced.”?
However, the immune system has evolved to be redundant, and nonantibody-
based cellular immune mechanisms, which can act alone or in synergy with an-
tibodies, can provide a major contribution to protection. With this in mind, sig-
nificant efforts have been made to design novel vaccines focused on induction
of cellular responses able to promote clearance of some of the most challenging
pathogens, which have so far proved recalcitrant to traditional vaccine design
strategies, such as malaria, tuberculosis, HIV, hepatitis C virus, and Ebola virus.

In particular, CD8* T-cell responses have been demonstrated to contrib-
ute to protection in both preclinical and clinical experiments.”* One way to
elicit such CD8* responses (which are poorly induced by conventional protein
subunit antigens) is via the delivery of DNA vectors harboring genes encod-
ing intracellular antigen expression. Several approaches have been explored
to achieve this aim, including the use of naked DNA fragments or virally
derived systems based on alphavirus, poxvirus, vaccinia virus, or lentivirus.
Replication-defective human adenovirus 5 (Ad5) vectors have been used for
gene delivery in a number of vaccine development studies and showed promis-
ing immunological performance in preclinical and clinical trials, most impor-
tantly including the ability to induce relatively potent antigen-specific CD8*
T-cell responses in humans, for example, against HIV'> and Ebola.”® However,
most humans have been previously exposed to Ad5 and thus present high titers
of anti-Ad5-neutralizing antibodies, which limit the immunological potency of
these vector delivery systems.

To circumvent the limitations of human adenoviral vaccine vectors, an alter-
native approach has been developed using related naturally occurring simian ad-
enoviral vectors isolated from chimpanzees and against which most humans do
not display neutralizing antibody titers. From thousands of adenoviral strains,
a library containing numerous replication-defective chimpanzee adenovirus
(ChAd) vectors able to grow in human cell lines was developed and several
were demonstrated to potently induce CD8" T-cell responses in mice and ma-
caques, and some were shown to be safe and immunogenic in humans.”’ The
many noncross-reactive ChAd strains appear to be suitable candidates as vac-
cine delivery vectors, such that preexisting neutralizing antibodies should not be
an issue for broad application of this strategy, which may enable a versatile “one
vector—one disease” approach. Indeed, a number of studies have now dem-
onstrated that ChAd vectors have the essential properties required for human
vaccine development, including immunogenicity, safety and ease of large-scale
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manufacturing.’® Further recent developments in viral-based delivery of genetic
vaccines include a heterologous prime-boost strategy based on the combina-
tion of a ChAd vector followed by a modified vaccinia Ankara (MVA) vector.””
Promising results were obtained by generation of very high levels of both CD8*
and CD4* T-cells specific for the hepatitis C virus antigens delivered geneti-
cally, suggesting that this approach may be suitable as a prophylactic HCV vac-
cine. The clinical efficacy of ChAd vectors is still to be fully demonstrated.
However, in rapid response to the recent West African outbreak of Ebola virus
that caused more than 8500 deaths, an expedited vaccine development program
enabled a clinical trial to assess performance of a monovalent ChAd3 vaccine
encoding the surface glycoprotein of Zaire ebolavirus. In Phase I trials, the vac-
cine was safe and immunogenic,*’ further supporting the optimism surrounding
ChAd technology.

For over 2 decades it has been known that RNA molecules can be used to ex-
press proteins in vivo,'*? suggesting opportunities for RNA-based vaccines as
an alternative strategy to elicit immune responses (reviewed elsewhere®’). RNA
vaccines display several advantages compared to DNA vaccines. RNA avoids
the issue of possible integration of plasmid DNA into the genome of an immu-
nized host, and it is translated directly in the cytoplasm. Finally, the kinetics of
antigen expression following RNA injection appear to peak and decay rapidly,
while DNA administration can induce antigen expression persisting for many
weeks.®* Overall, RNA-based vaccines better mimic antigen expression occur-
ring during an acute infection, which could induce stronger antigen-specific
immune responses. The effectiveness of RNA vaccines may also be related to
the fact that RNA is known to be a potent stimulator of innate immunity. Hence,
the functionality of RNA vaccines involves at least two components: (1) local
expression of antigen to facilitate presentation by MHC molecules and (2) en-
gagement of pattern recognition receptors to stimulate innate immunity leading
to potentiation of antigen-specific immune responses.

