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Preface

Within the wider context of immunovaccinology and vaccine discovery, this book
will address and explore a range of new strategies and technologies, both
informatics-based and experimental, which support and complement both tradi-
tional and emerging approaches to vaccine design and discovery. This book looks
in turn at reverse vaccinology and the identification of putative candidate antigens,
at the discovery of a wide range of different types of adjuvants, and finally at the
development of sophisticated new delivery mechanisms, such as liposomes and
other applications of nanotechnology. The expectation of this book is very straight-
forward: to foster and foment interest in those areas of vaccinology, which have
thus far not received the level of interest that they perhaps deserve. We have tried to
balance the optimism of which we are all guilty with some rationality. Not all of the
approaches described will ultimately bear fruit, but each should nonetheless be
investigated with the same diligence.

When writing a book, it is usual to acknowledge the contributions made by a
whole tranche of people, and acknowledge this sooner rather than later.

First, we would like to thank all the authors for their contributions and for their
patience and forbearance. Without their help none of what follows would have been
possible.

We would also like to thank many colleagues for their help. Most notable are the
following: Prof Peter Beverley, Dr Persephone Borrow, Dr David Tough, Dr Elma
Tchillian, and Dr Jagadeesh Bayry.

Lastly, we would like to extend our thanks to everyone at Springer for their
efforts in bringing this work to fruition.

Birmingham, UK Darren R. Flower
Yvonne Perrie
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Chapter 1

Immunomic Discovery of Adjuvants, Delivery
Systems, and Candidate Subunit Vaccines:

A Brief Introduction

Darren R. Flower and Yvonne Perrie

Abstract Mass vaccination, when coupled to profound improvements in general
sanitation, has given rise to the most remarkable transformation in public health in
human history. Yet the development of vaccines remains largely trapped in the past,
a hostage to the methodology of Pasteur. Infectious disease continues to threaten
humanity, with new and renascent diseases emerging continually. The last two
decades have seen a breath-taking revival in the commercial market for vaccines
and the simultaneous emergence of a whole tranche of new technologies that
promise to free vaccine development from the muddle of empirical thinking. In
this short introduction, we set the scene for this renaissance, and explore how the
combination of computational and experimental techniques promise so much for
the future development of vaccines and the science of vaccinology.

The following statement long ago became a truism: that the development of mass
vaccination coupled to profound improvements in general sanitation have engen-
dered the most startlingly and amazing transformation in public health. If we travel
backwards about hundred years, to the years directly preceding the First World
War, human mortality was caused, in the main, by influenza, pneumonia, diarrhoea,
and enteritis: totalling about 30 % of fatalities. At the same time, the great killers of
today, cancer and heart disease, brought about no more than 12 % of deaths.
Journey back another two hundred years—to the dying days of the seventeenth
century—and average life expectancy seldom exceeded four decades. The main
causes of death were again contagious disease: tuberculosis, smallpox, yellow
fever, malaria, and dysentery, affecting infants, children, and adults, all alike. In
the early years of the twenty-first century, things are radically different. Infectious
disease is responsible for less than 2 % of deaths in the developed world, while
chronic disease causes over 60 % of deaths.

D.R. Flower (<)
School of Life and Health Sciences, University of Aston, Aston Triangle, Birmingham, UK
e-mail: d.r.flower@aston.ac.uk
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2 D.R. Flower and Y. Perrie

Vaccination and sanitation are indisputably the most efficient, and thus cost-
effective, prophylactic treatments for infectious disease. Together they are the firm
bedrock upon which the modern world resides. The truth of this is often ignored by
those intoxicated by the many distractions of life in the early twenty-first century,
from burgeoning social media to the recondite discoveries of the Large Hadron
Collider. People say that the Internet or the iPad or even Facebook have
transformed the world. If there is any truth in such assertions, then such
transformations are at best shallow and superficial compared to the extraordinary
reworking of lives that has transpired over hundreds rather than tens of years. The
source of such change can be traced back, in part at least, to the discovery and
exploitation of vaccines, vaccination, and vaccinology.

For around the first 100 years of the vaccine story, the story was solely that of
smallpox. As recently as the late 1960s, some 10—12 million cases of smallpox were
recorded in 31 countries, with annual deaths of 2 million. Yet today smallpox has,
with the exception of a few well-guarded stockpiles, been completely eradicated:
there have been no new cases for 30 years. The story of smallpox is thus the high
point of the vaccination story; no other disease has been eradicated. Polio or
poliomyelitis is the next nearest to full eradication, having long been targeted by
a systematic, coordinated, worldwide eradication campaign. In 1991, one such
programme run by the Pan American Health Organization effected a partial eradi-
cation of polio in the western hemisphere. Subsequently, the Global Polio Eradica-
tion Program has radically reduced polio throughout the rest of the world, so that
today we can count cases worldwide in the tens or hundreds instead of the
hundreds-of-thousands or millions.

Yet, vaccine-preventable disease still kills millions. Infectious and contagious
disease cause approximately 25 % of world mortality, particularly in children under
five. While in developed countries, mortality for diseases such as diphtheria, polio,
or measles is less than 0.1 %, in other parts of the world deaths from such infectious
diseases is significant. Pertussis, tetanus, influenza, Hib, hepatitis B are all respon-
sible for deaths that number in the hundreds-of-thousands. Perhaps the most
execrable situation is measles, which accounts for 70,000 (over 5) and 540,000
(under 5) deaths. However, the leading global causes of death worldwide remain
tuberculosis; diarrhoeal illnesses, especially rotaviruses; HIV/AIDS; and malaria.
In 2010, 8.8 million contracted TB and 1.4 million died. Disturbing though these
numbers may seem, they nonetheless represent a significant reversal of a once
ever-escalating trend. The number with latent TB peaked in 2005 at 9 million, while
deaths from TB reached their peak at 1.8 million in 2003.

However, these bald numbers are likely to be significant underestimates. Let us
also look at malaria. Murray et al. have recently provided evidence that deaths from
malaria over the thirty-year span to 2010 are much higher than previously believed
[1]. Their epidemiological figures show a peaked distribution over this period,
increasing from around a million in 1980, peaking at approximately 1,820,000 in
2004, and then reducing to about 1,240,000 in 2010, with the greatest number dying
in Africa. These figures are roughly twice the values published by the WHO. It
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seems unlikely that the WHO’s estimates for other major diseases are uniformly
more accurate.

Why are these numbers so high? A principal reason is that there are no effective
vaccines for either malaria or HIV, two of the WHO’s big three diseases; nor is
there expectation that such vaccines will appear in the near future, irrespective of
the optimism of those working in the area. And as for tuberculosis—which is
carried by around 2 billion people worldwide—the only licensed vaccine has
limited efficacy. Many viral infections remain recalcitrant threats of the first
order. About 350 million people are infected with hepatitis B, 170 million by
hepatitis C, and 40 million by human immunodeficiency virus type 1 (HIV-1).
This dire situation is further compounded by the threat from the 35 new or
previously unknown infectious diseases identified in the past 30 years: HIV, West
Nile fever, Ebola, dengue fever, SARS, and the potentially pandemic HSN1 influ-
enza. Every year, between 5 and 15 % of the global population becomes infected
with a new influenza strain, causing upwards of half-a-million deaths. It is widely
thought that there will be a continual emergence of new infectious diseases during
the present century: emerging zoonotic infections and antibiotic-resistant bacteria
prominent amongst them.

In the face of declining birth rates, coupled to decades of ever-enhancing
nutrition, advances in treatment regimens and medicines are leading the population
of most developed and developing countries figuratively to age: that is for larger
and larger proportions of the population to live to maturity and beyond. Growth in
life expectancy is matched by growth in the diseases of old age. These include
neurodegenerative diseases, principally Parkinson’s or Alzheimer’s disease; car-
diovascular diseases; and stroke. Disease has altered significantly in the preceding
century. It will continue to alter during the century to come. Some alterations we
can predict; others will escape the forecaster’s eye. Disease, particularly infectious
disease, has been beaten, or, at least, severely restrained. Many factors have
conspired to effect this—improved water quality, better precautionary hygiene,
improved nutrition, decreased overcrowding—as well as many interventionary
measures, principally antibiotic therapy and vaccines.

Hitherto, vaccines have been an uncompromising success, yet, as we see, SO
much more needs to be done if the full potential of vaccines is to be achieved.
Although the licensing and use of vaccines varies between countries, 25-30 com-
monly licensed vaccines target a range of viral or bacterial infectious diseases, with
approximately 14 paediatric diseases targeted during the first few years of life.
Other than paediatric vaccination, most vaccines are used by travellers to tropical or
subtropical regions; a significant minority fight infection in the developing world.

Vaccination also works to greatly reduce the morbidity of disease, often imbuing
lifetime protection; this is particularly important for benign yet economically
important infections, such as the so-called common cold. Diverse sporadic or
epidemic infections of the human respiratory track—as caused by an excess of
200 distinct viruses, such as RSV or, more properly, respiratory syncytial virus,
coronaviruses, influenza A and B, rthinoviruses, parainfluenza virus, and cytomega-
lovirus—remain a principal cause of hospitalisation and community morbidity with
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an estimated 60 % of GP referrals associated with such infections, and cause the
loss of enormous numbers of working days in developed countries.

Given the recalcitrance, and the immense investment in treatment and prophy-
laxis, it may be that many of the diseases alluded to above will never be eradicated,
as smallpox was, and that vaccines alone will not be enough. We may instead need a
complex network of prophylactic and therapeutic measures at least as complex as
the diseases themselves in order to effectively reduce the prevalence of the disease
and to treat those who become infected. Whatever other countermeasures we may
have recourse to—artemisinin-based drugs, genetically manipulated vectors, or
insecticide-treated bednets—the clinical and cost effectiveness of vaccines means
they remain the must-have component in the ongoing search for better means of
combating endemic infectious disease.

Beyond infectious disease lies what is possibly the most underexplored area
within the ever burgeoning field of vaccinology and vaccination: vaccines against
allergy and allergic disease; vaccines that target so-called lifestyle diseases, such as
those deriving from addiction; and vaccines that target chronic diseases, the most
important of which is cancer. Therapeutic vaccines against cancer are probably the
best studied amongst the more novel, innovative, and underexplored areas at the
forefront of vaccine discovery. The present overall whole-life risk from cancer, at
least in developed countries, runs at or about 40 %. The figure is currently rising.
There are approximately 3-2 million new cancer cases in Europe each year,
resulting in around 1-7 million deaths. In the USA, over one and half million new
cases are reported annually. Clearly, this is an important disease burden, and thus a
key target for the pharmaceutical and biotechnology industries.

Lifestyle vaccines are another innovation, of which much is expected in certain
quarters. They target all kinds of medical problems, ranging from drug addiction
through dental caries, all the way to major genetic and multifactorial diseases,
including obesity. Versatility and flexibility are major hallmarks of the vaccination
concept. Vaccines take many forms and work in many ways. This facet has been
exploited in the development of life-style vaccines. Let us look at serious addiction.
During 2009, the United Nations Office on Drugs and Crime estimated 3.3-6.1 % of
the global population abused so-called illicit substances—a serious problem indeed
with an enormous implicit health, economic, and behavioural burden, with the
worst excesses coming from cannabis abuse and the abuse of amphetamine,
cocaine, and opiates. Anti-drug vaccines generate antibodies able to bind particular
drugs; the drug—antibody complexes thus generated should have too high a molec-
ular weight to penetrate the blood—brain barrier effectively, thus reducing the
amount and rate of drug egress into the brain and so inhibiting psychoactive effects
at the system level. Anti-addiction vaccines have been with us for some time,
beginning over 40 years ago, when two proof-of-principle studies [2, 3]
demonstrated in rats and in rhesus monkeys that morphine could be used as a
hapten in order to create an antibody against morphine addiction. Today, addiction
vaccines are being developed to target a range of major abused drugs, such as
nicotine, cocaine, various amphetamines, and heroin.
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Anti-allergy vaccination also offers great potential for successful commercial
exploitation. The prophylaxis and treatment of allergy can now be addressed in
many ways, including, notably, recombinant proteins and DNA vaccines. Vaccines
against the common cold or anti-allergy vaccines are similar in mechanism to many
lifestyle vaccines. These do not save lives directly but do help to greatly reduce the
vast economic burden of disease morbidity.

An array of interconnecting factors that have made the pharmaceutical and
biotechnology industries re-evaluate the potential of vaccines as a commercially
viable product. Prior to 1980, there were relatively few vaccines, most targeting
major pandemic diseases of the developed or developing worlds. Subsequently,
partly as a result of enhanced technology as discussed at length in the current book,
many vaccines have become available, most recently the cervical papillomavirus
vaccine. Likewise, there are hundreds upon hundreds of vaccines in trials. The
growth rate in the sales of vaccines reflects this feverish and febrile activity: $5
billion in 2000, $6 billion in 2003, $11 billion in 2006, rising to $19 billion in 2009
and $22 billion in 2010; projected sales for 2015 are about $35 billion. The rate of
sales growth for vaccines is something like 16 %, compared to the sluggish drugs
market, meandering its desultory way at 4 % per annum. There is profit in vaccines,
clearly; what remains problematic for the profit-driven decision-making processes
of big pharma is the haphazard and probabilistic nature of vaccine discovery. What
the pharmaceutical industry needs is the capacity to apply the same systematic,
automated, high-technology approaches used to identify new small-molecule drugs
to the discovery and development of vaccines.

No right-minded scientist, looking back across the last 200 years, would wish to
argue seriously with the contention that the design and development of vaccines is
an innately labour-intensive process. The processes deployed to meet the objective
of creating new and better vaccines are in desperate need of change. This change
must be radical if we hope to simplify such processes. Simple processes are
hopefully also fast and efficient processes. In the search for subunit vaccine
antigens, one technical development—reverse vaccinology—has proved the most
profound and hopeful.

Just over a decade ago, Rino Rappuoli used the expression “reverse
vaccinology” to describe development of vaccines using a genomic-based
approach, rather than the ponderous empirical methods favoured then, and still in
use today. Reverse vaccinology seems about to deliver on its early potential: the
European Medicines Agency is in the process of evaluating Novartis’s Bexsero,
the first commercial vaccine developed using the reverse vaccinology approach.
The vaccine may become the first vaccine effectively to combat meningococcus B,
a disease causing over 50 % of global meningococcal meningitis. A decision on
Bexsero is expected shortly.

During the development of Bexsero, new protective protein antigens were
identified using genomics: initially over 600 surface-exposed proteins were
predicted from the N. meningitidis proteome as molecules liable to host immune
surveillance, of which about 350 were then expressed in E. coli. This number was
reduced by using these proteins to immunize 350 sets of mice, identifying 91 that
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could induce antibodies in vivo, 29 of which killed N. meningitidis in vitro. By
comparing the genomes of 31 clinical strains, a further subset of proteins offering
broad protection could be identified.

Reverse vaccinology has become perhaps the most famous well-developed
approach amongst many advanced approaches now available within the discipline
of vaccinology. Indeed, a whole range of other, high-technology methods and
techniques have been and are being developed to complement and optimise reverse
vaccinology. Capitalising on its success, these offer new hope in our constant
struggle with infection; all we need is for this technology to be fostered, developed,
and utilised.

This book is intended to fill a gap, if not a void, in current thinking within
vaccine design and development by attempting to draw together several disparate
strands; and, by doing so, also identify and illuminate some important areas replete
with potential. Science, in much the same way that all human activities, from the
most profound to the most trivial, follows fashion and progresses by tracking
trends. Whether we think of publically funded science or the pharmaceutical
industry, similar phenomena are observed. Science follows the money, and
money follows consensus. The decision-making process underpinning the strategic
direction that policy in both publically funded science and the pharmaceutical
industry takes is only in part influenced by science. It is also regrettably in thrall
to many, sometimes contradictory, voices: the fickleness of public opinion, vested
interests of many hues and flavours, and the myopia of the profit margin, amongst
many others. This is because the decision-makers in such organisations are seldom
if ever scientists engaged in doing science directly; management and policy, at both
the strategic and tactical levels, are often swayed by the prevalence of opinion.

In the pharmaceutical industry, for instance, this is manifest as the next big
thing: combinatorial libraries, genomics, high-throughput screening, antisense,
even molecular modelling; all were hailed as transformative saviours that would
remove happenstance and unpredictability from drug discovery—yet as the current
parlous state of the pharmaceutical industry readily attests, while all promised
much, none really delivered. No single technique can achieve everything, which
is why we should always develop a large range of alternatives, both informatics-
based and experimental, all running in parallel.

Central to computational immunology is the capacity to make accurate
predictions. Yet, obtaining routes to prediction that are accurate, robust, and
dependable continually eludes us. Immunoinformatics deals with empirical, data-
dependent methods. The success and utility of such methods depends very much on
the data used to propagate and parameterise them; they cannot escape the severe
limitations imposed by the data used to create them. The data from which we build
models forms a complex phase space of structural and property variation, which can
be extremely multidimensional, with a high degree of interdimensional correlation.
When the data we work with is reliable and our knowledge of it is complete, then
we can create useful models by applying standard methods from computer science
to build accurate and predictive models relating observed biological activity to
underlying measurable or predictable properties. Usually, such approaches are also
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much superior when used to interpolate than they are when used to extrapolate. We
need complete and thorough data sets effectively and efficiently able to explore the
complex relationships between structure and function, necessitating continuous
improvement in all aspects of data quality.

Within the wider context of vaccine design and discovery, we shall in this book
describe and explore a range of key alternative strategies and technologies, both
informatics-based and experimental, which are, by degrees, both supportive and
complementary to reverse vaccinology and more traditional approaches to vaccine
discovery. This book looks in turn at reverse vaccinology and the identification of
putative candidate antigens, at the discovery of a wide range of different types of
adjuvants, and finally at the development of sophisticated new delivery
mechanisms, such as liposomes and other applications of nanotechnology.

In Chap. 2, Cafardi et al. review the present state of play with respect to reverse
vaccinology, with particular emphasis on how completion of bacterial genomes
impinges upon the vaccine discovery. They show how this approach allows the
development vaccines that are difficult or near impossible to address with conven-
tional approaches. They also highlight how advances in genome-based techniques
and in so-called next-generation sequencing approaches and technologies will help
to enhance reverse vaccinology, enabling timely identification of novel candidate
antigens for new, emerging, or recrudescent infectious diseases.

In Chap. 3, Flower et al. review the discovery of candidate vaccine antigens in
more detail. Placing their analysis in the context of emerging ideas about the
possible nature of immunogenicity and how it may be propagated by elements of
the immune response at the system level, the authors discuss the three main
approaches to the identification of novel immunogenic antigens: sequence
similarity-based approaches, whereby the antigen nature of a protein is inherited
from similar sequences; methods based on identifying the subcellular location of
microbial proteins, on the basis that proteins with only certain locations would be
accessible to immune surveillance; and the use of empirical alignment-independent
approaches to the prediction of antigens. Usefully, the chapter also includes discus-
sion of expert systems for antigen discovery.

In Chap. 4, Vordermeier et al. review how genomics and the development of
bioinformatics have radically transformed the cattle vaccinology of bovine tuber-
culosis. Within the context of a generalised infrastructure of bioinformatic analyti-
cal techniques, the authors describe in detail how the application of comparative
in silico transcriptome and genome analysis is able to undertake prospective
prioritisation of immunogenic antigens for experimental testing, leading to the
identification of candidate subunit vaccines.

In Chap. 5, He explores the use of epitope-focused immunoinformatic analysis
in the prediction of optimal vaccine candidates when undertaking a genome-wide
reverse vaccinology exercise. Specifically, He describes the web-server Vaxign,
concentrating on a case study: vaccine design against the virulent bacterium
Francisella tularensis, where 12 candidates were chosen using a combination of
pertinent selection criteria.


http://dx.doi.org/10.1007/978-1-4614-5070-2_2
http://dx.doi.org/10.1007/978-1-4614-5070-2_3
http://dx.doi.org/10.1007/978-1-4614-5070-2_4
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In Chap. 6, Dhillon et al. offer us a wide-ranging review of methods and
strategies for two important areas of immunoinformatic analysis within the domain
of vaccine discovery: predicting the immunogenic subcellular location of microbial
proteins and identifying proteins encoded by so-called genomic islands. While in
Chap. 7, Ansari et al. describe a variety of database systems that facilitate
immunoinformatics and antigen selection.

Chapters 8 and 9 look at adjuvants and their discovery. In Chap. 8, Edwards
describes the basis of adjuvant action, and the role played by macromolecular
adjuvants. In Chap. 9, Flower explores and examines different varieties of molecu-
lar adjuvant and their discovery, concentrating on small molecule adjuvants, and
their systematic identification using virtual screening technology. This topic is put
into context by a thorough review of extant adjuvants, molecular mechanisms of
adjuvant action, as well as macromolecular adjuvants and how various adjuvants
engage pattern recognition receptors of the innate immune system.

In addition to the characteristics of the antigen and the adjuvant independently,
how the antigen and adjuvant are presented to the immune system has a major
impact on the biological output of the vaccine. Indeed, the co-delivery and
continued association of antigen and adjuvant may be a prerequisite in effective
immunisation. This is not a new idea; the ability of alum to promote an antigen
depot effect at the site of action has been ascribed as one of its main mechanisms of
action for several years. For example, since 1977 the WHO has recommended that
over 80 % of diphtheria toxoid needs to be adsorbed to alum for its effective use [4].
Whilst this does not ensure that the antigen remains adsorbed to alum after injection
and exposure to interstitial fluid, it is thought to at least initially promote co-
location of the antigen with the alum adjuvant. However, alum is not the only
adjuvant able to promote the co-delivery of antigens and adjuvants in one system; a
range of particulate delivery systems can offer this. Examples of such delivery
systems include lipid-based systems (e.g., liposomes, niosomes, ISCOMs) and
microparticles. Each of these systems offer a suite of advantages and disadvantages
and when considering the choice of delivery system attributes including antigen-
loading capacity, antigen retention and protection both on storage and within the
biological milieu, and the ability to incorporate adjuvants within the delivery
system all require optimisation and this is without consideration of the ability of
the delivery system to act as an adjuvant in its own right. In this book we aim to
address these issues by considering several of the most commonly employed
particulate vaccine delivery systems.

Out of these particulate delivery systems liposomes are one of the most
established systems; liposomes were first reported as an effective immunological
adjuvant for diphtheria toxoids by Allison and Gregoriadis in 1974 [5]. Since then, a
large array of understanding on their design has been gathered and strong links
between their formulation and function identified. Of these parameters, the compo-
sition of the liposomes will play a pivotal role. For example, the surface charge of
liposomes used for vaccine delivery can influence the interactions between
liposomes and protein antigens, and affect how liposomes interact with cells. This
manipulation of surface charge can range from the inclusion of anionic lipids such
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as phosphatidylserine, which may facilitate the targeting of antigen presenting cells
through interaction with phosphatidylserine receptors. Alternatively, the use of
cationic lipids can improve the loading of anionic antigens to the liposomes and
upon injection promote a depot effect at the site of injection, promoting the co-
delivery of antigen and adjuvant to dendritic cells (e.g., [6, 7]). However, this depot
effect is more than electrostatically driven, with the choice of cationic lipids used in
the formulation having an impact as explored in Chap. 10.

In addition to liposomes, there are a range of alternative surfactant-based delivery
systems, such as niosomes. These are similar in many ways to liposomes; however,
non-ionic surfactants form the main component of their bilayers. The most common
composition of niosomes investigated for vaccine delivery is 1-monopalmitoyl
glycerol, cholesterol, and dicetyl phosphate. One might argue this is not a niosome
formulation due to the inclusion of anionic dicetyl phosphate. However, the addition
of charged surfactants has proven to enhance the stability of these vesicles and their
inclusion in these vesicles is common practice. Generally, niosomes exhibit many
similarities to liposomes; however, potential advantages cited include their lack of
predisposition to oxidative degradation, as well potential lower cost of components
and reduced variability compared to natural phospholipids. Whilst with current
manufacturing methods, the cost and reproducibility of phospholipids is less of an
issue, niosomes still offer a useful alternative to liposome formulations. In particular,
niosomes appear an attractive option for oral delivery of vaccines due to their ability
to withstand the harsh gastrointestinal environment as outlined in Chap. 11.

With both liposomes and niosomes, immunostimulatory agents can be easily
incorporated within the system and in some cases this can result in restructuring of
the particulate delivery system as is the case with ISCOMs (Chap. 12). ISCOMs are
prepared from a mixture of phospholipid, cholesterol, and a saponin (often Quil A).
Whilst a phospholipid/cholesterol mixture would normally form liposomes, the
addition of appropriate concentrations of saponin to the mixture can result in
restructuring of the system to form spherical, open, cage-like structures around
40 nm in size, as nicely shown in Chap. 12. Given that their structures are open,
ISCOMs cannot incorporate hydrophilic antigens, and antigens need to display a
degree of lipophilicity for inclusion into ISCOMs. If required, antigens can be
modified through a range of methods to incorporate lipophilic regions within their
structure, thereby promoting their incorporation into the structure. Alternatively,
similar to cationic liposomes, cationic ISCOMs (where cationic components are
used to build their structure) can electrostatically bind a range of anionic antigens
and enhance their delivery. In Chap. 12 the formulation, preparation, and applica-
tion of ISCOMs as vaccine adjuvants is considered.

However, lipid-based systems are only one group of particulate delivery
systems, and polymeric systems have also been extensively studied. In particular
the use of biodegradable polymers to formulate nano- and microparticulate delivery
systems for vaccines has been widely investigated. Much like the lipid-based
systems, there is a wide selection of options to consider in the formulation of
polymeric nanoparticles and microspheres for vaccine delivery, with polyester
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polymers offering advantages due to their clinical approved use in a range of
medical products. As with the other systems considered, immunostimulatory agents
can be incorporated within these polymer constructs and thus these systems can act
as delivery systems and adjuvants for antigens. Within Chap. 13, the design of
polymeric microspheres as vaccine adjuvants is considered from the choice of base
polymer, through to optimisation of process parameters, and finally to
considerations of their stability as a product.

Whilst much of current research into the development of vaccines has focused
on the design of vaccines for administration of a particulate suspension, dry powder
vaccines may hold considerable advantages. In Chap. 14, the authors consider the
design of dry powder vaccines. Such vaccines may offer low-cost, temperature-
stable products suitable for pulmonary delivery, with the added advantage that the
pulmonary route avoids the use of needles (and their associated risks). Furthermore,
it can allow for the effective delivery of antigens to target cells of the immune
system without the harsh conditions faced by orally delivered vaccines. The
development of spray-drying methods outlined in Chap. 14 supports the ability of
such powder vaccines to be delivered using conventional dry powder inhalers
already clinically licensed for pulmonary delivery.

Therefore, by considering these vaccine delivery platforms in conjunction with
the appropriate choices for antigen and adjuvant it is hoped that the threefold multi-
component nature of a vaccine can be considered more completely than before.
When viewed conceptually, vaccines comprise an important triad. The first part of
the vaccine, and in a sense the most important, is the biological component. This is
the whole protein, or whole organism, or epitope-based part which confers the
ability to be recognised by the immune system. It is this part which differentiates
one vaccine from another, an anti-flu vaccine from an anti-TB vaccine. The second
part of the vaccine is the adjuvant, which is one of many alternatives, that confers an
immunogenicity to many vaccines that they would otherwise not possess. It often
does this in a generic fashion, such as via agonising the innate immune system, so
that the same adjuvant is quite capable of functioning in many different vaccine
formulations. The final and third part of the vaccine is the delivery vehicle, as
opposed to the delivery mechanism, such as oral vaccines versus injectable. The
vehicle can be things as different as a viral vector or a liposome. An attenuated or
heat-treated whole-organism vaccine can be thought of as combining all three parts
of this triad in one supra-molecular moiety. Of course, this is a gross simplification,
and many other things go into deployable vaccine formulations, such as
preservatives, contaminants, and other chemical or biological components that so
exercise the anti-vaccine lobby. Hopefully, this book will encourage us to think of
vaccines in these terms, and provides the background necessary to engage with each
of the three components of the vaccine triad.

With this in mind, the anticipation inherent with this work is indeed simple and
straightforward: to foster and foment interest in those areas of vaccinology that this
far have not received the level of intense work that they richly deserve. To help
achieve this, we have sought to balance optimistic positivity and cold, hard
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rationality. Not all of the approaches described will ultimately bear fruit, but each
should, nonetheless, be examined with equal diligence, sedulousness, and assiduity.
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Chapter 2
Bacterial Genomes and Vaccine Design

Valeria Cafardi, John L. Telford, and Davide Serruto

Abstract Since its introduction, vaccinology has been very effective in controlling
and eliminating life-threatening infectious diseases. However, in several cases, the
conventional approach to identifying protective antigens, based on biochemical,
immunological, and microbiological methods, has failed to deliver successful
vaccine candidates against major human pathogens. The availability of complete
bacterial genome sequences has allowed scientists to change the paradigm and
approach vaccine development starting from genomic information, a process
named reverse vaccinology. This can be considered as one of the most powerful
examples of how genomic information can be used to develop vaccines that were
difficult or impossible to tackle with conventional approaches. The ever-growing
genomic data, the new genome-based approaches and high-throughput sequencing
technologies will help to complement reverse vaccinology to enable timely devel-
opment of new vaccine antigens against emerging infectious diseases.

2.1 Introduction

Vaccines are currently available for infectious diseases caused by various viruses
and bacteria and the prevention of disease and death by vaccination has profoundly
improved the public health of many populations globally. Louis Pasteur, who
developed the first vaccine against rabies, established in 1881 the basic paradigm
for vaccine development, which included the isolation, inactivation, and injection
of the causative microorganism. These basic principles have guided vaccine devel-
opment during the twentieth century. All existing vaccines are based on killed or
live-attenuated microorganisms or subunits purified from the microorganism such
as toxins detoxified by chemical treatment, purified antigens or polysaccharide
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conjugated to proteins. At the end of the twentieth century, most of the vaccines that
could be developed by these traditional technologies had been developed and they
allowed the control and, in some cases, the eradication of many important infec-
tious diseases [78]. Although very successful, in several instances these approaches
were not able to deliver vaccines against certain pathogens and on other occasions
the vaccines obtained with these classical approaches were no longer adequate due
to safety concerns and low efficacy. Killed and attenuated vaccines, based on the
whole organisms, may contain several factors that may have reactogenic activity
and may induce undesirable inflammatory response. The attenuated vaccines could
also revert to the virulent status and chemicals used for inactivating pathogens
could be present as traces in the final composition. In addition, classical biochemi-
cal and microbiological methods used to identify protective subunits were ham-
pered by the limited number of candidate antigens that could be identified as well as
the time required for their identification. Remarkable progresses were recently
made by the introduction of new technologies such as recombinant DNA and
chemical conjugation of proteins to polysaccharides, as well as advances in the
identification of novel adjuvants.

The genome era, initiated with the completion of the first bacterial genome, that
of Haemophilus influenzae in 1995 [1], catalyzed a new revolution in vaccine
development. Advances in sequencing technology and bioinformatics have resulted
in an exponential growth of genome sequence information. The study of genomes
by both computational and experimental approaches has significantly advanced our
understanding of the physiology and pathogenicity of many microbes and has
provided insights into the mechanisms of genome evolution as well as microbial
population structures [2, 3].

Genomes and genome-based technologies have also the potential to help in the
development of therapeutics and vaccines. The availability of whole-genome
sequences has entirely changed the approach to vaccine development. The genome
represents a list of virtually all the protein antigens that the pathogen can express at
any time. It becomes possible to choose potentially surface-exposed proteins in a
reverse manner, starting from the genome rather than from the microorganism with
an approach called reverse vaccinology [4]. In this review we will describe how
genomic information has been successful in the identification of novel protein
antigens against various human pathogens. We will also focus on recent reports
that have contributed to the discovery of novel vaccine candidates providing the
proof of concept of genome-based approaches such as pan-genome investigation,
subtractive reverse vaccinology, and DNA microarray analysis. A future view of
how high-throughput sequencing methods might positively influence vaccine
design will also be discussed.
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2.2 Reverse Vaccinology: A Novel Genomic Approach
to Antigen Identification

The recent genome revolution has extended the confines in vaccine research.
Genome mining has revolutionized the approach to vaccine development and
provided a new innovation to antigen selection and design. The approach starting
from the genomic information leading to the identification of potential vaccine
candidates is termed reverse vaccinology [4]. The availability of complete bacterial
genome sequences offers a comprehensive catalogue of genes encoding all the
potential proteins of a pathogen, with the potential to rationally select vaccine
candidates rather than empirically test them one at a time. Furthermore, the
prediction of antigens is independent of the need to culture the pathogen in vitro.
On the basis of the concept that surface-exposed proteins are susceptible to anti-
body recognition and are therefore the most suitable vaccine antigens, a complete
genome sequence can be screened using bioinformatics algorithms to select open
reading frames (ORFs) encoding putative surface-exposed or secreted proteins.
Putative surface proteins can be readily identified based on the combination of
several features including the presence of signal peptide sequences, membrane
spanning regions, lipoprotein signature, and motifs such as sortase attachment
sites (LPTXG sites). Moreover, proteins with homology to known virulence factors
or protective antigens from other pathogens can be selected based on homology.
Several computational methods are available to search for surface-associated or
secreted proteins: PSORT is used for the prediction of protein sorting signals and
localization sites in amino acid sequences; SignalP predicts the presence and
location of signal peptide cleavage sites in amino acid sequences from different
organisms, Gram-positive and Gram-negative prokaryotes; TMpred program
makes a prediction of membrane spanning regions and their orientation. Although
much progress can be made in silico, the experimental approach is necessary to
establish unambiguously the localization of the protein in living bacteria. Further-
more, screening for sequence homologies to human proteins for their exclusion in
the selection process can help to avoid problems of autoimmunity.

After candidate surface antigens are identified in silico, they are produced as
recombinant proteins and their immunogenicity is assayed to measure their potential
as vaccine candidates. The feasibility of the reverse vaccinology approach relies on
the availability of a high-throughput system for protective immunity screening and
also on good correlate of protection. In the paragraphs below, we will describe how
genomic information has been successful in the identification of novel potential
vaccine candidates against various human pathogens, such as Neisseria meningitidis
serogroup B, Streptococcus agalactiae, and pathogenic Escherichia coli.
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2.2.1 The First Vaccine Obtained Through Reverse Vaccinology:
The Serogroup B Meningococcus Vaccine

The concept of reverse vaccinology was applied for the first time to serogroup B N.
meningitidis (MenB). N. meningitidis is the major cause of meningitis and sepsis,
two devastating diseases that can kill children and young adults within hours,
despite the availability of effective antibiotics. It is a Gram-negative bacterium
that colonizes asymptomatically the upper nasopharynx tract of about 5-15 % of the
human population. However, in a significant number of cases, the bacterium can
traverse the epithelium and reach the bloodstream causing septicemia. From the
blood meningococcus is able to cross the blood—brain barrier and infect the
meninges, causing meningitis [5, 6].

N. meningitidis can be classified in 13 serogroups on the basis of the chemical
composition of the capsule polysaccharide. However, more than 95 % of total cases
of invasive disease are caused by five major serogroups: A, B, C, Y, and W135.
Vaccines against serogroups A, C, Y, and W135 were developed in the 1960s by
using the purified capsular polysaccharide as antigen. Second-generation, conju-
gated vaccines have now been introduced. The chemical composition of the poly-
saccharide of serogroup B, which resembles a molecule present in human tissues,
makes a polysaccharide-based vaccine poorly immunogenic and a possible cause of
autoimmunity.

In the last 40 years a lot of efforts have been directed to the identification of
meningococcus B antigens as the basis of new vaccines. However, the high
variability of these proteins among the different MenB strains represents a serious
obstacle to the production of a globally effective anti-MenB vaccine [5]. As a
consequence there are no effective vaccines available for the prevention of MenB
disease, which is responsible for one third of meningococcal disease in the United
States, and up to 80 % of cases in Europe.

In 1998, the research team at Novartis Vaccines embarked on a large-scale
genome project. To develop a universal vaccine against serogroup B, the genome
of a MenB isolate (MC58 strain) has been sequenced and used to discover novel
antigens [7, 8].

The identification of new previously unidentified antigens was a process that
took the research team 18 months to achieve. The sequence of the virulent strain
was determined by the shotgun strategy and in order to identify novel vaccine
antigens a strategy has been aimed to select, among the more than 2,000 predicted
proteins, those that were predicted to be surface-exposed or secreted and their
potential to induce protection against disease was tested. N. meningitidis is essen-
tially an extracellular pathogen and the major protective response relies on
circulating antibodies: complement-mediated bactericidal activity is, in fact, the
accepted correlate for in vivo protection and as such is the surrogate endpoint in
clinical trials of potential meningococcal vaccines. On the basis of this evidence,
the group worked on the assumption that protective antigens are more likely to be
found among surface-exposed or secreted proteins. Hence the initial selection of
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candidates is based on computer predictions of secretion or surface location. Of the
2,158 predicted ORFs in the N. meningitidis genome, 570 were selected by these
criteria and could therefore represent new potential vaccine candidates. The
selected ORFs were amplified, cloned and analyzed for expression in a heterolo-
gous system as either C-terminal His-tag or N-terminal glutathione S-transferase
fusion proteins. These two expression systems were chosen to achieve the highest
level of expression and the easiest purification procedure by a single chromatogra-
phy step. Of the 570, 350 ORFs were successfully cloned in E. coli and purified in a
sufficient amount for mice immunizations. Most of the failures, both in cloning and
in expression, were related to proteins with more than one transmembrane spanning
region. This is likely to be due to toxicity for E. coli or to their intrinsic insolubility.

Each purified recombinant protein was used to immunize mice. Immune
response was analyzed by Western blot analysis on total cell extracts to verify
whether the protein was expressed and by enzyme-linked immunosorbent assay and
flow cytometry on whole cells to verify whether the antigen was surface-exposed in
meningococcus. Finally, the bactericidal assay was used to evaluate the
complement-mediated killing activity of the antibodies (serum bactericidal activ-
ity), since this property correlates with vaccine efficacy in humans [9, 10].

Of the 91 proteins found to be positive in at least one of these assays, 28 were
able to induce antibodies with bactericidal activity [8]. Several of the antigens
previously identified using conventional approaches showed strain variability or
were only expressed in some strains, and most of them are effective only against the
homologous strains. Therefore, the potential vaccine candidates identified were
evaluated for degree of sequence variability among multiple isolates and
serogroups of N. meningitidis. Many of the newly identified serogroup B antigens
included surface-exposed proteins or lipoproteins with a globular structure and
without membrane spanning domains and many of them are not abundant on the
bacterial surface. Reverse vaccinology has therefore proven to be a rapid and
reliable approach to identifying vaccine candidates. In the case of serogroup B,
these potential vaccine candidates, able to induce broad strain coverage, were
subjected to further evaluation and characterization. The candidates were gradually
funneled down, a process that took a further 24 months. Finally, the three most
immunogenic antigens on the basis of their ability to induce bactericidal activity or
in vivo passive protection were selected to be used in a multicomponent vaccine.
They were NHBA [11], fHbp [12, 13], and NadA [14, 15]. Other two antigens
(named GNA2091 and GNA1030) were also selected. To further enhance their
immunogenicity and facilitate large-scale manufacturing of the vaccine, four of the
selected antigens were combined into two fusion proteins so that the resulting
protein vaccine contained three recombinant proteins. The antigen NHBA was
fused to GNA1030 while GNA2091 was fused to fHbp. NadA was included as a
single antigen as it did not perform well when fused to a partner. It is thought that
this may be due to the fact that the protein may loose its native trimeric organiza-
tion. Results showed that the two fusion proteins formulated with aluminum
hydroxide induced immunes in both FACS and bactericidal assays. These
antibodies were more potent than those induced by the individual antigens. Twenty
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micrograms of each of the two fusion proteins and of the NadA antigen were
adsorbed to an adjuvant suitable for human use aluminum hydroxide to make the
vaccine formulation that was used in subsequent studies. The rationale behind
combining antigen was to increase the spectrum of vaccine coverage, minimizing
the possibility of bacterial evasion and development of selection mutants [16].

After successful preclinical studies, the MenB vaccine entered the long path of
vaccine development that included testing safety and immunogenicity in adult
volunteers [17], initial testing in infants [18, 19], and finally, a large-scale, phase
IIT clinical trial that is the basis for a European license application (Fig. 2.1).

2.2.2 From One to Multiple Genomes: Pan-Genome Reverse
Vaccinology

While the genome sequence of a single strain reveals many aspects of the biology of
a species, it fails to address how genetic variability drives pathogenesis within a
bacterial species and also limits genome-wide screens for vaccine candidates or for
antimicrobial targets to a single strain. The availability of genome sequences for
different isolates of a single species enables quantitative analyses of their genomic
diversity through comparative genomic analyses. The higher the number of isolates
and the broader the selection of strains, the better the estimate of whole species
heterogeneity.

The advantage of multiple genome analysis in vaccine design is highlighted by
the discovery of universal vaccine candidates against S. agalactiae, the group B
Streptococcus (GBS). GBS is the leading cause of illness and death among newborn
infants. Nine distinct capsular serotypes of GBS have been described; however, the
major disease-causing isolates in Europe and the United States belong to only five
serotypes: Ia, Ib, II, III, and V [20]. A comparative genomic hybridization analysis
revealed that there was significant variation in gene content among different clinical
isolates of GBS [21], supporting the idea that one genome sequence was not enough
to fully capture the diversity of the species and to enable the identification of
broadly protective vaccine candidates. For this reason, additional GBS strains
belonging to the five major serotypes were sequenced and compared allowing the
definition of the species pan-genome [22]. The pan-genome can be defined as the
global gene repertoire pertaining to a species. In general, it can be divided in three
parts: the core genome, which includes the set of genes invariably present and
conserved in all the isolates; the “dispensable genome,” comprising genes present
in some but not all the strains, and the strain-specific genes, which are present only
in one single isolate.

Maione et al. have applied the pan-genome concept to GBS vaccine discovery.
Bioinformatic algorithms were used to select from the pan-genome genes that
encode putative surface-associated and secreted proteins. After testing a consistent
number of selected proteins in a mouse model of infection, four antigens were
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identified that were capable of significantly increasing the survival rate among
challenged mice. Unexpectedly, only one of these antigens was part of the core
genome, the remaining three belonging to the dispensable genome. The final
vaccine formulation comprises a combination of the four antigens, which provide
overall almost universal strain coverage, with levels of protection similar to those
seen when using capsular carbohydrate-based vaccines [23]. This example
demonstrates the importance of having access to the genome sequence of multiple
strains and performing upfront genome comparisons.

Characterization of the newly identified vaccine antigens revealed that three of
them are able to form pilus-like structures extending from the bacterial surface [24].
Furthermore, three pilus islands have been discovered in GBS that encode structur-
ally distinct pilus types [25]. Because of the limited variability of GBS pili, it has
been suggested that a combination of three pilin subunits could lead to broad
protective immunity against GBS [26].

2.2.3 The Utility of Analyzing Genome Sequences of Commensal
Bacteria: The Subtractive Reverse Vaccinology Approach

While in the case of GBS, comparative genome analysis has been applied to
disease-causing isolates, an alternative approach is the comparison between patho-
genic and nonpathogenic strains of the same species. This kind of analysis can
provide the information necessary for the identification of antigens that really make
the difference in pathogenesis. An elegant example of comparative genome analy-
sis is that described for uropathogenic strains of E. coli, whereby a comparison of
UPEC genomes with other complete E. coli genome sequences was carried out to
help identifying sets of “UPEC-specific” and strain-specific proteins, respectively,
that may form the basis of their different individual phenotypes and uropathogenic
potential. Comparative genome analysis revealed that genome evolution in these
bacteria cannot be simply described by a “backbone and flexible gene pool” model,
but must also be described by repeated insertions and deletions occurring in certain
parts of the genome [27]. Similarly, whole-genome sequence analyses of Listeria
and Neisseria spp. revealed that an extensive genome reduction had occurred in the
nonpathogenic species with loss of genes, particularly those involved in virulence,
host interaction, and metabolic pathways [28-30].

From a vaccine point of view, genes encoding for antigens conserved both in
pathogenic and in nonpathogenic strains could be discarded during the selection,
reducing the number of candidates to express and test in the animal model and,
consequently, reducing the time for the delivery of a vaccine. This is mainly
because the selection of antigens that are selectively present only in pathogenic
strains might reduce the impact on the commensal flora, especially for
microorganisms that possess both phenotypes, such as E. coli. The first example
of a subtractive reverse vaccinology approach has been recently published.
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Gomes Moriel et al. performed a comparative genome analysis between pathogenic
extraintestinal E. coli (EXPEC) and commensal E. coli strains with the aim of
identifying genes specific for pathogenic strains and therefore an ideal target for a
vaccine that will not interfere with the natural commensal gut flora of the human
host. Authors have selected 230 antigens that have been tested for protection
in vivo. Nine antigens were protective in a mouse model of sepsis and the molecular
epidemiology analysis showed that these nine antigens are conserved among
several pathogenic E. coli strains suggesting that by combining some of these
antigens a broadly cross-protective vaccine may be developed [31]. A protective
antigen (named ECOK1_3385) was identified and active immunization with the
antigen or passive protection with sera raised against it provided nearly complete
protection from bacteremia and mortality. It is interesting to notice that this antigen
was expressed by nonpathogenic strains but not secreted due to the absence of a
type II secretion system involved in the surface localization of this antigen [31].

2.2.4 Reverse Vaccinology Explains Biology: Characterization
of the Vaccine Antigens Identified

In addition to the discovery of many previously unknown antigens, which have led
to successful vaccine development in several instances, reverse vaccinology has
made possible studies on antigen function, leading to an understanding of the
biology of the pathogen. The two most notable examples are the discovery of factor
H binding protein in meningococcus and the discovery of pili in Gram-positive
pathogens. In the case of meningococcus, following the publication of the protec-
tive antigen GNA 1870, two independent laboratories found that this antigen binds
the human complement regulator factor H (fH) [32, 33]. This discovery led to an
understanding that meningococcus can grow in human blood by downregulating the
alternative pathway of complement activation [13]. However, because the same
protein was unable to bind Factor H from animal species such as mice and rats [79],
the discovery also allowed the understanding of the species specificity of meningo-
coccus and that failure to develop an animal model for meningococcus was because
of the fact that the bacterium is unable to grow in the blood of mice and rats.
Transgenic animals expressing human factor H may likely be the solution for a
meningococcus animal model.

In the second case, while pili had been known for decades to be an essential
component for the pathogenesis of Gram-negative bacteria, they were not known to
be present in Gram-positive pathogens before the sequencing and analysis of the
genomes of Streptococcus pyogenes, S. agalactiae, and Streptococcus pneumoniae
[34]. Following screening for protective antigens by reverse vaccinology, it was
found that a protective antigen of GBS was a component of a high molecular weight
pilus [24]. This new line of research soon led to the identification of similar surface
protrusions in S. pyogenes and in S. pneumoniae [35, 36], revealing a unique
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mechanism of pathogenesis for these three important Gram-positive human
pathogens.

2.3 Lessons Learned While Exploiting Reverse Vaccinology
Approaches

The reverse vaccinology approach has been applied to other pathogenic bacteria
including Bacillus anthracis, Porphyromonas gingivalis, S. pneumoniae, Chla-
mydia pneumoniae, and Brucella melitensis [37]. All the results obtained so far
showed that genome mining allowed to increase the number of candidate vaccine
antigens by several orders of magnitude. However, during the development of new
vaccine antigens through reverse vaccinology, we understood that parallel genome-
based studies can be applied in order to better characterize the candidates and
understand their potentials.

In the development of a universal vaccine capable of inducing protection against
virtually all circulating strains, accurate characterization of the selected vaccine
candidates is highly recommended. The analysis of the sequence conservation of a
given antigen is a fundamental aspect in its evaluation as vaccine candidate.
Bacterial pathogens use a broad range of microevolutionary tools (like phase
variation and antigenic variability) to escape the human immune response.

The analysis should be performed on a strain collection representing globally
diverse geographic regions that take into account the target population of the
vaccine. In the era of genomics, the availability of multiple genome sequences
greatly facilitates the analysis of sequence conservation. However, the number of
genomes available is usually not sufficient to cover the diversity of a species or its
global geographic representation. Hence, large molecular epidemiology studies on
a restricted number of genes encoding the best vaccine antigens are necessary. For
example, in the case of MenB, a panel of strains was selected as representative of
the meningococcus diversity. In order to evaluate the sequence variability the genes
encoding vaccine antigens were sequenced and compared [38]. Performing these
studies we learnt that the discovery of previously unknown protein antigens has
generated new challenges because the presence and sequence variability of these
antigens are not completely aligned with classical typing systems used to charac-
terize the population structures of bacterial pathogens [38]. New antigens usually
segregate in the bacterial population in a manner that is independent of conven-
tional markers, such as those used to define serotypes, and genetic markers, such as
those used in MLST (multilocus sequence typing), and so we need to identify new
ways to type bacteria in order to evaluate the efficacy of new vaccines. In the case of
MenB a new typing system, named MATS (meningococcal antigen typing system),
has been developed as a basis for molecular epidemiology studies and evaluation of
vaccine coverage [39]. Another critical aspect that must be considered during the
development of a widely protective vaccine is the expression profile of the antigens
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identified. Bacteria have different and complex mechanisms to regulate gene
expression [40]. For vaccine discovery programs, it is of key importance to know
what genes are expressed during host infection and also to understand the mecha-
nism of regulation of the genes encoding the vaccine antigens. These notions will
help to understand (i) whether these genes are expressed during infection so gene
products can be the target of the antibodies generated by vaccination and (ii)
whether they are expressed in the laboratory conditions used to evaluate antigen
immunogenicity (e.g., serum bactericidal assay or opsonophagocitosis).

These lessons suggest that genome mining can be complemented by functional
genomics approaches in order to obtain a comprehensive characterization of the
antigens identified. For example an upfront comparison of whole-genome
sequences from strains representative of the genetic diversity of a bacterial species
can be a powerful tool for the selection of the most conserved antigens. Global
genome profiling of gene expression in different conditions resembling infection or
even better in infected hosts can be an approach to advance the study of genes
involved in the pathogenesis and select those expressed in vivo.

2.4 Applications of Functional Genomics and High-Throughput
Sequencing in Vaccine Design

Functional genomics methods, linking genotype to phenotype, empower the use of
highly parallel methodologies that allow investigators to study all the genes or all the
proteins of a pathogen in the context of a host or under various physiological states of
interest [3]. These approaches are complementary to in silico antigen identification.
These include the large-scale analysis of gene transcription by DNA microarray, the
identification of the whole set of proteins encoded by a microorganism by two-
dimensional gel electrophoresis and mass spectrometry, as well as the use of protein
chips to analyze immunological responses in human sera. All these approaches have
been widely applied to vaccine design, with the purpose of identifying sets of genes
expressed during infection and involved in pathogenesis (Table 2.1).

In the past few years, unprecedented efforts have been made to develop and
deploy new sequencing technologies [2, 41, 42]. The advent of new sequencing
technologies that can produce sequence data much more cheaply and speedily than
traditional methods has recently transformed the study of many fields of microbiol-
ogy, from epidemiology to functional genomics.

With respect to traditional sequencers, new sequencing platforms can perform
highly parallel sequencing of amplified DNA fragments without the need for
cloning, thus generating, in the form of short reads, an output having a much higher
order of magnitude. Three technologies have undergone a wide spread on the
market: Roche 454 (Roche) [43], Genome Analyzer (Solexa/Illumina) [44], and
SOLiDTM (Applied Biosystems) [45]. Their technical features are significantly
different and have been described in several recent reviews [46, 47].
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The high amount of information that can result from high-throughput sequencing
applications, thanks also to the development of computational tools able to manage
so much sequence data, is improving our understanding of the complexity of
bacterial genomes. One of the next challenges of vaccinology is to apply these
technologies to help and improve the identification and characterization of vaccine
antigens in the reverse vaccinology approach.

2.4.1 Studies on Antigen Variability and Population Structures

In the reverse vaccinology approaches conducted thus far, molecular epidemiology
studies on antigen presence and variability have been conducted on a small number
of antigens when they have been already selected and tested for expression and
immunogenicity. On the contrary, it would be useful to start new reverse
vaccinology projects by sequencing the genomes of a collection of strains
representing globally diverse geographic areas that take into account the target
population of the vaccine. The application of the new sequencing technologies will
make this approach feasible. The large collection of genomic data generated will
help upfront in the identification of the most conserved protein antigens. Moreover,
genomic information will help to define the dimension of the pan-genome and to
characterize the population structure, shedding light on the complexity of bacterial
species. It will be possible to identify the major lineages inside the population and
their geographical distribution and also evaluate how genetic exchange occurs
between lineages, leading to a better understanding of the mechanisms involved
in the evolutionary process of a bacterial species against which a vaccine has to be
designed (Fig. 2.2a).

Recent works have demonstrated that new sequencing technologies have the
potential to study the dynamics of bacterial pathogens. For example, studying a
single strain of methicillin-resistant Staphylococcus aureus, Harris et al.
demonstrated the potential of this approach in tracing transmission events over a
short timescale, within a hospital environment or between hospitals, and in
identifying the sources of outbreaks [48]. By comparing whole-genome sequences
of many isolates of the same antibiotic-resistant strain of S. pneumoniae, Croucher
et al. reconstructed its evolution and global spread. Moreover, they shed light on the
effects that clinical practices as antibiotic use and vaccination can have on the
evolution of this pathogen [49].

New sequencing technologies will also open up opportunities for monitoring
pathogen vaccine escape by screening for evidence of immune selection in the
genomes of pathogen populations before and after vaccination. By deep sequencing
of microbial populations it will be possible to identify antigens under immune
selection by monitoring the clustering of single nucleotide polymorphisms and
other mutations that affect protein sequence.
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Fig. 2.2 Application of novel sequencing approaches to vaccine antigens identification. Three
applications of next-generation sequencing technologies and their impact on vaccine design are
schematically represented. (a) Analysis of antigen variability, distribution, and evolution by high-
throughput sequencing of different isolates. (b) High-throughput transcriptional profiling of
antigens by RNA-Seq in different in vitro, ex vivo, and in vivo conditions. (¢) High-throughput
functional characterization of vaccine antigens in different conditions mimicking infection by

TnSeq.
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2.4.2 Transcriptomics

To rapidly respond to environmental changes, bacteria have evolved different and
complex mechanisms to regulate gene expression. While the genome carries all the
necessary genes, bacteria can save considerable energy by expressing only those
that are required in a particular stage of their life cycle [40]. Transcriptional
regulation is an important aspect that needs to be considered when designing a
new vaccine. During the phase of antigen selection, transcriptional profiling of
bacteria in conditions mimicking infection can lead to the identification of novel
virulence factors that can be considered as vaccine antigens. Moreover, once a
panel of candidates has been selected, antigens of interest can be better
characterized by transcriptional analysis, to understand which are the conditions
influencing their expression.

From a vaccine coverage point of view, an important aspect to take into
consideration is that discrepancy between the sequence conservation of an antigen
and its expression can occur. Even when gene conservation is high, variability can
occur in terms of expression. There may be several reasons for such discrepancy.
First, the genomic organization can vary from strain to strain thus affecting gene
expression. Second, activity of transcriptional regulators can also vary, and this is
not predictable from the nucleotide sequence of the selected antigens. Therefore
transcriptional studies must be carried out, as an approach complementary to
genome mining, in order to select antigens that are expressed in the conditions of
interest used to assess the functionality of an antigen. For example, in the case of
MenB we use an in vitro serum bactericidal assay to assess the ability of antibodies
to induce complement-mediated killing. It is fundamental that the target antigen
under evaluation be expressed in the particular in vitro condition otherwise we
might underestimate the role of the antigen as a vaccine candidate. If sufficient
information is known about the mechanism of regulation of the gene encoding an
antigen, we may think to modify the in vitro assay performing it in the conditions
where it is expressed. An example is represented by the NadA antigen, which
is highly regulated and repressed during standard in vitro growth conditions
{[15] #642;[80] #29037}.

Last but not least, the analysis of the transcriptional profile of pathogens during
infection or in conditions mimicking infection has considerably improved our
understanding of the mechanisms implicated in host—pathogen interaction.

In the last few years, DNA microarrays have been extensively used to simulta-
neously monitor the expression levels of all annotated genes in a bacterial popula-
tion (Table 2.1). Gene expression can be studied by growing pathogens in an
appropriate in vivo or ex vivo model of infection (e.g., cell and tissue cultures,
animal models) and, after recovering the bacteria for RNA preparation and labeling,
the gene activity is analyzed and compared to the expression of the genes under
in vitro conditions [61].

The need for a more precise and comprehensive identification of microbial
transcriptomes, independently of any annotated sequence feature, recently led to
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the development of tiling microarrays, which generally represent both strands and
the intergenic regions of the genome. These new arrays have revealed an unexpect-
edly high degree of transcriptome complexity in bacterial species, allowing detec-
tion of unannotated genes, noncoding RNAs, alternative and antisense transcripts,
and untranslated regions [62]. However, hybridization-based approaches present
several limitations. In particular, they rely upon existing knowledge about genome
sequence and the dynamic range of detection is limited by cross-hybridization and
saturation signals.

Following progress in DNA sequencing and development of new computational
tools, genome-wide studies on bacterial gene expression have begun to shift from
microarray technology to a new method termed RNA sequencing (RNA-seq), in
which high-throughput sequencing of cDNA is carried out.

Over preexisting approaches, RNA-Seq presents several advantages. Following
sequencing, the resulting reads are either aligned to a reference genome or assem-
bled de novo to produce a transcription map. This also means that transcripts that do
not correspond to existing genomic sequences can be detected. RNA-Seq provides a
far more precise measurement of the levels of transcripts than other methods,
having very low if any background signal and no upper limit for quantification,
which correlates with the number of sequences obtained. Transcripts can be pre-
cisely located to a single-base resolution. Moreover, it can help genome sequencing
in revealing sequence variations in the transcribed regions [63].

In the last few years, RNA-seq has been applied to the transcriptome analysis of
several pathogens. Yoder-Himes and coworkers used RNA-Seq to examine the
transcriptional response of two closely related strains of Burkholderia cenocepacia,
one isolated from a cystic fibrosis patient and the other from soil, in conditions
mimicking human sputum and soil. Despite the high degree of DNA sequence
similarity of the two strains, the authors were able to detect a large number of
regulatory differences between them, which may represent specific adaptations to
the niches from which they were isolated [64]. Similarly, the RNA-seq approach
has been successfully applied to the transcriptome analysis of other species, such as
Salmonella enterica serovar Typhi [65], Listeria monocytogenes [66], B. anthracis
[67], Acinetobacter baumannii [68], Chlamydia thracomatis [69], and Helicobacter
pylori [70].

We can predict that in the near future this technique, enabling the simultaneous
transcriptomic analysis of all the antigens of interest more speedily and precisely
than it was previously possible, will become a helpful tool for antigen identification
and characterization. Moreover, without any need to accurately design probed
arrays, RNA-Seq will allow comparison of the expression profiles of multiple
strains. We can also imagine that RNA-seq will be used in some applications that
aim to characterize host—pathogen interactions without any need to separate the two
RNA populations and allowing to understand not only how the pathogen adapts to
cause an infection but also how the host (or an animal model) responds to the
infection. For example, RNA could be isolated from infected patients and both the
pathogen and the host transcriptional responses analyzed (Fig. 2.2b).
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Knowledge of strains and conditions in which an antigen of interest is expressed
can provide fundamental complementary information regarding the potential pro-
tective capability of each antigen that will help in the prioritization of the antigens.
Moreover, analyzing expression levels on a whole-transcriptome scale and in a
high-throughput fashion can lead in a short time to the identification of in vitro and
in vivo conditions in which an antigen is expressed. These will be the conditions in
which that antigen can be immunologically characterized and its function
investigated in depth.

2.4.3 Identification of Genes Involved in Pathogenesis

While RNA expression can provide indication on the expression of an antigen in a
certain condition related to pathogenesis, other approaches are needed to demon-
strate its role in the establishment of the disease or the survival of the pathogen in
the host. In order to identify bacterial genes involved in survival and pathogenesis, a
variety of methods have been set up in the past few years. All these approaches rely
on random mutagenesis and require a detection system that allows simultaneous
screening of a pool of mutants.

A strategy that has been extensively used to evaluate gene expression in vivo is
IVET (in vivo expression technology), which identifies promoters that are active
in vivo but not in vitro using a library of random genomic fragments ligated to a
promoterless reporter gene [71]. Another methodology that has been used is STM
(signature-tagged mutagenesis). In STM, unique hybridization tags are introduced
into each mutant by transposon mutagenesis [72]. All the mutants are pooled and
used to infect an animal or alternatively are exposed to a selected condition
mimicking a stage of infection. “Negative selection” of the clones unable to survive
is then carried out by comparing hybridization of the input pool (the entire mutant
library) with that of the output pool (a subset of the library containing all the
survived mutants). This approach allowed the identification of Salmonella
typhimurium mutants showing an attenuated virulence in a murine model of typhoid
fever [72]; similarly, N. meningitidis genes involved in the establishment of sys-
temic infection could be selected in an infant rat model [73] (Table 2.1).

These methods allow selection of virulence factors on a large scale, providing
useful information for both identification of new vaccine candidates and their
prioritization.

Taking advantage of next-generation sequencing technology, a new method has
recently been developed. In this method, called Tn-Seq, a saturated transposon
insertion library is generated. Upon growth under a test condition of interest
(in vitro or in vivo) insertion mutants with a lower fitness decrease in the popula-
tion, while other mutants remain the same or increase in frequency. Changes in
frequency are determined by high-throughput sequencing of the transposon
flanking regions [74, 75].
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Using a saturated mariner transposon insertion library, van Opijnen et al. have
been able to evaluate fitness of S. pneumoniae genes in standard laboratory
conditions [74]. Langridge et al. have used a similar approach, named TraDIS
(transposon-directed insertion-site sequencing), to assay simultaneously every
gene of S. enterica serovar Typhi for both essentiality in standard laboratory growth
conditions and contribution toward bile tolerance. They clearly show how the
possibility to sequence at high resolution large numbers of mutants allows
the screening of very rich libraries. Moreover, the semi-quantitative nature of the
assay allows the identification not only of essential and dispensable genes, but also
advantageous and disadvantageous genes during growth [76]. Using mouse as a
model of pulmonary infection Gawronski et al have identified genes required by
H. influenzae to resist host defenses during lung pathogenesis [77]. This study
shows the potential of this Tn-seq approach to provide new vaccine targets for
prevention of H. influenzae pulmonary infection.

Providing a link between genotype and phenotype in a high-throughput fashion,
Tn-Seq is likely to become the tool of choice for the characterization of bacterial
pathogenesis (Fig. 2.2c). Given a selected condition, the entire gene content of a
pathogen can be screened speedily and at unprecedented resolution. Moreover,
negative selection can be carried out in multiple conditions, mimicking different
stages of infection, thus revealing which genes are most important to establish
successful infection. Tn-Seq can thus become very helpful in screening vaccine
candidates on a whole-genome scale on the basis of their role in vivo.

2.5 Conclusions

Genomics has introduced a new paradigm to bacterial pathogenesis. Instead of
dissecting bacterial components in vitro, the new approach starts with the complete
information on the genome sequence and then identifies the important factors in
virulence. Moreover, the availability of complete genome sequence information of
many pathogens has led to a new paradigm in vaccine development. If a suitable
assay is available, every protein synthesized by the pathogen can be tested as a
vaccine candidate without any prior selection based on incomplete knowledge of
the pathogenicity and immunogenicity of the organism. Several years into the
reverse vaccinology approach, we have a previously unbelievable insight into a
pathogen’s genome and its use to identify new vaccine candidates. However, the
approaches used for vaccine development are continually being refined based on
improved understanding of microbial molecular epidemiology, evolution, viru-
lence, host—pathogen interactions and increased understanding of the complexity
of microbial communities as well as improved genome-based technologies. One, or
a combination, of the approaches described in this chapter typically drives vaccine
discovery projects, with the approach used being heavily dependent on the
characteristics of the target pathogen and the vaccine antigens to be identified.
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Finally, the progress made in the genomic era has finally put the realization of

vaccines for many pathogens within reach as demonstrated by the new MenB
vaccine recently developed. Many diseases still cannot be controlled by vaccination
and more infectious diseases are expected to emerge or reemerge. In this new era of
vaccine development, we would expect the evolution of genome-based approaches
that will provide a number of candidate antigens for new vaccines to control and
eradicate microbial infections.
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Chapter 3
Identification of Candidate Vaccine Antigens
In Silico

Darren R. Flower, Matthew N. Davies, and Irini A. Doytchinova

Abstract The identification of immunogenic whole-protein antigens is fundamen-
tal to the successful discovery of candidate subunit vaccines and their rapid,
effective, and efficient transformation into clinically useful, commercially success-
ful vaccine formulations. In the wider context of the experimental discovery of
vaccine antigens, with particular reference to reverse vaccinology, this chapter
adumbrates the principal computational approaches currently deployed in the
hunt for novel antigens: genome-level prediction of antigens, antigen identification
through the use of protein sequence alignment-based approaches, antigen detection
through the use of subcellular location prediction, and the use of alignment-
independent approaches to antigen discovery. Reference is also made to the recent
emergence of various expert systems for protein antigen identification.

3.1 Introduction

The overwhelming case for vaccines and vaccination was long ago proven, yet
vaccines remain stubbornly underused. Controversy continues to surround
vaccines: it took over 10 years for a contentious connection between autism and
the MMR vaccine 1998 to be finally and ambiguously discredited [1]. Yet, for all
the prevalence of misinformation and muddled thinking, mass vaccination
represents—by far and away—the most efficient, efficacious, and effective form
of prophylactic medical intervention currently available to combat disease.
During most of the last century, in the developed world, over 600,000 people
died on average annually from a combination of smallpox, diphtheria, polio,
measles, and rubella; today this figure has fallen below 100. Smallpox in particular
was always a dreaded killer. Indeed, even during the 1960s, at least 10 million cases
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of smallpox were reported annually from across the globe, leading to about 2 million
deaths a year. Yet, today, the disease has been completely eradicated. In the last 30
years, there have been no known cases. Poliomyelitis or polio is the other large-
scale disease which has come closest to eradication. Its success too has been
formidable: in 1991, the Pan American Health Organization effectively eradicated
polio from the Western Hemisphere, since when the Global Polio Eradication
Programme has significantly decreased the overall incidence of Poliomyelitis
through the rest of the world. In 1988, there were approximately 350,000 cases
spread through 125 countries; in the past years, global figures amounted to less than
2,000 annually.

Yet, in spite of such remarkable success, death from vaccine-preventable
diseases remains unacceptably high [2]. There are over 70 common infectious
diseases responsible for one in four deaths globally. Rotavirus and Pneumococcus
are pathogens causing diarrhoea and pneumonia, the leading causes of infant deaths
in underdeveloped countries. In the next decade, effective, widespread vaccination
programs against such pathogenic microbes could save the lives of 7.6 million
children under 5 years of age. Hepatitis B causes 600,000 deaths in adults and
children aged over 5. Seasonal, non-pandemic influenza kills upwards of half a
million globally each year. For those aged under 5 in particular, a series of diseases
causes an extraordinary and largely preventable death toll. For example, tetanus
accounts every year for 198,000 deaths, pertussis is responsible for over 290,000
deaths, Hib gives rise to in excess of 386,000 deaths, diphtheria accounts for 4,000
deaths, and yellow fever over 15,000 deaths. Arguably, the most regrettable, the
most lamentable situation is that of measles. Measles accounts for the unneeded
deaths of 540,000 under-fives and over 70,000 adults and older children.

Despite this, the situation is by no means bleak. By the close of 2008, approxi-
mately 42 million had been vaccinated against Hib and 192 million children against
hepatitis B. During its first decade, vaccinations against polio, Hep B, Hib, measles,
pertussis, and yellow fever funded by GAVI had prevented the unnecessary loss of
over 5 million lives. There are approximately 50 vaccines licensed for use in
humans, around half of these are widely prescribed. Yet, most of these vaccines
target the prevention of common childhood infections, with the remainder
addressing tropical diseases encountered by travellers to the tropics; only a rela-
tively minor proportion combat endemic disease in under-developed countries.
Balancing the persisting need against the proven success and anticipated potential,
vaccines remain an area of remarkable opportunity for medical advance, leading
directly to unprecedented levels of saved and improved lives.

From a commercial perspective, the vaccine arena has long been neglected, in
part because of the quite astonishing success limned above; today, and in compara-
tive terms at least, activity within vaccine discovery is feverish [3, 4]. During the
last 15 years, tens of vaccines and vaccine candidates have moved successfully
through clinical trials, and vaccines in late development number in the hundreds. In
stark contrast to antibiotics, vaccine resistance is negligible and nugatory.

Despite the egregious and outrageous success enjoyed by vaccines, many major
issues persist. The World Health Organisation long ago identified tuberculosis
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(TB), HIV, and malaria as the three most significant life-threatening infectious
diseases globally. No vaccine has been licensed for malaria or HIV, and there seems
little realistic hope for such vaccines appearing in the immediate future. Bacille
Calmette Guérin (BCG), the key anti-TB vaccine, is of limited efficacy [5]. Levels
of morbidity and mortality generated by diseases already targeted by vaccines
remain high. Influenza is the key example, with a global annual estimated death
toll in the region of half a million.

In the twenty-first century, the world continues to be threatened by infectious
and contagious diseases of many kinds: visceral leishmaniasis, Marburg’s disease,
West Nile, dengue, as well as SARS potentially pandemic HSN1 influenza, and
over 190 human and emerging zoonotic infections, as well as the persisting threat
from HIV, TB, and malaria mentioned above. All this is further compounded by the
additional risk arising from antibiotic-resistant bacteria and bioterrorism, not to
mention major quasi-incidental issues, such climate change, an accelerating growth
in the world’s population, increased travel, and the overcrowding seen within the
burgeoning populations concentrated into major cities [6].

For reasons we shall touch on below, the discovery of vaccines is both more
urgent and more difficult than it has ever been. In an era where conventional drug
discovery has been seen to fail—or at least as seen by cupiditous investors, for
whom the current model of pharmaceutical drug discovery is broken—vaccines are
one of a number of biologically derived therapies upon which the future economic
health of the pharmaceutical industry is thought to rest. The medical need, as stated
above, is clear. Set against this is the unfortunate realisation that vaccines exist for
most easily targeted diseases, those mediated by neutralising antibodies, and so
outstanding vaccine-targets are those of more intractable diseases mediated primar-
ily by cellular immunity. To address those properly requires what all discoveries
required: hard work and investment; but they also need new ideas, new thinking,
and new vaccine discovery technology. Amongst, these are computational
techniques, the most promising of which are those targeting the discovery of
novel vaccine antigens: the candidate subunit vaccines of tomorrow see Fig. 3.1.

3.2 Vaccines

Vaccines are agents—either molecular (epitope- or antigen-based vaccines) or
supramolecular (attenuated or inactivated whole pathogen vaccines)—which are
able to create protective immunity against specific pathogenic infectious
microorganisms and any diseases to which they might give rise. Protective immu-
nity can be characterised as an enhanced but highly specific response to consequent
re-infection—or infection by an evolutionarily closely related micro-organisms—
made by the adaptive immune system. Such increased or enhanced immunity is
facilitated by the quantitative and qualitative augmentation of immune memory,
which is able to militate against the pernicious effects of infectious disease.
Vaccines synergise with the herd immunity they help engender, leading to reduced
transmission rates as well as prophylaxis against infection.
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Fig. 3.1 Whole antigen discovery. When looking at a reverse vaccinology process, the discovery
of candidate subunit vaccines begins with a microbial genome, perhaps newly sequence,
progresses through an extensive computational stage, ultimately to deliver a shortlist of antigens
which can be validated through subsequent laboratory examination. The computational stage can
be empirical in nature; this is typified by the statistical approach embodied in vaxijen [115]. Or this
stage can be bioinformatic; this involves predicting subcellular location and expression levels and
the like. Or, this stage can take the form of a complex mathematical model which uses immunoin-
formatic models combined with mathematical methods, such as metabolic control theory [153], to
predict cell-surface epitope populations

The term “vaccine” derives from vacca (Latin for cow). The words vaccine and
vaccination were coined specifically for anti-smallpox immunization by the discov-
erer of the technique, Edward Jenner (1749-1823). These terms were later extended
by Louis Pasteur (1822-1895) to include a far more extensive orbit or remit,
including the entire notion of immunisation against any disease [2, 3, 6].

Several fundamentally distinct varieties of vaccine exist. These include inter
alia inactivated or attenuated whole pathogen-based vaccines; subunit vaccines are
based on one or more protein antigens, vaccines based upon one or more individual
epitopes, carbohydrate-based vaccines, and combinations thereof. Hitherto, the
best-used and, thus, the most successful types of vaccine were built from
attenuated—“weakened” or non-infective or otherwise inactivated—pathogenic
whole organisms, be they bacterial or viral in nature. Well-known examples include
the following: the BCG vaccine which acts prophylactically against tuberculosis
and Albert Sabin’s anti-poliomyelitis vaccine based on attenuated poliovirus. The
vast majority of subunit vaccines are immunogenic protein molecules, and are
typically discovered using a somewhat haphazard search process.

Concerns over the safety of whole-organism vaccines long ago prompted the
development of other kinds of vaccine strategy, including those based upon
antigens as the innate or immanent active biological constituent of either single
or composite vaccines. The vaccine which targets Hepatitis B is a good exemplar
of a so-called subunit vaccine as it is based on a protein antigen: the viral
envelope hepatitis B surface antigen. Other types of as-yet-unproven vaccines
include those based on epitopes and others based on antigen-presenting cells;
many have entered clinical trials, but none have fulfilled their medical or com-
mercial potential.
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It is often difficult to capture the proper scientific meaning and use of recondite
terms, often borrowed from common usage or archaic language. So, let us be more
specific. An immunogen—a molecular moiety exhibiting the property of immuno-
genicity—is any material or substance capable of eliciting a specific immune
response. An antigen, on the other hand, is a molecular moiety exhibiting the
property of antigenicity. It is a substance or material recognised by a primed
immune system. Such a persisting state of immune readiness may be mediated by
humoral immunity (principally via the action of soluble antibodies) or by cellular
immunity (as mediated by T-cells, antigen presenting cells (APCs), or other
phagocytic cells), or a combination of both, in what is often referred to as a “recall”
response.

Immunogenicity is vital: it is the signature characteristic or property that prompts
a certain molecular moiety to evoke a significant immune response. Here, we shall
strictly limit use of “immunogen” and ‘“antigen” to a sole meaning. Here, an
“antigen” or an “immunogen” will mean a protein that is capable of educing some
kind of discernible response from the host immune system. Specifically, and for
practical reasons, we will almost exclusively be referring to proteins derived from a
pathogenic micro-organism.

At present, the prophylaxis engendered by all current effective vaccines—all
except BCG—is primarily mediated by the humoral immune system, via soluble
antibodies. However, the disease mechanisms of most serious diseases for which
vaccines are not available are usually mediated by cellular immunity. Thus, for
untreated disease, we seek to identify immunogenicity generated principally by
cellular responses or by a combination of cellular and humoral responses, rather
than by humoral immunity alone.

To some extent, subunit vaccines can be thought to represent something of a
compromise between vaccines based on attenuated or otherwise inactivated whole-
organisms and the many more recent and more innovative vaccine strategies
typified by epitope or poly-epitope vaccines. Vaccines based around whole
pathogens have long engendered safety concerns [7-9]. From the Lubeck disaster
and the cutter incident [10—-12] to the recent MMR debacle, issues over safety, real
or imagined, have always dogged the development of vaccines [1, 9]. Indeed,
during the eighteenth century the pre-vaccination practice of variolation against
Smallpox prefigured much of the current debate over the perceived danger of
vaccines [13].