Although studies in animal models seemed to be very promising, the fea-
sibility of using RNA as a new nucleic acid vaccine was initially challenged,
due to the instability of naked RNA in the presence of tissue fluids and the
uncertainty of developing reasonable manufacturing processes yielding a stable
formulation. Nevertheless, several efforts have been made to increase the ef-
ficiency and stability of RNA-vaccines, focusing the research on delivery sys-
tems, adjuvants, and engineering of the RNA molecule. Encapsulation in lipo-
somes®! and complexation with cationic polymers®* can protect RNA from
degradation and enhance cellular uptake. Moreover, self-amplifying replicons
have the potential of capturing the advantages of both DNA vaccines and vi-
ral delivery while overcoming the drawbacks of each technology. Recently a
self-amplifying RNA was encapsulated in lipid nanoparticles (LNPs) to imple-
ment the self-amplifying mRNA (SAM®) vaccine technology as a platform for
multiple disease targets, showing promising results in animal models.®” These
favorable observations led RNA-vaccines to move into human clinical trials as
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immunotherapeutics in the “cancer-vaccine” field, taking advantage of the ex-
pression of specific markers by cancer cells to direct the immune response and
attack the tumor. RNA vaccines against proteins produced in excess in tumor
cells were used to formulate a vaccine against lung cancer, designing a vac-
cine with different antigens which is consequently better at targeting the tumor
cells.®® Clinical studies in metastatic melanoma and renal cell carcinoma pa-
tients have shown the elicitation of antigen-specific immune responses (both
antibodies and T cells).*” RNA-vaccines against prostate cancer and melanoma
are currently in clinical trials. The use of RNA-vaccines for the prevention of
infectious diseases is also under evaluation. Clinical trials have been performed
with RNA replicon vaccines packaged in viral particles encoding for cytomega-
lovirus (CMV) gB and pp65/IE1 proteins. The vaccine has shown to be well
tolerated and immunogenic in healthy CMV seronegative volunteers, with the
added value of inducing CD8" T-cell responses.”’ A vaccine against rabies is
currently in a clinical trial (https://clinicaltrials.gov/ct2/show/NCT02241135)
while vaccines against influenza, HIV, or tuberculosis are still at the research
stage.

The future of the RNA vaccines will rely on the formulation with new syn-
thetic delivery systems to combine the effectiveness of live attenuated vaccines,
an equal or better safety profile than plasmid DNA vaccines, and completely
synthetic methods of manufacture.

2.5 Synthetic Viral Seeds for Rapid Generation of Influenza
Vaccines

Because new influenza variants emerge and spread globally through human pop-
ulations so rapidly, it is not always possible with current health organizations
and manufacturing capabilities to provide new, well-matched influenza vaccines
in a timely manner. In pandemic scenarios, little if any vaccine has been avail-
able during the initial waves of virus spread.’' Recent efforts to improve vaccine
responses to the emergence of new influenza variants have included research
into universal influenza vaccines, increasing the number of strains in each vac-
cine, and increasing the speed of vaccine production. Indeed, synthetic biology
now enables the rapid conversion of digitally transmitted sequences into genes
that encode new influenza variants,”” thus providing a unique tool to rapidly
respond to the need of pandemic vaccine availability.

The synthetic approach to generate vaccine viruses from sequence data
has proven to be feasible, starting from the available hemagglutinin (HA) and
neuraminidase (NA) gene sequences, and applying cell-free gene assembly
techniques for rapid and accurate gene synthesis. Viral RNA expression con-
structs encoding HA and NA and plasmid DNAs encoding viral backbone genes
were then used to transfect Madin—Darby canine kidney (MDCK) cells, quali-
fied for vaccine manufacture. Viruses for use in vaccines were rescued from
MDCK cells with increased yield of the essential vaccine antigen, HA. The
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implementation of synthetic vaccine seeds has demonstrated the capability of
accelerating the response to influenza pandemics reducing the time required
for vaccine manufacturing from months to weeks. In a recent emergency to
respond to a potential influenza pandemic, the use of a synthetic seed virus,
containing the HA and NA genes from a supplied A/H7N9 virus sequence, was
investigated in conjunction with the MDCK cell culture technology. Together,
these approaches resulted in impressively rapid vaccine production rates, much
faster than currently possible with standard methods. Synthetic technology has
been used to respond to the H7NO influenza outbreak by producing a synthetic
virus that was used to make a vaccine. In a Phase I trial the cell culture—derived
H7NO9 vaccine was safe and immunogenic, with significant and potentially pro-
tective immune responses after two doses in most subjects with no preexisting
immunity to the H7NO virus.”® This particular vaccine was stockpiled by the
US Government before the second wave of the outbreak, and overall these ob-
servations have provided a strong rationale for further clinical development of
synthetic vaccine reagents.

3 CONCLUSIONS AND FUTURE OUTLOOK

The development of partially effective plain CPS vaccines led to the develop-
ment of the first highly effective glycoconjugate vaccines around the end of
the 20th century. Several glycoconjugate vaccines are now available to protect
against many strains of pneumococcus, meningococcus, and H. influenza type
B. In the first decades of the 21st century, further refinements in glycoconjuga-
tion technologies, and large clinical trials, are expected to deliver new glycocon-
jugate vaccines broadly protective against several additional globally important
pathogens.

Nevertheless, glycoconjugate vaccines are not suitable to protect against
many other important pathogens, where instead protein subunit vaccines con-
taining protective immunogens may be effective. Recombinant protein vaccines
against hepatitis B virus and serogroup B meningococcus are now widely avail-
able. The biochemical, biophysical, and three-dimensional structural charac-
terization of protein antigens can play a major role in enabling the design and
optimization of protein immunogens. The application of this strategy, termed
structural vaccinology, coupled with immunological insights that can now be
obtained via analyses of B-cell repertoires from infected or immunized humans,
and antibody discovery and production technologies, is likely to be a key driver
in vaccine development in the 21st century, and is already starting to deliver
strong candidate vaccine antigens to protect against HIV, RSV, and influenza.

While most licensed vaccines are based on antibody-mediated protection,
novel nucleic acid vaccine strategies capable of inducing potent cellular re-
sponses are under development to combat pathogens such as malaria, HCV,
ebola, and HIV, which have so far resisted standard protein-based vaccine
strategies. Notably, several replication-defective simian adenovirus nucleic
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acid vectors have been shown to induce strong T-cell responses and are safe
and immunogenic in humans, underlining the potential of this genetic vac-
cine approach. Similarly, RNA vaccines are emerging; they offer several
benefits over DNA vaccines and, with improved synthetic delivery systems
and manufacturability, appear to be applicable to protect against cancer or
infectious disease.

In a distinct arena of vaccine technology, in order to be ready to meet the fu-
ture demands of possible influenza pandemics, notable progress has been made
in using cell culture technology to produce the virus, potentially from a rapidly
generated synthetic nucleic acid seed, such that vaccine production can be ex-
pedited at large scale.

Collectively, all the advances outlined here demonstrate that the future is
bright for the design and development of novel vaccines. Considering the ad-
ditional possibilities presented by their formulation and delivery using next-
generation technologies, including an increasing array of potent adjuvants
(see chapter: Vaccine Adjuvants), these novel 21st-century vaccines have great
promise to further reduce morbidity and mortality on a global scale.
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The widespread use of effective vaccines against infectious diseases has been
one of the most important public health advances in the 20th and 21st centu-
ries. Early vaccines consisting of attenuated or inactivated pathogens or toxins
may elicit robust, protective immune responses, but this approach cannot always
be used because it is impractical to culture large numbers of organisms, lack of
efficacy, or because of safety concerns. In such cases subunits (eg, microbial pro-
teins or carbohydrates) are being promoted as vaccine antigens. Subunit antigens
are often poorly immunogenic on their own as they do not properly stimulate
innate immunity. This is likely the cause of the reduced efficacy of the acellular
pertussis vaccine.! Adjuvants are molecules, compounds, or supramolecular com-
plexes that boost the potency and longevity of specific immune response to anti-
gens, but cause minimal toxicity or long-lasting immune effects on their own.”
Adjuvants can be used to enhance immunogenicity, modulate the type of immune
response, reduce the amount of antigen or the number of immunizations required
for efficacy, and/or improve the efficacy of vaccines in specific populations (eg,
newborns or elderly). To be maximally effective, adjuvants must be selected ju-
diciously and formulated appropriately based on the desired immune response.’”’