While the case for vaccines is unanswerable, we should not be complacent. Any
live vaccine, however extensively attenuated, can revert to a pathogenic, disease-
inducing form. This is currently an on-going issue for polio vaccination [14]. Other
issues, particularly the chemical or biological contamination of vaccines during
manufacture, remain enduring and persistent problems. Undesired immunogenic-
ity, the type leading to severe and pathological immune responses, rather than
enduring immune memory, is a concern for both whole-organism and subunit-
based vaccines, as well as putative biologics [15]. Immunologists and
vaccinologists have thus long sought alternatives to the use of whole organisms
as vaccines. Subunit vaccines and conjugate vaccines are one such. Vaccines based
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on epitopes, singly or in combination, are another. The diversity of innovations in
vaccine design holds much potential for success, but, thus far at least, has proved
spectacularly unsuccessful in a clinical context.

Logically, a vaccine that relies solely on, at most, a few well-chosen epitopes,
should be effective, efficacious, and, above-all, safe. Epitopes, as peptides, may be
cytotoxic and might possibly prompt some kind of inopportune immune response
but cannot be infective or revert to infectivity. In many ways, epitopes are closer in
size and share many properties with synthetic small molecules; possibly dealing
with their pharmacokinetics as such may be better than thinking of them as biologic
drugs. In practice, of course, epitope-based vaccines, like subunit vaccines, suffer
from poor immunogenicity, necessitating the use of a complex combination of
adjuvants and complicated delivery systems.

For diverse reasons, including immunogenicity, stimulating protective immune
responses against intracellular pathogens remains problematic when using non-
replicating vaccines. Why should this be? First, the immune response is very
complex, involving both the innate and adaptive immunity, and significant inter-
action between them. In all probability, and particularly when viewed in the
context of the whole population, many epitopes and danger signals are involved;
likewise, the many different immune actors, be they acting at the cellular or
molecular levels, interact with each other and are subject to complex mechanisms
of genetic, epigenetic, and system-level control and regulation. It may be that only
the large and complex organism-sized vaccines can induce the range of immune
responses necessary across the population to induce protection, since they com-
prise a potential host of immunogenic molecular moieties, not just a single
immunodominant epitope See Fig. 3.2.

In that which follows, we shall seek to explore the availability and accessibility of
informatic techniques and informatic tools used to identify candidate subunit
vaccines of microbial origin. Yet, we shall start by adding context with an examina-
tion of experimental approaches to antigen discovery: so-called reverse vaccinology.
Reverse vaccinology already relies on informatics, but, in a sense at least, what we
would like to do using informatics is to reproduce as much as is possible the steps
inherent in successful reverse vaccinology in silico rather than in vitro.

3.3 Reverse Vaccinology and the Experimental Identification
of Antigens

Reverse vaccinology, and the necessary computational support, is a much more
prevalent means of identifying subunit vaccines [16]. See Fig. 3.1. Even today,
many experimentalists retain a deep and atavistic distrust of all computation.
Experimentalists seldom trust the reliability and dependability of computational
methodology, choosing to trust instead in what they believe to be infallible, if
actually rather elusive, empirical reliability of observations, experiments, and the
whole paraphernalia of laboratory experimentation. Yet, things are in the process of
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Fig. 3.2 Factors underlying immunogenicity. As elaborated in the text, the phenomenon of
immunogenicity can be explored through the diversity of underlying factors contributing to the
instigation of the immune response. The can be assigned to the host (epitope recognition), the
pathogen (location and expression level), and also factors intrinsic to the protein antigen itself,
such as the possession of post-translational danger signals

changing, and this change is likely to accelerate as we move forward into a future
that looks more parsimonious and uncertain by the day.

Vaccines have come a long way from the days when they were prepared directly
from the fluids of smallpox pustules or extracts of infected spinal cords. Yet vaccine
discovery and development remains firmly empirical. Many modern vaccines still
comprise entire inactivated pathogens. While vaccines targeting papillomavirus,
tetanus, hepatitis B, and diphtheria are subunit vaccines, few are recombinant
proteins devoid of contaminants. Some would argue that the only molecular
vaccines are glycoconjugates: oligosaccharides conjugated to immunogenic carrier
proteins.

Conventional empirical, experimental, laboratory-based microbiological ways
to identify putative candidate antigens require cultivation of target pathogenic
micro-organisms, followed by teasing out their component proteins, analysis in a
series of in-vitro and in-vivo assays, animal models and with the ultimate objective
of isolating one or two proteins displaying protective immunity.

Unfortunately, in reality, the process is more complex, and more confusing, and
much more confounding as this brief synopsis might suggest. Cultivating pathogens
outside the environment offered by their host organism can be difficult, even
impossible. Not every protein is readily expressed in adequate quantities in vitro,
and many proteins are only expressed in an intermittent basis during the time course
of infection. Thus, a considerable number of potential, putative, and possible
vaccine candidate antigens could be missed by conventional experimental
approaches.
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Reverse vaccinology [16—19] has the potential to analyse genomes for potential
antigens, initially scanning “open reading frames” (ORFs), then selecting proteins
because they are open to surveillance by the host immune system. This usually
involves some complex combination of informatic-based prediction methodologies.
Recombinant expression of the resulting set of identified molecules can overcome
their reduced natural abundance, which has often prevented us recognising their true
potential. By enlarging the repertoire of native antigens, this technology can help to
foster the development of a new cohort of vaccines.

Reverse vaccinology was originally established and has been established by
studying Neisseria meningitidis, which is responsible for meningococcal meningitis
and sepsis. Vaccines are currently available for all serotypes, except that serogroup
B. N. meningitidis ORFs were found initially [20, 21]; 570 proteins were then
identified, 350 expressed in vitro and 85 found to be surface exposed. Seven
proteins elicited immunity over many strains. The culmination of this work was a
“universal” vaccine for serogroup B based on five antigens [22]. This proto-
vaccine, when used with Alum as adjuvant, induced murine bactericidal antibodies
versus 78 % of 85 meningococcal strains drawn from the world population of N.
meningitidis. Strain coverage increases to over 90 % when used with CpG or MF59
as adjuvant.

Another key illustration is Porphyromonas gingivalis, an anaerobic gram-
negative bacterium found in the chronic adult inflammatory gum disease periodon-
titis. Initially, 370 ORFS were identified [23]; of these, 120 protein sequences were
open to immune surveillance and 40 were positive for several sera. Two antigens
were found to be protective in mice.

Yet another fascinating instance is provided by Streptococcus pneumoniae, a
prime cause of meningitis, pneumonia, and sepsis [24, 25]. In this study, 130
potential ORFs were initially identified, with 108 of these proteins being readily
expressed. Finally, six proteins were seen to induce protection against the pathogen.

More recently, other and more advanced experimental techniques, such as
microarrays, are beginning to come on-stream, opening up a gallimaufry of possible
technologies to the new but maturing field of reverse vaccinology. The following
gives but a taste of what is to come.

Using ribosome display to undertake in-vitro protein selection, Weichart et al.
[26] identified within the methicillin-resistant COL strain of the virulent human
pathogen Staphylococcus aureus 75 genes, the majority of which were secreted or
surface-localized proteins; of these, 25 % had cell envelope function, 24 % were
transporter proteins, and 9 % were virulence factors or toxins.

Using an ingenious combination of advanced proteomics techniques and in-vitro
assays, Giefing et al. [27] identified 18 novel vaccine candidates which prevented
infections in children and in the elderly caused by a variety of pneumococcus
serotypes; four demonstrating major protection versus sepsis in animals. Two
leads—StkP (a serine/threonine protein kinase) and PcsB (a structural protein
with a role in cell wall separation of group B Streptococcus)—showed clear
cross-protection as potential candidate vaccines against four separate pneumococ-
cal serotypes.
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Using a whole proteome microarray, and in order to identify protein antigens,
Eyles et al. [28] probed serum from BALB/c mice previously immunized with a
vaccine comprising: killed Francisella tularensis and two immunomodulatory
adjuvants. Eleven out of the top twelve immunogenic antigens were known already
as immunoreactive, although 31 further proteins were discovered using this experi-
mental approach. In further work from this consortium, Titball and co-workers [29]
constructed a protein microarray of 1,205 Burkholderia pseudomallei proteins,
treated it with 88 patient samples, identifying 170 antigens. This smaller set was
treated with a further 747 distinct sera from 10 groups of patients, identifying 49
putative candidate antigens.

This survey, brief though it is, helps to highlight the potential power of reverse
vaccinology for vaccine discovery. However, since the number of antigens is high,
given all the potential difficulties in characterising and expressing them, it is
important to note that both computational and experimental techniques and
methodologies will doubtlessly omit important and interesting proteins from further
analysis, though not necessarily for the same or similar reasons. Thus, with the
burgeoning discipline of reverse vaccinology, both computational and experimental
techniques are in need of constant development and improvement.

3.4 Immunoinformatics

Compared to its role to drug discovery, genomics, and a host of other bioscience
sub-disciplines, bioinformatics support for the preclinical discovery and develop-
ment of vaccine is in its infancy; yet, as interest in vaccine discovery increases, the
situation changes. There are two key types of bioinformatics support for vaccine
design, discovery, and development. At the technical level, the first of these cannot
be properly or meaningfully distinguished from general support for target disco-
very. It includes the annotation of pathogen genomes, more conventional host
genome annotation, and the statistical analysis of immunological microarray
experiments. The second form of support concentrates on immunoinformatics,
that is, the informatics analysis of immunological problems, principally epitope
prediction.

B-cell epitope prediction remains defiantly basic or is largely dependent on a
sometimes unavailable knowledge of three-dimensional protein structure. Both
structure- [30] and data-driven [31] prediction of antibody-mediated epitopes
evince poor results. However, methods developed to predict T-cell epitopes now
possess considerable algorithmic sophistication. Moreover, they continue to
develop and evolve, as well as extend their scope and remit to address new and
ever larger and more challenging epitope prediction problems. Presently, accurate
and reliable T-cell epitope prediction is restricted to predicting the binding of
peptides to the major histocompatibility complex (MHC). Class I peptide-MHC
prediction can be reasonably accurate, or is for properly characterised, well-
understood alleles [32]. Yet a number of key studies have demonstrated that class
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II MHC binding prediction is almost universally inaccurate, and is thus erratic and
unreliable [33-35]. A similar situation persists for structure-driven prediction of
MHC epitopes [36, 37].

Irrespective of poor predictive performance, several other problems exist for
epitope prediction. For T cell prediction in particular, a prime concern is with the
availability or rather lack of availability of relevant data. It is now known that
immunogenic T cell epitopes, thought previously to be peptides no more than 10
amino acids in length, can be 16 or more residues long. Longmer epitopes now
greatly expand the number of possible peptides open to inspection by T cells
[38—41]. The inadequate results generated by B cell epitope prediction algorithms
may indicate that a fundamental reinterpretation of extant B cell epitope data is
necessary before improved methods become feasible.

These factors, when taken together, are consistent with the notion that methods
relying only on the possession of certain epitopes will not be fully effective when
tasked with antigen or immunogen identification. This is supported by information
indicating a lack of correspondence between selected antigens and experimentally
verified protective proteins.

3.5 Genomic-Level Identification of Antigens

There are many means of identifying antigenic proteins. Most focus on the
properties of protein sequence and structure, but arguably one of the most insightful
is instead to examine properties, both local and global, of the underlying nucleic
acid. One notable way is to look for evidence of the horizontal or lateral transfer of
so-called pathogenicity islands or PAIs. Horizontal transfer, such as transformation,
conjugation, or transduction, is distinct from the vertical transfer of genetic material
from an ancestor within its lineage. It typically involves an organism incorporating
genetic material from an evolutionarily distant organism without being its
offspring.

PAIs are a specific type of genomic island; that is, part of a genome acquired
through direct transfer between microbes. A genomic island can occur in distantly
related species and may be mono- or multi-functional; there are many sub-classes
classified by function. Other examples include antibiotic resistance islands, metal
resistance, and secretion system islands. The gene products of PAIs are crucial to
the propagation of disease pathogenesis, much as the PAIs themselves are key to the
evolution of pathogenesis. Pathogen-associated type III and type IV secretion
systems are, for example, often found together in the same PAIL

Detecting such large (>10 Kb) and discrete clusters of genes clusters, habitually
possessing a characteristically atypical G/C content, at least when compared with
the remainder of the genome, leads, in turn, to the individual identification within
clusters of virulence-associated protein antigens. Prokaryotic PAIs are frequently
associated with tRNA-encoding genes, many are flanked by repeat structures, and
many contain fragments of mobile genetic elements such as plasmids and phages.
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PAIs can be identified by combining analysis of nucleotide composition and
phylogeny, amongst others. Composition-based approaches rely on the natural
variation between genome sequences from different species. Regions of the
genome with abnormal composition, as demonstrated by nucleotide or codon
bias, may be potentially transferred horizontally. Such methods are prone to
inaccuracies; these result from inherent genomic sequence variation, such as is
seen in highly expressed genes, and the observation that over time the sequences of
genomic islands alter to mirror the composition of host genomes.

Evolution-based approaches seek regions that may have been transferred hori-
zontally by comparing related species. Put at its simplest: a putative genomic island
present in one species, but absent from several related species, is consistent with
horizontal transfer. Of course, the island may have been present in the last common
ancestor shared by the species compared and subsequently been lost from the other
species. A less likely explanation would be that the island arose by mutation and
selection in this species and no other. To decide, a body of extra evidence would
need to be explored, such as the size of the PAI, the mechanistic ease of deletion,
the consistent presence of the island in more distantly related species, the relative
pathogenicity of island-less species, and the divergence of the genome relative to
that of other related species.

Many methods, which seek to quantify and leverage these somewhat vague
notions, are now available [42—44]. Such analysis at the nucleic acid level shares
many features in common with approaches used to identify CpG islands in eukary-
otic genomes [45-48]. Recently, Langille et al. tested six sequence-composition
genomic island prediction methods and found that IslandPath-DIMOB and SIGI-
HMM had the greatest overall accuracy [49].

Island Path was designed to help identify prokaryotic PAls, through the
visualisation of common PAI characteristics such as mobile element-associated
genes or atypical sequence composition [50]. SIGI-HMM is a very accurate
sequence composition-based genomic island predictor, which combines a Hidden
Markov Model (HMM) and codon usage measurement to identify genomic islands
[51].

In another work, Yoon et al. coupled heuristic sequence searching methods,
which aimed simultaneously to identify PAIs and individual virulence genes, with
composition and codon-usage bias [52]. Exploiting a machine learning approach,
Vernikos and Parkhill sampled the structural features of genomic islands using a
hypothesis-free, bottom-up search, with the objective of explicitly quantifying the
contribution made by each feature to the overall structure of different genomic
islands [53]. Arvey et al. sought to identify large chromosomal regions with
atypical features using a general divergence measureable to quantify the composi-
tional difference between genomic segments [54]. IslandPick is a comparative
genomic island predictor, rather than a composition-based approach, that can
identify very probable genomic islands and very probable non-genomic islands
within investigated genomes but does require that several phylogentically related
genomes are available [49]. Observing PAIs as having a G + C composition closer
to their host genome, Wang et al. used so-called genomic barcodes to identify PAIs.
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These barcodes are based on the fact that the frequencies of 2-mers to 7-mers, and
their reverse complement, are very stable across a whole genome when using a
window size of over 1,000 bps and that this constituted a characteristic signature for
genomes [55].

The ready detection of PAIs, as a tool in computational reverse vaccinology, has
been greatly aided by the deployment of several web-based resources. A key
example of a server that successfully integrates several accurate genomic island
predictors is IslandViewer [56], which combines the methods: IslandPick [49],
IslandPath [50], and SIGI-HMM [51] and is available at the URL: http://www.
pathogenomics.sfu.ca/islandviewer/query.php. The GUI facilitates the visualisation
of genomic islands and downloading of data at the gene and chromosome levels in a
variety of formats.

Another important, web-accessible resource is PAIDB or the PAI database. This
is a wide-ranging database of PAIs, containing 112 distinct PAlIs and 889 GenBank
accessions present in 497 strains of pathogenic bacteria [57]. PAIDB may be
accessed via the URL: http://www.gem.re.kr/paidb.

Thus, alternative techniques and methodologies are required in order to select
and to rank proteins likely to be protective antigens and thus candidate vaccines.
Below, we shall explore three key approaches: subcellular location prediction,
alignment-dependent sequence similarity searching, and alignment-independent
empirical statistical approaches.

3.6 Identifying Antigens Using Sequence Similarity

In this section, we consider, perhaps, the clearest and cleanest way to identify
potential new antigens in any microbial genome to alignment-dependent sequence
similarity searching. There are two complimentary but distinct ways of identifying
the immunogenicity of a protein from its sequence. One is to look for significant
similarity to proteins of known immunogenicity. This idea seems so straightforward
as to be almost facile. The other approach is somewhat less obvious conceptually
but almost as straightforward logistically and involves seeking to identify antigens
as proteins without discernible sequence similarity to any host protein. Let us turn
to the first of these two alternatives.

Let us begin by stating or rather reiterating the obvious. If we know the sequence
of an existing antigen or antigens, we can use sequence searching to find similar
sequences in the target genome [58, 59]. Any candidate antigens selected by this
process can then be selected for further verification and validation. The same old,
familiar caveats apply here: are chosen thresholds appropriate? Are high-scoring
matches an artefact or are they real and meaningful? The litany of such conditions is
all too familiar to anyone well versed in sequence similarity searching. Clearly,
when a sequence search is run, using BLAST or FASTA3, for example, an
enormously long list of nearly identical proteins might ensue, or one that does not
get any hits at all, or almost any intervening result might be obtained. As reflective
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practitioners, we must judge which result can be classified as useful and which
cannot, and in so doing, identify sets of suitable thresholds, above which we expect
usefulness and below which we might anticipate little or no utility. Thresholds are
contingent upon the sequence family studied, as well as being dependent solely on
the problem investigated. Thus heuristically identified cut-offs are desirable, but
much thinking and empirical investigation are required to select appropriate values.

Of course, the process adumbrated above presupposes that sufficient antigenic
protein sequences are known. Compilation of this data is the role of the database.
Recently, extensive literature mining, coupled with factory-scale experimentation,
has created many functional immunology databases, although databases, such
as SYFPEITHI [60, 61], focussing on cellular immunology—primarily MHC
processing, presentation, and T cell recognition—have existed for 15-20 years.
Arguably, the best extant database is the HIV molecular immunology database
[62], although clearly the depth of the database is at the expense of generality and
breadth. Other recent databases include MHCBN [63, 64] and EPIMHC [65],
amongst many others. Two databases, warrant particular attention: AntiJen [66],
formerly known as Jenpep [67, 68]; and IEDB [69].

Implemented as a relational postgreSQL database, AntiJen integrates a wide-
ranging set of data items, much of which is not stored by other databases.
In addition to the kind of cellular immunological information familiar from
SYFPEITHI, such as MHC binding and T cell data, AntiJen additionally archives
B cell epitopes and also includes a significant stockpile of quantitative data: kinetic,
thermodynamic, as well as functional, including measurements of immunological
peptide—protein and protein—protein interactions. The IEDB database is consider-
ably more extensive than other equivalent database systems, benefiting from the
input of 13 dedicated epitope sequencing projects. [IEDB has come to eclipse other
work in this area. Although both AntiJen and IEDB are full of epitope-focussed
information of many flavours, they remain incomplete concerning immunogenic
antigens. Fortuitously, specific antigen-orientated—rather than epitope-focussed—
databases are starting to be available.

Arguably, the most obvious and most unambiguous example of an antigen is
virulence factor (VF): proteins, such as toxins, able to induce disease directly by
attacking a host. Analysis of known pathogens has allowed recurring VF systems of
40+ distinct proteins. Often, sets of VFs exist as discrete, distinct genome-encoded
PAIs, as well as being more widely spread through the genome.

Clearly, antigens do not need to be VFs in order to be immunogenic and thus
candidates for subunit vaccines. Instead, they need only be accessible to the
immune system. They do not need to directly or indirectly mediate infection.
Thus, other databases are needed which capture, collate, and archive the burgeoning
plethora of antigen-orientated data. Recently, we have helped developed a very
different database: AntigenDB [70]. It contains over 500 antigens collated from the
primary scientific literature, as well as other sources. Another related database
system has been christened VIOLIN (vaccine investigation and online information
network) [71], which allows straightforward curation and the analysis and
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comparison of research data across diverse pathogens in the context of human
medicine, animal models, laboratory model systems, and natural hosts.

As we outline above, in addition to identifying sequence similarity to known
antigens, another idea gaining ground is that the immunogenicity of an antigen is
solely determined by the absence of similarity to host proteins. Some think this is
the prime determinant of potential protein immunogenicity [72, 73]. Such ideas are
supported by the belief that immune systems are actively educated to lack reactivity
to self-proteins [74], a process—often termed “immune tolerance”—which is
generated via epitope-specific mechanisms [75, 76].

What we really want is a meaningful measure of the “foreignness” of a protein
correlating with its immunogenicity. Usually, “evolutionary distance” substitutes
for “foreignness.” Clearly, such an evolutionary distance must be specified in terms
of biomacromolecular structures or sequences. But, is this practically useful for
selecting candidate vaccines?

Another way to formulate this idea is to say that the probability that a protein is
immunogenic is exclusively a product of its dissimilarity, at the whole-sequence or
sequence-fragment level, to each and every protein contained within the host
proteome. Most search software is well matched to this problem. In terms of
fragment length, the typical length of an epitope might seem logical, since the
epitope is the molecular moiety typically recognised during the initial phase of an
immune response. Yet, even at the epitope level—say a peptide of 8—16 amino acid
residues—even a single conservative mutation or mismatch in an otherwise identi-
cal match might prove significant. Single sequence alterations may totally abrogate
or significantly enhance neutralising antibodies binding or recognition by the
machinery of cellular immunology.

We have attempted to benchmark sequence similarity and correlate it with
immunogenicity in order to explore the potential of this idea in a quantitative
fashion. To that end, we examined the differences between sets of antigens and
non-antigen using sequence similarity scores. We looked specifically at sets of 100
known non-antigenic and 100 antigenic protein sequences from six sources: bacte-
ria, viruses, fungi, and parasites, as well as allergens and tumours [77-79], compar-
ing pathogen sequence to those from humans and mice using BLAST [80].

Most non-antigenic and antigenic sequences were non-redundant; implying a
lack of homologues between pathogens and host proteomes, although certain
parasite antigens, such as catalases and heat shock proteins, had a much greater
level of similarity. We were not able to determine a suitable and appropriate
threshold based on the hypothesis of non-redundancy to the host’s proteome,
suggesting that this is not a viable solution to vaccine antigen identification.

However, rather than looking at nucleic acid sequences, or at protein sequences
using an alignment-based approach, a new set of techniques, based upon alignment-
free techniques, has been and is being developed; as this approach begins to show
significant potential, we shall examine it next.
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3.7 Identifying Antigens through Subcellular Location
Prediction

Proteins accessible to immune system surveillance are assumed to lie external to the
microbial organism or be attached to its surface rather than being sequestered and
sequestrated within the cell. For bacteria, this means being located on—or in—the
outer membrane surface or being secreted. Thus, being able to accurately predict
the physical location of a putative antigen can provide considerable insight into the
likelihood that a particular protein will prove to be an immunogenic and possibly
protective.

There are two basic kinds of prediction method for identifying subcellular
location: manual rule construction and the application of data-driven machine
learning methods. Data used to discriminate between compartments include
sequence-derived features of the protein, such as hydrophobic regions; the amino
acid composition of the whole protein; the presence of certain specific motifs; or a
combination thereof. Accuracy differs significantly between different methods and
different compartments, mostly resulting from the deficiency and inconsistency of
data used to derive models. Gross overall sequence similarity is unable to predict
protein sub-cellular location reliably or accurately. Even nearly identical protein
sequences may be found in distinct locations, while there are many proteins which
exist simultaneously at several distinct locations within the cell, often having
equally distinct functions at these different sites [81].

Eukaryotes and prokaryotes have quite distinct subcellular compartments.
The number of such compartments used in prediction studies varies. A com-
mon schema reduces prokaryotic to three compartments (cytoplasmic, periplas-
mic, and extracellular) and eukaryotic cells to four compartments (nuclear,
cytoplasmic, mitochondrial, and extracellular). Other structural classifications
evince in excess ten eukaryotic compartments. Ten compartments maybe a
conservative estimate, such is the complex richness of sub-cellular structure.
Any prediction method must account for permanent, transient, and multiple
locations, and, in addition, multi-protein complexes and membrane-bound
organelles as possible sites.

Numerous signal sequences exist. Several methods predict lipoproteins. The
prediction of proteins translocated via the TAT-dependent pathway is important
but has yet to be addressed properly. However, amongst binary, single-outcome
approaches, SignalP is probably the most accurate and reliable method available. It
uses neural networks to predict the presence and probable cleavage sites of type 11
or N-terminal Spase-I-cleaved secretion signal peptides [82—-84]. This signal is
common to both prokaryotic and eukaryotic organisms. SignalP has recently been
enhanced with a HMM intended to discriminate cleaved from uncleaved signal
anchors. A limitation of SignalP is its proclivity to over-predict: it cannot properly
discriminate reliably between a number of very similar yet functionally different
signal sequences, regularly predicting lipoproteins and integral membrane proteins
as type II signals.
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Many methods have been devised capable of dividing a genome or virtual-
proteome between the various subcellular locations of a eukaryotic or prokaryotic
cell. PSORT is a good example; it is a multicategory prediction procedure, com-
prising many different programmes [85-88]. PSORT 1 predicts 17 subcellular
compartments, while PSORT 1I predicts ten different locations. iPSORT deals
with several compartments: chloroplast, mitochondrial, and proteins secreted
from the cell, while PSORT-B focuses solely on predicting bacterial sub-cellular
locations.

Another effective programme is HensBC [89]. HensBC can assign gene products
to one of four different types (nuclear, mitochondrial, cytoplasmic, or extracellular)
with an accuracy of about eight out of ten for gram-negative bacteria. Another
programme, SubLoc [90], predicts prokaryotic subcellular location divided
between three compartments. Another programme is Gpos-PLoc [91], which
integrates several basic classifiers. Other methods include Phobius [92], LipoP
1.0 [93], and TatP 1.0 [94]. A comparison of several such programmes, using 272
mycobacterial proteins as a gold standard [95], showed subcellular localisation
prediction and possessed high predictive specificity.

We have developed a set of methods which predict bacterial subcellular
location. Using a set of methods for lipoprotein, TAT secretion, and membrane
protein prediction [96—102], three different Bayesian network architectures
were implemented as software pipelines able to predict specific subcellular
locations, and two serial implementations using a hierarchical decision struc-
ture, and a parallel implementation with a confidence-level-based decision
engine [103]. The soluble-rooted serial pipeline performed better than the
membrane-rooted predictor. The parallel pipeline outperformed the serial pipe-
line but was significantly less efficient. Genomic test sets proved more ambig-
uous: the serial implementation identified 22 more of the 74 proteins of known
location yet more accurate predictions are made overall by the parallel
implementation.

The implications of this work are clear. The complexity of subcellular structures
must be integrated fully into sub-cellular location prediction. In extant studies,
many important cellular organelles are not considered; different routes by which
proteins can reach the same compartment are ignored; and proteins existing
simultaneously at several locations are likewise discounted. Clearly, combining
high specificity predictors for each compartment appropriately must be the way
forward [103].

Many difficulties, problems, and quandaries persist; the most keenly felt is the
lack of high-quality, verified, and validated datasets which unambiguously
established the location of well-characterised proteins. This dearth is particularly
serious for certain types of secreted protein, such as type III secretion. In a similar
manner, considerably more work is required to accurately predict the locations for
proteins of viral origin; while certain studies are encouraging [104, 105], the
complexity of viral interaction with host organisms continues to confound attempts
at analysis.
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3.8 Identifying Antigens Using Alignment-Independent
Methods

Predicting antigens in silico typically utilise bioinformatics tools. Such tools can
identify signal peptides or membrane proteins or lipoproteins successfully, yet the
majority of algorithms tend to depend on motifs characteristic of antigens or, more
generally, sequence alignment as the principal arbiter of definitive and meaningful
sequence relationships. This is potentially a problem of some magnitude, particu-
larly given the wide range of evolutionary rates and mechanisms amongst microbial
proteins. Certain protein families do not, however, show obvious or significant
sequence similarity, despite having common biological properties, functions, and
three-dimensional structures [106, 107].

Thus alignment-based approaches may not always produce useful and unequiv-
ocal results, since they assume a direct sequence relationship that can be identified
by simple sequence search techniques. Immunogenicity, as a signature characteris-
tic, may be encrypted within the structure and/or sequence instead. This may be
encoded so cryptically or so subtlety as to completely confound or at least mislead
conventional sequence alignment protocols. Discovery of utterly novel and previ-
ously unknown antigens will be totally stymied by the absence of similarity to
known antigenic proteins.

Alignment-dependent methods tend to dominate bioinformatics and, by exten-
sion, immunoinformatics. Several authors have chosen to look at alternative
strategies, implementing so-called alignment-independent or alignment-free
techniques. The first authors to do so were Mayer et al., who reported that protective
antigens had a different amino acid composition compared to control groups of non-
antigens [108]. Such a result is unsurprising since it has long been known that the
structure and sequence composition of proteins adapted to the different redox
environments of different sub-cellular compartments [109].

Mayer’s analysis was formulated primarily in terms of univariate comparisons of
antigens versus controls for different properties. Subsequently, we explored bivari-
ate comparison in terms of easily comprehensible scatter-plots. See Fig. 3.3 for
representative examples. What their results ably demonstrate is the potential for the
discrimination of antigens and non-antigens by the appropriate selection of orthog-
onal descriptors. The challenge, of course, is to identify a robust choice of
descriptors which are capable of extrapolating as well interpolating when used
predictively.

Progressing beyond this type of analysis, and synergising with our other work on
alignment-independent representation [110-114], we have initiated the develop-
ment of new methods to differentiate antigens—and thus potential vaccine
candidates—and non-antigens, using more sophisticated alignment-free approach
to sequence representation [115, 116]. Rather than focus on epitope versus non-
epitope, our approach utilises data on protective antigens derived from diverse
pathogens to create statistical models capable of predicting whole-protein
antigenicity.
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Fig. 3.3 Two scale plots of antigen and non antigen. (a) Proteins separated in terms of mean
hydrophobicity versus mean polarity. (b) Proteins separated by mean polarity versus mean relative
mutability. (¢) Protein separated by mean hydrophobicity versus mean relative mutability score

Our alignment-independent method for antigen identification uses the auto cross
covariance (ACC) transformation originally devised by Wold et al. [117, 118] to
transform protein sequences into uniform vectors. The ACC transform has found
much application in peptide prediction and protein classification [119-126]. In our
method, amino acid residues are represented by the well-known and well-used z
descriptors [127—129], which characterise the hydrophobicity, molecular size, and
polarity of residues. Our method also accounts for the absence of complete inde-
pendence between distinct sequence positions.

We initially applied our approach to groups of known viral, bacterial, and
tumour antigens, developing models capable of identifying antigen. Extra models
were subsequently added for fungal and parasite antigens. For bacterial, viral, and
tumour antigens, models had prediction accuracies in the 70-89 % range [115, 116,
130]. For the parasite and fungal antigens, models had good predictive ability with
78-97 % accuracy. These models were incorporated into a server for protective
antigen prediction called VaxiJen [115] (URL: http://www.darrenflower.info/
VaxiJen). VaxiJen is an imperfect but encouraging start; future research will
yield significantly more insight as well-characterised protective antigens increase
significantly in number [70].
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3.9 Antigen Selection and Immunogenicity

As we have said, a number of bioinformatics problems are unique to the discipline of
immunology: the greatest of these is the accurate quantitative prediction of immu-
nogenicity. This chapter has in its totality been suffused and pervaded by the idea of
immunogenicity and the challenge of predicting this property in silico. Such an
endeavour is confounding, yet exciting, and, as a key instrument in developing
better, safer, more effective vaccines, is also of undisputed practical utility.

Successful immunogenicity prediction is at its simplest made manifest through
the identification of B cell or T cell epitopes. Epitope recognition, when seen as a
chemical event, may be understood in terms of the relationships between apparent
biological function or activity and basic physicochemical properties. Delineating
structure-activity or property-activity relationships of this kind is a key concern of
immunoinformatics. At the other end of the spectrum, immunogenicity can be
viewed is a cohesive, integrated, system property: a property of the entire and
complete immune system and not a series of individual and isolated molecular
recognition events. Thus, the task of predicting systems-level immunogenicity is in
all likelihood manifold more demanding than predicting peptide-binding say.

The clinical manifestation of vaccine immunogenicity arises from the complex
amalgam of many contributing extrinsic and intrinsic factors, which includes
pathogen-side and host-side properties, as well as those just coming directly from
proteins themselves. See Fig. 3.2. Protein-side properties include the aggregation
state of candidate vaccines and the possession of PAMPs. Pathogen-side properties
are clearly properties intrinsic to the pathogen, including expression levels of the
antigen, the time-course of this expression, as well as its subcellular location. So-
called host-side properties are innate recognition properties of host immunity, and
most obviously include T cell epitopes or B cell epitopes.

A bona fide candidate antigen should be available for immune surveillance and
thus highly expressed, constitutively or transiently, as well as having several
epitopes. A protein without immunogenicity would logically lack all or some of
these characteristics. As a prediction problem, this is, to say the least, not uncom-
plicated; clearly consisting of a great variety of difficult-to-compute stages. In
terms of mechanism, many of these stages are poorly understood. Yet, each can
be addressed using standard computational and statistical tools. They can all be
predicted, however, presupposing, of course, the presence of relevant data in
sufficient quantity.

3.10 Expert Systems for Antigen Discovery

One of the strongest messages to emerge from this review is that immunogenicity is
a strongly multi-factorial property: some protein antigens are immunogenic for one
reason, or set of reasons, and other immunogenic proteins will be so for another
possibly tangential reason or set of reasons. Each such causal manifold is itself
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complex and potentially confusing. Thus, the prediction of immunogenicity is a
problem in multi-factorial prediction, and the search for new antigens is a search
through a multi-factorial landscape of contingent causes and discombobulating
decoys.

Some of the evidence will be highly precise and quantitative. The kind provided
by predictive immunoinformatics, for example. This typically yields exact values
for, say, the binding affinity of a peptide to a protein component of the immune
system, or an unequivocal yes or no answer to the question: is this peptide sequence
an epitope? However, for each such exact prediction, we have some notional
associated probability concerning how reliable we regard this result. Different
methods evince a range of accuracy, which, in practice, equate to probabilities of
reliability: we naturally have more confidence and assume a greater reliability for a
highly accurate prediction versus one of average predictability, though it can still
give wrong predictions and generally inaccurate predictors may work well for a
specific subset of the data.

Other types of forms of evidence will have a distinctly more anecdotal flavour.
Take, for example, the case of bacterial exotoxins. Together with endotoxins, such
as LPS, and so-called superantigens, exotoxins form the principal varieties of toxin
secreted by pathogenic bacteria. Exotoxins have evolved to be the most toxic
substances known to science: in terms of the median lethal dose, botulinum
toxin—the active ingredient of BOTOX and causative agent of botulism, amongst
others—is about ten times as lethal as radioactive isotope polonium-210 and a
million times more deadly than mainline poisons, such as arsenic or potassium
cyanide. Virtually, all such potent bacterial exotoxins comprise two functionally
distinct subunits, either separate proteins or distinct domains, usually denoted A
and B. The A subunit is habitually an enzyme, such as a protease, which modifies
specific protein targets, thus disrupting key cellular processes with host cells. The B
subunit is a protein which binds to host cell surface lipids or proteins, enabling the
toxin to be internalised efficiently. The high specificity of this dual action lends
exotoxins much of their remarkable lethality.

Exotoxins are also extremely immunogenic, inducing the immune systems to
produce high-affinity neutralising antibodies against them, and thus make excellent
targets for vaccinology. A toxoid—a toxin which has been treated or inactivated,
often by formaldehyde—is in essence a form of subunit vaccine and, as such,
requires adjuvant to induce adequate immune responses. Vaccines targeting tetanus
and diphtheria, which usually need boosting every decade, are based on toxoids,
albeit typically combined with pertussis toxin acting as an adjuvant. Poisoning by
exotoxins, on the other hand, requires treatment with antitoxin comprising pre-
formed antibodies.

However, and say that we were offered a newly sequenced pathogen genome, is
such a classification for AB toxins helpful when trying to identify a potential
exotoxins? The answer is neither yes nor is it no, but lies somewhere between
these extremes. Assuming we had extant knowledge or a reliable method predicting
the presence of structural and functionally distinct domains, this very simple rule-
of-thumb would become a useful tool for eliminating large numbers of possible
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toxin molecules. It would not directly identify an antigen but would enormously
reduce the workload inherent in their discovery.

As well as needing more and more reliable predictors, we also need a way of
combining the information we gather from any set of reliable predictors to which
we have access. Thus, when analysing a pathogen genome, what we seem to need,
at least in order to identify immunogenic proteins, is both a set of reliable and robust
tools and a cohesive expert system within which to embed them. Such systems,
albeit still at a relatively crude and faltering level, do exist. Because there is an
implicit hierarchy of one prediction being based on others, there is a need to balance
and judge different pieces of probabilistic evidence. An effective expert system
should be capable of such a feat.

To a first approximation, an expert system is a computer programme that
undertakes tasks that might otherwise be prosecuted by a human expert osten-
sively by simulating the apparent judgement and behaviour of an individual or
organization with expertise and experience within a particular discipline. An
Expert System might make financial forecasts, or play chess; it might diagnose
human illnesses or schedule the routes of delivery vehicles. To create an expert
system, one first needs to analyse human experts and how they make decisions,
before translating this into rules that a computer can follow. Such a system
leverages both a knowledge base of accumulated expertise and a set of rules
for applying such distilled knowledge to particular situations in order to solve
problems. Sophisticated expert systems can be updated with new knowledge and
rules and can also learn from the success of its prediction, again mirroring the
behaviour of properly performing experts.

At the heart then of an Expert System is the need to combine evidence in order to
reach decisions. Combining evidence, and reaching a decision based on that
combined evidence, is no easier in the laboratory, be that virtual or actual, than it
is in the court room. The problem of combining evidence is encountered across the
disciplines, and various solutions have arisen in these different areas.

Within bioinformatic prediction, a particular variety of evidence combination,
so-called meta-prediction, is a now a well-established strategy [131, 132]. This
approach seeks to amalgamate the output of various predictors, typically internet
servers, in an intelligent way so that the combined result is more accurate than any
of those coming from a single predictor. Indeed, combining results from multiple
prediction tools does often increase overall accuracy. A consensus strategy was first
proposed by Mallios [133], who combined SYFPEITHI [60, 61, 134], ProPred
[135, 136], and the iterative stepwise discriminant analysis meta-algorithm
[137-139]. MULTIPRED [140] integrates HMMs and artificial neural networks
(ANN). Six MHC class II predictors were combined by Dai and co-workers
[141-143] basing its overall prediction on the probability distributions of the
different scores. Trost et al. have used a heuristic method to address class I
peptide-MHC binding [144]. Wang et al. [145] applied a consensus method to
calculate the median rank of the top three predictive methods for each MHC class 11
protein initially evaluated so as to rank all possible 8-, 9-, and 10-mers from one
protein. This rank was used to identify the top 1 % of peptides from each protein.
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In probabilistic reasoning, or reasoning with uncertainty, there are many ways to
represent espoused beliefs—or, in our domain, predictions—that effectively encode
the uncertainty of propositions. These include fuzzy logic and the evidential
method, among many others. For quantitative data, information fusion, in its
various guises [146], is one robust route to effective combination. Another requires
us to enter the world of Bayesian statistics, or, at least, a special thread within it.

Bayes theory, and the ever-expanding strand of statistics devolving from it, is
concerned primarily with updating or revising belief in the light of new evidence,
while so-called Dempster—Shafer theory [147] is concerned not with the conditional
probabilities of Bayesian statistics but with the direct combination of evidence. It
extends the Bayesian theory of subjective probability, by replacing Bayesian
probabilities with belief functions that describe degrees of belief for one question
in terms of probabilities for another and then combines these using Dempster’s rule
for merging degrees of belief when based on independent lines of evidence. Such
belief functions may or may not have the mathematical properties of probabilities
but are seemingly able to combine the rigor of probability theory with the flexibility
of rule-based approaches.

Several Expert Systems of different flavours and hues have now become avail-
able within the vaccinology arena. Sundaresh et al. developed a specialist software
package for the analysis of microarray experiments that could easily be classified as
an Expert System and used it in the area of reverse vaccinology. This package,
which was written in the open-source statistical package R, was used to help
analyse a variety of complex microarray experiments on the bacteria F. tularensis,
a category A bio-defense pathogen [148]. This programme implements a two-stage
process for diagnostic analysis: selection of antigens based on significant immune
responses coupled with differential expression analysis, followed by classification
of measured antigen responses using a combination of k-Means clustering, support
vector machines, and k-nearest neighbours.

We have already discussed VaxiJen [115, 116, 130], and the related server
EpiJen [149], which combines various methods for identifying epitopes within
extant proteins. These two servers can also be classified as vaccine-related Expert
Systems. NERVE is another Expert System, which has been developed to help
automate aspects of reverse vaccinology [150]. Using NERVE, the prioritisation of
potential candidate antigens consists of several stages: prediction of subcellular
localisation; is the antigen an adhesion?; identification of membrane-crossing
domains; and comparison to pathogen and human proteomes. Candidates are
filtered then ranked and putative antigens graded by provenance and its predicted
immunogenicity.

The web-based Expert System, DyNAVacS [151], was developed to facilitate
the efficient design of DNA vaccines and is available in the URL: http://miracle.
igib.res.in/dynavac. It takes a structured approach for vaccine design, leveraging
various key design parameters, including the choice of appropriate expression
vectors, safeguarding efficient expression through codon optimization, ensuring
high levels of translation by adding specific sequence signals, and engineering of
CpG motifs as adjuvant mechanisms exacerbating immune responses. It also allows
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restriction enzyme mapping, the design of primers, and lists vectors in use for
known DNA vaccines.

VAXIGN is another Expert System developed to help facilitate vaccine design
[152]. VAXIGN undertakes dynamic vaccine target prediction from sequence.
Methodologically, it combines protein subcellular location prediction with predic-
tion of transmembrane helices and adhesins, analysis of the conservation to human
and/or mouse proteins with sequence exclusion from the genomes of non-
pathogenic strains, and prediction of peptide binding to class I and class II MHC.
As a test, VAXIGN has been used to predict vaccine candidates against
uropathogenic Escherichia coli.

However, NERVE and its various and varied siblings are tasked with such a
confounding and difficult undertaking that they are obliged to fall somewhat short
of what is required. An obvious first step in tackling the greater problem is to
address first subcellular location prediction. Then, we can look at antigen presenta-
tion, modelling for each component step, before building these into a fully func-
tional model. We can also develop empirical approaches—such as VaxiJen [115,
116, 130]. We must also factor in antibody-mediated issues, properly address
PAMPs, post translational danger signals, expression levels, the role of aggrega-
tion, and the capacity of molecular adjuvants to enhance the innate immunogenicity
to usable levels. See Fig. 3.2.

3.11 Discussion and Conclusions

The value of vaccines is not yet unchallenged. However, most reasonable people
would, in all probability, agree that they are a good thing, albeit with a few minor
provisos. The idea underlying all vaccines is a strong and robust one: it is in the
reification—that is, the realisation, manifestation, and instantiation—of this
abstract concept that the trouble lies, if indeed trouble there is. Existing vaccines
are by no means perfect; again, most sensible and well-informed people would no
doubt acknowledge this also. One might argue that their intrinsic complexity, and
the highly empirical nature of their discovery over decades, and the fraught nature
of their manufacture, has much to answer in this regard.

Why should this be? In part, it is due to the extreme complexity of immune
response to an administered vaccine, which is largely specific to each individual
or at least is different in different sub-groups within the totality of the vaccinated
population. The immune responses is comprised, at least for whole-pathogen
vaccines, of the adaptive immune response to multiple B cell and T cell epitopes
as well as the responses made by the innate immune responses to diverse
molecular structures, principally PAMPs. When one considers also the degree
to which such a repertoire of responses is augmented and modified by the action
of additives, be they designed to increase the durability and stability of vaccines
or be they adjuvants, which are intended to raise the level of immune reactions.
Add in stochastic and coincidental phenomena, such as reversion to
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pathogenicity, and we can see immediately that navigating our way through the
vaccine minefield is no easy task. All such problems engendered by this intrinsic
complexity are themselves compounded by our comparatively weak understand-
ing of immunological mechanisms, since, if we understood the mechanism of
responses well enough, we could and would have designed our vaccines to
circumvent these issues.

Part of the answer to this cacophony of conflicting and confounding quandaries
is the newly emergent discipline of vaccinomics. A proper understanding of the
relationships between gene variants and vaccine-specific immune responses may
help us to design the next generation of personalised vaccines. Vaccinomics
addresses this issue directly. It seeks to identify genetic factors mediating or
moderating vaccine-induced immune responses, which are known to be extremely
variable within population. Much data indicate that host genetic polymorphisms are
key determinants of innate and adaptive response to vaccination. HLA genes, non-
HLA genes, and genes of the innate immunity all contribute, and do so in many
ways, to the variation observed between individuals for immune responses to
microbial vaccines. Vaccinomics offers many techniques that can help illuminate
these diverse phenomena. Principal amongst these are population-based gene/SNP
association studies between allele or SNP variation and specific responses,
supplemented by the application of next-generation sequencing technology and
microarray approaches.

Yet, and for all this nay-saying and gainsaying, vaccines and vaccination have
demonstrated their worth time after time; yet, to justify the continuing faith we
invest in them, new and better ways of making safer and more focussed vaccines
must be found. Most current vaccines work via antibody-mediated mechanisms;
and most target viruses and the diseases they cause. Unfortunately, the stock of such
disease targets is dwindling. Low-hanging fruit has long since been cut down. Only
fruit that is well out of reach remains. Vaccines based on APCs and peptides are
new but unproven strategies; most modern vaccine development relies instead on
effective searches for vaccine antigens.

One of the clearest points to emerge from such work is that there are many
competing concepts, thoughts, and ideas that may confound or help efficient
identification of immune reactive proteins. Certain such ideas we have outlined.
Some are indisputably persuasive, even compelling, yet many strategies—and the
technical approaches upon which they are based—have singly failed to deliver on
their promise.

Long ago, and based on his lifetime’s experience of all things immunological,
Professor Peter CL Beverley sketched out a paradigm for protein-focussed vaccine
development, which we have formalised further, and which schema is summarised
in Fig. 3.4. Some of his factors overlap with the factors from Fig. 3.2. He identified
many of the factors that potentially contribute to the immunogenicity of proteins, be
they of pathogen origin or another source entirely, and also other features which
might make proteins particularly suitable for becoming candidate vaccines. Of
these, some are as-yet beyond prediction, such as the attractiveness for APCs or
the inability to down-regulate immune responses. The status of proteins as evasins is
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BIOINFORMATIC VACCINE DESIGN

GENOME
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IMMUNOGENICITY VACCINE
PREDICTION DESIGN
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Low glycosylation Cellular location of molecule
Attractive for APC Not able to down regulate
Physical form immune response
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Fig. 3.4 The Beverley paradigm

currently only possibly addressable through sequence similarity-based approaches
and likewise for the attractiveness for uptake by APCs is again, though possible there
exist motifs, structural or sequence, which could be identified. Currently, the dearth
of relevant data precludes prediction of such properties; and, while it is possible to
predict some of these properties with some assurance of success, and others are
predictable but only incidentally, overall, we are still some way from realising the
dream embodied in Fig. 3.4.

Failure occurs for simple reasons: we deal with simplified abstractions and
cannot hope to capture all that which is required for prediction by looking superfi-
cially at a single factor. Protein immunogenicity comes instead from the dynamic
combination of innumerable contributing factors. This is by no means a facile or
easily solved informatics conundrum. A vaccine candidate should have epitopes
that the host recognises, be available for immune surveillance, and be highly
expressed. Factors mediating protein immunogenicity are many; possession of B
or T cell epitopes, post-translational danger signals, sub-cellular location, protein
expression levels, and aggregation state amongst them. Predicting such diverse,
complex, confounding properties is—and remains—a challenge.

Vaccine antigens, once discovered, should, ultimately, and with appropriate
manipulation, together with an apt, apposite, and appropriate delivery system and
the right choice of adjuvant, become first a candidate for clinical trials, before,
hopefully, progressing to regulatory approval. We require an integrative, systems-
biology approach to solve this problem. No single approach can be applied univer-
sally and with success; what we crave is the full integration of numerous equally
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partial yet equally valid techniques and strategies which, in turn, draw upon a
wealth of relevant, useful data. With an issue of such importance, even an incom-
plete solution should be sufficient.
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Chapter 4

Post-genomic Antigen Discovery:
Bioinformatical Approaches to Reveal Novel
T Cell Antigens of Mycobacterium bovis

Martin Vordermeier, Gareth J. Jones, Samantha Sampson, and
Stephen V. Gordon

Abstract The elucidation of the genomes of pathogenic mycobacteria and the
application of bioinformatic tools has greatly assisted the process of defining
antigenic proteins for diagnosis of, and subunit vaccination against, bovine tuber-
culosis. By applying in silico genome comparisons or transcriptome comparisons, it
was possible to prioritise potentially specific and immunogenic proteins for testing
in infected or vaccinated cattle. These approaches led to the identification of
antigens supporting discrimination of infected from vaccinated animals (DIVA
diagnosis) or subunit vaccine candidates. Some progress has also been made to
develop algorithms predicting peptides binding to bovine major histocompatibility
complex class II molecules. The following chapter will review these advances and
consider them in the context of bovine TB vaccine development programmes.

4.1 Novel Cattle Tuberculosis Vaccines

Bovine TB in cattle, caused mainly by Mycobacterium bovis (M. bovis), remains a
major global animal health problem [1, 2] In England and Wales. The disease
incidence has risen steadily since the mid-1980s and still remains high. Vaccination
of cattle against M. bovis infection is being considered as one of the long-term policy
options for reducing the risk and incidence of bovine TB in England, and progress in
developing TB vaccines for cattle has been reviewed in a number of recent articles
[3—6]. The most-promising and effective vaccination strategies against bovine TB in
cattle are based on priming the immune system with BCG followed by boosting with
subunit vaccines (heterologous prime-boost strategy), based on DNA [7, 8], protein
[9], or viral subunit vaccines [10—12]. As these immunisation strategies result in
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animals becoming tuberculin-test positive, complementary diagnostic reagents
allowing the discrimination of infected from vaccinated animals (DIVA) are an
essential requirement to continue with test and slaughter TB control strategies
alongside vaccination. Bioinformatic approaches have been successfully applied
over the last decade both in the search for DIVA targets and subunit vaccine
candidates, and this review will present some of these findings.

Immune responses to TB in cattle are characterised by early and sustained cell-
mediated immune responses post-infection with detectable serum responses
emerging later in the infection cycle [13—15]. Consequently, the most widely
used diagnostic assays, such as tuberculin skin testing or in vitro cytokine detection
assays (e.g. the Bovigam interferon-gamma (IFN-y) assay) are targeted at measur-
ing cell-mediated immune responses.

In its original form, the Bovigam assay measures IFN-y after stimulation of
whole blood with avian or bovine tuberculin purified protein derivative (PPD)
produced from M. avium or M. bovis, respectively [16, 17]. However, as PPD
comprises a mix of hundreds of mycobacterial antigens, the specificity of the
Bovigam assay in this form is compromised by BCG vaccination [18, 19]. Fortu-
nately, the Bovigam test can be readily modified to accommodate specific antigens
more suitable as DIVA antigens, allowing discrimination between infected and
vaccinated animals.

4.2 DIVA: Proof of Principle Antigens

Two major antigenic DIVA targets recognised by T cells from infected cattle or
humans are ESAT-6 and CFP-10 [20, 21], encoded by genes in the RD1 region of
the M. bovis genome, a locus that is deleted from all BCG strains [22-25]. When
used as a diagnostic antigen, ESAT-6 discriminated between infected and BCG-
vaccinated cattle [18, 19, 26]. Peptides derived from ESAT-6 and CFP-10 induced
equivalent responses to recombinant proteins in M. bovis-infected cattle, but did not
elicit responses in BCG-vaccinated cattle. In contrast, bovine PPD-biased responses
were detected in more than 70 % of BCG-vaccinated animals [26]. Unfortunately,
the sensitivity ESAT-6 and CFP-10 was still below that of tuberculin, necessitating
the identification of further antigens to increase overall test sensitivity.

4.3 Elucidation of Sequences of Mycobacterial Species

Since the first mycobacterial genome (M. tuberculosis [27]) was completed in 1998,
the genomes of many pathogenic and non-pathogenic mycobacterial species have
been elucidated including M. bovis [23, 28], M. bovis BCG Pasteur [29], M. avium
subsp. paratuberculosis [30], and M. avium subsp. avium. A comprehensive myco-
bacterial genome resource, therefore, exists which allows the systematic search for
additional differential diagnostic candidates (Table 4.1). In addition, micro-array



4 Post-genomic Antigen Discovery: Bioinformatical Approaches to Reveal Novel. . . 75

Table 4.1 Characteristics of mycobacterial genomes

Species Size (Mb) CDS* % GC Accession

M. tuberculosis H37Rv 44 4,012 65.9 NC_000962
M. bovis 2122/97 4.3 3,952 65.6 NC_002945
M. bovis BCG Pasteur 4.4 3,954 65.6 NC_008769
M. leprae TN 33 1,604 57.8 NC_002677
M. avium 104 5.5 5,120 69.2 NC_008595
M. avium subsp. paratuberculosis K10 4.8 4,350 69.3 NC_002944
M. smegmatis mc?155 6.9 6,716 67.4 NC_008596

“based on most recent version of annotation

M. bovis BCG Category.
Gene region
deleted (e.g. RDI)

I = - Gene(s)
deleted
Genes
IEN
truncated
(SNP)
High Low Transcription
Yes No Secretion

Fig. 4.1 Antigen mining strategies applied to define antigens for DIVA diagnosis

technology has made the systematic evaluation of mycobacterial gene expression
possible. Based on these technologies, a number of approaches have been applied
for rational antigen mining. These include: comparative genome analysis to identify
antigen-encoding regions or individual genes deleted from BCG; comparative
transcriptome analysis with the aim of defining genes that are highly expressed in
M. bovis but lowly or not expressed in BCG; or identification of secreted or
potentially secreted antigens (see Fig. 4.1). We will briefly describe some of the
results obtained with these approaches in the next section.

4.4 Mining Genome Information

4.4.1 Antigens Encoded by Genome Regions Deleted from BCG

Twenty-eight potential DIVA antigens are encoded by the RD1, RD2, and RD14
gene regions that are deleted from the genome of BCG Pasteur [23, 29]. Cockle



76 M. Vordermeier et al.

et al. determined their immunogenicity and specificity in M. bovis-infected or BCG-
vaccinated cattle. For this and all the other studies described below from our
laboratories, we have applied a high-throughput, cost-effective biological screening
system which utilises overlapping pools of synthetic peptides spanning the com-
plete sequences of the target proteins combined with a whole blood IFN-vy secretion
assay. This screening system revealed that seven of these RD-encoded proteins
were recognised at high frequencies (41-86 %) in infected cattle. However, despite
all seven genes being deleted from the BCG genome, only three proteins (Rv1986,
Rv3872, and Rv3878) were not recognised by T cells from BCG-vaccinated cattle
[31]. The most frequently recognised peptides from Rv1986, Rv3872, and Rv3878,
as well as similar peptides from Rv3873, Rv3879c, Rv0288, and Rv3019c were
identified and formulated together with peptides from ESAT-6 and CFP-10 into a
larger peptide cocktail [32]. Some of these antigens were also described as specific
for M. bovis in other studies [33, 34], although their DIVA potential was not
assessed in these studies.

This peptide cocktail was significantly better than tuberculin for identifying skin
test-negative animals with confirmed bovine tuberculosis, whilst still maintaining
its DIVA potential. This result indicated that the identification of potentially
discriminatory peptides is not necessarily restricted to antigens that in their entirety
are not recognised by T cells from BCG-vaccinated cattle (such as Rv1986,
Rv3872, and Rv3878); it is also possible to define empirically by epitope surgery
DIVA peptides within the sequences of apparently non-specific antigens that as
complete proteins are recognised in BCG-vaccinated cattle [32]. Additional studies
with this peptide cocktail, however, suggested that its sensitivity advantage could
largely be realised only in freshly sampled blood, but not in blood stored overnight
before the blood cultures were initiated (Vordermeier, unpublished data). As the
Bovigam test in GB is routinely performed on blood stored overnight [35], addi-
tional antigens had to be found to improve ESAT-6 and CFP-10 sensitivity in this
testing strategy.

It should be noted here that antigens that prove unsuitable for DIVA diagnosis
can still be useful for other applications, for example, as subunit vaccine candidates
particularly when used in heterologous prime-boost scenarios in combination with
BCG. Indeed, for this application, recognition after BCG vaccination is a require-
ment for antigens to be able to function as a booster vaccine. An example of such an
antigen is the ESAT-6 family member TB10.4 (Rv0288) that is strongly recognised
by humans and cattle infected with M. bovis or M. tuberculosis. It is now being
assessed as a vaccine candidate for human [36] and bovine tuberculosis (Hogarth,
Vordermeier et al., unpublished data).

4.4.2 T Cell Cross-Reactivity

To explore why four of the seven antigens discussed in the previous paragraph were
not specific despite being deleted from the BCG Pasteur genome, we identified the
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Fig. 4.2 The challenge of predicting T cell cross-reactivity between proteins. A. Recognition of
closely related peptide sequences derived from otherwise unrelated proteins. B. Recognition of
closely related ESAT-6-derived peptide homologues from M. bovis (peptide 3) and two
M. kansasii isolates (3A and 3B). Read-out system: IFN-y ELIPSOT assays. Recognition of
peptide 3 was BoLA-DQ-restriced in animal 1, and BoLA-DR restricted in animal 2 (bottom
left and bottom right panels, respectively). Modified from [38]

epitope-carrying peptides within their sequences by testing individual peptides
rather than peptide pools. We then performed BLAST searches using these 20-
mer peptide sequences, instead of the whole protein sequences, to search for
sequence identity between them and proteins encoded outside the RD regions.
We found small regions with high degrees of amino acid sequence identity in
otherwise unrelated proteins [37]. When we synthesised the encoded peptides and
used them in IFN-y assays, we could demonstrate that they were cross-reactive;
this, therefore, explains the lack of DIVA specificity of these antigens (Figure 4.2a
shows an epitope from Rv3873 and its sequence match across Rv0280, Rv0286 and
Rv3018c/3021c, Rv0286). Interestingly, the degree of sequence identity or similar-
ity alone did not necessarily predict cross-reactivity (Fig. 4.2a). This makes it
difficult to predict T cell cross-reactivity based solely on the primary epitope
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sequence. The complexity of T cell cross-reactivity was further illustrated in a study
evaluating the epitope specificity between M. bovis ESAT-6 and its M. kansasii
homologues that exhibit >95 % sequence identity overall. To our surprise, we
could demonstrate that M. kansasii-derived peptides that shared 14/16 and 15/16
amino acids with the corresponding epitopic M. bovis peptide were not recognised
by T cells from a proportion of M. bovis-infected cows, whilst other M. bovis-
infected cattle reacted to all three peptides, i.e. displayed complete cross-reactivity
(Fig. 4.2b) [38]. On closer analysis, we demonstrated that these peptides were
recognised in the context of different major histocompatibility complex (MHC)
class II restriction elements: the ‘specific’ epitope within this peptide was
recognised in the context of BoLA-DQ, whilst the ‘cross-reactive’ epitope was
recognised in the context of BoLA-DR (Fig. 4.2b) [38].

4.4.3 Antigens Deleted from the BCG Genome, or with Truncated
or Frame-Shifted Amino Acid Portions

Iterative bioinformatic analysis was performed to identify potential antigens for
which the encoding genes were deleted from BCG compared to M. bovis, or that
harboured mutations that truncated coding sequences, or that altered the amino acid
sequence of the encoded protein. The file of 3,592 M. bovis genes was then used to
perform stand-alone BLASTP and TBLASTN searches against the M. avium subsp.
avium and M. avium subsp. paratuberculosis genome sequences to identify
M. bovis proteins with low score and E values (M. bovis unique proteins). In
total, 40 such genes were selected for immunological analysis. However, none of
them were recognised well in M. bovis-infected cattle (responder frequencies
<25 %), nor did any of them complement ESAT-6/CFP-10 by increasing overall
test sensitivity (Vordermeier, Ewer, Gordon, unpublished results).

4.4.4 Analysis of Proteins Predicted to Be Secreted (Secretome
Antigens)

A longstanding hypothesis in tuberculosis research is that active secretion of
antigenic proteins by mycobacteria induces strong cellular immune responses
in the host. Thus, we prepared a list of all predicted potentially secreted M. bovis
antigens (secretome) by the in silico analysis of the M. tuberculosis H37Rv
genome. Selection criteria were (i) the presence of signal sequences (e.g.
Rv0192A, Rv0559c, etc.), (ii) linkage to ESX loci (e.g. Rv3449, Rv3883c, etc.),
(iii) members of the ESX family (e.g. Rv1197, Rv1198, etc.), or (iv) prior evidence
for secretion from the literature. Pools of overlapping peptides spanning 119
M. bovis secretome proteins were screened for their ability to stimulate an IFN-y
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response using blood from either TB-reactor or BCG-vaccinated cattle. A hierarchy
of immunogenicity of the secretome antigens was observed in TB-reactor animals,
with members of the ESAT-6 protein family being amongst the most immuno-
dominant proteins thus identified [39]. In order to identify potential DIVA reagents,
the full complement of secretome antigens were also screened in BCG-vaccinated
cattle [39]. Of the eight most frequently recognised peptide pools (i.e. those that
induced an IFN-vy response in over half of M. bovis-infected animals studied), pools
corresponding to Rv3020c and Rv2346¢ were not recognised by any of the BCG-
vaccinated animals, suggesting that they may contain peptides with potential
application as DIVA reagents. Although the other six peptide pools induced IFN-
vy responses in some BCG-vaccinated animals, elucidation of the individual peptide
recognised by T cells from infected cattle revealed individual peptides that were
specific and induced IFN-y responses in TB-reactor animals only [40]. These
results informed the formulation of a cocktail of nine peptides representing multiple
antigen targets. This cocktail was recognised by 54 % of TB-reactor animals but did
not induce responses in any BCG-vaccinated animal studied, although our study
using a relatively small number of animals did not demonstrate that these reagents
increased overall sensitivity compared to ESAT-6/CFP-10 alone. Thus, larger field
trials are required to demonstrate the potential of these antigens to increase ESAT-
6-/CFP-10-dependent diagnostic sensitivity without compromising specificity in
BCG-vaccinated animals.

4.5 Transcriptome Analysis

4.5.1 Comparative Transcriptome Analysis

The transcriptome represents the complete gene expression profile of an organism
under defined conditions. By DNA microarray technology, we compared the
transcriptomes of BCG and M. bovis after infection of bovine macrophages (com-
parative transcriptomics), in the hope of identifying antigen-encoding genes
induced by M. bovis, but not BCG, in vivo. Genes strongly expressed across
different in vitro growth conditions (the invarisome, [41]) were also assessed.
The feasibility of the transcriptome approach, for example, was supported by the
study of the serodominant antigens MPB70 and MPBS83 that are weakly expressed
in some BCG strains compared to M. bovis [42, 43]. Overall, our studies did not
establish a strong correlation between the level of a gene’s expression and immu-
nogenicity [44]. This approach may need to be revisited, however, as a recent study
using humans infected with M. tuberculosis indicated that expression data com-
bined with epitope prediction targeted at HLA-DR alleles dominant in given target
populations might be able to predict antigenicity (Wilkinson et al., unpublished
observation).
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Only the novel antigen Rv3615¢c was recognised by blood cells isolated from
M. bovis-infected animals [44], but not by blood cells from uninfected or BCG-
vaccinated cattle [44]. Further, Rv3615c was recognised strongly in a subset of
infected cattle that escaped detection by ESAT-6/CFP-10. The application of this
protein in combination with ESAT-6 and CFP-10, therefore, increased the overall
DIVA performance [44], and studies are underway to extend these data in interna-
tional field studies in different cattle populations. Recently, our findings have been
confirmed by a study of human tuberculosis patients [45]. Interestingly, Rv3615c is
expressed in BCG and it is therefore not immediately obvious why it is not
recognised after BCG vaccination. Our hypothesis was that unlike in M. bovis,
Rv3615c would not be secreted by BCG because its secretion is dependent on the
presence of the intact esx-1 locus, encoded by the RD1 region which is deleted in
BCG (reviewed in [46]). ESX-1-dependent secretion of Rv3615¢c was originally
demonstrated using defined M. tuberculosis mutants (REF), and has subsequently
been verified for BCG [45].

4.5.2 Stage-Specific Antigens

Long latency periods are a hallmark of M. tuberculosis infection of humans and
efforts are underway to define antigens that are specific for this stage of disease.
Thus, several stage-specific ‘latency antigens’ of the DosR regulon [47] genes are
more strongly recognised in latently infected humans compared to patients with
active tuberculosis [48—51]. Another class of potential stage-specific antigens could
derive from genes of the enduring hypoxia response (EHR) [52]. The EHR defines a
group of M. tuberculosis genes that are specifically induced when the bacilli are
exposed in vitro to low oxygen conditions, which is thought to mimic the environ-
ment encountered by mycobacteria during latent infection. Although well described
in humans, latent mycobacterial infection in cattle remains poorly understood. We
have tested a selection of DosR regulon and EHR gene products for their antige-
nicity in infected and vaccinated cattle, with the aim of identifying antigens that
may potentially disclose cattle with latent M. bovis infection. As all of the DosR
regulon proteins screened were poorly recognised by M. bovis-infected animals
[53], we focused our attention on the panel of EHR antigens. Thus, 29 EHR
antigens were screened for their ability to stimulate an immune response in TB-
reactor cattle. The data demonstrated a hierarchy of responder frequencies, with
some proteins recognised by about half of the infected animals tested with
responses largely IFN-y biased [53]. The EHR antigen Rv0188 was recognised
predominantly in animals presenting with limited visible pathology, whereas
responses to ESAT-6/CFP-10 or the other EHR antigens were prevalent across
the pathology spectrum [53]. This could support the concept for their role in
latency. However, when we determined the production of additional bovine PPD-
induced biomarkers significantly greater production of the pro-inflammatory cyto-
kine IL-1B was found in animals recognising Rv0188 (i.e. those with limited
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pathology) [53]. These results, therefore, supported the idea that animals
recognising the EHR antigen Rv0188 are at early stages of infection rather than
in a state of latency. Studies to determine if Rv0188 can be used as a DIVA antigen
are underway. Alternatively, responses to Rv0188 may identify a subset of animals
that is capable of limiting infection.

4.5.3 Potential Antigen Mining Based on Small Antisense RNA

Small RNAs (sRNA) are short RNA molecules of 50-500 nucleotides in length that
were first identified in bacterial plasmids. The advent of next-generation sequenc-
ing technologies and oligonuceotide tiling arrays has allowed the discovery of
SRNA molecules in many bacteria, including Escherichia coli and Salmonella
enterica Typhimurium. Arnvig and Young first described nine sRNAs in
M. tuberculosis, while McDonough and colleagues reported 34 novel sRNAs in
M. bovis BCG [54, 55]. The role of these SRNA molecules is generally in gene
regulation, with the majority acting to silence or enhance gene transcription or
translation [56]. While sometimes referred to as ‘non-coding’ RNAs, this nomen-
clature is incorrect, as it is known that some sRNA molecules encode peptides.
Recent work has identified peptides encoded by sRNAs in Bacillus subtilis [57],
Staphylococcus aureus [58], and E. coli [59]. Hence it appears that SRNAs are a
previously unappreciated source of short peptides produced by the bacterial cell. In
our initial work with M. bovis, we have analysed the sSRNAs produced by four
molecular types of M. bovis that encompass the genetic diversity of GB M. bovis
strains. These data revealed a set of differentially expressed SRNA molecules across
the M. bovis strains associated and frequently linked to single nucleotide mutations
(SNPs) in their genomes. The genome sequences of M. bovis and BCG have
revealed more than 700 point mutations across the two strains; hence it is probable
that some of this SNP variation leads to differential expression of sSRNAs across
M. bovis and BCG. As some sRNAs encode peptides which may be antigenic,
screening of SRNAs across M. bovis and BCG could lead the identification of novel
antigens to be used in differential diagnostics. We are currently testing this hypoth-
esis in our laboratories.

4.6 Predicting Epitopes Recognised by Bovine MHC-Class 11
Restricted CD4" T Cells

BoLA class II complex consists of one DR gene pair and up to two DQ gene pairs
per haplotype, and is highly polymorphic [60, 61]. Pathogen-derived epitopes can
be recognised both in the context of BoLA-DR and BoLA-DQ [62]. Moreover,
identical peptides from mycobacterial antigens can be recognised in cattle both in
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the context of BoLA-DR and BoLA-DQ molecules [38]. Knowledge of MHC
restriction and anchor residues of epitopes recognised by bovine T cells is limited,
with binding motifs defined only for a small number of BoLA class I molecules [63,
64] and even more tentative data available for motifs predicting binding to BoLA
class II molecules [64, 65]. In contrast to other species (e.g. humans and mice),
experimental peptide-binding data for BoLA class Il-restricted peptides are there-
fore limited and no dedicated computational prediction tools are currently available
to predict BoLA class Il-restricted peptides, although a programme predicting
peptides binding to the BoLA class I allele A11 has been described [66].

Previously, we achieved some success using ProPred software (which calculates
the likelihood of peptides binding to human HLA-DR alleles (http://www.imtech.
res.in/raghava/ProPred [67])) to predict peptides recognised by bovine T cells [68].
In a recent study [69], a novel structure-based prediction method (Hepitom) was
developed based upon evaluating the binding free energies between BoLA DRB3
and a panel of peptides derived from the sequences of 13 M. bovis antigens
(Fig. 4.3a). Using immunogenicity data derived from responses of M. bovis-
infected cattle after stimulation with 105 individual overlapping peptides, we
have compared the sensitivity and specificity of both the Hepitom and the ProPred
models to predict peptides that are recognised by bovine T cells [69]. A range of
immunogenicity cut-offs were evaluated, the most stringent being the prediction of
the most promiscuous epitopic peptides recognised by more than 40 % of infected
animals (responder frequencies >40 %). With this most stringent cut-off, Hepitom
and ProPred models predicted 62 % and 77 % of the empirically defined immuno-
genic peptides (sensitivity). In contrast, 66 % and 34 % of the non-immunogenic
peptides were predicted to be non-binder (specificity). Thus, the Hepitom model
was able to identify a larger proportion peptides correctly than ProPred (diagnostic
accuracy = 0.9 and 0.74, respectively, Fig. 4.3b) [69].

The advantages of applying predictive algorithms to pre-select peptides include
the use of fewer peptides in antigen screening assays, saving time and costs.
However, one requirement of this approach would be that the use of selected
peptides only does not compromise the ability to detect a similar number of
immunogenic antigens when compared to using the full complement of overlapping
peptides. To validate the different approaches, we compared the IFN-y responses of
TB-reactor animals to 11 secreted proteins using either the full complement of
overlapping peptides (n = 85), or those peptides predicted by either the Hepitom
model (n = 31) or ProPred (n = 59) to contain binding motifs. Using the most
stringent cut-off level for immunogenicity, 7 out of the 11 proteins were identified
using the full complement of overlapping peptides. Encouragingly, all but one of
these seven antigens were also identified as immunogenic when just the 31 peptides
predicted by the Hepitom model were used. In contrast, when using the ProPred-
predicted peptides, only four of the seven antigens gave responder frequencies
comparable to the unbiased complete set of peptides [69]. Thus, whilst having only
medium sensitivity and specificity to correctly predict peptides recognised by
bovine CD4+ T cells, the Hepitom model can be used to reduce the number of
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peptides required and thus their purchase costs, without loss of the sensitivity to
identify strong antigens correctly.

4.7 All Proteins Are Equal but Some Are more Equal than
Others

Over the last decade, we have assessed the immunogenicity in infected cattle of
more than 500 proteins. The observed hierarchy of responses is shown in Fig. 4.4
and ranges from proteins not recognised at all (0 % responder frequencies) to
antigens being recognised by more than 90 % of animals tested. Although the
selection of proteins tested was not unbiased, with secreted antigens, for example,
being over-represented, it is still possible to determine if some classes of proteins
are better recognised than others. We grouped the proteins in two categories based
on their responder frequencies; those that were recognised by at least 30 % of
infected cattle (high responders) and those that were recognised below 30 %
(medium to low responders). This split the dataset into 80 proteins that were highly
recognised and 425 in the low/medium recognition group. Although antigens
predicted to be secreted (secretome) were distributed across both groups, they
were significantly more highly represented in the high-responder group (Fig. 4.4,
insert, P < 0.0001). Interestingly, just being secreted did not necessarily mean that
proteins are highly recognised (Fig. 4.3, insert), because this predominance of
secreted proteins in the high response group was largely due to the strong recogni-
tion of proteins of the ESAT-6 family of proteins: all of the ESAT-6 family
members tested clustered in the high-responder group and indeed constituted
more than 50 % of the highly recognised secretome proteins (21/41, Fig. 4.4 insert).
In addition, proteins of the PE and PPE protein families were also significantly
overrepresented in the high-responder group (Fig. 4.4, insert, P = 0.001). These
families of around 200 genes are characterised by conserved proline-glutamic acid
(PE) or proline-proline-glutamic acid (PPE) motifs near their N-termini [27].
What could be the reason for the immunodominance of ESAT-6 family members
and PE and PPE family proteins? The genes encoding ten of these ESAT-6 family
proteins studied are located within the ESX1-5 loci, which encode novel type VII
secretion systems responsible for the export of ESAT-6 family proteins, as well as
other proteins [46]. The remainder are encoded by genes located outside of these
intact loci [70], raising questions as to how, or if, these proteins are secreted. Given
the high degree of amino acid similarity and the fact that immunogenicity was not
dependent on the inclusion of the proteins in distinct ESX secretory systems, we
speculated that the immune response to these antigens was, in part, driven by the
recognition of antigenic epitopes located in conserved regions shared among
numerous proteins, effectively increasing the antigenic load. Indeed, peptide-
mapping experiments revealed that a proportion of (but not all) antigenic epitopes
were located in the highly conserved regions shared between numerous ESAT-6
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Fig. 4.3 Predicting peptides recognised by bovine T cells. (a) Predicted structure of the BoLA
DRB3/peptide complex restricted to the peptide binding groove only. The BoLA DRB3 molecule
is shown in blue while an influenza reference peptide PKY VKQNTLKLAT is shown in red. (b).
Proportion of peptides correctly assigned (Diagnostic accuracy) by ProPred or Hepitom models.
Based on 13/105 assessed peptides to be recognised by more than 40 % of infected cattle
(prevalence = 0.12). Diagnostic accuracy = Prevalence x sensitivity + (1—Prevalence/
specificity)

Protein Responder RE G P-Value
category Frequency=30 % Frequency <30 %

Secretome 51.3 % (41/80) 21.9 % *93/425) <0.0001

Secretome and 26.3 % (21/80) 0 % (0/425) <0.0001
ESAT-6 family

PE/PPE 11.3 % (9/80) 2.4 % (10/425) 0.001
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Fig. 4.4 Response hierarchy of a set of M. bovis/M. tuberculosis antigens tested in infected cattle.
Data for 505 proteins screened as peptide cocktails using IFN-y secretion as read-out system.
Results are expressed as the proportion of animals recognising a given protein (responder
frequency in %). Horizontal line segregates proteins recognised by at least 30 % of animals
(high responders) from those recognised by less than 30 % (medium to non-responders). Insert:
Distribution of secreted (secretome), ESAT-6 or PE/PPE family members in the high and medium
to non-responder subsets. P-values were determined using the Fisher’s exact test
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Fig. 4.5 IFN-y responses of short-term T cell lines to potentially cross-reactive PPE peptides.
Short-term T cell lines were raised by primary stimulation of bovine PBMC with individual
peptides. Cells were restimulated with selected peptides, predicted to be immunologically cross-
reactive. The amino acid sequence of the initial stimulation peptide is shown in alignment with
restimulation peptides. Responses are shown as AOD450 values, and the dashed line indicates the
positivity cut-off value of 0.1

proteins [39]. Recently, a comprehensive analysis of the immunogenicity of 36 PE/
PPE proteins in cattle infected with M. bovis was performed, leading to the
identification of immunogenic PE/PPE-derived peptides. Sequence analysis of
these immunogenic peptides also revealed wide-spread antigenic cross-reactivity
associated with their recognition. An example for one such peptide is presented in
Fig. 4.5, where a T cell line raised against peptide PPE18.14 produced IFN-y in
response to stimulation with a number of closely related peptides derived from
other PPE proteins [71]. Thus, these observations studying two independent protein
families support the hypothesis raised above that their immunogenicity is in part
related to the immunodominance of epitopes that are shared across family
members. In addition, these observations are not congruent with the hypothesis
that these proteins (ESAT-6 family, PE/PPE) contribute to antigenic variation in
tuberculosis.