First generation adjuvants were empirically developed to augment the
immune response to insufficiently immunogenic antigens. Of these, only alu-
minum salts—including aluminum oxyhydroxide and aluminum phosphate
(collectively, alum)—and squalene based oil-in-water (o/w) emulsions (eg,

a. How do vaccines work: understanding immune responses to vaccines.
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AS03 or MF59™) have been included as part of FDA-licensed vaccines® How-
ever, the number of adjuvants with acceptable efficacy and safety profiles is
limited, and these proprietary molecules/compounds are in the hands of a few
companies, as is most of the formulation expertise. Lack of access to appro-
priate adjuvants, and lack of know-how regarding the formulation and use of
adjuvants is one of the primary barriers to the development of new effective
vaccines and immune therapeutics.

Critical to the early emergence of effective immune responses is the engage-
ment of the innate immune system, characterized by the involvement of innate
pattern recognition receptors (PRR) such as the toll-like receptors (TLRs) or
the RIG-I-like receptors (RLRs) that recognize pathogen associated molecular
patterns (PAMPs), leading to the production of cytokines and chemokines. In
turn, these activate antigen presenting cells (APC) in particular dendritic cells
(DCs) that initiate a cascade of signals to cells of the adaptive immune response,
preparing them for the development of antigen-specific immunity. Thus one
key strategy for improving vaccine performance involves the stimulation of in-
nate immunity that facilitate antigen uptake, stimulation of antigen presenting
cells, and downstream adaptive immunity. However, many adjuvants fail dur-
ing product development owing to factors such as manufacturability, stability,
lack of efficacy, unacceptable levels of tolerability, or safety concerns.

This chapter outlines the potential benefits of adjuvants in current and fu-
ture vaccines and describes the importance of formulation and mechanisms of
action of adjuvants. Moreover, we emphasize safety considerations and other
crucial aspects in the clinical development of effective adjuvants that will help
facilitate effective next-generation vaccines against tuberculosis (TB) and other
global vaccine challenges.

1 BRIEF ADJUVANT HISTORY

More than a century ago, key findings of an inducible immune response af-
ter immunization with inactivated cowpox resulted in the development of vac-
cines.”!'” Vaccination is now considered the best strategy available to efficiently
control infectious diseases and thus lower morbidity and mortality rates. Among
the most promising vaccination strategies are the protein subunit vaccines that
present desirable qualities for a vaccine, which are specificity, efficacy, safety,
and ease of production.'! In 1926 alum was the first adjuvant that was used in
a vaccine against diphtheria.'>!? For several decades after this initial adjuvant
use, o/w emulsion components were the only formulations available to adjuvant
vaccines (Table 4.1). Alum and emulsion adjuvants proved safe and substan-
tially increase the efficacy of numerous vaccines, yet until the last two decades
little work was done to determine the mechanisms of action of these adjuvants
or develop next generation adjuvants. The development and FDA licensure of
the Cervarix vaccine for human papilloma virus (HPV) which includes a combi-
nation adjuvant comprised of alum and the TLR4 agonist monophosphory] lipid



Vaccine Adjuvants Chapter | 4 69

TABLE 4.1 Adjuvant Formulation Platform Characteristics

Manufacturing Surface  Delivery

Formulation Composition method Size charge routes
Aqueous/ Buffer, High pressure ~20-100 nm Neutral, i.m., s.c.,
micellar phospholipid, homogenization cationic,  i.d., i.n.,
suspension or surfactant or anionic oral
Alum Aluminum Gentle mixing ~ ~1-10 um Cationic ~ i.m,, s.c.

oxyhydroxide

or Aluminum

phosphate
Emulsion Metabolizable High pressure ~100 nm Neutral i.m., s.c.

oil, phospho-  homogenization

lipid or

surfactant,

antioxidant
Liposome Phospholipid,  High pressure ~100 nm Neutral,  i.m,, s.c,

cholesterol homogenization cationic,  i.d., i.n.,

with or with- or anionic oral

out saponin

(MPL®, collectively termed AS04) in 2009 marked a key turning point in clini-
cal adjuvant development.'* AS04 is the first FDA-licensed adjuvant to include
a known PAMP. This licensure hinged on the demonstration that AS04 induced
a more effective immune response against the HPV antigen than alum alone.