4.8 Conclusions

The elucidation of the genomes of pathogenic mycobacteria has revolutionised the
art of defining antigenic proteins for diagnosis and subunit vaccination. However,
our data also highlighted the limitations of these approaches, namely that
approaches based exclusively on bioinformatics can neither reliably predict the
immunogenicity/antigenicity of a mycobacterial protein, nor its specificity. There-
fore, once potential antigens have been predicted by either in silico comparisons or
expression profiling, they still need to be empirically and individually screened by
testing infected or vaccinated cattle. Nonetheless, the use of bioinformatical analy-
sis approaches discussed herein has led to the identification of antigens supporting
DIVA diagnosis such as Rv3615c, or vaccine candidates such as Rv0288. These
antigens are now being validated in larger trials (DIVA antigens) or tested in
vaccination/experimental M. bovis challenge models (subunit candidates).
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Application of DIVA antigens as skin test reagents is also being actively pursued
[72]. Thus, we believe that bioinformatic approaches represent valuable tools to
help prioritise potential antigens for empirical immunological evaluation for maxi-
mum benefit where resources are limited.
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Chapter 5
Genome-Based Computational Vaccine
Discovery by Reverse Vaccinology

Yongqun He

Abstract Reverse vaccinology starts with bioinformatics analysis of genome
sequences to predict best vaccine candidates. With more and more genomes
sequenced for any given microbial pathogens, reverse vaccinology becomes an
emerging and important vaccine development strategy. Different criteria have been
designed for reverse vaccinology prediction, ranging from the prediction of protein
subcellular localization, transmembrane helices, adhesin probability, to pangenome
sequence conservation prediction. The prediction of MHC class I and class II
binding epitopes is also a critical feature for ranking protein antigenicity. Vaxign
is the first web-based software program that targets for vaccine design using the
genome-wide reverse vaccinology strategy and epitope prediction. As a use case
study, Vaxign was used to predict protein targets for vaccine development against
infections with virulent Francisella tularensis. In total 12 outer membrane proteins
from F. tularensis strain SCHU S4 were predicted to be adhesins and conserved
within seven other strains of F. tularensis subspecies tularensis, holarctica,
mediasiatica, and novicida. Among them, an extracellular lipoprotein FTT0482c
is absent from F. philomiragia. MHC class I epitopes predicted by the Vaxign/
Vaxitop program overlaps with the results predicted by the IEDB consensus
prediction method. Compared to the IEDB method, a smaller number of epitope
hits are typically predicted by Vaxign/Vaxitop (P-value < 0.05).
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5.1 Introduction

Since the publication of the first complete genome sequence of Haemophilus
influenza Rd in 1995 [1], over 1,700 microbial genomes have been sequenced
(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_growth.html).
With the increasing number of sequenced bacterial genomes, it becomes possible to
rely on genome sequence analysis and multiple genome comparison for vaccine
discovery.

The idea of predicting vaccine targets based on genome sequences is the basis of
the reverse vaccinology, an emerging and novel vaccine design strategy. With the
large protein sequence data, it is also possible to predict MHC class I and II epitopes
for individual proteins in an entire genome and rank their antigenicity based on the
epitope prediction. Different tools have been developed to support genome-wide
vaccine discovery. The Vaxign vaccine design software is the first web-based
program that targets for vaccine design using the genome-wide reverse vaccinology
strategy and epitope prediction.

In this chapter, I will first introduce the concepts and criteria of reverse
vaccinology vaccine design and its use in genome-wide vaccine prediction. The
Vaxign reverse vaccinology method will then be introduced, followed by descrip-
tion of a specific use case study, that is, applying Vaxign to predict vaccine targets
for Francisella tularensis.

5.2 Genome-Based Vaccine Design Using Reverse Vaccinology
and Immunoinformatics

Reverse vaccinology is an emerging and revolutionary vaccine development
approach that starts with the prediction of vaccine targets by bioinformatics analy-
sis of genome sequences. Predicted proteins are selected based on defined desirable
attributes. Pioneered by Rino Rappuoli, reverse vaccinology was first applied to
development of a vaccine against serogroup B Neisseria meningitidis (MenB), the
major cause of sepsis and meningitis in children and young adults [2]. The complete
MenB genome was screened using bioinformatic algorithms for ORFs coding for
putative surface-exposed or secreted proteins, which are susceptible to antibody
recognition and therefore the most suitable vaccine candidates. Out of approxi-
mately 600 novel vaccine candidates, 350 were expressed in E. coli and 28 were
found to elicit protective immunity. It took less than 18 months to identify more
vaccine candidates in MenB than had been discovered during the past 40 years by
conventional methods [2]. The concept of reverse vaccinology has been success-
fully applied to many other pathogens such as Streptococcus pneumoniae [3],
Brucella spp. [4], and Cryptosporidium hominis [5].

While the subcellular localization of proteins is the only criteria used in the
MenB vaccine design based on the reverse vaccinology, many more criteria have
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been identified for efficient vaccine target prediction using reverse vaccinology.
The key criteria considered today in reverse vaccinology are summarized below,
together with a list of software programed useful for addressing these criteria.

5.2.1 Protein Subcellular Localization

Since the beginning of reverse vaccinology applications, subcellular location is one
main criterion for vaccine target prediction. When an antibody response plays a
major role in protecting host against infection of a pathogen (e.g., a pathogenic
bacterium), secreted proteins and surface-exposed outer membrane proteins
(OMPs) of the pathogen are ideal targets for vaccine development. Secreted
proteins are often toxins or other virulence factors. Blocking the functions of
these secreted proteins would stop the microbial pathogenesis. Similarly, allowing
the host to generate antibodies against OMPs (e.g., adhesins) would inhibit the
invasion, transfer, and function of the pathogen. For these pathogens, cytoplasmic
or inner membrane proteins, however, may not be good vaccine targets due to the
lack of close contact with the host cells. However, to develop vaccines against those
pathogens against which T cell response is crucial, subcellular localization may not
be an essential issue because a T cell response can be targeted to a pathogen protein
in any location.

5.2.2 Transmembrane Helices

In the original paper of MenB vaccine discovery using reverse vaccinology, 250 out
of 600 vaccine candidates from N. meningitidis B failed to be isolated and purified
from recombinant E. coli strains, largely due to the presence of more than one
transmembrane spanning region [2]. Therefore, it is wise to not consider those
proteins with multiple transmembrane spanning regions as best vaccine candidates.
In software development, a filter can be designed to remove the OMPs containing
more than one transmembrane helix.

5.2.3 Adhesin Probability

An adhesin is typically an OMP that adheres to host cells and mediates the invasion
of a host by a microbe pathogen. Adhesins are essential for bacterial colonization
and survival. A blockage of adhesin functions by inducing adhesin-specific
antibodies would prevent microbial invasion. Therefore, adhesins are ideal targets
for vaccine development.
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5.2.4 Pangenome Pathogen Sequence Conservation Prediction

With a large number of genomes available, it is imperative to conduct systematic
comparative analysis of the whole genomes of different strains in a given bacterium
to dissect their genetic conservation and variability. Specifically, a microbial
species can be described by its pan-genome, which is composed of core genes
present in all strains and dispensable (or accessory) genes present in two or more
strains or unique to single strains. To develop a vaccine against infections of
multiple virulent strains of a particular pathogen, it is important to identify those
genes that are conserved core genes or at least dispensable genes that are present in
as many virulent strains as possible. Therefore, a pan-genome analysis is important
for genome-wide vaccine discovery.

Vaccine targets are likely those that exist in genomes of virulent pathogen
strains, but are absent from attenuated or avirulent strains. Therefore, if one or
more genomes from non-pathogenic strains of a pathogen (e.g., E. coli strain K-12)
are available, we can exclude those proteins present in attenuated or avirulent
strains from possible vaccine target list. However, this criterion may not be
necessary. The proteins involved in attenuation of a virulent pathogen are called
virulence factors. Many virulence factors are good vaccine targets. However, the
vaccine targets to be identified are protective antigens. Protective antigens overlap
with but are not equal to virulence factors [6]. Many protective antigens exist in
attenuated and even avirulent strains. In addition, some virulence factors also exist
in attenuated and even avirulent strains. The attenuation of a virulent pathogen may
be due to mutation of one virulence factor instead of all virulence factors. There-
fore, this criterion of excluding proteins present in attenuated or avirulent strains is
subject to the vaccine designer’s call and may not be necessary.

The sequence conservation problem is basically an issue to identify orthologs
among strains. BLAST or BLAST-derived methods are typically used for this
purpose. A reciprocal best-fit method is usually used. This method works by finding
the best fit of a protein in one genome from another genome. If two proteins from
two genomes are best-fit for each other, it means that these two proteins are
orthologs.

5.2.5 Sequence Similarity to Host Proteome

Sequence similarity analysis has also been used to identify the homology between
predicted vaccine targets from the pathogen side and the proteome from the host
side (e.g., human). If a predicted vaccine target has high sequence similarity to a
host protein, one of two extreme host responses may occur: (1) the vaccine target
may induce autoimmunity, that is, the immune response induced by the vaccine
target may be used against the homologous host protein and cause severe autoim-
mune disease; and (2) immune tolerance may occur, that is, the vaccine target may
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not induce any response to this target in host. Therefore, predicted vaccine targets
are required not to have sequence similarity to proteins of hosts (e.g., human).

5.2.6 Prediction of MHC Class I and Class Il Binding Epitopes
Using Immunoinformatics Methods

Immunoinformatics is a research branch that studies immunology using informatics
approaches. A major research area in immunoinformatics is the study of T cell
epitope binding. T cells are activated by direct interaction with antigen presenting
cells. The initial interaction occurs between the T cell receptor and antigen peptides
bound in the cleft of MHC class I or II molecules. MHC class I molecules present
peptides obtained from proteolytic digestion of endogenous proteins. MHC class 1
binding molecules are peptides 8—10 amino acids in length and are primarily
recognized by CD8+ cytotoxic T lymphocytes. MHC class II molecules generally
bind peptides derived from the cell membrane or extracellular proteins. Peptides
presented by MHC class II molecules have more variable lengths (typically 11-25
amino acids) and more complex anchor motifs than class I binding epitopes. MHC
class II molecules bind epitopes are recognized by CD4+ T helper (Th) cells.

Immunoinformatics tools were first used for vaccine design in the 1980s by
pioneer researchers including DeLisi and Berzofsky [7]. Based on the fact that T
cell epitopes are bound in a linear form to the MHC class I and II molecules, many
T cell epitope-mapping algorithms have been developed [8, 9]. Our recent paper
summarizes the lists of existing software programs for prediction of MHC class I
and II binding epitopes [10].

By analyzing individual proteins in an entire proteome of a pathogen, these
epitope prediction tools allow rapid identification and ranking of putative T cell
epitopes from a whole genome.

5.3 The Vaxign Reverse Vaccinology Software Program

Vaxign is the first web-based vaccine design program utilizing the reverse
vaccinology strategy [11, 12]. Vaxign predicts vaccine targets by bioinformatics
analysis of genome sequences. Predicted features in the Vaxign pipeline include
protein subcellular location, transmembrane helices, adhesin probability, conserva-
tion among pathogenic strains, sequence exclusion from genomes of nonpathogenic
strains, sequence similarity to host proteins, and epitope binding to MHC class I and
class II. Vaxign has been demonstrated to successfully predict vaccine targets for
Brucella spp. [4, 12] and uropathogenic E. coli [11]. Currently, more than 200
genomes have been pre-computed using the Vaxign pipeline and available for
query in the Vaxign website (http://www.violinet.org/vaxign) (23). Vaxign also
performs dynamic vaccine target prediction based on input sequences.
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Vaxign includes a list of criteria for vaccine design. Each criterion is addressed

by independent program. A user can choose whether or not to use individual criteria
and programs. Such module-based software is designed based on the observation
that different researchers and vaccine developers often have different preferences in
terms which criteria to use for their specific applications. The criteria and module
programs used for Vaxign vaccine design are introduced as follows:

Subcellular Localization. This feature is implemented by using optimized
PSORTD 3.0 [13]. This program is the most precise bacterial protein subcellular
localization predictor. For this to run smoothly, Vaxign automatically generates
standard input data for PSORTb. After the execution of this program, Vaxign
automatically parses and transfer the PSORTb output into the Vaxign MySQL
database. Users do not need to worry about the tedious detail of how to process
input and output data and how to execute PSORTb. Such a process makes
seamless uses of PSORTDb and other software programs in Vaxign.

Number of Transmembrane Helices. The transmembrane helix topology analysis
is performed using optimized HMMTOP [14]. A profile-based hidden Markov
model implemented in PROFtmb is used in Vaxign for the prediction and
discrimination of bacterial transmembrane B-barrels [15]. The execution of
PROTtmb is time consuming. Thus, PROTtmb has not been used to pre-analyze
all proteins in all genomes stored in the Vaxign database. However, a user can
run individual proteins using PROTtmb dynamically.

Minimum Adhesin Probability (0—1.0). Optimized SPAAN [16] is used to
calculate adhesin probability. The default cutoff is 0.51. A probability of greater
than 0.51 suggests that this protein is an adhesin or has adhesin-like
characteristics.

Microbial Sequence Conservation by Ortholog Analysis. This feature is used for
finding conserved proteins among a selected list of strains. OrthoMCL is applied
for the calculation [17]. The E-value of 107 is set as the default value.
Exclusion of Proteins having Orthologs in Selected Genome(s). This is for
excluding proteins that also exist in a non-pathogenic strain(s). A user may
choose to use this feature depending on different scenarios.

No Similarity to Human Proteins. Choose this selection to exclude those vaccine
targets that also exist in humans.

No Similarity to Mouse Proteins. Choose this selection to exclude those vaccine
targets that also exist in mouse.

No Similarity to Pig Proteins. Choose this selection to exclude those vaccine
targets that also exist in pigs.

MHC Class I & Il Epitope Prediction by Vaxitop. The method used for the
epitope prediction is based on Vaxitop, our internally developed program based
on prediction of position-specific scoring matrices. Different from existing
epitope prediction algorithms, Vaxitop relies on statistical P-value (instead of
a percentage or top number) as the cutoff. A P-value of 0.05 provides a cutoff
with high and balanced sensitivity and specificity [11]. Under this section, you
can choose a P-value cutoff, host species, MHC allele, and epitope length.
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Fig. 5.1 Vaxign web interface for predicting tularemia vaccine targets

A screenshot of the Vaxign web interface for vaccine target prediction is shown
in Fig. 5.1. Figure 5.1 can be used for analyzing vaccine targets for tularemia,
caused by F. tularensis. This use case is described in detail below.

5.4 Vaxign Use Case: Prediction of F. tularensis Vaccine
Targets

F. tularensis is a pathogenic species of Gram-negative, facultative intracellular
bacteria. It is the causative agent of tularemia. Due to its ease of spread by aerosol
and its high virulence, F. tularensis can be potentially used as a bioterrorism
weapon. Although antibody response can protect against low virulence strains, an
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Table 5.1 Francisella strains used in the Vaxign analysis

Francisella strains Refseq Accession # # of proteins
F. tularensis subsp. tularensis SCHU S4 NC_006570 1,603
F. tularensis subsp. tularensis FSC198 NC_008245 1,605
F. tularensis subsp. tularensis WY96-3418 NC_009257 1,634
F. tularensis subsp. holarctica NC_007880 1,754
F. tularensis subsp. holarctica FTNF002-00 NC_009749 1,580
F. tularensis subsp. holarctica OSU18 NC_008369 1,555
F. tularensis subsp. mediasiatica FSC147 NC_010677 1,406
F. tularensis subsp. novicida U112 NC_008601 1,719

F. philomiragia subsp. philomiragia ATCC 25017 NC_010336, NC_010331 1,915

Note: In total 14771 proteins are present in these strains. NC_010331 is a plasmid pFPHIO1 in F.
philomiragia subsp. philomiragia ATCC 25017

antigen-specific memory T cell response is critical for protection against
F. tularensis strain with high virulence [18]. An attenuated live vaccine strain
LVS was generated in the middle of last century and has been successfully used
to protect humans. However, LVS is not a licensed human vaccine due to its
residual virulence and a lack of understanding of the basis of its attenuation. A
safe and effective human vaccine against tularemia is desired. Here Vaxign is used
to predict vaccine targets against F. tularensis.

5.4.1 Methods

Sequenced genomes of nine strains from four F. tularensis subspecies were
downloaded from NCBI RefSeq database and used in this Vaxign data analysis.
Human tularemia is caused by three F. tularensis subspecies: tularensis (type A),
holarctica (type B), and mediasiatica. The first two subspecies are responsible for
the majority of human tularemia cases reported worldwide. F. tularensis subspecies
novicida has low virulence in humans at least partly due to its lack of a capsule, a
virulence factor in F. tularensis. F. philomiragia subspecies philomiragia is an
important pathogen of muskrats and fish, but it may occasionally infect humans
[19]. In total, three F. tularensis subspecies tularensis strains, three F. tularensis
subspecies holarctica strains, one F. tularensis subspecies mediasiatica strain, and
one F. philomiragia subspecies philomiragia strain were used for this Vaxign
prediction of tularemia vaccine targets (Table 5.1). The Vaxign analysis pipeline
described above was implemented. The results were stored in the Vaxign database
and are available for query and analysis.

5.4.2 Results and Discussion

Since different module programs used in Vaxign are independent from each other,
different schemes can be used to query and analyze the results. The scheme used
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here is outlined in Fig. 5.2. Basically, the genome of F. tularensis strain SCHU S4
was used as the seed genome. This genome contains 42 OMPs. None of these OMPs
contains more than one transmembrane alpha helix. Among them, 24 proteins are
predicted to be adhesins or have adhesin-like characteristics. Twelve of these 24
proteins are conserved among all other seven F. tularensis strains (Table 5.2). LpnA
and FTTO0382c are two lipoproteins in the list. Two OMPs OstAl and OstA2 are
organic solvent tolerance proteins. It is interesting that 5 out of the 12 proteins are
hypothetic proteins. FTT1258 and FTT1573c are two other OMPs. Among the 12
proteins, LpnA and FopA have been found to be a protective antigen in F. tularensis
[20]. However, it is unknown whether or not the other ten proteins are able to
induce protective immunity.

A comparison between the 12 conserved proteins among 8 F. tularensis strains
and the proteome of F. philomiragia strain ATCC 25017 shows that 11 of these
proteins are also present in F. philomiragia strain ATCC 25017. The one protein
that is absent from the F. philomiragia strain is an extracellular lipoprotein
FTTO0482c. While F. philomiragia (formerly Yersinia philomiragia) is able to
cause human disease [21], F. philomiragia primarily infects muskrats and fish
and is quite different from the three F. tularensis subspecies. How this gene plays
a role in host specificity and induction of protective immunity is unclear and may
deserve further investigation.
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Table 5.2 Twelve genes conserved in all F. tularensis strains

Trans-
Protein Gene NCBI Localization Adhesin membrane
# accession#  symbol Gene ID Protein note (probability) prob. helices
1 YP_169101.1 FTTO0025c 3192092 hypothetical Extracellular 0.586 1
protein (0.964)
FTTO0025¢
2 YP_169339.1 FTT0289c 3191300 hypothetical Extracellular 0.620 0
protein (0.964)
FTT0289c¢
3 YP_169505.1 ostAl 3191215 organic solvent OMP (1) 0.651 0
tolerance
protein
4  YP_169520.1 FTT0482c 3191404 lipoprotein Extracellular 0.546 0
(0.964)
5 YP_169607.1 fopA 3192005 outer OMP (0.993) 0.679 0
membrane
associated
protein
6  YP_169751.1 ostA2 3191221 organic solvent OMP (1) 0.538 0
tolerance
protein
7  YP_169898.1 IpnA 3191792 lipoprotein OMP (0.992) 0.656 0
8 YP_170036.1 FTT1055¢c 3192031 hypothetical Extracellular 0.578 0
protein (0.964)
FTT1055¢
9 YP_170216.1 FTT1258 3191474 outer OMP (1) 0.530 0
membrane
efflux
protein
10 YP_170465.1 FTT1537c 3192317 hypothetical OMP (0.949) 0.576 0
protein
FTT1537c
11 YP_170495.1 FTT1573c 3192167 outer OMP (1) 0.663 0
membrane
protein
12 YP_170518.1 FTT1602 3191069 hypothetical Extracellular 0.764 0
protein (0.965)
FTT1602

Note: OMP, outer membrane protein. The highlighted lipoprotein FTT0482c does not exist in
F. philomiragia subsp. philomiragia ATCC 25017

Out of the initial 42 OMPs predicted, four of them (Gcep, Blc, Ndk, and FTT0610)
have homologous proteins in humans and mouse. However, none of the 12
conserved proteins among F. tularensis strains have orthologs in human or mouse.

Vaxign includes an internally developed program Vaxitop that predicts MHC
class I and II binding epitopes by calculating statistical P-value. Taking FTT0482c
as an example, Vaxign predicts nine HLA-A*0201 immune epitopes in FTT0482c
with the length of nine amino acids each (Fig. 5.3). As seen in Fig. 5.3, the current
version of Vaxign also has an IEDB MHC class I prediction program [22]. A user
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ml Run MHC | epitope prediction using IEDB thod and pare with Vaxitop

Index Epitope Epitope Length MHC Allele P value Matching from Matching to Location
1 ALVSRYTNL 9 HLA-AT201 0.00896 52 60 outside
2 KLLIGTAL 9 HLA-ATT201 0.0121 6 14 outside
3 WLRETNSWI 9 HLA-ATD201 0.0136 234 242 outside
4 NLASTVPPY 9 HLA-ATD201 0.0197 142 150 outside
5 ATLATNTDV 9 HLA-ATD201 00239 89 97 outside
3 TIGDLVTNL 8 HLA-ATD201 0.0314 173 181 outside
7 TONGVSNTY 9 HLA-ATD201 0.0314 252 260 outside
8 RIVDQCNTA 9 HLA-AT201 0.0418 33 41 outside
L] NLGVGSNSI 9 HLA-ATD201 0.0418 120 128 outside

1 unique MHC | alleles.

Index Epitope Epitope Length MHC Allele P value Matching from Matching to Location
0 unique MHC Il alleles.

MHC | Binding Show all predicted epitope bindings on one page

MTARKk1ligtail SSAATLGSCGRSETATELrivdqentaNDLCKFELTDalvsrytnl LGRTIERIES
QTPLOATQGTITWNTPAGstlatntd vWIQLGSGCONDSCTANANPTAF Nl vy snsiSVSGTITVNGKT
VnlastvppvTVDTIQVA PAGLtigdlvtnl NINARDA ITCETGYEWI
DDQDPPFGIFTTASTIRSVAMESwl r e tnswiNGAQPNF SLtqngventvIYTWIAGCWOK

Fig. 5.3 HLA-A*0201 immune epitopes predicted by the Vaxitop program in Vaxign. The pre-
defined epitope length for this analysis is 9

Index Epitope Epitope length MHC allele Matching from Matching to 1C50 (IEDB consensus) Vaxitope Pvalue
1 NLASTVPPV 9 HLA-AT201 142 150 03 00197 |
2 KWIGTAL 9 HLA-AT201 6 14 15 00121 '
3 TLATNTDW 9 HLA-A'0201 90 % 28 0.1 '
4  AMSSWLRET 9 HLA-AT201 230 238 34 0.1 |
5  ALVSRVTNL 9 HLA.A'D201 52 60 42 0.0089 '
6  LLGKTERI 9 HLA-AT201 60 68 52 >0.1 ,
7 LVSRYTNLL 9 HLA-AT201 53 61 53 0.1 :
8  ALSSAAL 9 HLA-AT201 12 20 58 0.1 |
9 WLRETNSWI 9 HLA-ATD201 234 242 6 00136 |
10 GTTWNTPA 9 HLA-ATD201 79 87 6.1 0.1 |
11 TIGOLVINL 9 HLA-AT201 173 181 6.2 00314 |
12 NTVSYTWIA 9 HLA-AT201 258 266 6.4 0.1 |
13 ATLATNTDV 9 HLA-AT0201 89 a7 67 00239
14 TONGVSNTV 9 HLA-ATD201 252 20 69 0.0314
15 ITWNTPAGA 9 HLA-ATD201 81 89 7 >0.1 |
16 ISVSGTTV 9 HLA-AT201 128 136 71 0.1 |
17 KTIVNLASTY 9 HLA-AT201 139 147 7.2 0.1 |
18 LUGTALS 9 HLA-AT201 7 15 7.2 0.1 |
19 QVGSNSISV 9 HLA-ATT201 122 130 75 0.1
20 NLQVGSNSI 9 HLA-AT0201 120 128 83 00418 |
21 RIVDOCNTA 9 HLA-AT201 33 0 92 00418 |

Fig. 5.4 Comparison of epitopes predicted by Vaxign/Vaxitop and IEDB. The epitopes are
predicted to bind human HLA allele HLA-A*0201. The pre-defined epitope length is 9
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can run this program with a default setting of consensus method in Vaxign. The
comparative results between Vaxitop and the IEDB method will be displayed
automatically. Comparative analysis of the HLA-A*0201 immune epitopes for
FTTO0482c indicates that the two programs have overlapped results. The top results
from Vaxitop prediction are usually shown up in IEDB MHC class I prediction.
Typically IEDB provides many more positive hits using their IC50 cutoff than what
Vaxitop generates using a cutoff of P-value < 0.05 (Fig. 5.4). However, some
differences are also observed. To increase specificity, it may be wise to choose the
epitope hits shared by both Vaxitop and IEDB.

5.5 Conclusions and Discussion

Reverse vaccinology provides a powerful strategy for genome-wide prediction of
protein antigens as best vaccine targets. The number of criteria used for reverse
vaccinology vaccine design has dramatically increased in the past decade. With
many genomes available for almost any pathogen, it is now possible to use a pan-
genome approach to identify conserved proteins for the development of vaccines
against multiple strains, subspecies, and even species. Immunoinformatics
approaches for T cell epitope predictions can also be used in combination with
genome-wide antigen prediction for ranking protein antigenicity and generating
epitope vaccines. Vaxign is a user-friendly, publicly accessible tool for efficient
implementation of genome-wide vaccine target prediction based on the reverse
vaccinology strategy.

There are many more we can do to further develop the genome-wide vaccine
discovery strategy and methods. For example, modeling of 3D structures of protein
vaccine candidates would help us to predict the T and B cell epitopes and antibody
response. Transcriptomic and proteomic gene expression data analyses will make
our genome-wide prediction more effective. Advanced literature mining of existing
knowledge from a large amount of literature publications also provides stronger
evidences on our selections. In the future, it is even possible to make synthetic
vaccines based on automatic vaccine target prediction results.
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Chapter 6

Computational Prediction of Protein Subcellular
Localization, Genomic Islands, and Virulence

to Aid Antigen Discovery

Bhavjinder K. Dhillon, Nancy Y. Yu, and Fiona S.L. Brinkman

Abstract Subunits of bacterial proteins involved in virulence, as well as bacterial
cell surface and secreted proteins, may be prioritized as potential vaccine
components warranting further study. Computational prediction of surface-exposed
and extracellular bacterial proteins (that are more accessible to the host immune
system) now exceeds the accuracy of most high-throughput “wet lab” methods and
has improved markedly in recent years. Identification of proteins encoded within
genomic islands is also now much more accurate than a decade ago and can provide
insight on gene stability plus aid virulence gene identification. Identifying proteins/
genes that are most likely involved in virulence is also desirable, but further
improvements in bioinformatics tools for such predictions are needed. This chapter
highlights such computational tools currently available to aid the discovery of new
vaccine components, how they have improved in recent years, and summarize what
is needed in the future to further accelerate vaccine discovery efforts. At minimum,
researchers should consider that these recently improved computational methods
can now predict more potential vaccine components, and so some bacterial
genomes could benefit from reanalysis with these more accurate methods.

6.1 Introduction

Vaccine development has been transformed with the dawn of bacterial genomics
and new sequencing technologies. The underlying sequence variability of
pathogens may now be more easily examined and vaccines may be reverse-
engineered to target proteins that are predicted to be the most suitable vaccine
components. In the past, many studies have focused on classifying bacterial protein
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subcellular localization (SCL) to derive a list of surface-exposed or secreted
proteins to identify candidate vaccine targets. One such study by Pizza et al. [1]
explored group B Neisseria meningitidis for which they presented previously
undiscovered surface proteins that were highly conserved across different strains.
Follow-up studies confirmed that these surface proteins (e.g. factor H binding
protein, fHBP) were in fact great targets for vaccines [2, 3]. They have since
shown considerable promise, protecting against ten different strains of group B
meningococcus with the development of chimeric proteins using genomic sequence
data [4]. This has been followed by studies in other pathogens such as Haemophilus
influenzae and Helicobacter pylori [5], Streptococcus pneumoniae [6],
Porphyromonas gingivalis [ 7], Bacillus anthracis [8], and pathogens that are also
of veterinary concern like Leptospira interrogans [9]. All of these studies follow a
common theme of first scanning the genome for open reading frames, predicting
protein localizations, manually comparing to genes with known functions in viru-
lence, and including some comparative genomics to related strains. Accompanying
proteomic analyses and further experimental validation helped narrow down the
lists before testing proteins as vaccine components.

As important as it is to recognize secreted and cell surface proteins, it is
additionally worthwhile to be aware of which of these proteins are found within
genomic islands (GI’s). GI’s are classified as clusters of genes, typically 10-200 kb,
acquired by means of horizontal gene transfer (HGT) [10]. These regions of the
genome disproportionately encode virulence factors and are often key players in
pathogen evolution [11, 12]. A classic example of pathogen evolution via HGT is
the sharing of drug resistance genes. Recently, a multi-drug resistant strain of the
common gut microbe Proteus mirabilis emerged, and upon genomic investigation
revealed the presence of a Salmonella-derived GI containing multiple antibiotic
resistance genes [13]. In this way, horizontally acquired genes of foreign origin can
be passed on through lineages, evolving the drug resistance—and pathogenicity—
of the organism [10, 14-17]. Thus, GI’s are of particular interest for antigen
discovery as they may encode proteins that are specific to pathogens or harbour
components of pathogens that are key players in virulence or resistance. Conversely
though, the subset of GI’s that are plastic (not stable; seen only in some strains) are
not desirable if they are missing in key strains, so GI characterization can identify
proteins that are also less attractive as vaccine components. This chapter will
highlight methods to aid in the discovery of candidate antigens by using computa-
tional tools predicting protein SCL, GIs of genes from foreign origin, and also
proteins involved in virulence.

6.2 Protein SCL Prediction

One of the first critical steps to identify potential vaccine and drug targets for
pathogens is the identification of surface-localized and secreted proteins [18].
Traditionally, such proteins are found by laboratory techniques, which is very
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time-consuming and expensive. Also, experimental identification of such proteins
is not possible with unculturable bacteria. In recent years, the precision of compu-
tational predictors of protein SCL in bacteria has surpassed that of major high-
throughput experimental SCL identification techniques [19]. Because of this, a
multitude of different computational protein SCL predictors have been developed
over the years for both eukaryotes and prokaryotes (visit www.psort.org for a
comprehensive list).

Currently, the two most precise computational predictors of bacterial protein
SCL prediction are PSORTD [20] and Proteome Analyst [21], both of which have
an overall predictive precision of over 95 % (Precision defined as “TP/(TP + FP)”
[20, 22];). PSORTD predicts SCL using a naive Bayesian network that combines
several modules, each analyzing different sequence features that are characteristic
of SCL. For instance, an SCL-BLAST module uses BLAST to search for homologs
of proteins of known SCL, since proteins rarely evolve to change localization [22].
Similarly, support vector machines trained on sequences of known localizations
also provides its own categorization of SCL. Additional modules include motif
analysis for outer membrane beta barrels, transmembrane alpha helices, and cyto-
plasmic membrane signal peptides. The final prediction of SCL is then provided as
an aggregated probabilistic likelihood based on the results of each module. Prote-
ome Analyst features a machine learning classifier based on classifying homolo-
gous sequences of known localization found in the SWISS-PROT database of
proteins. Proteome Analyst is comparable or exceeds PSORTb for predicting
Gram-negative bacterial protein SCL’s, and protein SCL for well-characterized
bacteria or those similar to SWISS-PROT entries, while PSORTDb is better at
predicting SCL’s for Gram-positive bacteria and many non-model organisms.
PSORTDb and Proteome Analyst use different approaches to make SCL predictions
and complement each other if used together, generating even higher accuracy when
used in concert [20].

PSORTD provides a user-friendly web server as well as a freely available
standalone software version that allows users to enter protein sequences of interest
as well as entire bacterial proteomes. The software provides SCL prediction if the
prediction is above a certain cut-off and otherwise returns “Unknown” to minimize
the number of false positive predictions. Pre-computed SCL prediction results for
sequenced bacterial genomes are available at PSORTdb, an online database server
(http://db.psort.org/; [23]). It is automatically updated regularly as newly sequenced
bacterial genomes become available through NCBI (http://www.ncbi.nlm.nih.gov/
genomes/Iproks.cgi). Unfortunately, the web server for Proteome Analyst is no
longer available so users cannot submit proteins for SCL prediction. However, pre-
computed SCL prediction results for select Gram-negative bacteria; Gram-positive
bacteria as well as a few other eukaryotic and archaeal species are still available.

The recent development of versions of SCL predictors with higher accuracy
means that many more proteins that are cell surface or secreted can now be
predicted from bacterial genomes. For example, on average, PSORTDb version 3
(the current version, released in 2010) now predicts SCL for ~15 % more proteins in
a Gram-negative bacterial genome than PSORTDb version 2 did when it was released
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in 2005 [44]. So researchers who identified potential secreted or cell surface
proteins using PSORTb, or PSORTdb, prior to 2010, may find they can identify
more targets through re-analysis or review of precomputed genome result in the
current version of PSORTdb.

Despite the high precision of PSORTb and Proteome Analyst prediction results,
there is more work needed to further improve computational prediction of SCL. The
prediction sensitivity of certain extracellular proteins is low compared to other
SCLs, since some secreted proteins are often more unique/species-specific. Certain
types of cell surface proteins, such as lipoproteins, are also not very well predicted.
While signal peptide for proteins exported through the Sec secretion pathway is
relatively well-predicted, the same cannot be said for effector proteins secreted
through specialized secretion system such as Type III secretion system (T3SS), type
IV secretion system (T4SS), and the more recently discovered type VI and type VII
secretion systems. The secretion signals targeting effector proteins to these secre-
tion systems are not well understood. Although there have been efforts at
generating computational predictions for T3SS effectors [24, 25], the precision is
not high for any of the available software. More efforts studying mechanism as well
as the identification of more proteins secreted through these pathways are needed to
serve as software training data. More species-specific proteomic studies identifying
more of the less characterized surface and secreted proteins will greatly aid
computational prediction for less well-studied bacteria.

6.3 GI Prediction

Gls are commonly defined as clusters of genes of potential horizontal origin in a
bacterial genome that is usually >8 kb (the 8 kb cutoff primarily reflects limits of
resolution of GI predictors). GIs display certain properties that can distinguish them
from the rest of the genome since the origin of their genetic material is typically an
unrelated species or prophage. They generally differ in sequence composition, as
measured by GC content, dinucleotide bias, or codon usage, and are often found
near tRNA genes or flanked by direct repeats (reviewed by [26]). These are
sequence composition properties that can be exploited for computational prediction
of GI’s. Additionally, since whole genome sequences for many disease-causing
pathogens and related avirulent strains are readily available in the public domain,
other methods apply comparative genomics to identify GI’s. Though this requires
multiple genomes for analysis, using comparative genomics to identify GI
insertions can greatly reduce the number of false predictions as well as provide
insight on the stability of GI's across different lineages. The review by Langille
et al. recommends using a combination of both sequence composition and compar-
ative genomics methods for the best predictive coverage. In the future, it may
become feasible to integrate population-level studies, including protein structures
and common genes, to improve GI prediction. On the whole, by predicting GIs
within the genomes of pathogens, we can quickly locate stable target genes for the
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design of effective vaccines or regions of particular interest for a given emerging
pathogen. GI's have been shown to harbour disproportionately more virulence
associated genes than the rest of a genome [12].