2 ADJUVANTS IN CURRENT APPROVED VACCINES

Aluminum salts (Aluminum phosphate and aluminum hydroxide; alum), o/w
emulsions ( MF59 and AS03™), and monophosphoryl lipid A (MPL), a natu-
ral glycolipid derived from Salmonella cell membranes, are all components of
approved preventative vaccines against infectious disease.'> ASO3 and MPL
are owned by GlaxoSmithKline'® and MF59 is owned by Novartis. Alum
is a component of several licensed human vaccines, including diphtheria—
pertussis—tetanus (DPT), diphtheria—tetanus (DT), DT combined with hepatitis
B virus (HBV), Haemophilus influenza B or inactivated polio virus (IPV), hepa-
titis A (HAV), Streptococcus pneumonia, meningococcal, and HPV.!’

3 ADJUVANT DEVELOPMENT

Since vaccines are often employed prophylactically in populations of very
young people, it is important that medical risks to the subject (ie, safety) and
other adverse effects (ie, tolerability) are addressed. Vaccine adjuvants designed
for therapeutic uses, such as in cancer, may have a different risk—benefit profile.
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Adjuvant development is based on enhancing and shaping vaccine-induced re-
sponses without compromising safety by selectively adding well-defined mol-
ecules, formulations or both.®!> They thus offer the potential to compensate
for a lack of innate immune stimulation, enhance the longevity of the antigen-
specific immune response and can improve protection in a pathogen-specific
manner.'® Addition of adjuvants to some vaccines may substantially reduce the
amount of antigen and/or number of immunizations required to achieve the de-
sired immune responses. '

Adjuvants are most often developed in conjunction with specific vaccine
candidates with a focus on optimizing the immune responses needed to pro-
tect against a specific infection. With the exception of Bacille Calmette Guerin
(BCG) for TB and the shingles vaccine, licensed vaccines primarily work by
eliciting protective antibody responses. Therefore adjuvant development has
largely focused on boosting the humoral immune system, which both alum
and emulsion adjuvants achieve while maintaining the favorable safety profile
needed for prophylactic administration. Alum and emulsion adjuvants chief-
ly augment humoral immunity by driving production of endogenous danger-
associated molecular pattern (DAMP) molecules which activate inflammasome
cascades to produce IL-1p."7

Next generation vaccines against challenging infections such as TB,
human immunodeficiency virus (HIV), and malaria will likely require induc-
tion of effective cellular immunity to augment the humoral immune response.
Development of adjuvants to boost cellular immunity including Th1 and CTL
immunity represents one of the greatest unmet needs in vaccine adjuvant de-
velopment. An emerging strategy to meet this need is to incorporate PAMPs
into vaccine adjuvants as there is a robust network of crosstalk between the
innate and adaptive immune system. A number of PAMPs have been tested
as vaccine candidates, with the TLR ligand class of molecules being the most
clinically advanced, including the TLR4 ligand MPL incorporated into several
vaccines. Signaling through TLR can result in two signaling cascades: the first
is dependent on the molecule MyD88 (for myeloid differentiation Factor 88)
downstream of TLR1, TLR2, TLR4, TLRS, TLR6, TLR7, TLRS, and TLRY;
the second is dependent on TRIF (TIR-domain-containing adaptor-inducing
interferon-b) and is associated with TLR3 and TLR4.>"?! The recognition of
PAMPs by TLRs can result in the expression of costimulatory molecules such
as CD40, CD80, and CD86 as well as the expression of proinflammatory cy-
tokines (IL-1, IL-6, IL-8, IL-12, TNF-o,, COX-2, and typel interferons) that
collectively shape the development of an adaptive immune response by both B
and T lymphocytes.”> As shown by the development of AS04, PAMPs includ-
ing TLR4 agonists can also boost the efficacy of the humoral immune response
over first generation adjuvants including alum and o/w emulsions. This may be
due to greater induction of cellular immunity, in particular T follicular helper
cells, which shape the humoral immune response.
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4 MECHANISMS OF ACTION

Alum was originally thought to boost the immune response by slowing the re-
lease of the antigen from the immunization site thus prolonging antigen pre-
sentation (depot effect). However this hypothesis has recently been disproven,
at least in animal models, as excision of the immunization site within hours of
injection did not impair the adaptive immune response. Rather alum’s adju-
vant activity depends on the production of IL-13 downstream of the release of
DAMPs such as uric acid and host DNA which are released by damaged cells
and recognized by specific receptors.”? ¢

MEF59 consists of an oil (squalene)-in-water nanoemulsion composed of
<250 nm droplet; it is licensed Europe in influenza vaccines.”” MF59 formu-
lation has also been tested with herpes simplex virus (HSV), HBV, and HIV
vaccine candidates. Overall, MF59 has an excellent safety profile, and with
several antigens significant increase in antibody titers with reportedly more
balanced Th1/Th2 responses than those obtained with alum. MF59 causes a
local increase in extracellular ATP in the muscle which leads to recruitment
of monocytes, macrophages, and granulocytes and production of cytokine and
chemokine which shape the adaptive immune response.”® Injection of apyrase
to hydrolyze the ATP reduces the T cell and antibody responses to MF59 adju-
vanted vaccination.”’

5 FORMULATION

Vaccine formulation is a critical component of development. Vaccine antigens
and adjuvants can be made more effective by employing appropriate particulate
delivery systems to increase cell uptake and provide sustained release of antigen
and the active pharmaceutical ingredients (Fig. 4.1). Particulate formulations such
as liposomes, aluminum gels, and micellar suspensions are more amenable to up-
take by APCs, which specialize in the phagocytosis of invading particulate patho-
gens. The most high profile example of the importance of adjuvant formulation
comes from the early development of the malaria vaccine RTS,S. Using a human

Micellar suspensions Liposomes Emulsions Alum adsorbed
Scale Bar = 50 nm

FIGURE 4.1 Adjuvant formulations. Green indicates polar phospholipids, red indicates TLR4
agonists such as MPL or GLA, yellow indicates an oily core.
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challenge model of malaria infection it was shown that unformulated MPL did not
improve the efficacy of RTS,S, whereas formulating MPL in an o/w emulsion or
liposome dramatically increased the protective efficacy of the vaccine.*

Aqueous/Micellar Formulations: Amphiphilic molecules such as some
TLR4 ligands self-assemble into aggregates upon exposure to aqueous medium.
High energy input with sonication or microfluidization in the presence of small
amounts of surfactant enables particle size reduction until a nanosuspension is
achieved. Such “aqueous formulations,” in some cases, have shown equivalent
immunogenic activity compared to more complex formulations, such as those
described later. A minimum of excipients and a simple manufacturing proce-
dure involved in the production of micellar formulations indicate good product
potential. In other cases, adjuvants (eg, CpG ODN) are water-soluble so the
simplest formulation is a buffered solution. Aqueous formulations are excellent
candidates for multiple routes of administration including indtradermal.

Alum-adsorbed Formulations: In this formulation, agonists are adsorbed
onto aluminum oxyhydroxide (alum) particles. Some TLR agonists (MPL or
CpG ODN) strongly adsorb to alum. The alum particles consist of nanometer
crystals that assemble into aggregates of several micrometers and provide a sta-
ble particulate formulation for the sustained release of adjuvant. Given that the
FDA recently approved GSK’s cervical cancer vaccine Cervarix® containing a
MPL-alum adjuvant formulation these formulations have a proven commercial
track record.’’*> Alum-based formulations are designed for intramuscular or
subcutaneous administration.

Emulsions: o/w emulsions consist of metabolizable oils emulsified with
biocompatible surfactants in an aqueous bulk phase. Emulsion droplets are
~100 nm in diameter and are stable for years. MF59 and other emulsions have
been shown to effectively and safely induce immune responses to influenza
antigens, including enabling dose sparing.**~*> Emulsion formulations are gen-
erally administered intramuscularly or subcutaneously.

Liposomes: Liposomes consist of vesicles formed by the assembly of phospho-
lipid bilayers. These vesicles can be made at ~100 nm diameters and have good
stability. Liposomes are versatile and biocompatible vehicles for adjuvant for-
mulation. Amphiphilic molecules can be localized within the lipid bilayer, while
more hydrophilic agonists such as TLR7/8 or TLR9 agonists can be encapsulated
in the aqueous interior of the liposomes, electrostatically associated to the lipo-
some surface, or solubilized in the aqueous bulk phase.**~*® Liposomes may be ad-
ministered intranasally, orally, intradermally, intramuscularly, or subcutaneously.