6.3.1 GI Prediction—Sequence Composition Methods

The typical strategy to detect GI’s based on sequence composition involves calcu-
lating frequencies of variable lengths of nucleotide sequences (called k-mers,
usually 2-9 bases) for segments of the genome and then comparing these to the
frequencies over the entire genome. SIGI-HMM calculates the frequency of all
codons (3-mers) to find genes with different codon usage bias than expected and to
determine if it is more similar to another species. Clusters of these genes are then
analyzed using a hidden Markov model (HMM) to statistically estimate if the
region is a real GI ([27]; [43]). This approach works particularly well with reports
of 92 % precision [26]. IslandPath-DIMOB is another GI predictor that predicts
with the same precision but instead of codon usage bias it detects dinucleotide bias
(2-mers) and the presence of mobility genes [28]. However, both programs only
have 33 % and 36 % recall, respectively (recall as defined as “TP/(TP + FN)”;
[26]). Centroid is a tool that examines regions of a specified size for sequence
composition differences to the genome as a whole [29]. This program is more
sensitive especially for larger insert sizes (>20 kb), but has the lowest recall (28 %)
compared to the other programs. Alien_Hunter allows the user to specify variable
lengths to compare sequence composition biases and is shown to have the highest
recall (53 %), but has the lowest precision because of the sheer number of
predictions made [30]. The overall precision, recall, and accuracy of all these
programs were calculated by Langille et al. [26] by comparing GI predictions
across 117 different strains of bacteria, using a dataset of GIs identified using
completely unrelated methods.

Recently another algorithm, GIHunter, was developed to process Alien_Hunter
predictions to improve its accuracy by incorporating additional gene information.
GIHunter uses a decision tree model built upon differences in the types of genes and
inter-genic distances in GIs compared to the rest of the genome [31]. This method-
ology increases the accuracy and precision compared to using Alien_Hunter alone.
In evaluating this program against other previous sequence-based methods,
GIHunter achieves comparable accuracy to that of SIGI-HMM and IslandPath-
DIMOB. However, contrary to the claim by Wang et al., IslandPath-DIMOB is
certainly able to predict one GI for Streptococcus pyogenes MGAS315. More
robust accuracy calculations using the larger dataset used in comparing the earlier
programs [26] is necessary to further assess GIHunter.
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6.3.2 GI Prediction—Comparative Genomics Methods

Another approach, independent from the sequence composition-based approaches
mentioned above, compares multiple-related genomes in order to find clusters of
genes present in only one strain verses multiple-related strains. These tools depend
on the input genomes, and if the selected genomes are too distantly or too closely
related, this can lead to false or missed predictions. Because unstable GI’s can
randomly excise from the genome, some GIs can be found sporadically distributed
among isolates from a given strain. Using comparative genomics, these unstable
GI’s can be easily recognized and avoided for vaccine design. IslandPick is a tool
available through the web that automatically determines which genomes should be
included in a GI analysis by evaluating their genome distances using CVTree
[32, 33] to optimize GI prediction [34]. From these, whole genome alignments
are performed using Mauve to determine regions of interest. It has been shown by
Langille et al. that IslandPick has the highest concordance with known published
GI’s than predictions made by any of the sequence composition-based methods,
highlighting the value of using a comparative genomics approach. Likewise,
MobilomeFINDER is a comparative genomics approach that involves detecting
GI’s from Mauve alignments by focusing on regions of the genome upstream or
downstream of tRNA genes [35]. Though a similar approach to IslandPick, this
added flanking-tRNA constraint results in this program missing GI’s that are not
inserted near tRNA genes. While such comparative genomics methods can be more
precise, the lack of comparative genomes suitable for analysis of some bacteria
limits the utility of this method verses sequence composition approaches. However,
as more and more genomes are sequenced, the utility of comparative genomics
approaches will only increase, since they have the added benefit of being able to
identify islands that have a similar sequence composition as the rest of a bacterial
genome being analysed.

6.3.3 GI Prediction—Integrated Methods

IslandViewer (http://www.pathogenomics.sfu.ca/islandviewer/) is a web-based
program developed to integrate the most precise GI prediction methods: SIGI-
HMM, IslandPath-DIMOB, and IslandPick. All currently available sequenced
genomes have pre-computed results accessible via the web interface. This, coupled
with Alien_Hunter, the highest recall sequence composition-based method, allows
most islands to be detected [36]. Figure 6.1 provides an example of IslandViewer
output for the epidemic strain Pseudomonas aeruginosa LESB58. By hovering over
each predicted GI, IslandViewer displays the genes encoded in that region (or one
may simply obtain a table of all island predictions). The integrated predictions in
this case correlate very well with known GI and prophage regions in P. aeruginosa
LESBS58 [37], with some additional novel predictions. Note that any one of these
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Fig. 6.1 IslandViewer results for Pseudomonas aeruginosa LESB58 epidemic strain. The black
bars in the outer ring highlight all predicted GI regions integrated across the different methods. The
gray bars within each consecutive inner ring highlight predicted GIs using IslandPath-DIMOB,
SIGI-HMM, and IslandPick, respectively. The black line plot indicates the percentage GC content
across the genome

methods alone did not predict all known GI’s, so IslandViewer’s integrative
approach is particularly valuable.

6.4 Virulence Factor Prediction

Virulence factors are proteins that play a role in the pathogenesis of a microorgan-
ism. This can vary from host colonization, entry into host cells, nutrient usage,
immune system evasion, and other functions. These proteins are often desirable
vaccine components and many virulence factors have been used successfully as
vaccine components in the past. For example, the vaccine for Vibrio cholerae
contains recombinant subunits of the secreted cholera toxin [38]. In this case, the
toxin gene is actually introduced into the genome via HGT of bacteriophage CTX
[39]. Prediction of genes encoding virulence factors is very challenging because
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there is no one defining sequence or structural feature that all virulence genes
exhibit. Manual review of genes is still necessary, thus advancements in virulence
gene prediction are required. More large scale genome-wide analyses of virulence
(e.g. signature-tagged mutagenesis screens or large scale knockout studies in
suitable animal models) may expand our knowledge of novel proteins involved in
pathogenesis and give us a dataset or virulence genes that may be large enough to
enable more accurate predictive models to be made.

Currently, the most commonly used method to predict genes involved in viru-
lence is to simply look for homology with known virulence factors. The virulence
factor database (VFDB) [40-42] is a web resource containing information about
experimentally verified virulence genes found in many pathogenic species of bacte-
ria. It is fully searchable by genome, gene name, and via BLAST. There are also pre-
computed comparisons of virulence factors between strains of the same genus or
species. Although this is a valuable resource, virulence factors that are not found in
databases like VFDB are otherwise entirely ignored. Because of this reason, it can be
valuable to use a phyletic approach to identify potential virulence factors. This
involves comparing genes among many species and/or strains at a given taxonomic
level to identify pathogen-associated genes that are never found in related non-
pathogens [12]. The newest implementation of VFDB allows this type of manual
comparison on a gene to gene basis, but a computational tool to facilitate whole
genome comparisons and identification of pathogen-associated genes, as well as an
easily accessible database of genes found using this type of approach has yet to be
developed. Overall, computation prediction of virulence factors is currently very
limited and improvements in this area can not only advance our understanding of
bacterial pathogenesis, but also enhance GI identification and vaccine design.

6.5 Concluding Comments

Bioinformatics methods have been developed that can predict proteins that are cell
surface-accessible, stable in the genome, and play a role in virulence—qualities of
interest when prioritizing potential vaccine components. The availability of the
methods described here (summarized in Table 6.1), in particular web-based avail-
ability, allows researchers without a computational background to more easily
utilize such tools. Most have been stably made available to researchers for years.
However, and perhaps most importantly, all these computational tools have been
recently updated (e.g., PSORTD for protein SCL, IslandViewer’s integrated predic-
tion tool for GIs, and the VFDB for virulence factor identification). So, if a
researcher had previously identified potential vaccine components using even
these specific methods, new targets may now be potentially identified due to the
recently increased accuracy of such tools. As was summarized, there are
improvements that can still be made in each of these bioinformatics predictors
that should increase accuracy further. So even a regular re-running of new versions
of such predictors against bacterial genomes should be performed, to not miss novel
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Table 6.1 Location and accessibility of the programs described that predict (or provide data on)
protein SCL, GI’s, and virulence factors

Tool Accessibility Website
SCL PSORTdb Web interface, http://db.psort.org/
downloadable
PSORTb Web interface, http://www.psort.org/psortb
downloadable
Proteome Pre-computed SCLs http://webdocs.cs.ualberta.ca/~bioinfo/PA/
Analyst GOSUB/
GI  IslandViewer Web interface http://www.pathogenomics.sfu.ca/
islandviewer
SIGI-HMM Web interface http://www.pathogenomics.sfu.ca/
islandviewer
IslandPath- Web interface http://www.pathogenomics.sfu.ca/
DIMOB islandviewer
IslandPick Web interface http://www.pathogenomics.sfu.ca/
islandviewer
GIHunter Downloadable http://www.esu.edu/cpsc/che_lab/software/
GIHunter
Centroid Downloadable By request from authors
Alien_Hunter Downloadable http://www.sanger.ac.uk/resources/software/
alien_hunter
Mobilome Web interface http://db-mml.sjtu.edu.cn/MobilomeFINDER/
FINDER
VF VFDB Web interface http://www.mgc.ac.cn/VFs/

potential targets for vaccine discovery. In some cases, for example with PSORTDb,
there are pre-computed results regularly updated and made available through an
associated database (i.e. PSORTdb). Combining such databases for SCL prediction,
virulence factors, etc., together in the future, with updates noted, may help allow
researchers to more easily note when particularly relevant new data is released. At a
time when antimicrobial resistance is on the rise, it is critical that vaccine discovery
efforts continue to move forward efficiently.
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Chapter 7

On the Development of Vaccine Antigen
Databases: Progress, Opportunity, and
Challenge

Hifzur Rahman Ansari, Darren R. Flower, and Gajendra P.S. Raghava

Abstract The accumulation of relevant and appropriate data is the essential
preliminary to any successful informatics-based exercise in prediction. Without
quality data, meaningful prediction is impossible. This is as true in immunobiology
as it is in any other branch of the natural sciences. Within the context of vaccine
discovery, the accumulation, storage, and retrieval of immunological data within
publically accessible repositories, typically web-based databases, is of overwhelm-
ing operational importance. Specifically, and with the special reference to the
discovery of subunit vaccines, this chapter explores the current state and status of
immunological databases focussed on immunogenic proteins, primarily pathogen
antigens and environmental allergens. It sets this exploration firmly into context by
simultaneously scoping out the rather more mature backdrop provided by epitope-
orientated database systems.

7.1 Introduction

Vaccine antigen databases, which are typically compiled from numerous different
varieties of resources, can lead, either directly or indirectly, to the facilitation of
vaccine development. Vaccines are substances that train the host immune system to
protect itself against the direct effects of pathogenic microorganisms mediating
infectious disease, as well as symptoms of the disease itself. A vaccine is a
molecular or composite supramolecular agent eliciting an enhanced adaptive
immune response to subsequent infection or reinfection, primarily by potentiating
immune memory. Vaccines evoke complex, system-wide immunity of various
durations, engendering protection lasting year-long to life-long. The remarkable
flexibility inherent in the concept of vaccination has prompted science to use it to
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attack infectious and contagious disease, allergy, addiction, and cancer, among
many other targets.

Population-wide vaccination, which also subsumes the beneficial effects of herd
immunity, is now commonly agreed to be the most effective prophylactic treatment
for infectious disease. Such vaccination also now offers similar hope for many
chronic diseases, including among others allergy and cancer. If you find such
language dry, then we can further conceptualise how vaccines work in what
follows, expressing things in more anthropomorphic terms. Vaccines offer the
immune system the opportunity to encounter and respond to diverse structures on
the molecular and mesoscopic scales, which are then memorised so that future
immune responses are faster and more effective, and without themselves causing
illness or disease. A variety of antigenic molecular structures, such as epitopes and
PAMPs, can activate different arms of immune system including B-cells, T-cells,
and various innate immune responses through the activation of pattern recognition
receptors (PRRs), including the current pre-eminent PRR: Toll-like receptors.

Hitherto, vaccine development has been largely categorised by its doggedly
empirical nature; as our understanding of immunology has increased, attempts
have been made to give vaccine discovery a more explicable, mechanistic basis.
With this sea change, has come the opportunity to introduce rational design
supported by computational methods for analysis and prediction. Underlying
attempts to predict key components of immunological systems are data capable
of being understood, manipulated, and utilised, that is: quantitative molecular data
and meaningful functional data. Immunoinformatics may reveal or elucidate recon-
dite components of immunological or signalling pathways, or define protein func-
tion by establishing structural or sequence similarity to known proteins. Thus, what
computational support of vaccinology can achieve is limited. Yet, there are also
immense potential opportunities to exploit this technology for the benefit of
vaccinology and thus for the benefit of human medicine and the prevention of
infectious disease. It is of the greatest importance to understand fully what is useful
and what is not.

By offering diverse tools and methods, immunoinformatics is able to support and
facilitate experimental and clinical endeavour [1]. To be of value, information that
we intend to model and predict must be properly accumulated, collated, annotated,
and archived, before being analysed and dissected. This is surely the purpose of a
database. Within immunology, such databases have a relatively extended history.
Examples such as Kabat [2] and IMGT [3-5] focussed on compiling and annotating
host-side sequences and structures. Indeed, for some time, the Kabat database was
the only database containing protein sequence data.

In this chapter, we shall offer a succinct overview of immunological databases
relevant to the design and discovery of vaccines, offering a concise yet synoptic
outline which is comprised of several brief yet insightful descriptions of various
publically accessible database systems, each of which impinges, directly or indi-
rectly, upon vaccine design. See also Table 7.1.
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Table 7.1 Immunoinformatic databases and servers for immunomics and vaccinomics

Host databases
IMGT/HLA
IMGT/TR

IPD Database
Kabat

VBASE

ABG

V BASE

Pathogen databases
APB

APDD

ARS

BROP

EDWIP

FPPD

LEGER
ORALGEN
Pathema
ShiBASE
STDGen

VBI

VIDIL

VFDB

CandiVF

TVfac

PRINTS
ClinMalDB-USP
Fish Pathogen database
PHI-BASE

T-cell databases
AntiJen

EPIMHC

FIMM

HLA Ligand Database
HIV Immunology
HCV Immunology
IEDB

JenPep

MHCBN
MHCPEP
MPID-T
SYFPEITHI

B-cell databases
AntiJen
BCIPEP

http://www.ebi.ac.uk/imgt/hla/allele.html
http://imgt.cines.fr/textes/IMGTrepertoire
http://www.ebi.ac.uk/ipd/index.html
http://www.kabatdatabase.com/
http://www.vbase2.org/
http://www.ibt.unam.mx/vir/
http://vbase.mrc-cpe.cam.ac.uk/

http://www.engr.psu.edu/ae/iec/abe/database.asp
http://psychro.bioinformatics.unsw.edu.au/pathogen/index.php
http://www.ars.usda.gov/research/projects/projects.htm?
accn_no=406518
http://www.brop.org/
http://cricket.inhs.uiuc.edu/edwipweb/edwipabout.htm
http://fppd.cbio.psu.edu/
http://leger2.gbf.de/cgi-bin/expLeger.pl
http://www.oralgen.lanl.gov/
http://pathema.jcvi.org/Pathema/
http://www.mgc.ac.cn/ShiBASE/
http://www.stdgen.lanl.gov/
http://phytophthora.vbi.vt.edu/
http://insectweb.inhs.uiuc.edu/Pathogens/VIDIL/index.html
http://zdsys.chgb.org.cn/VFs/main.htm
http://research.i2r.a-star.edu.sg/Templar/DB/CandiVF/
http://www.tvfac.lanl.gov/
http://www.jenner.ac.uk/BacBix3/PPprints.htm
http://malariadb.ime.usp.br/malaria/us/bioinformaticResearch.jsp
http://dbsdb.nus.edu.sg/fpdb/about.html
http://www.phi-base.org/

http://www.ddg-pharmfac.net/antijen/AntiJen/aj_tcell.htm
http://bio.dfci.harvard.edu/epimhc/
http://research.i2r.a-star.edu.sg/fimm/
http://hlaligand.ouhsc.edu/index_2.html
http://www.hiv.lanl.gov/immunology
http://hcv.lanl.gov/content/immuno/immuno-main.html
http://epitope2.immuneepitope.org/home.do
http://www.jenner.ac.uk/jenpep2/
http://www.imtech.res.in/raghava/mhcbn
http://wehih.wehi.edu.au/mhcpep
http://surya.bic.nus.edu.sg/mpidt/
http://www.syfpeithi.de

http://www.ddg-pharmfac.net/antijen/AntiJen/aj_bcell.htm
http://www.imtech.res.in/raghava/bcipep

(continued)
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Table 7.1 (continued)

CED http://web.kuicr.kyoto-u.ac.jp/~ced/
EPITOME http://www.rostlab.org/services/epitome/
IEDB http://epitope2.immuneepitope.org/home.do
HaptenDB http://www.imtech.res.in/raghava/haptendb/
HIV Immunology http://www.hiv.lanl.gov/immunology
HCV Immunology http://hcv.]lanl.gov/immuno/
Innate immunity and evolution databases
InnateDB http://www.innatedb.ca/
ImmTree http://bioinf.uta.fi/ImmTree
ImmunomeBase http://bioinf.uta.fi/I[mmunomeBase
Immunome Knowledge http://bioinf.uta.fi/IKB/

Base
PRRDB http://www.imtech.res.in/raghava/prrdb

7.2 Immunoinformatics Databases

For a very long time, indeed rather longer than there has been such a discipline, a
principal bed rock of immunoinformatics has been that collection of focussed
molecular biology databases, christened IMGT [3-5]. IMGT, standing for the
international ImMunoGeneTics information system (URL: http://www.imgt.org),
describes itself as the world reference in immunogenetics and immunoinformatics,
and was created in 1989 at the Laboratoire d’ImmunoGénétique Moléculaire LIGM
(Université Montpellier 2 and CNRS, Montpellier, France). Rather than being a
monolithic database system, IMGT instead comprises databases, interactive online
tools, and Web resources; this database collective concentrates on the compilation
and annotation of host-side nucleic acid and protein sequences and corresponding
3D structures. IMGT is an integrated resource encompassing the principal
molecules of the adaptive immune system of humans and other vertebrate species:
immunoglobulins (IGs) or antibodies, T-cell receptors (TR), and major histocom-
patibility (MH) complexes. IMGT also covers proteins of the immunoglobulin
superfamily, proteins of the MH superfamily, and related proteins of the immune
systems (RPI) from both vertebrates and invertebrates, together with therapeutic
monoclonal antibodies and fusion proteins for immune applications.

The IMGT/HLA database (URL: http://www.ebi.ac.uk/imgt/hla/) is an independent
and important self-contained component within the larger edifice of IMGT [6, 7]. The
initial release of IMGT/HLA occurred in December 1998, being subsequently updated
every 3 months, and includes all publicly available human major histocompatibility
complex (MHC) sequences named by the WHO Nomenclature Committee. IMGT/
HLA is a locus-specific database for human allelic sequences of the genes of the MHC
or HLA system, which is found in the 6p21.3 region of chromosome 6, containing over
220 genes. More widely, the MHC is generally regarded as the most polymorphic of all
proteins from higher vertebrates. Growth in the database reflects clinical interest in the
MHC as a key mediator of host responses to infection and of tissue rejection in organ
and stem cell transplants. The first version of IMGT/HLA included 964 alleles for 24
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genes, while the April 2011 release contained in excess of 6,400 alleles for 34 genes.
Another important database in the host area is VBASE2, which stores germ-line
sequences of human and mouse IG variable (V) genes [8].

The Immuno Polymorphism Database (IPD) system (URL: http://www.ebi.ac.
uk/ipd/), which covers data from important nonhuman species, including primates,
as well as cattle, sheep, and other commercially important farm livestock, has
emerged recently from IMGT’s long shadow [9—12]. IPD comprises four specialist
database systems. IPD-ESTDAB: a database of melanoma cell lines. IPD-KIR: a
database of alleles of killer-cell IG-like receptors. PD-HPA: a database of human
platelet alloantigens. IPD-MHC: a database of MHC sequences from different
species.

A major omission to all extant immunoinformatics and immunogenetics data-
base systems, including IMGT and IPD, is the requirement for a proper database of
mouse MHC allele sequences equipped with and based upon a sound and solid
consolidated system of nomenclature. The mouse MHC region is located on
Chromosome 17, and for historical reasons is referred to H-2, for histocompatibility
2, with the different genes denoted by additional letters: D, L, K for Class I and A
and E for Class II. Thus, a Class I mouse MHC allele will bear the somewhat
inscrutable labels: H-2 Kb or H-2 Db. Within the context of understanding immu-
nological mechanisms underlying vaccine development, the mouse is unarguably
the most convenient and thus the most widely used model organism. In bred strains
of mice thus provide the principal tool of empirical vaccinology. The albino
laboratory strain Balb/c has the d haplotype comprising H2-Kd, H2-Dd H2-Ld,
H2-TAd, and H2-1Ed; the agouti lab strain C3H/He has the k haplotype comprising
H2-Kk, H2-Dk, H2-1Ak, H2-IEk; and the black mouse C57BL/6 has the b haplo-
type composed of H2-Kb, H2-Db, and H2-Iab. The agouti strain CBA also has the k
haplotype. Outbred mice will obviously contain a greater variety of alleles and thus
the need for a more extensible and flexible naming system. However, compilation
of such a murine-orientated database, or even the formulation of a more overtly
systematic and lucent nomenclature, has progressed little in the last 30 years.

For a long time now, there have been databases that focus upon properties of
cellular immunology and look primarily at data pertinent to the discussion of the
complexities of MHC processing, presentation, and subsequent T-cell recognition.
Perhaps, the earliest such database [13, 14], and probably the first to gain any
prominence, is SYFPEITHI (URL: http://www.syfpeithi.de/). This is still widely
used database system is a high quality development, comprising a useful compen-
dium of known T-cell epitopes. SYFPEITHI also comprises information on MHC
ligands: peptides extracted ex vivo from MHCs on the cell surface. It does not
include data on synthetic peptide “binders.” “Binders” are peptides with experi-
mentally measured affinity for MHCs. There are several well-used means to
measure affinities: ICsq values [15—17]; BLsq values; association and dissociation
equilibrium constants, and the half-life of radioisotope-labelled B,-microglo-
bulin-MHC complex [18-21]. No consensus has ever emerged on the most appro-
priate type of affinity measure.
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MHCPEP [22-25], defunct database of some vintage, brought together epitope
date from T-cells and peptide-MHC (p-MHC) binding data, subsequently making it
available as a web-based database system [26]. Subsequently, MHCPEP was
developed into a more sophisticated and ambitious database system, called FIMM
[27-29]. This integrates data on MHC-peptide interactions: in addition to
MHC-peptide binding data and T-cell epitopes, FIMM also includes sequence
data on MHC proteins themselves and also information on the disease associations
of MHC alleles. Other examples include EPIMHC (URL.: http://imed.med.ucm.es/
epimhc/), a database of T-cell epitopes and MHC-binding peptides [30]. At the time
of writing, EPIMHC included 4,867 immunogenic sequences from a plethora of
sources. The HLA Ligand Database is another, now defunct databank, with data
from the area of T-cell epitology, including information on binding motifs and HLA
ligands [31].

Another database of interest is MPID, and its successors: MPID-T and MPID-T2
[32-34]. Focussing primarily on TCR/pMHC interactions, MPID-T is a curated
MySQL database which focusses on experimental structures of pMHC and TcR/
pMHC complexes (URL: http://biolinfo.org/mpid-t2). Other related databases have
emerged, each addressing data on different aspects of molecular immunology.
Middleton and co-workers [35, 36] have described the Allele Frequency Database
(URL: http://www.allelefrequencies.net/) which lists population frequencies of
individual MHC alleles and haplotypes.

Let us now turn to databases that address the humoral, rather than the cellular,
immune response. BciPep [37, 38] (URL: http://www.imtech.res.in/raghava/
bcipep/): sourced from the primary scientific literature, it comprises 3,031 linear
B-cell epitopes sequences, within a PostgreSQL database. Cross-referenced to the
SWISS-PROT and PDB databases, epitopes are shown as sequences annotated with
the host protein, the binding antibody, and the experimental method of immunoge-
nicity determination. The Epitome database (http://www.rostlab.org/services/epit-
ome/) consists of structurally inferred antigenic regions, as identified from X-ray
protein structures. Together with a host of related information, including experi-
mental methods, antibody, and antigen, the Discontinuous Epitope Database (CED)
adumbrates experimentally determined discontinuous epitopes excised from the
scientific literature (URL: http://immunet.cn/ced/index.php) [39].

Another interesting database, also targeting humoral immunology, is HaptenDB
[40]. It presently comprises 2,021 entries for 1,087 haptens and 25 carrier proteins
(URL: http://www.imtech.res.in/raghava/haptendb/). Entry details the nature of the
hapten, as well as its 2D and 3D structures, and its associated carrier proteins. Data
is also at present available for anti-hapten antibody production method, the cou-
pling method, and the specificities of antibodies.

There also exist a number of combined databases which seek to cover both
cellular and humoral immunology. The first such, and also arguably the best and
most detailed and exhaustive, if not necessarily the broadest and most general, is the
HIV Molecular Immunology Database (URL: http://www.hiv.lanl.gov/content/
immunology/) [41]. It archives CD8+ and CD4+ T-cell epitopes, and also B-cell
epitopes, derived from various strains of the HIV virus. The database features
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sequence alignments, viral protein epitope maps, drug-resistant viral protein
sequences, and vaccine-trial data. At the time of writing, T-cell epitope data
numbers 3,150 entries, describing 1,600 distinct MHC class I-epitopes. The HCV
database comprises 510 entries describing 250 distinct MHC class I-epitope
combinations [42]. Perhaps, in the future, all databases will be like the HIV
Molecular Immunology Database.

AntiJen v2.0 [43] is another database system, somewhat more ambitious in its
scope. It retains information on B- and T-cell epitopes, but also archives quantita-
tive data on a variety of immunological interactions, thus making it both unique and
useful. The database (URL: http://www.ddg-pharmfac.net/antijen/) contains more
than 31,000 entries with 11 sub-databases. These interactions include peptide
binding to transport-associated antigen processing (TAP), peptide binding to
MHC, p-MHC binding to TCR, and protein—protein interactions in terms of molec-
ular thermodynamic, kinetic, and biophysical data such as receptor copy number
and diffusion coefficient

Updated version 4.0 of the MHCBN [44, 45] contains more than 25,000 experi-
mentally characterised T-cell and MHC binding peptides with affinity and activity
data compiled from 1,500 papers, as well as from diverse public databases (URL.:
http://www.imtech.res.in/raghava/mhcbn/). Coverage of 1,000 TAP and 4,000
MHC non-binder peptides put MHCBN at a position distinct from other similar
immunological databases. Database covers all major hosts like human, mouse, rat,
monkey, etc., and provide information of 20 major MHC-linked diseases. The
database provides a user-friendly search interface which can be used for simple
and customised queries. This also provides several tools for peptide searching,
mapping, and BLAST search against MHCBN data.

However, the pre-eminent database of our age is doubtlessly the Immune Epitope
Database (IEDB) [46—49]. It is the most comprehensive and progressive database yet
available in the area of immunoinformatics. IEDB contains more than 75,000
experimentally characterised B- and T-cell epitopes, MHC binding and elution
experiment data compiled from 10,500 literature sources, and data directly submitted
by a series of labs (URL: http://www.immuneepitope.org/). They have covered 2,500
organisms based on the priority set by National Institute of Allergy and Infectious
Diseases which includes allergens and auto-antigens. IEDB also provides useful
complementary tools based on the latest algorithms for the analysis and prediction
of epitopes and MHC binding. It provides improved user interface for general and
advanced searching or browsing by source organism or MHC allele type.

7.3 Antigen and Virulence Factor Databases

Arguably, the clearest and least ambiguous example of an antigen is the so-called
virulence factor (VF). Such antigenic proteins induce disease and/or undertake host
colonisation. Analysis of known pathogenic species reveals recurrent “systems” of
toxins and VFs. VFs have been categorised into several thematic groups: exotoxins,


http://www.ddg-pharmfac.net/antijen/
http://www.imtech.res.in/raghava/mhcbn/
http://www.immuneepitope.org/

124 H.R. Ansari et al.

adherence/colonisation factors, transporters, invasins, iron-binding siderophores,
and miscellaneous cell surface factors. A simpler yet more synoptic definition
places VFs into three groups: (1) “true” virulence factors; (2) VFs associated with
the expression and regulation of class 1 VF genes; and (3) VFs required for host
colonisation [50].

Obviously, there is no absolute requirement for antigens to be VFs. Antigens do
not need to be directly or indirectly implicated in mechanisms of infectivity;
instead, they need only be available for immune surveillance. Thus, databases
focussing solely on VFs are not enough and so other kinds of database are needed,
capable of capturing and containing more and different relevant data. In the recent
past, such a database has been created: AntigenDB [51]; it contains a compilation of
in excess of 500 antigens drawn from other immunological resources, as well as the
primary scientific literature. AntigenDB is a new stage in the development of
immunoinformatics, signalling a switch away from the peptide epitope and towards
the whole protein antigen. The AntigenDB database project commenced with the
key objective of compiling all immunogenic antigens from all major pathogens for
which epitope information is known. AntigenDB (URL: http://www.imtech.res.in/
raghava/antigendb/) is intended to help researchers working on the development of
antigen prediction algorithms; and also to aid vaccinologists who would like to use
these antigens as a tool in the discovery of subunit vaccine candidates.

In AntigenDB, a database entry summarises a large amount of relevant informa-
tion regarding antigens. It lists origin, structure, sequence, etc., with additional
information such as MHC binding, T-cell and B-cell epitopes, gene expression,
function, and post-translational modifications. Currently, AntigenDB contains
more than 500 antigens coming from important pathogenic species. These antigens
originate from 44 key pathogenic species. Entries comprise information pertaining
to structure, origin, sequence, etc. They also hold information such as MHC binding
data, B- and T-cell epitope, function, and gene expression information if available.
A database can be searched by using simple keywords or browsing using pathogen
names, after which data can be easily exported to an Excel file. AntigenDB also
provides useful tools like BLAST for analysis of the antigenic similarity, epitope
search to verify if similar epitopes exist in the database, and peptide mapping to
determine the presence of previously known epitopes. AntigenDB also provides
links to major internal and external databases. Data submission tool is also provided
to submit data online which is included in the database after validation. AntigenDB
will be updated on a continuous and continuing basis, with the regular, if infrequent,
addition of new antigens and antigens from new organisms. AntigenDB should act
as the kernel for future attempts to predict antigens accurately using sequence
similarity or via more complex and subtle analysis.

A related database system has been christened VIOLIN (vaccine investigation
and online information network) [52]: it allows straightforward curation, and the
analysis and comparison of research data across diverse pathogens in the context of
human medicine, animal models, laboratory model systems, and natural hosts. It
contains 2,759 vaccines or candidates for 173 pathogens culled from 1,631 peer-
reviewed papers, as well as 24,345 vaccine-related abstracts and 10,317 full-text
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articles. VIOLIN is a web-accessible resource (URL: http://www.violinet.org).
Peer-reviewed vaccine-related literature has been downloaded into VIOLIN; and
the database is searchable in various ways. Archived information includes vaccine
preparation and characteristics, microbial pathogenesis, host-protective immunity,
stimulated host responses post vaccination, and protection efficacy after challenge.
Vertebrates have developed an efficient immune system and pathogens need to
adapt to this very hostile environment; therefore, they devise different counter
strategies like antigenic drift and variation to evade a host immune system. Some
pathogens mutate their antigens so that antibodies are no longer able to recognise
them, while some hide themselves from the immune cells like malaria-causing
pathogen plasmodium to reside in red blood cells. Genome-sequencing efforts
revealed the existence of a large number of multi-copy gene families with suspected
involvement in antigenic variation and virulence. The genomics and proteomics
projects release a huge amount of sequence and phenotypic data. The varDB project
[53-56] aims to produce a dedicated platform for the antigen variation, phenotypes,
and clinical manifestations (URL: http://www.vardb.org/vardb/). So far, the varDB
database has covered 42 gene families, accommodating 67,000 sequences from 27
species of organisms causing 19 different diseases. varDB has created a framework
for automatic data download, processing, and annotation. Entries can be queried
and sorted based on the UniProt ID, gene products, isolation source, host, locus tag,
etc. varDB has implemented a user-friendly tool, a shopping cart where sequences
can be added and analysed, and a correlation with disease outcome can be revealed,
leading to the identification of functionally important residues and drug targets.
Several other databases targeting VFs have also been reported. They include
TVFac (Los Alamos National Laboratory Toxin and Virulence Factor database;
URL: http://www.tvfac.lanl.gov/). This has within it information on in excess of
250 organisms, with records for thousands of virulence genes. The Candida
albicans virulence factor (CandiVF) is a fully searchable species-specific database
containing diverse VFs [57]. The Virulence Factor Database (VFDB; URL: http://
www.mgc.ac.cn/VFs/) targets 16 bacterial genomes; it focusses on functional and
structural biology and is fully searchable in several ways [58, 59]. PHI-base
integrates VFs from a veritable gallimaufry of plant and animal pathogens [60].
The Fish Pathogen Database (URL: http://www.fishpathogens.eu/vhsv/index.php),
from the Bacteriology and Fish Diseases Laboratory, archives 500 VFs from fish.

7.4 Allergen Databases

Allergy is a complex pathological condition caused by allergenic proteins resulting
from uncontrolled IgE antibody-mediated immune responses. Allergies of all types
are escalating as the world moves inexorably towards a western lifestyle, with all its
benefits and dangers. This gives rise to a reduction in the depth and breadth of
immunity to microbial pathogens. As a consequence, the prevalence of atopy rises.
Making inappropriate and immediate hypersensitivity reactions to harmless
substances is the mark of atopy. Thus, significant exposure to pathogens, both
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viral and bacterial, during early life is vital to the proper regulation of allergen-
specific immune responses. If such inappropriate and potentially catastrophic
reactions are not the ransom to be delivered by certain populations for their freedom
from microbial diseases, we must be prepared to continually train our immune
systems, especially during infancy, in order to prevent allergic conditions. Allergy
affects over 30 % of the population in developed countries, with a concomitant
major economic health burden [61].

The aforementioned hypersensitivity reactions occur when allergens are bound
by IgE tethered to the surface of basophils or mast cells. Allergenic proteins form a
distinct class of antigens; they are able to induce specific production of IgE, which
in turn leads to the secretion of inflammatory mediators. An individual sensitised to,
say, pollen-derived allergens might additionally react to allergens also present in
plant-based foods as a result of the intrinsic commonality of sequence and structure.
This cross-reactive of distinct allergenic proteins from different sources can be
problematic. Owing to the importance of allergens, a number of databases and
analysis tools have been created. Fortuitously, a standard for the naming of
allergens, maintained by Allergen Nomenclature Sub-committee of the World
Health Organization and International Union of Immunological Societies (WHO/
IUIS), has now been adopted, making construction of databases much more facile
than hitherto. Major active databases in this area are adumbrated, limned, and
otherwise outlined below.

The Structural Database of Allergenic Proteins, or SDAP, was released in 2001
and has been continuously updated [62, 63]. Currently, SDAP contains 1,396
allergens, 1,221 protein sequences and 28 IgE and IgG epitopes, 70 allergens
with PDB structures, and 582 3D models. SDAP also provides information on a
wide variety of relevant information, including: allergen name, IUIS nomenclature,
type, source species, sequence, IgE epitopes, literature, family domain, and struc-
ture information when available (URL: http://fermi.utmb.edu/SDAP/). Database
can be searched through a user-friendly interface. SDAP also hosts an array of
computational tools for the prediction of allergenicity and cross-reactivity.

The Allergen Database for Food Safety [64, 65], or ADFS, was originally an
initiative of the Japanese National Institute of Health Sciences (URL: http://aller-
gen.nihs.go.jp/ADES/). It was updated in February 2010, mainly deals with food
safety, principally addressing Novel Foods and related immunochemistry. The
database comprised 1,285 sequences, 77 molecular structures, and 91 epitopes. It
also contains 88 sugar-attached allergens derived from air, pathogens, food, and
venom/salivary allergens. ADFS provides domain information, links to other exter-
nal databases, and tools for the allergen analysis and prediction.

Allergome [66, 67] is arguably the most complete resource for allergens pro-
duced to date and is updated on a daily basis; up-to-date statistics can be found at
the Allergome statistics page (URL: http://www.allergome.org/script/statistic.php).
The database comprises 173 biological functions, 1,759 allergen sources, 53
tissues, over 700 structures, 17,000 bibliographies, totalling 5,276 entries.
Allergome entries contain information on allergen name, route of exposure, taxon-
omy, source tissue and organism, and cross-reactivity; as well as data on protein
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primary sequence, motifs, and post-translational modifications. Allergome
introduced the concept of allergenicity score as a real-time characterisation status
for a given allergen. This score can be visualised using a dedicated page using a
3-colour, 11-dot sequence. Dots represent data generation, sequence availability,
and different functional/non-functional tests. Users can search the database for
allergens matching these scores. The database also includes a user-friendly refer-
ence archive and an “allergome aligner” tool for the analysis of allergen sequences.

7.5 Discussion and Conclusion

The principal means of vaccine development remains largely empirical, although
targets have moved away from an exclusive focus on live virulent or attenuated
pathogens as candidate vaccines. Safety concerns have led to such entities being
viewed as poor vaccine candidates despite their potent immunogenicity, although
seasonal flu vaccines are still of this type. They are more likely to cause disease in
children or immune-compromised individuals. Due to safety and availability of
powerful adjuvants, the trend is shifting towards antigen, acellular, or subunit- and
epitope-based vaccines. Approaches to antigen identification can include cumber-
some assays for epitopes, antibodies, cytokine levels, as well as testing for extended
survival within animal test groups. Most of the databases described in this chapter
catalogue antigens for which B- and T-cell epitopes are known, other antigens,
despite high intrinsic immunogenicity, are often lost in the literature. Yet, such
antigens could be useful in the context of vaccine design and discovery, hence, the
recent development of databases specifically target antigens as opposed to epitopes.