6 ADJUVANTS FOR UNMET NEEDS; HIV AND TUBERCULOSIS
VACCINES

The only licensed vaccine against TB, BCG, is effective in limiting the severity
of childhood TB, but does not prevent infection or cases of adult pulmonary
TB. Therefore there is an urgent need to develop new vaccines to augment or



Vaccine Adjuvants Chapter | 4 73

replace BCG. The need for new TB vaccines, along with vaccines for malaria
has largely driven the development of new adjuvants to boost cellular immu-
nity against infectious diseases. For TB the dominant concept is to drive Thl
CD4+ T-cell responses, the response most associated with protection against
TB, to prevent the transition from latency to disease (or to prevent primary dis-
ease progression). Such a response is characterized by the production of cyto-
kines such as gamma interferon (IFN-y), which is responsible for macrophage
activation; tumor necrosis factor (TNF), which is important for granuloma de-
velopment and maintenance; and interleukin 2 (IL-2), which is responsible for
the clonal expansion of T lymphocytes and is thus involved in maintaining
the memory immune response.’~*! There are several TB vaccine candidates
in clinical studies that include recombinant proteins and a number of different
adjuvants.*>* These include ASO1 and AS02, MPL formulated in liposomes
or an o/w emulsion developed by GSK; GLA-SE, a synthetic TLR4 agonist
in an o/w emulsion developed by the Infectious Disease Research Institute;
CAFOl1, consisting of trehalose dibehenate (a ligand for the C-type lectin re-
ceptor Mincle) formulated in liposomes and developed by Statens Serum In-
stitut; and IC31, a cationic peptide and TLRY agonist oligodeoxynucleotide. In
each of these adjuvants both the immunostimulatory PRR agonist and formu-
lation have been extensively studied and optimized to drive Thl responses to
specific vaccine antigens.

Surprisingly the field of adjuvant development for HIV has lagged behind
those of TB and malaria, with most candidate vaccines being either unadjuvant-
ed or adjuvanted with alum or o/w emulsions. For HIV vaccine development,
it is becoming increasingly apparent that antibody durability is an important
consideration, and, as with influenza vaccines, breadth of antibody responses
covering more than one serotype of virus is important also. The development of
broadly neutralizing antibodies against HIV often requires extremely long CDR
regions, requiring extensive germinal center interactions between HIV-specific
B and T cells. Thus adjuvants that promote cellular immunity, especially
T follicular helper cells needed to sustain germinal centers, may be critical to
the development of an effective HIV vaccine.

Adjuvants are increasingly reaching advanced development and licensing
stages, providing new tools to fill previously unmet clinical needs. In addition
to regulating the breadth of protective immunity adjuvants can significantly
improve vaccine manufacturing capacity by increasing vaccine dose- and
dosage-sparing. This may be particularly important for vaccines for diseases
for which the economic rationale for vaccine development is weak (eg, dis-
eases primarily affecting developing, rather than developed, nations) or in the
case of pandemics such as newly emerging influenza strains such as H5 or
H7 avian influenza. As these new adjuvants are developed they will need to
demonstrate the ability to fill a clear unmet need and provide superior benefit
over an unadjuvanted vaccine or existing adjuvants which have a long track
record of safety in humans. Despite these regulatory hurdles the development
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of new classes of vaccine adjuvants and new insights into the mechanisms of
adjuvants, both new and old, in the last 10 years signal the start of a new age
of vaccine adjuvant development.
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The vast majority of the more than 1 billion doses of vaccines manufactured
worldwide each year are given to perfectly healthy people.'™ It is this fact that
drives the requirements for vaccines to be among the most rigorously designed,
monitored, and compliant products manufactured today.’

This chapter provides a high-level overview of typical manufacturing pro-
cesses for major vaccine types, outlines important considerations in the devel-
opment and maintenance of vaccine manufacturing processes, highlights some
key challenges faced by manufacturers of vaccine products, and outlines some
of the dilemmas faced by the vaccine manufacturer.
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1 MANUFACTURING BASICS

The dictionary definition of a vaccine is “a biological preparation that provides
active acquired immunity to a particular disease. A vaccine typically contains
an agent that resembles a disease-causing microorganism and is often made
from weakened or killed forms of the microbe, its toxins or one of its sur-
face proteins. The agent stimulates the body’s immune system to recognize the
agent as a threat, destroy it, and keep a record of it, so that the immune system
can more easily recognize and destroy any of these microorganisms that it
later encounters.” The manufacturing basics for vaccines are the steps neces-
sary to make the agent noted in a manner that is safe, effective, and consistent
over the life cycle of a vaccine. Those steps for a number of vaccine types are
described in this section. The descriptions do not represent any specific brand
of vaccine as each manufacturer must define and validate its methods to obtain
license approval and to produce and release batches of product (see Regula-
tory Considerations). These approaches vary between companies, and hence,
generic descriptions are provided to solely provide a general understanding of
the production systems.