There remain many outstanding or unresolved challenges in the development of
antigen database. We need immunology to assess antigens with the same rigour that it
applies to the characterizing of epitopes, providing quantitative data on protein affinity
measures for binding to B-cell receptors or soluble antibodies. All antigen databases
should coordinate and define a universal format such as has been done for other protein
sequence and structure databases. Terminology should be properly defined much as it
has been done for vaccine ontology by the developers of IEDB. Lastly, and perhaps
most importantly, updating should be a constant and consistent process, never stopping
always progressing: this remains a remorseless, and thus challenging, task.
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Chapter 8

What Have Dendritic Cells Ever Done for
Adjuvant Design? Cellular and Molecular
Methods for the Rational Development of
Vaccine Adjuvants

Alexander D. Edwards

Abstract Our new molecular understanding of immune priming states that den-
dritic cell (DC) activation is absolutely pivotal for expansion and differentiation of
naive T lymphocytes, and it follows that understanding DC activation is essential to
understand and design vaccine adjuvants. This chapter describes how dendritic cells
can be used as a core tool to provide detailed quantitative and predictive
immunomics information about how adjuvants function. The role of distinct anti-
gen, costimulation, and differentiation signals from activated DC in priming is
explained. Four categories of input signals which control DC activation—direct
pathogen detection, sensing of injury or cell death, indirect activation via endoge-
nous proinflammatory mediators, and feedback from activated T cells—are com-
pared and contrasted. Practical methods for studying adjuvants using DC are
summarized and the importance of DC subset choice, simulating T cell feedback,
and use of knockout cells is highlighted. Finally, five case studies are examined that
illustrate the benefit of DC activation analysis for understanding vaccine adjuvant
function.

8.1 Introduction

Bacterial lipopolysaccharide (LPS)—for decades, the scourge of the pharmacist
due to potent toxicity when injected—is a common and abundant contaminant that
is difficult to remove and notoriously expensive to measure, requiring an extract of
horseshoe crabs more suited to witchcraft than modern pharmaceutical technology.
Yet in the last few years, over 1.5 million schoolchildren [1] were deliberately
injected with a synthetic analog of the core lipid A element of LPS to protect them
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from cervical cancer, as an adjuvant component of the new human papillomavirus
vaccine [2].

A simple PhD project—*start by screening some microbial extracts for their
ability to activate dendritic cells in vitro”—Iled to the surprising discovery that
boiled yeast induced IL-10 production without requiring the signaling microbial
recognition receptors known at that time [3]. Further study revealed a new pathway
of innate activation [4]—but the most startling discovery came when a pure agonist
of this new pathway was shown to potently promote Th17 immunity—important for
protection from fungal pathogens—when co-injected with protein antigen [5].

These examples are just two of many stories that illustrate the power of studying
the cell biology and molecular genetics of dendritic cell activation for the rational
development of vaccine adjuvants. This chapter will introduce the theoretical
framework and practical methods for a systematic immunomics analysis of adju-
vant components using dendritic cells, and finally discuss five case studies that
illustrate the benefits of this approach.

8.2 A New Understanding of the Cellular and Molecular
Mechanisms of Immune Response Priming

Ever since the basis for antigen recognition by T cells was discovered,
immunologists have sought to understand how naive T cells encountering new
antigens for the first time are activated—a process termed priming. The last two
decades have seen two major revolutions in our understanding of the molecular and
cellular biology of priming. These have major implications both for our under-
standing of how vaccines work, and for the rational design of vaccine adjuvants.
Firstly, a central role of activation of dendritic cells (DCs) for priming and
controlling T cell activation was discovered [6]. Secondly, this was complemented
by the discovery of the molecular pathways for innate DC activation by pattern
recognition receptors (PRR) such as members of the toll-like receptor (TLR) family
[7] and tissue injury or cell death [8]. In the light of these discoveries, it is now
essential to re-assess the activity of vaccines and adjuvants in terms of their ability
to activate DC, and determine which pathways they stimulate. Furthermore, fully
synthetic adjuvants can now be rationally designed to deliberately target these
pathways, allowing customized immune priming.

8.2.1 A Reductionist View Supports the Benefits of Quantifying
Adjuvant Activity on Dendritic Cells In Vitro

Adjuvants are added to protein antigens to promote priming of protective and long-
lived immune responses of the correct type and anatomical location against the
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antigen. Therefore, adjuvant design and engineering must take into account all of
the factors that influence priming of a wide range of different types of adaptive
immune response. Furthermore, an effective adjuvant must have other unrelated
features: they must be safe; they must be simple to manufacture; they must be
stable; and they must also be effective in a very wide range of different individuals,
populations, and healthcare settings. The high complexity of the whole body
immune system combined with these additional pragmatic restraints must always
be kept in mind, but does not allow a rational, engineering approach.

A simplified reductionist approach based on two assumptions presents us with a
more soluble problem: (1) The desired immune response primarily requires expan-
sion of naive T cells. Although antibody responses are vital for protective immunity
to a large proportion of pathogens, long-lived antibody responses are usually T
helper cell dependent. (2) To effectively prime long-lived immunity, naive T
lymphocytes must be driven to proliferate and differentiate by activated DC, the
only cell able to initiate clonal expansion of naive T cells [6]. Together, these
assumptions suggest that the most critical function of a vaccine adjuvant is to
activate DC. Critically, to facilitate a rational approach to adjuvant design, DC
activation can rapidly be measured in vitro using robust cellular and molecular
measurements.

Having made these assumptions, it becomes clear that two points of control must
be studied. Firstly, the signals that drive naive T cell activation must be measured
on DC. Secondly, since these signals are only provided by activated DC, the input
sensors on DC triggered by stimulatory components of an adjuvant must be studied.

8.2.2 Three Signals Provided by Activated DC to Prime Naive
T Cells

To measure the activity of candidate adjuvant components in vitro, the phenotypic
markers of greatest interest should be those signals delivered by DC to activate
naive T cells and prime long-lasting new immune responses to vaccine antigens.
DC provides three essential signals to naive T cells: specific T cell receptor antigen,
costimulatory molecules, and cytokines to promote differentiation.

8.2.2.1 Signal 1

Activated DC must present vaccine-derived protective antigens on both MHC class
II to prime helper responses and MHC class I to prime cytotoxic T lymphocytes
(CTL). DCs are characterized and defined by their highly specialized abilities to
take up, transport, process, and present antigen, and all these processes are
modulated by activation [9]. In the resting state, DCs are located in the periphery,
have high antigen uptake capacity, but low levels of surface peptide:MHC



134 A.D. Edwards

complexes. Once activated, they rapidly migrate to secondary lymphoid tissues,
downregulate antigen uptake, process antigens, and present high levels of peptide-
loaded class I & II on their surface. In addition, some DCs have the unusual ability
to present exogenous antigen on MHC class I—a process called “cross-presenta-
tion” which is vital to allow priming of antiviral cytotoxic CD8 T cells [10].

But what does measuring signal 1 mean for adjuvant function? Although effec-
tive vaccine formulations must deliver antigen to DC and allow presentation on the
correct MHC molecules, two factors obscure the significance of using signal 1 to
predict how effective a given DC stimulus will be for priming in vivo. Firstly, some
DCs are tolerogenic and rather than promoting naive T cell activation and immune
response priming, antigen presented on these cells actually deletes or induces
immunoregulatory differentiation [11]. Thus, increased antigen presentation does
not automatically lead to immune priming. In other words, regulation of signals
2 and 3 may be more important than signal 1 for control of immunity. Secondly, T
cells are exquisitely sensitive to antigen, and so the levels of antigen presented does
not need to be very high to be sufficient for full T cell activation [12]. Thus, even if
an adjuvant appears only to deliver low levels of antigen to DC, this level may be
more than sufficient for efficient priming.

With these caveats, measuring signal 1 can still be highly informative. Firstly,
alteration of simple characteristic signal 1 components—such as surface class II
levels—is a potent measure of DC-stimulatory activity. Secondly, in some
vaccines, specialized antigen presentation pathways must be targeted. For example,
cross-presentation is essential to allow class I presentation of vaccine-derived
peptides to prime cytotoxic immunity. In these cases, it is worth testing the ability
of an adjuvant formulation to target that specific pathway.

8.2.2.2 Signal 2

Triggering of CD28 and other costimulatory receptors on naive T cells plus T cell
receptor provides proliferation and survival signals that together result in produc-
tive clonal expansion. Thus, activated DC must express high surface levels of the
CD28 ligands CD80 and CDS86 to promote priming [6]. The requirement for
costimulation—combined with T cell receptor signaling—for successful naive T
cells priming represents a central dogma of immunology. Naive T cells that
encounter antigen in the absence of costimulation are deleted or inactivated in the
process broadly know as peripheral tolerance. It follows that expression of
costimulatory molecules is the simplest and clearest indicator of priming activ-
ity—and should be used as a primary marker of DC activation.

8.2.2.3 Signal 3

Finally, although signals 1 and 2 determine antigen specificity and clonal expan-
sion, signal 3 is defined as the message that drives T cell differentiation, and thereby
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controls the type of immune response generated. Not all immune responses are
equal, and different types of immune response are required to protect against a
plethora of differing infectious challenges, including different antibody classes,
different types of cellular responses including different T helper cells and cytotoxic
cells, and responses located to different tissue sites. Many components of immune
polarization are controlled by activated DC [13]. The type of immune response
induced is strongly influenced by the nature of DC activation, both in terms of the
subtype of DC activated, and the mechanism of DC activation—that is, what input
sensors are triggered, because together these two factors determine the nature of
signal 3 [13, 14].

Crucially to this reductionist approach to adjuvant development, the best known
examples of signal 3 are cytokines secreted by DC, such as IL-12. Thus, although
ultimately the type of immune response triggered by a given adjuvant must be
measured in vivo, DC cytokine production can be rapidly measured in vitro to
estimate the type of immunity likely to be triggered. In practical terms, measure-
ment of these cytokines is the most powerful indicator of the pathway of DC
activation induced by a given stimulus even when the exact function of many
cytokines is not yet clear.

In summary, provision of signal 1 on DC stimulated with a given adjuvant
formulation is essential but not sufficient to promote immune priming. Signal 2 is
essential and sufficient to prove an adjuvant component can activate DC. Signal 3
signifies the quality of priming and thereby indicates the type of DC activation.

8.2.3 Mechanisms of DC Activation

In order to design an adjuvant that optimally primes immunity by inducing these
three signals for T cells, we must understand what stimuli activate DC. These can be
classified by the origin of the stimulus (external or endogenous). External stimuli
are either microbial in origin, or represent cell death or tissue damage. Endogenous
stimuli are either an indirect signal that external stimuli have been detected by other
cells, or they are feedback signals from T lymphocytes.

8.2.3.1 Direct Innate Recognition of Pathogens

The mechanisms of DC activation by direct sensing of microbial components—
termed pathogen-associated molecular patterns (PAMPs)—have been the subject of
intense study for the last decade (reviewed in [7, 15]). Inflammatory activation by
pathogen components (such as LPS) and many receptors (such as CD14) involved in
binding and uptake of these components have been studied for many decades.
However, the discovery of the specific transmembrane-signaling receptors for
pathogens, such as TLR4 [16], that are evolutionarily conserved in molecular struc-
ture from man to fly has led to a major paradigm shift in our understanding of
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immunity. A range of cellular Pattern Recognition Receptors (PRR) including TLR,
Nod-like Receptors (NLR), and C-type lectins (CLEC) have been discovered, which
are essential for the activation of DC by a corresponding range of viral, bacterial, and
fungal pathogen components, such as bacterial cell wall components (e.g., LPS,
peptidoglycan) or viral nucleic acids (e.g., dSRNA). Some of the earliest identified
and most potent DC stimuli act via TLR, such as LPS [17] and CpG DNA [18].

8.2.3.2 Direct Sensing of Cell Death and Tissue Injury

As well as sensing pathogens directly, several mechanisms have been identified,
whereby DC are able to directly sense tissue injury and abnormal (as opposed to
programmed) cell death. Examples of danger associated molecular patterns include
inappropriate release of cell contents such as ATP [19], and also injury-induced
factors such as heat-shock proteins [20]. Less is known about innate injury sensing
than microbial sensing, and new pathways are rapidly being identified such as the
recently discovered signaling CLEC receptor, named DNGR-1, which detects
uptake of necrotic cells by the CD8a* subset of mouse DC [21]. An early criticism
of some of these studies is that experimental stimuli were contaminated by micro-
bial agents (such as mycoplasma or LPS), especially when activation is found to be
dependent on PRR such as TLR4. However, it has become very clear that inappro-
priate cell death and tissue injury is sensed directly via several distinct non-PRR
pathways, and the molecular pathways of “danger” detection by the immune system
are finally becoming clear [8].

8.2.3.3 Indirect Activation by Endogenous Proinflammatory Mediators

In addition to direct sensing of microbes and injury, DC are exquisitely sensitive to
“indirect” activation by endogenous inflammatory signals produced by other cell
types, which can be thought of as endogenous messages of ongoing inflammation.
These can be divided into innate microbial, innate injury, and adaptive inflamma-
tory signals. Classic endogenous proinflammatory signals released on innate micro-
bial recognition that potently activate DC include TNFa, IL-1 and type I interferon,
which can be produced by other innate sentinel cells such as macrophages or mast
cells, but also by nonimmune tissue cells. To further complicate matters, DC
subsets also signal to each other [14]. Other important endogenous proinflammatory
signals include the chemokines that promote DC migration to secondary lymphoid
tissues and subsequently recruit them to T cell areas [22]. DC also sense injury via
acute inflammatory mediators involved in coagulation, including via the PAR1 and
S1P3 receptors [23]. Finally, as well as innate microbial and injury signals, DCs
sense ongoing adaptive immunity. For example, Thl-cell derived IFNy released
after antigen recognition can promote increased IL-12 production from DC [24].
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8.2.3.4 Endogenous Feedback Signals from Activated T Cells

The interaction between an activated DC and a naive T cell that has recognized
antigen not only involves signals from the DC to the T cell, but also returns signals
from the T cell. These ensure that the activated DC can respond to the presence of
an antigen-specific T cell—for example, by secreting signal 3 cytokines.

The first of these T cell feedback signals to be clearly identified was CD154,
which is upregulated on T cells in response to antigenic stimulation, and triggers the
CD40 receptor expressed on DC. Initially identified alongside TNFo and LPS
simply as a stimulus for DC activation, the breakthrough in understanding came
with the realization that CD40 triggering acts synergistically with microbial activa-
tion to promote signal 3, that is, secretion of differentiation cytokines [25]. Further-
more, in spite of potent augmentation of cytokine responses by CDI154 from
microbially activated DC, it cannot induce IL-12 alone, but only when combined
with microbial stimuli. This is in part because microbial activation of DC results in
upregulation of CD40, which is expressed only at low levels on nonactivated DC.
However, even when CD40 is expressed, ligation does not always lead to IL-12
production. Instead, the nature of cytokine produced in response to CD40 stimula-
tion depends on the stimulus that induced CD40—thus CD154 can promote secre-
tion of high levels of IL-12, IL-10, or other cytokines from DC activated with
different microbial agents [3].

8.3 In Vitro Methods to Determine the Dendritic Cell
Stimulatory Activity of Adjuvant Components

Section 8.1 outlined theoretical grounds for measuring three priming signals
induced on activated DC, and identified four categories of stimuli that DC sense.
But what exactly should be measured to determine the activity of a novel adjuvant
component or formulation, and how? In vitro studies can be used to answer the
following important questions:

(1) Does the adjuvant or component activate DC? Any activation marker provides
evidence of stimulatory activity; the first sign of priming activity however is
typically upregulation of signal 2.

(2) How active is the component? Once evidence of signal 2 upregulation is
detected, a dose-response comparison to standard stimuli, such as classic
TLR agonists (e.g., CpG oligos) and endogenous proinflammatory stimuli
(e.g., TNFa) should be conducted. This will give an indication of the relative
potency of the adjuvant component, and may allow prediction of possible
in vivo adjuvant activity by comparison to published data.

(3) What type of activation is seen, and what signals do stimulated DC deliver?
Crucially, the activation phenotype can be fully characterized of DC stimulated
with suitable doses of the test agents. Production of signal 3 cytokines may
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indicate in vivo polarization; for example, IL-12 production might predict Thl
priming.

(4) Which DC types does it act on? Similarly, screening activation of different DC
subsets will provide information on possible polarization.

(5) What receptors are triggered? Again, if well-characterized microbe or injury
sensing pathways such as TLRs are triggered by a test formulation or agent,
activity in vivo may be predicted based on published data on the type of
immunity typically induced by other known agonists of that receptor family.

(6) Last but not least, what is the fate of antigen formulated with the adjuvant?
Although activation is vital for adjuvant activity, protective antigen must also
be delivered and presented by activated DC.

This section introduces the methods used to address these questions, and
highlights some additional essential considerations for experimental design.

8.3.1 General Principles of DC Culture

The sensitivity of DC to a wide range of exogenous and endogenous stimuli
presents several general experimental challenges. Firstly, most DC types studied
are primary cells, which require very carefully controlled culture conditions,
specialized media, and expensive recombinant growth factors such as GM-CSF.
Different experimental conditions are used by different researchers, and there are
no standardized methods for DC culture, leading to variable results. Furthermore,
they have limited life spans and differentiate over time; thus, experimental work
must be carefully planned to ensure DCs are tested at the correct timepoint.
Secondly, many potent microbial stimuli—the most obvious of which is endotoxin,
LPS—are also common lab contaminants, and are also widely present in commer-
cial cell biology reagents (including fetal calf serum). If microbial contaminants are
present in culture, all DCs will have a high degree of activation without addition of
test agents, and assays will have a limited dynamic range. The only way to
guarantee the absence of DC-stimulatory contaminants is constant monitoring of
all reagents. Lab glassware is also frequently contaminated with LPS; thus, exclu-
sive use of tissue-culture grade, pyrogen-free disposable plasticware is vital.

8.3.2 Measuring DC Activation

8.3.2.1 Measuring Costimulatory Molecules

Costimulatory molecules are induced at high levels on the surface of DC after
activation by a wide array of exogenous and endogenous stimuli, and thus the
original and still the most direct method for measuring DC activation is by antibody
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staining for CD80 and CD86 [17]. Additional costimulatory signals have been
described and can be monitored alongside CD28 ligands [26].

The kinetics of surface costimulatory molecule expression—with maximal
upregulation typically seen after around 14 h of culture with stimuli—are highly
suited to overnight stimulations. Direct staining using fluorescently labeled mono-
clonal antibodies (mAbs) allows the simultaneous measurement of multiple
costimulatory molecules that can be differentially regulated. Vast catalogues of
directly conjugated mAbs are available conjugated to a wide array of different
fluorophores, and the widespread use of multiparameter flow cytometers allows the
measurement of four or more markers on a single sample of DC. Use of microtitre
plates, multichannel pipettors and autosamplers has increased throughput, allowing
hundreds of conditions to be tested in a single experiment. This methodology
allows multiple doses of adjuvant components to be titrated into microwell plates
and compared to dose ranges of “classical” DC stimuli to determine relative
potency. Measuring potency is vital since changing the formulation of DC stimuli
when engineering adjuvants can directly influence specific activity; for example,
covalent conjugation of a small-molecule TLR7 agonist to mouse serum albumin
increased potency by 10-100-fold [27].

8.3.2.2 Measuring Cytokine Secretion

In theory, induction of signal 3, typically in the form of a select group of cytokines,
is a far more informative measure of DC activation than measuring signals 1 or 2,
because signal 3 controls the type of immune response. Ideally, a panel of “stan-
dard” signal 3 cytokines should be presented that would correspond to pathways all
known classes of immunity. Unfortunately, in spite of extensive study of polariza-
tion paradigms, such as innate IL-12 production leading to Th1 induction [28], this
is a complex and evolving field; the discovery of Th17 cells, probably at least as
important as Th1 and Th2 cells, as recently as 2005, illustrates how rapidly the field
is changing [29]. Importantly, even if the exact role of many DC-derived cytokines
is not certain, what is absolutely clear is that measuring these cytokines reveals
clear and informative activation patterns. Thus, more important than their theoret-
ical role in polarization is the fact that these signals are characteristically stimulus-
specific. Thus, while costimulatory molecules that are induced by many stimuli are
excellent screening tools, signal 3 provides vital additional clues about the mecha-
nism of activation.

Several cytokines, such as IL-1, TNFa and IL-12p40, are secreted in response to
a wide range of different stimuli, others are selectively secreted in response to only
very specific stimuli; examples include type I interferon, IL-2, IL-10, IL-12p70, and
IL-23. Depending on the nature of the adjuvant in question, the DC subset studied,
and the desired class of immunity, a panel should be selected, including both broad-
stimulus and selective cytokines. By screening multiple cytokines and matching
with previously identified patterns of cytokine production, the likely composition of
a given adjuvant may be identified.
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On a practical level, DC-derived cytokines are easy and rapid to measure; when
cells are harvested for flow cytometric analysis after overnight culture, supernatants
can be frozen and then assayed when convenient by ELISA or microbead
immunoassays. When microwell supernatants are assayed for cytokines, the cellu-
lar origin of secreted factors cannot be confirmed unless only a pure preparation of a
single DC subset is cultured. If necessary, to ensure that the expected cell type is
producing a given cytokine, intracellular staining or cytokine capture reagents can
be used [3].

Although many stimuli (typically PRR agonists) induce signal 3 cytokines, the
absence of these factors after stimulation by an agent that clearly induces activation
measured by signal 1 and/or 2 upregulation can be very informative. It could
indicate indirect activation by endogenous stimuli such as TNFo or stimulation
through non-PRR pathways, rather than direct activation via PRR such as TLRs that
are known to be potent inducers of signal 3 cytokines such as IL-12.

Although they may not directly induce cytokine secretion, endogenous signals
can certainly influence the level and type of cytokine secreted in response to other
(usually microbial) stimuli. T cell feedback signals such as CD40L are discussed in
detail in Sect. 3.3. In addition, recombinant cytokines or growth factors such as
GM-CSF can be included in culture medium to “reveal” low-level signal 3 produc-
tion in response to stimuli such as PRR agonists [30].

Note that some cell surface molecules have also been shown to deliver differen-
tiation signals—rather than proliferation signals—and should thus be classed and
measured as signal 3, alongside surface costimulatory molecules measured as signal
2. For example, different Notch ligand families were found to be induced on DC by
T helper polarizing stimuli and instruct T cell differentiation via Notch family
receptors [31].

8.3.2.3 Measuring Antigen Processing and Presentation

Unlike cell surface molecules and cytokines that can be simply measured by FACS
and ELISA using specific mAbs, the antigen recognized specifically by T cells—that
is, a particular peptide:MHC complex—is difficult to directly measure. As discussed
in Sect. 2.2.1, antigen presentation can also be difficult to interpret. Nevertheless, no
adjuvant can function without antigen being delivered and presented.

Although mAbs that selectively bind the same epitope as T cell receptor have
been made and characterized, these exist for only a very few specific peptide—-MHC
complexes. The mAb 25D.1 recognizes the ovalbumin CD8" T cell epitope formed
when the SIINFEKL peptide binds to K> MHC class I [32]. Similarly, the mAb
C4H3 specifically recognizes a specific hen egg lysozyme peptide bound to A*
MHC class II [33]. Typically, these mAbs also bind to some degree to other MHC:
peptide complexes, leading to background staining that changes after DC activation
even in the absence of specific antigen. A further limitation of these antibodies is
their sensitivity, which is typically an order of magnitude lower than T cells [12].
For the majority of T cell epitopes, measurement using mAbs is not feasible and
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epitope-specific T cells must be used instead. This can be achieved using T cell
clones, with T cells derived from TCR transgenic mice, and also using primary cells
taken from previously immunized mice. When T cells cocultured with a DC
preparation recognize antigen, T cell activation markers are upregulated, allowing
antigen measurement. Depending on the type of T cells used and the activation
marker studied, the presence of signal 2, that is, costimulatory molecules on DC
may also influence levels of T cell activation. Therefore, to measure “pure” signal
1, differentiated effector T cells (such as clones) should be used, and early markers
of TCR triggering (such as CD69) measured.

An informative alternative to measuring levels of specific surface MHC:peptide
complexes is to measure related mechanisms involved in antigen presentation.
Total surface MHC class II, which rises rapidly following DC activation, can be
as useful as signal 2 for detecting DC stimuli. It can be rapidly measured using
surface staining alongside signal 2. Similarly, antigen uptake—rather than presen-
tation—can be very simple to measure, making it a useful screening tool. Antigen
uptake is measured using fluorescently labeled antigens or formulations (e.g.,
microparticles); binding is detected simply by FACS. Antibodies or competitive
unlabelled agents can then be screened to identify the mechanism of antigen uptake.
For example, studies using soluble polysaccharides and mAbs to block binding of
fluorescent zymosan were used to identify the contribution of surface B-glucan
receptors in zymosan uptake by DC [4]. Finally, measurement of specialized DC-
specific mechanisms of antigen processing—such as cross-presentation—can have
great significance for developing some types of vaccine. The identification of
molecular mechanisms required for cross-presentation is beginning to allow more
precise measurement of cross-presentation [34].

8.3.3 Use of CD40L to Simulate T Cell Activation and Reveal
Signal 3 Cytokine Secretion

Given their importance in driving differentiation, it is essential that signal 3
cytokines are selectively delivered only to antigen-specific T cells; thus, they
must only be maximally secreted during cognate DC-T cell interactions. Thus, to
measure signal 3, it is vital to simulate the presence of antigen-specific T cells to
DC during in vitro stimulation with adjuvant components. This is achieved by
providing appropriate feedback signals—usually CD40 triggering—during
stimulation.

8.3.3.1 Methods for Triggering CD40 on DC

A range of methods have been shown to be effective in triggering CD40 on DC to
synergize with microbial stimulation. The simplest is the use of agonistic antibodies
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to CD40; however, the natural ligand CD154 may deliver a qualitatively different
and more potent signal, and is preferred to mAbs. Monomeric CD154 is not
agonistic, and thus engineered forms of recombinant CD154 that are agonistic
have been developed that are either trimeric or oligomeric [35]. The closest
recombinant mimic of T cell-expressed CD154 is the full trimeric ligand expressed
on cell lines such as fibroblasts, which can be conveniently grown in microwell
plates prior to adding DC and stimuli—with the caveat that additional cells are
present in cultures, raising the possibility that these cells may modulate DC
responses or respond to adjuvant components themselves. Finally, T cells can be
used to provide genuine feedback signals, by coculturing with DC and adding
specific antigen [12, 25]. In this final method, additional signals beyond CD40
are clearly delivered, as blocking antibodies to CD154 do not completely block
synergistic cytokine secretion [25].

8.3.4 Choice of DC Source and Subset

Given the range of subsets of DC with clear phenotypic, transcriptional, and
functional differences, it is vital that the correct type of DC is used to study adjuvant
function. For example, in mouse, early expression profiling studies identified broad
transcriptome differences between subsets of CD11c¢* splenic DC distinguished by
surface CD8a and CD4 levels [36]; notably, differences in PRR expression on these
subsets are responsible for major functional differences such as the absence of
TLR7 on CD8«" DC, resulting in unresponsiveness to the small-molecule TLR7
agonist R848 [30]. These differences in input sensors found on DC subsets are
coupled to different priming outputs to T cells. Thus, CD8a" DC have a specialized
capacity to deliver signal 1, with a major role in cross-presentation, and
plasmacytoid DC (pDC) are important sources of the signal 3 cytokine IFNa
[14]. The three best-studied functionally distinct mouse splenic DC subtypes thus
comprise CD8a* CD11c*, CD4* CD11c* DC, and pDC; however, new subsets with
special function are regularly identified in this fast-moving field [14]. A notable
addition are skin DC such as Langerhans Cells—one of the earliest DC types to be
studied, but recently receiving attention due to their role in responses to advanced
vaccine delivery systems such as microneedle patches [37].

8.3.4.1 Methods for Obtaining DC

The two dominant methods for obtaining DC for in vitro study are direct isolation,
and differentiation from precursors using recombinant growth factors. Most immu-
nology research is conducted in mice and man, and although a wide range of DC
have been identified in most tissues studied, the majority of research focuses on
either DC directly isolated from mouse spleen or DC differentiated in vitro from
precursors found in mouse bone marrow or human peripheral blood.
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Magnetic separation using antibody-conjugated paramagnetic nanoparticles that
are too small to affect DC function is the standard method for direct isolation from
tissues. Thus, early mouse studies focused on CD11c-bright DC, of which there are
1-3 million per spleen. When primary DCs are purified from tissues, cell purity is
vital because of their sensitivity to indirect activation—thus magnetic cell sorting
should ideally be followed by flow cytometric sorting.

The alternative to direct isolation of DC is to use growth factors such as GM-
CSF and FLT3L that drive expansion and eventually differentiation of precursor
cells found in mouse bone marrow [38, 39] and human blood [40]. The advantage of
in vitro differentiated DC is the large number of uniform cells generated; one
disadvantage is that the phenotype and function of these cells is determined by
the growth factors used, and may therefore not reflect in vivo function.

Once activated, DCs change irreversibly and rapidly; thus most studies require a
short-lived culture of primary quiescent DC. An alternative is to use cell lines with
some characteristics of DC [41]; furthermore, DCs have been differentiated from
ES cells, allowing generation of primary-like cells without a tissue source [42].

8.3.5 Use of Knockout Mice to Determine the Molecular
Mechanisms of Adjuvant Activity

Given the long history of study, measurement, and control of levels of LPS and
other potent proinflammatory microbial biomolecules, it is perhaps surprising how
immunologists have recently become so excited about the study of such agents. Of
course, the reason for this renewed focus is the insight gained from the study of
knockout mice lacking specific—and often highly evolutionarily conserved—
molecules. The importance of these tools must not be underestimated. Notable
examples include PRR knockouts such as TLRs. Mice lacking components of PRR
signaling pathways such as MyD88 or Syk that are unresponsive to many PAMPs
are also useful screening tools, but these knockouts can be misleading because of
their role in signaling by receptors for endogenous stimuli such as IL-1.

8.3.5.1 Sources of Knockout, Knockdown, and Transduced DC

Although most knockout DCs are taken directly from mouse tissues or cultured
from freshly isolated bone marrow, bone marrow cells can be cryopreserved, then
differentiated in vitro into DC after thawing, allowing cost-effective storage of
stocks of knockout cells. Furthermore, many tissue DCs repopulate from bone
marrow stem cells with rapid turnover: stored or internationally transported bone
marrow can be used to make radiation chimeras, and then knockout primary DC
purified, allowing rapid evaluation of DC function without breeding new colonies
of knockout mice [3]. Radiation chimeras can also be generated using fetal liver
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cell-derived stem cells, allowing study of embryonic lethal knockouts such as Syk
[4]. This approach cannot be used with DC subsets derived from radio-resistant
precursors, such as those found in the dermis of mice and humans [43].

Retroviral transduction and siRNA knockdown have been used for gain- and
loss-of-function experiments in DC. Given the exceptional sensitivity of this class
of cells to viral components such as abnormal nucleic acids, this approach does
present additional problems compared to similar experiments in most other cell
types. Thus, pDC are activated via RNA sensing PRR after transfection with
siRNAs [44], and likewise, retrovirally transduced DC can be activated via TLR9
[45].

8.4 Case Studies: Examples Where Study of DC Activation Has
Informed Rational Adjuvant Development

The following five case studies illustrate how study of DC activation within the
framework presented above has given us valuable insight into vaccine function and
provided clues about how to rationally design more effective adjuvants.

8.4.1 Current Vaccines Activate DC Through PRR and Non-PRR
Pathways

We cannot hope to design new vaccines without first understanding how current
effective vaccines induce protective immunity. So what has the study of DC
activation taught us about tried and tested human vaccines?

Case study 1: what have DC taught us about current human vaccines?

Most conventional human vaccines are attenuated or inactivated pathogens and
therefore contain a similar array of PAMPs to the microbes they derive from. It is
not surprising to find that many potently activate DC via PRR. Indeed, rather than
DC teaching us about vaccine function, inactivated and attenuated pathogens—
closely related to many vaccines—have been vital tools for understanding DC
activation and subsequently identifying PRR. Microbial extracts were used to
demonstrate that signal 2 is induced—not constitutive—on DC [17] and to identify
DC as a major source of the signal 3 cytokine IL-12 [46]. Proinflammatory cell wall
components (LPS) of whole killed bacteria and heat-killed yeast particles (zymo-
san) were used to identify proinflammatory signaling through TLR4, TLR2, and
Dectin-1 [4, 16, 47]. Attenuated and inactivated viruses have likewise been vital for
the identification of PRR involved in sensing viral nucleic acids. For example, heat-
inactivated influenza virus was used to identify TLR7 as a receptor for viral ssRNA
required for interferon induction from pDC [48], and the eponymous vaccinia virus
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has been utilized to identify DC activation via TLR2/6, MDA-5, and most recently
mouse TLRS [49, 50].

So if attenuated and inactivated vaccines contain microbial PAMPs, is PRR
triggering actually required for their immunogenicity? Just as PRR knockout mice
have illustrated a vital function for TLRs in resistance to infection, knockouts show
reduced responses to many vaccines. Again, influenza is a clear example; without
TLR7, whole inactivated influenza virus vaccine loses immunogenicity [51]. Fur-
thermore, this study highlighted the importance of TLR7 in driving a particular
class of immune response—specifically Th1 immunity—reinforcing the notion that
direct microbial recognition can control immune polarization. In contrast to whole
inactivated virus vaccine, split virus or subunit vaccines are less potent and show
little TLR7 dependence [51]. Both processing whole inactivated virus to produce
split virus and purifying particular antigens to produce subunit vaccine result in loss
of the packaged viral ssSRNA that potently stimulates TLR7 on DC. Whole
inactivated bacterial vaccines can likewise trigger PRR on DC and some require
microbial sensing for optimal immune priming; for example, TLR4 knockout mice
mount impaired immunity to whole-cell pertussis vaccine [52]. Even some subunit
vaccines comprising protective antigens purified from microbial sources can con-
tain PAMPs and require PRR triggering; thus outer membrane vesicles purified
from Neisseria meningitides make effective human vaccines against type B menin-
gitis, contain LPS that activate DC via TLR4, and induce reduced immune priming
in TLR4 knockouts [52].

Equally important have been studies that demonstrate that PRR are not required
for immunity to all vaccines. A pure protein antigen formulated in a sterile PAMP-
free adjuvant such as alum should not trigger PRR, and PRR-deficient mice mount
long-lived immunity to such vaccines [53]. Even some adjuvants that clearly
contain PAMPs can be effective even without PRR. Detailed study of alum and
other PRR-independent adjuvants has proved highly informative about mechanisms
of direct and indirect sensing of injury and cell death, and the influence of such
sensing on immune priming [8, 54].

In summary, studies of direct microbe- and injury-sensing mechanisms using
knockout mice and by measuring signal 3 cytokine production from different
subsets of DC have identified what components of current human vaccines and
adjuvants are responsible for priming which types of protective immunity. Con-
versely, vaccines have proved useful tools for understanding DC activation and its
role in adaptive immune priming.

8.4.2 Synthetic Agents that Directly Activate DC Can Increase
Adjuvant Potency and Polarize Immunity

Although many of our oldest and most effective vaccines comprise live attenuated
or inactivated pathogens, there are disadvantages of these formulations. For
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example, each one has to be produced using highly specific and challenging
biomanufacturing methods, and the resulting formulations are complex mixtures
of unstable biomacromolecules. In the age of next-generation recombinant
biologics, these vaccines seem rather old-fashioned; ideally, they could be replaced
by highly defined, fully synthetic vaccines comprising pure recombinant protein
antigens formulated with customized synthetic adjuvants.

As rapidly as PRRs have been discovered, a range of synthetic compounds or
purified microbial components which selectively trigger PRR and potently activate
DC have been identified. Deliberately incorporating these synthetic PRR agonists
into adjuvants should offer a number of benefits, such as increased potency com-
pared to PAMP-free adjuvants, simpler manufacturing and simpler composition
compared to attenuated or inactivated microbial vaccines, and finally should induce
priming of a range of different classes of immunity, by selectively triggering
different forms of DC activation and targeting different DC subsets.

The most clinically relevant demonstration of the benefits of adding synthetic
PRR agonists to adjuvants is GSK’s adjuvant AS 04, which combines the synthetic
TLR4 agonist monophosphoryl lipid A (MPLA) with alum [2]. The human papil-
lomavirus vaccine Cervarix is formulated with AS 04, which may account for its
increased potency compared to Gardasil, a similar vaccine formulated with alum
alone [55]. Ironically, this adjuvant was not the product of DC and PRR research;
instead, credit lies with the microbiologists who identified MPLA and the decades
of development work that followed [56].

So can study of DC activation in vitro tell us anything about this rational
approach to engineering synthetic adjuvants?

Case study 2: DCs reveal non-TLR pathways to Th17 polarization

Although TLRs are the best studied family of signaling PRR, an ever-expanding
array of pathogen sensors has been identified mostly by studying DC activation.
One of the first hints of a TLR-independent signaling pathway for DC activation by
microbial recognition came from the study of signal 3 (DC cytokine secretion) in
response to panels of pathogen extracts. In contrast to many microbial stimuli
that—when combined with CD40L (see Sect. 3.3)—induce high levels of IL-12
production from mouse splenic DC, stimulation with the yeast particle zymosan
plus CD40L triggers high-level IL-10 production but no IL-12 [3]. At the time,
although a number of phagocytic yeast receptors were known, zymosan and yeasts
were thought to signal for cellular activation through TLR2 [47]. Other known TLR
agonists such as CpG oligos and LPS all triggered IL-12 and no IL-10 production.
This hint of an alternative non-TLR pathway of cellular activation resulting in
different signal 3 cytokine production became a powerful indication when it was
found that neither TLR2 nor MyD88 were required for IL-10 production in
response to zymosan [3]. At the time, this excluded all known molecular signaling
mechanisms for DC activation by yeasts.