1.1 Bacterial Antigen Vaccines

The production of a traditional bacterial antigen vaccine provides a good foun-
dation for understanding other vaccine types. For example, the production of
tetanus toxoid vaccine starts with growth of the organism Clostridium tetani.
A specific culture of the organism is obtained, expanded, and frozen to create a
master seed for all future production. This master seed is typically further ex-
panded to make working seeds, which are then used to start individual batches
of product for release for use. The frozen working seeds are recovered on solid
agar, then liquid culture allowing several days to a week between transfers for
the bacteria to adapt to media and grow. The temperature and culture conditions
are closely controlled; the transfers are executed in controlled environments to
prevent culture contamination from the production environment. Ultimately, the
culture has sufficient viable cell density to inoculate the production bioreactor.
After the organism expands in the bioreactor, the culture is harvested and cells
are removed via centrifugation and/or filtration, allowing the secreted toxin to
be recovered. The toxin is treated with a chemical agent such as formaldehyde,
which causes the toxin molecules to cross-link eliminating the toxicity, but
retaining the protein structure needed to elicit a protective immune response.
The resulting molecule is called a toxoid. The toxoid is purified by a variety of
methods which may include precipitation (addition of a salt to cause the toxoid
or impurities to selectively precipitate and to be removed from the solution),
ultrafiltration (separation of the toxoid from impurities based on size differ-
ences), and/or chromatography (separation of toxoid from impurities based on
differences of charge and/or size). The toxoid is tested for purity, lack of toxic-
ity, and potency prior to formulation into the final vaccine. Tetanus toxoid may
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be mixed with an adjuvant to increase the immune response. Traditionally, teta-
nus toxoid is adjuvated with aluminum salts (aluminum hydroxide, aluminum
phosphate, etc.). It can be administered as a monovalent vaccine or mixed with
diphtheria and/or pertussis toxoids, as well as other antigens, in a combination
vaccine. The tetanus toxoid is generally stable in this form without the addi-
tional of stabilizers or special processing (lyophilization), and hence represents
a fairly simple, but not trivial, manufacturing process example. Diphtheria and
pertussis toxoid vaccines are made in a similar fashion.

There are a number of bacterial-based antigen vaccines which follow simi-
lar production approaches but do not require the “toxoiding.” In some cases
the antigen of interest is secreted as in the aforementioned tetanus example, in
other cases, the antigen needs to be extracted from the cell paste following the
bioreactor harvest (polysaccharide-based vaccine processes for Haemophilus
influenzae type B; meningitis types A, C, W135, and Y; and pneumococcal vac-
cines, recover the polysaccharide from the cell wall). In some cases the purified
product is not stable and needs to be lyophilized. Lyophilization, also known as
freeze-drying, is a process that allows the removal of water at low temperatures
to maintain potency during the manufacturing process and providing greater
stability of the final drug product during storage and distribution to the end user.
Table 5.1 shows examples of a variety of vaccines, the cultivation and purifica-
tion approaches, and the stabilization requirements.

1.2 Live Virus Vaccine

Perhaps the most effective means of developing a robust and protective re-
sponse, often with a low vaccine dose, is through the use of a live virus vaccine
(LVV). The viruses used in production are altered from wild-type viruses to
weaken, or “attenuate” them such that a robust protective response is obtained
without severe disease. In some cases the virus may not replicate in the human
host (cowpox used to protect from smallpox) or be altered genetically such
that it does not replicate. Similarly, the live virus may be innocuous but used
as a viral vector vaccine to deliver other antigens (an approach being tested for
Ebola vaccine).

The production of viral vaccines adds a complexity to the bacterial antigen
production processes in that viruses need a living organism to amplify and so
in order to make virus, you must first expand a cell culture system for the viral
expansion. Many traditional viral vaccines are grown in fertile chicken