Blocking experiments suggested that zymosan particle uptake was partially
mediated by beta-glucan binding via the Dectin-1 receptor, a CLEC family yeast
receptor recently identified on macrophages [S7]—however, at the time, this
receptor had no known transmembrane signaling activity. The breakthrough came
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from the prediction that if an atypical ITAM motif identified in the cytoplasmic tail
of Dectin-1 could signal, it must utilize the tyrosine kinase Syk. This led to the
breakthrough experiment of stimulating Syk—/— DCs with zymosan—these
showed a dramatic absence of IL-10 production, but still produced IL-12 in
response to TLR triggers [4]. But what is the consequence of DC activation via
Dectin-1 signaling? Further study identified a selective Dectin-1 trigger, curdlan,
that when combined with protein antigen and injected into mice promoted induction
of Th17 responses via Syk and another adaptor called CARD9 [5]. More recently,
another potent Th17-inducing adjuvant, trehalose 6,6-dibehenate (TDB), a syn-
thetic mimic of a mycobacterial cell wall component, was shown to signal via the
same Syk/CARDO pathway [58], suggesting that this pathway represents an alter-
native axis of microbial recognition comprising ITAM-containing transmembrane
microbial recognition receptor, coupled via Syk/CARDO to DC activation that leads
to Th17 priming.

Thus, the systematic study of cytokine production by DC, the use of CD40
triggering to reveal signal 3 cytokines, and the use of PRR knockout DC led to the
discovery of a new PRR signaling pathway with a corresponding potent synthetic
agonist—curdlan—which primes an important class of immune polarization.

Case study 3: Lessons about formulation from adjuvants incorporating TLR
agonists

Although synthetic PRR agonists offer hope of producing “designer” adjuvants,
a number of formulation challenges remain, some of which can be tackled using
DC. These challenges include their toxicity if released systemically (many TLR
agonists can trigger lethal toxic shock), and their wide range of physiochemical
properties—with the exception of small-molecule TLR7/8 agonists, they vary in
size, charge, and hydrophobicity and include extremely hydrophobic and highly
charged agents that are difficult to formulate.

A third challenge is to understand how to combine antigens with PRR agonists. It
has become increasingly clear that TLR agonists may need to be physically linked
with the target protein antigen within a vaccine to most effectively increase
potency. Thus, direct covalent coupling of CpG oligos to antigen improves immune
responses to antigen, especially CD8 T cell responses; however, conjugates still
induce better cytotoxic responses in TLR9 knockout mice, by promoting TLRY-
independent antigen uptake and cross-presentation [59], highlighting the fact that
many TLR agonists are biomacromolecules that interact with a range of signaling
and non-signaling receptors. TLR9-deficient mice do show reduced Th1 differenti-
ation in spite of enhanced antigen delivery and priming. Surprisingly, a similar
benefit was seen of covalently conjugating a small-molecule TLR7 agonist to
antigen over co-injection of antigen plus TLR7-agonist, even though the small-
molecule TLR7 agonist did not directly promote antigen uptake [60]. Another
method to link antigen to PRR agonists is to immobilize both on a particulate
scaffold. Crucially, when antigen and CpG oligonucleotides were co-encapsulated
with a TLR9 agonist using the biodegradable polymer PLGA, only when both were
present in the same PLGA microsphere, was an effective cytotoxic T cell response
achieved [61]. Further benefits of microparticle formulation became clear when
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they were shown to directly activate DC via the NALP3 inflammasome [62]. To
prevent precipitation or aggregation, hydrophobic PRR agonists can be
incorporated into liposomes; again, study of TDB liposome adjuvants highlighted
that they must retain antigenic peptide at the site of injection to retain adjuvant
activity, supporting the idea that PRR agonists must be linked to antigen [63].

Thus, studies of levels of signal 1 alongside DC activation via PRR and injury
sensors have identified several essential parameters for effective formulation of
synthetic PRR agonists into adjuvants.

8.4.3 Endogenous Immunostimulatory Signals
Can also Be Added to Adjuvants

Possible disadvantages of targeting direct DC activation via PRR and injury sensors
include undesirable responses such as pain and localized or systemic inflammation.
So why not design adjuvants that target downstream pathways and shortcut direct
DC activation? As the host-derived signals responsible for T cell priming are more
clearly defined, it should become possible to develop effective adjuvants that
deliberately trigger pathways downstream of DC activation and thereby prime T
cells. Targeting inflammatory pathways to promote immunity has long been an aim
in adjuvant design. A classic example was the fusing of C3d to antigen, simulating
complement activation during acute inflammation, which covalently “tags”
proteins and targets them to B cells, thereby reducing the dose required to promote
antibody responses [64].

More recently, two distinct approaches to the use of endogenous signals—as
opposed to pathogen-associated or injury signals—in adjuvants can be identified.
Firstly, the discovery of chemokines and cytokines combined with advances in
recombinant protein manufacturing has resulted in prolonged interest in using
endogenous DC activation signals in adjuvants. Secondly, given the potent effects
of feedback signals (such as CD40) on DC activation, deliberately targeting this
endogenous pathway offers the hope of priming cytotoxic responses without
requiring CD4 T cell help. The last two case studies explore the use of DC to
understand how to use synthetic endogenous signals to prime immunity.

Case study 4: Blinding DC to microbial stimulation: can endogenous
proinflammatory signals replace direct DC activation?

As rapidly as proinflammatory cytokines such as TNFa, IL-1, and IL-12 were
identified, they have been produced using recombinant technology and explored for
augmenting adjuvant activity [65]. In addition to incorporating recombinant cyto-
kine proteins, they have been genetically engineered into live attenuated viral and
bacterial vectors and DNA vaccines. But can endogenous signals replace direct DC
activation? Although DCs are potently influenced by endogenous signals including
inflammatory cytokines, how effective are indirectly activated DCs for T cell
priming?



8 What Have Dendritic Cells Ever Done for Adjuvant Design? Cellular and. . . 149

An elegant experiment designed to answer this question made use of MyD88
knockout mice as a source of DCs that are “blind” to direct TLR stimulation, and
therefore can only respond to indirect activation signals. Bone marrow chimeras
were made containing both MyD88-sufficient and MyD88-deficient DC, each with
different MHC classes and thus able to present antigen to different sets of T cells.
By immunizing these mice with protein antigen plus synthetic PRR agonist, the
phenotype of T cells primed by direct vs. indirectly activated DC could be simulta-
neously monitored in the same mouse. Although indirectly activated “blind” DC
promoted CD4 expansion, Th1 differentiation was only seen by T cells activated by
PRR-sufficient DC that produced IL-12 after direct TLR stimulation [66].

Although triggering inflammation at the site of vaccine injection is sufficient to
enhance immunity to vaccine antigens—for example by promoting DC and lym-
phocyte recruitment—studies like this one suggest that the immune system has
highly sophisticated methods to distinguish antigens that are directly linked to PRR
triggers from other antigens also present at an inflamed site. This has implications
for the formulation of synthetic PRR agonists with antigen; specifically, antigen
should be delivered to the same DC as PRR triggers, otherwise the DC that present
antigen will only be indirectly activated. This may explain the observations about
formulation of PRR agonists discussed in case study 3.

Study of direct injury sensing has also revealed an essential role for indirect DC
activation in T helper polarization following immunization with the PRR-
independent adjuvant alum. Priming by alum induction requires not only CD11c*
APC [67] and DC activation via the NLRP3 inflammasome [68, 69] but also
recruitment of eosinophils that produce IL-4 and drive Th2 polarization [70].

These studies illustrate the importance of understanding the different effects of
direct and indirect DC activation for correct design of adjuvants, and reinforce the
power of knockout mice for unpicking complex responses.

Case study 5: Short circuiting T cell help: Promoting cytotoxic responses using
synthetic T cell feedback signals

The importance of revealing signal 3 cytokine production using CD40 agonists
was highlighted in Sect. 3.3, and the benefits of this approach illustrated by case
study 3. However, CD154 feedback signals are not only vital to indicate the
presence of T cells to the DC; they are also pivotal for the provision of CD4 help
to license DC for priming naive CD8" T cells, and thereby promote new cytotoxic
responses [71-73]. It follows that synthetic CD40 agonists can be utilized in
vaccine adjuvants to circumvent the need for CD4 help and thereby directly
promote cytotoxic immunity. Once again, the study of DC proves to be highly
informative to this approach. Although CD40-agonistic antibodies can be used to
promote CTL responses when co-injected with antigen [74], detailed study of the
biology of CD40 on DC was required to unpick the requirement for microbial
activation before CD40 is expressed on DC [25]. This observation predicted that
deliberately triggering CD40 to license DC for priming CDS8 responses would
require microbial activation; and indeed it was subsequently demonstrated that
agonistic CD40 antibodies promote cytotoxic immunity far more potently when
combined with TLR agonists [75].
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In summary, in vitro study of signal 3 cytokines produced by DC in response to
microbial and T cell feedback stimuli was required to understand how best to
directly target endogenous pathways that promote cytotoxic immunity.

8.5 Conclusions

It is disappointing that given our deep understanding of the complex mammalian
immune system, we are still unable to rapidly develop “designer” vaccines against
emerging or existing infectious diseases. Our existing vaccines are made using old-
fashioned and unwieldy methods. A stark reminder of this is the fact that we still
make influenza vaccine—a vital tool to protect thousands of at-risk individuals
from seasonal epidemics every year—in fertilized chicken eggs. The study of
cellular and molecular biology of DCs and pattern recognition receptors has
provided a strong theoretical and experimental foundation for the rational design
of vaccine adjuvants. However, in common with other biomedical disciplines,
clinical uptake typically lags behind scientific discovery. This is particularly appar-
ent in vaccine development due to the unusual features of vaccines—namely, the
large number of recipients, and the low tolerance of adverse effects in vaccinees,
who are typically healthy individuals that may not individually benefit from
immunization. The recent widespread use of the TLR4 stimulatory adjuvant
AS04 suggests an immediate impact of the study of TLRs on adjuvant design.
However, it is in fact nearly 30 years since MPLA was first reported [56]. Hope-
fully, as our understanding of immunology advances, translation will be
accelerated, and we will eventually establish an “adjuvant toolkit” that will allow
rapid and safe development of new effective vaccines to order.

One element of this toolkit should be the measurement of DC activation, the use
of known DC stimuli, and study of DC lacking pathways such as PRR, for rapid
in vitro adjuvant development. This chapter has described, with examples, the three
signals to be measured, and the four classes of stimuli that DC sense. Although the
in vitro DC stimulatory activity of a given adjuvant formulation will have a
significant bearing on in vivo performance, a large number of additional factors
are also critical, including the injection site and method, the kinetics and distribu-
tion of antigen and adjuvant components after injection, the involvement of other
cells (e.g., B cells, eosinophils) and tissue responses, potential for causing local and
systemic adverse affects, and finally the practical details of the ultimate vaccine
formulation. Pragmatic considerations include the stability of the fully formulated
vaccine, the cost, speed and scalability of manufacture, and of course the purpose of
the vaccine will influence many of these factors.

Disclaimer The effectiveness of your adjuvant can go down as well as up. The complexity of
both the innate and adaptive immune systems should never be underestimated. In this chapter, one
antigen presenting cell, three T cell priming signals, and four input signals are discussed. Although
DCs take a central role in controlling immune priming and polarization, other cell types have an
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equally important role in both sensing antigen and controlling immunity. Similarly, classification
of DC-T cell signals into three categories is helpful; however, in reality, the interaction between
these cells is so complex that it is termed the immune synapse, and many signals fall into more than
one category. Although signal 3 is conceptually vital, and study of cytokines in this class such as
IL-12 has proven highly informative, much is still unknown about what signals lead to which
immune responses. Worse, for many important pathogens, the class of immunity required for
protection is still unclear. DC studies are only a simple starting point and all adjuvants must
ultimately be tested in vivo to determine efficacy.
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Chapter 9
Towards the Systematic Discovery
of Immunomodulatory Adjuvants

Darren R. Flower

Abstract Adjuvants potentiate immune responses, reducing the amount and dos-
age of antigen needed for protective immunity. Adjuvants are particularly impor-
tant when considering subunit, epitope-based, or other more exotic vaccine
formulations that lack significant inherent immunogenicity. While innumerable
adjuvants are known, only a handful are licensed for human use: principally
alum, and squalene-based oil-in-water adjuvants. Alum, the most commonly
used, is suboptimal. There are many varieties of adjuvant: proteins,
oligonucleotides, drug-like small-molecules, and liposome-based delivery systems
with adjuvant activity being perhaps the most prominent. Like poisons, adjuvants
function via several mechanisms. Many plausible alternatives have been proposed.
Focussing in particular on the discovery of small-molecule adjuvants, in the
following we give a brief and fairly synoptic overview of adjuvants and their
discovery.

9.1 Introduction

An underexplored approach for maximising the efficacy, effectiveness, and effi-
ciency of vaccines is the discovery, development, and optimisation of efficacious
adjuvants. Adjuvants can be defined as any molecule or complex molecular or
supramolecular assembly significantly able to augment an immune response when
administered simultaneously with a vaccine. It is thought that many adjuvants
mediate their effects by acting as immune potentiators, eliciting early innate
immune responses which enhance vaccine effectiveness by greatly exacerbating
the overall vaccine responses.
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This review focuses on adjuvants within vaccinology. As is so often the case, the
word Adjuvant has many meanings: as an adjective, it means assisting or aiding,
and its use in this context can be traced at least as far as the early seventeenth
century; as a noun Adjuvant can mean “A person or thing helping or aiding; a help,
helper, or assistant”, which again appears first at the start of the seventeenth
century. The Oxford English Dictionary traces the etymology or derivation of the
word adjuvant through the sixteenth century French word adjuvant to the Latin
adjuvant, the present participle of adjuvare, meaning to assist; which is itself
derived from juvare, meaning to help. More specifically within medicine, adjuvant
has the following meaning: “A substance added to a prescription to assist the action
of the principal ingredient or base”. This use of adjuvant appears first in the mid
seventeenth century.

More specifically still, within the disciplines of vaccinology and vaccination,
adjuvants are chemical substances of various types that, when added to weakly
immunogenic vaccines, typically greatly augment or modify any concomitant
immune response, thus inducing protection. Almost all currently available commer-
cial subunit vaccines targeted for human use will incorporate adjuvants, additional
to any antigenic molecules derived from pathogens. Indeed, adjuvants—acting as
either immunomodulators or as immune potentiators—have been widely utilised for
many decades. Adjuvants also improve vaccination by enhancing and modifying the
depot effect, principally by slowing the diffusion of antigens from the site of
infection in order that antigen assimilation proceeds over a much longer time.

This contrasts with other medical uses of the word adjuvant. An adjuvant can be
any substance that modulates the effects caused by other agents, particularly drugs,
while having little effect if administered alone. Adjuvant therapy, also known as
adjuvant care, is defined as a treatment given additional to a primary, principal, or
incipient treatment. Over time, this terminology has come to mean almost exclu-
sively supplementary treatment regimens used in cancer therapy. Adjuvant therapy
is used to refer to treatment occurring after treatment, neoadjuvant therapy occurs
before it, and concomitant systemic therapy for treatment after. Adjuvant therapy—
which may take many forms, including radiotherapy or systemic therapy, such as
chemotherapy, immunotherapy, or hormone therapy—is typically used where a
statistical risk of relapse remains.

Within the context of vaccinology, adjuvants bring with them two principal
benefits. First, the use of an adjuvant typically allows the dose of administered
antigen or antigens to be decreased, thus reducing the overall cost of any deploying
vaccine. Secondly, the exacerbated immune response engendered by adjuvants can
augment, hasten, and lengthen specific immune responses made to vaccine antigens
and thus provide a better and longer-lasting protection against target pathogens. The
main adjuvants currently licensed for human use include alum salts and—albeit to a
lesser extent—oil-in-water emulsions.

The use of aluminium-based adjuvants in vaccinology has a long history, at least
comparatively so. Such adjuvants have been used since the 1920s, when Glenny
et al. found that diphtheria toxoid, when precipitated on alum, was successful when
used as a vaccine [1]. Aluminium-precipitated human vaccines, principally tetanus
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and diphtheria toxoid, were shown to be significantly more immunogenic than the
corresponding soluble toxoid during the 1930s [2, 3]. Subsequently, the use of such
adjuvants in diverse vaccines has become common, being widely used in the
preparation of vaccines. The properties of such vaccine products were studied
intensely in terms of their in vivo immunogenicity, although the aluminium
hydroxide carrier habitually took a standard form. Despite the success of alum-
based adjuvants, the successful development of other adjuvant systems has by
contrast been stymied.

Several hundred adjuvants have been tested for their ability to exacerbate
immunity in the last decade or so. Such adjuvants have included: mineral salts
and emulsions, as well as adjuvants derived from microorganisms; nucleic acids;
proteins, such as cytokines; and polysaccharides; amongst many others. Very few
such adjuvants have proved commercially successful, with limitations such as lack
of efficacy, prohibitive cost, unacceptable toxicity, problematic manufacture, poor
adsorption, or poor stability [4—6]. Thus there remains an imperative need for new
substances that can act as adjuvants.

Adjuvant discovery is a particular focus of modern biopharmaceutical vaccine
research. There is clear interest from vaccine companies of all sizes in identifying
novel adjuvants able to enhance (either qualitatively or quantitatively) protective
immune responses to specific pathogens. This has translated into some significant
recent commercial transactions, such as the acquisitions of Corixa (which devel-
oped the MPL adjuvant) by GlaxoSmithKline (GSK) for $300M and of Coley
Pharmaceutical Group (which developed CPG) by Pfizer for $164M. Currently,
the vaccine market is valued at greater than $12 billion; it is projected to exceed $40
billion in 2015. The vaccine industry has recently been commercially re-
invigorated by the release of blockbuster vaccines such as Wyeth’s paediatric
vaccine, Prevnar (subunit vaccine based on pneumococcal bacteria), with annual
sales of $1.5 billion. It is said, that over 400 vaccines against infectious diseases and
cancer are on the market or currently in development.

Until the recent past, adjuvant development was largely empirical; yet now
newly emergent concepts in our understanding of the way innate and adaptive
immune responses begin have transformed the development of new adjuvants,
making such discovery, optimisation, and formulation fundamentally more ratio-
nal. In this review, we explore the nature of adjuvants, their physical and functional
properties, and, to some extent at least, the mechanism and nature of their discov-
ery, within the wider context of vaccine discovery. Our tacit intention is also to
highlight the potential of a neglected area of research in this area: the identification
of synthetic, quasi-drug-like small molecule immunomodulatory adjuvants. How-
ever, we will specifically exclude reference to delivery systems, which are dealt
with at great length elsewhere in this book; such delivery systems often also possess
significant adjuvant properties.
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9.2 Extant Adjuvants

While a bewilderingly complex variety of different adjuvants have been
investigated experimentally, only a handful are currently licensed and commer-
cially available for use in humans. While the number of adjuvants that are used
routinely in the lab is rather higher, it is still small when compared to the number of
putative adjuvants that have been evaluated over the last few decades. This dearth
represents, in part at least, the natural conservatism of the working scientist keen to
pursue their own limited scientific goals rather than engaging widely with the
cutting-edge of technology on all fronts. Yet, it is also a measure of the degree to
which the field of adjuvant research has lagged behind other areas of vaccinology.

Nonetheless, the argument for the use of adjuvants is and remains compelling,
and strongly so: adjuvants can heighten the immunogenicity of antigens; they can
modify the mechanism of immune responses; they can decrease the quantity of
antigen necessary for vaccination to be successful; they can reduce the requirement
for, or the frequency of, booster immunisations; and they can increase appropriate
immune responses in immune-compromised or elderly patients. When selecting an
adjuvant, one in general wants at least the following properties: high efficacy and
efficiency; low toxicity, and thus few-if-any side effects; adjuvanticity with multi-
ple antigens; and, of course, ease of use and low unit cost.

An additional area of particular interest is the rational selection of adjuvants to help
steer or direct the course of an immune response, targeting desired responses, which
partly dependent on the disease being targeted. Thus we may wish our adjuvant to
favour one or more type of response—Th1, Th2, antibodies, or CTL—over another;
or to promote specific cellular or organ target, such as stimulating antibody responses
at mucosal surfaces; or to select a particular immunoglobulin class.

Identifying a possibly extensive set of adjuvants, each capable of directing
immune responses to vaccines in an appropriate direction, and thus facilitating
optimal protection against each infection, should be a highly desirable goal for
vaccine research. Thus, a key challenge for adjuvant discovery is to induce particu-
lar types of immune response against particular infections. Yet, as stated before and
elaborated hereafter, only three classes of adjuvant have actually been licensed thus
far for human vaccine formulations: alum-based adjuvants, adjuvants based on
squalene oil-in-water emulsions, and an monophosphoryl lipid A (MPL) containing
adjuvant.

Aluminium compounds, including aluminium phosphate (AIPO,), aluminium
hydroxide (Al(OH),), and alum-precipitated vaccines, historically known as protein
aluminate, are, for human and animal hosts, the most used vaccine adjuvants [7, 8].
These adjuvants are often incorrectly denoted as “alum” in the immunological
literature: strictly speaking alum is potassium aluminium sulphate (KAI(SO,)-
12H,0). This substance has never been utilised as an adjuvant per se. For conve-
nience sake, we shall nonetheless adopt the term alum here, but acknowledge its
inexactitude.

Alum has, overall, a good, even an excellent, safety record. For infections that
can be prevented by antibody induction, aluminium adjuvants remain the de facto
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adjuvants of choice, with the rapid development of long-lasting, high-titered anti-
body responses. Many, many studies in human and animal hosts ably show the
apparent superiority of aluminium-adsorbed diphtheria and toxoids tetanus, when
compared to soluble equivalents, particularly after the initial dose [9, 10].

Careful selection of aluminium adjuvant is vital; as is optimisation of adsorption
conditions for every antigen, as both depend upon the physic-chemical character of
both antigen and adjuvant. Adsorption onto alum depends primarily on electrostatic
interactions: two well-used aluminium adjuvants—aluminium hydroxide and alu-
minium phosphate—are oppositely charged at physiological pH.

Thus, alum is an imperfect, suboptimal adjuvant. It provides inadequate anti-
body induction to protein subunits; and it is a poorly immunogenic adjuvant in the
context of cellular immune responses, particularly CTL immunity [11]. It primarily
induces increases in IgG1, though not IgG2a or IgG2b, signifying the so-called
Th2-driven immune response [12]. Alum can also induce and/or augment IgE
antibody responses, typical of human allergic reactions [13]. Other limitations of
alum include local inflammatory reactions and its perplexing ineffectiveness with
particular antigens.

There are several adjuvants which can be bracketed together as the so-called oil-
in-water emulsions; several or these are licensed for human and veterinary use, and
others—such as Freund’s adjuvant—which are widely used in laboratory or animal
studies. Freund’s adjuvant, named after Jules T Freund (1890-1960), a Hungarian-
born American immunologist [14, 15], comes as either Freund’s complete adjuvant
(FCA) or Freund’s incomplete adjuvant (FIA). The complete formulation
comprises dried, inactivated mycobacteria (such as Mycobacterium tuberculosis),
while the incomplete form is by contrast a simple oil-in-water emulsion, lacking
mycobacterial components [16]. FCA stimulates cell-mediated immunity leading to
the potentiation of antibody production. Its use in human hosts is prohibited, due
principally to safety concerns over toxicity. Even in animals, the use of FCA and
FIA is deprecated due to induced pain and tissue damage.

Many alternatives to FCA have been proposed and marketed. These include:
Ribi Adjuvant System or RAS, an oil-in-water emulsion comprises MPL endotoxin
and mycobacterial cell wall components in 2 % squalene [17]; TiterMax, a stable,
metabolisable oil-in-water adjuvant [18]; Syntex Adjuvant Formulation or SAF
[19], an oil-in-water emulsion stabilised by a combination of polyoxyethylene/
polyoxypropylene block copolymer L121 and Tween 80 [20], which activates
complement and may also bias humoral immune responses towards IgG2a; Elvax
40W, an ethylene-vinyl acetate copolymer; and AdjuPrime, a carbohydrate poly-
mer; among many more.

There are two main oil-in-water adjuvants licensed for human use: MF59 [21,
22] and ASO03 [23, 24]. They are both emulsions containing the natural product
Squalene. See Fig. 9.1. Squalene has no intrinsic adjuvant activity, but has been
combined with surfactants in certain adjuvant formulations. Various other
squalene-based adjuvants are being investigated.

Initially developed in the 1990s through collaboration between Ciba-Geigy and
Chiron, MF59 was the first commercially available, oil-in-water adjuvant to be
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licensed in humans. Its main use is as an adjuvant of the seasonal influenza virus
vaccine marketed by Novartis [21, 22]. MF59 tends to favour a Th2 immune
response [25], although its precise mechanism of action is not known. MF59 can
switch on several genes also activated by other adjuvants. No receptors specific for
MF59 have been found, and it has been suggested that it affects cellular behaviour by
inducing the accumulation of neutral lipids. Proprietary to GSK, AS03, which stands
for “Adjuvant System 03”, is the trade name for another predominantly squalene-
based adjuvant, which also contains DL-a-tocopherol and polysorbate 80 [23, 24].

As indicated above, the two squalene adjuvants, MF59 and AS03, have found use
as adjuvants in influenza vaccine. MF59 is a component of Novartis’ Fluad, while
ASO3 is the adjuvant preparation used in GSK’s A/HIN1 pandemic flu vaccine
Pandemrix and Arepanrix. Although Fluad has been approved for human use in
Europe since 1997, the FDA has not licensed it in the USA. Over 22 million doses of
squalene-containing vaccine have been given. The lack of subsequent adverse events
is consistent with assertions that squalene adjuvants are safe. Indeed, a 2009 meta-
analysis, which brought data together from 64 clinical trials, seemed to indicate that
squalene-adjuvanted vaccines led to lower incidence of chronic disease, while not
altering the prevalence of autoimmune diseases [26]. The report concluded that
“there may be a clinical benefit over non-MF59-containing vaccines”.

Finally, AS04, which stands for the trade-name “Adjuvant System 047, is a
combination of MPL and aluminium hydroxide [27]. It has been licensed for use
with the HPV vaccine marketed by GSK: Cervarix. See Fig. 9.1.
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9.3 Mechanisms of Adjuvant Action

Adjuvants form a disparate group much like poisons, in that they work via several
distinct mechanisms and take many forms. Adjuvants have been thought to work
via a restricted set of defined mechanisms [28, 29]. First, adjuvants can act through
the presentation of, and the physical form taken by, vaccine-formulated antigens,
and thus altering the duration of antigen availability. Secondly, adjuvants can alter
antigen and adjuvant uptake, changing the cellular compartments that an antigen
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enters, which in turn alters the nature and magnitude of resulting immune
responses. Thirdly, adjuvants can function via the targeting of antigen to specific
cells and/or organs. Fourthly, adjuvants can work to prevent the elimination of
antigens through proteolytic degradation or other catabolic mechanism. Finally,
adjuvants can work via specific immune potentiation and/or immune modulation,
including regulation of both qualitative and quantitative aspects of the immune
response.

Many adjuvants seem to act via several mechanisms simultaneously. For exam-
ple, aluminium-based adjuvants can act via several routes [30]: firstly, through the
formation of a vaccine depot; secondly, by enhancing the productive uptake by
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antigen-presenting cells (APCs) of optimally sized (<10 pm) antigen particles
adsorbed onto aluminium; and thirdly by direct stimulation of immune cells
through activation of complement, induction of eosinophilia, and also via macro-
phage activation.

The mechanism underlying the action of mineral salt adsorbents and particulate
adjuvants relies primarily on appropriate antigen presentation to the immune
system [28-30]. Certain adjuvants, such as alum, may enhance vaccination in
several ways: by magnifying the depot effect; through the co-sequestration of
antigen and immune potentiators; by slowing the diffusion of antigen material
away from the vaccination site, such that absorption and assimilation happens
over a long timescale. Emulsions, on the other hand, may promote gradual antigen
release and help deter rapid antigen elimination, since stable, resident antigens are
of intrinsically greater immunogenicity than are unstable antigens.

The features of adjuvants adumbrated in the preceding paragraphs synergise with
the effects mediated by the physical form and the intrinsic temporal stability of
antigens. The physical form exhibited by antigens, particularly those of aggregated
antigens [31], can help determine the nature and the magnitude of immune
responses, primarily by affecting the interaction of antigens with APCs, and thus
moderating the duration of antigen presentation. Soluble antigens typically elicit
antibody responses while particulate or aggregated antigens are thought to enter the
cytosol of APCs, generating or enhancing CTL responses via mechanisms otherwise
associated with cross-presentation. Microbial, synthetic, and endogenous adjuvants
may, by contrast, function primarily by directly stimulating and/or modulating any
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response mounted by the immune system. Such adjuvants may act as direct
potentiators or modulators of the innate immune system, triggering early innate
responses that in turn increase the vaccine effectiveness by increasing uptake.

However, it is now emerging that such simple categorisation masks more
complex mechanisms. As we have said above, alum was long thought to act via
the depot effect, as well as stimulating the IgG1 and IgE antibody production, and
by triggering interleukin-4 secretion [30]. However, within the last 5 years or so, it
has been found that alum helps activate caspase 1 and enhances the release of IL-13
and IL-18 from mammalian APCs [32]. Several subsequent reports indicated that
alum-induced inflammasome activation depended on ASC and NLRP3 [33, 34].
Eisenbarth et al. showed that alum uptake, followed by tubulin polymerisation, and
the release of potassium were all required for inflammasome activation [35]. The
inflammasome is an increasingly well-studied supramolecular protein complex:
inflammasome-activated caspase-1 cleaves proinflammatory cytokines IL-1p and
IL-18 into biologically active forms and also triggers release of HMGBI into the
extracellular environment. Inflammosome activation appears to underlie many
inflammatory responses. Other events, such as lysosomal disruption and cathepsin
B activity, have also all been implicated in alum-induced NLRP3 inflammasome
activation.

In part, adjuvants act by mimicking specific evolutionarily conserved
molecules—the so-called Pathogen Associated Molecular Patterns, also known as
PAMPs—including lipopolysaccharide (LPS), liposomes, and bacterial cell wall
components; as well as certain nucleic acids that are structurally distinct from host
RNA and DNA: unmethylated CpG dinucleotide-containing DNA, double-stranded
RNA (dsRNA), and single-stranded DNA (ssDNA) [36]. PAMPs are typically
features of whole classes of organisms: LPS is a common constituent of Gram-
negative bacteria. The effect of PAMPs is made manifest through their interaction
with pattern recognition receptors (PRRs), which are expressed on cells character-
istic of the innate and adaptive systems. PRRs recognise PAMPs, such as LPS, that
are demonstrably different in structure from host molecules, and are thus capable of
being readily identified as non-host in origin [37].

PAMPs can be viewed as a subtype of danger signals: a concept delineated and
conceived by Matzinger [38, 39]. She views innate immune receptors as evolving to
recognise damage to the host organism not simply to identify pathogens. Such
danger or damage signals include free RNA or DNA, as well as a multitude of
subcellular components released in the course of necrotic rather than apoptotic cell
death. The necrosis of cells induces inflammatory responses which in turn foments,
fosters, and facilitates adaptive immune responses. The ubiquitous metabolite uric
acid, which is generated in large amounts by cellular injury, is another interesting
example of the so-called danger signal: it is able to exacerbate immune responses
even when microbial stimulation is absent [40]. Uric acid crystals can trigger
interleukin-1p3-mediated inflammation through activation of the NLRP3
inflammasome [41].

The innate immune system has vital role in modulating and moderating the
adaptive immune system. The overall activation of the innate immune system, the
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primary initial bulwark against invading pathogens, is essential if a strong adaptive
immune response is to be engendered, and thus through this the eventual develop-
ment of immune memory. Development of immunological memory that is protec-
tive against infection and reinfection is the ultimate aim and principal raison detre
of vaccination. Adjuvants should in modern era possess well-defined target
receptors, and through such interaction with these modulate in a rational and
explicable manner the course and intensity of any immune response generated by
vaccination. We need to target, and target specifically, such innate immune
receptors, identifying molecular adjuvants with agonistic properties. Alternatively,
for inhibitory or regulatory immune receptors, antagonists are needed in order to
nullify the suppressive or inhibitory effects of these receptors on the innate or
adaptive immune systems.

Indeed, and as we have intimated above, many extant adjuvants may act solely
or partially by stimulating PRRs present on innate immune cells. PAMPs, either in
purified form or synthetic PAMP-analogues, can exert potent effects through this
receptor-mediated mechanism-of-action [42]. PRRs targeted by adjuvants are
many, yet three classes are paramount [43]: Toll-like receptors, or TLRs, which
bind a range of diverse ligand molecules; nucleotide-binding oligomerisation
domain (NOD)-like proteins, which bind the muramyl dipeptide component of
peptidoglycan (PGN); and retinoic acid-inducible protein-related proteins, or
RIGs, which detect dsRNA.

There are, of course, many other PRRs; the list includes scavenger receptors and
C-type lectin-like receptors, such as mannose receptors, which detect mannosylated
lipoarabinomannans; B-glucan receptors; and dendritic cell-specific intercellular
adhesion molecule 3-grabbing non-integrin, or DC-SIGN, which detects protein-
ligated carbohydrate moieties.

Another route by which adjuvants may exert their effects is by altering the
regulation of the adaptive immune response. There are many such mechanisms.
One of the most pertinent, and thus exciting, targets for adjuvants are regulatory
T-cells (Tregs) [44]. These dampen immune responses, preventing excessive
responses against infection and helping maintain self-tolerance.

9.4 Large Molecule Adjuvants: Proteins

In a review published in 2006, Kornbluth and Stone proclaimed a nascent golden
age of rational vaccine discovery [45]. Their particular focus was the growing
potential for the exploitation of immunomodulators adjuvants capable of enhancing
the observed immunogenicity of subunit and other vaccines. They grouped
adjuvants into stimulatory and suppressive immunomodulators. In this context,
several different proteins have been shown to possess adjuvant properties. Such
large molecule or protein adjuvants are clearly detectable via both sequence-based
methods and potentially also by the so-called alignment-free approaches. In this
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way we can conceive of “adjuvant hunting”, and see it as an analogous process to
“reverse vaccinology”, however with adjuvants not antigens as our target.

Immunostimulatory adjuvants include a wide variety of putative protein
adjuvants. These include agonists of CD40, which can induce dendritic cell activa-
tion and maturation [46]. Other members of the TNF receptor superfamily, such as
0OX40L, CD30L, CD27L/CD70, 4-1BBL, LIGHT, and GITRL, also show promise
as protein adjuvants [47], as do protein agonists of the NLR system [48]. Immuno-
suppressive protein adjuvants include antagonist antibodies and IFN-v.

It is also apparent that, within the context of immunovaccinology, protein
adjuvants may be either endogenous or exogenous; having either a self- or non-
self-origin. The first, endogenous alternative is typified by the use of cytokines [49,
50]. Recombinant human Interleukin-12 (IL-12) has been extensively explored for
its adjuvant properties [51, 52], demonstrating efficacy in pneumococcal vaccina-
tion amongst others [53]. Proteins of microbial origin have also been shown to act
as adjuvants [54, 55]. Other studies have also highlighted the potential for syner-
gistic effects from combining proteins adjuvants with distinct molecular adjuvants,
such as those of natural product origin or synthetic small-molecule adjuvants
(SMAs), both classes of which are described more completely below.

It is also possible to combine both endogenous or exogenous proteins into a
single molecular adjuvant through the auspices of protein engineering. For exam-
ple, Gupta et al. evaluated two CD40 mimics, one the EBV gene product LMP1 and
the other an LMP1-CD40 chimaera [56]. Overall, SIV expressing both LMP1
and LMP1-CD40 induced a wide, potent Th1-biased response in both macrophages
and DC in both human and rhesus macaque. SIV-LMP1 also improved antigen
presentation by lentiviral vector vaccines, which is suggestive that immune activa-
tion mediated by LMP1 may be able to enhance anti-HIV-1 lentiviral vaccines.

Thinking more widely, the ability to engineer protein adjuvants using the
techniques of site-directed mutagenesis and/or by generating chimerical or fusion
proteins allows for the exciting prospect of modulating and moderating the
biological effects of such adjuvant molecules, in a rational and efficient manner.
We can conceive of enhancing the affinity of a protein adjuvant for its target
receptor by introducing point mutations into the protein sequence which target
suboptimal intermolecular interactions, increasing hydrophobic complementarity,
optimising potential hydrogen bonds, or improving the energetic balance of
charge—charge pairs. Likewise, we can use the same approach to try to design out
ADMEt problems with their origin in disadvantageous pharmacokinetics or safety
concerns over toxicity or immunogenicity.

9.5 Adjuvants Based on Natural Products

Many molecules of natural origin have also been investigated and evaluated for
their adjuvant properties [57]. Such putative or extant adjuvants include QS21
[58-61], muramyl dipeptide [62], and mannide monooleate formulated as an
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oil-in-water adjuvant, as marketed by Seppic in various guises, of which the best
known are Montanide ISA 720 and Montanide ISA-51 [63]. Muramyl] dipeptide is
known to act through the nucleotide-binding oligomerisation domain 2 (NOD2);
while another, somewhat similar, natural product with adjuvant-like properties is
MurNAc-L-Ala-y-D-Glu-mDAP (M-TriDAP), also known as DAP-containing
muramy] tripeptide [64]; this molecule is a PGN degradation product from Gram-
negative bacteria, which is again recognised by the intracellular NOD1 and NOD2
system. Purely for the purposes of classification, we shall also class CpG
oligonucleotides as natural products.

Several putative adjuvants are related, at least structurally speaking, to the
prevalent microbial compound known colloquially as LPS: these include MPL,
which acts as an adjuvant via a TLR4-mediated mechanism [65, 66]. There are in
addition a variety of other semi-synthetic molecules, which are, as a class, all
derived ultimately from biological molecules, and that all act with adjuvant-like
properties [67]: these include an extensive group of lipopeptides including
glucopyranosyl lipid A (GLA) [68, 69]; Pam2CSK4 (acting via the TLR2/TLR6-
activated signalling pathway); Pam3CSK4; and lipolan [70].

As these molecules are natural in origin, being predominantly derived from
plants and microbial sources, and share much of the chemical complexity which
other biosynthesised molecules possess, there is a clear connection in terms of
perceived mechanism to known PAMPS, including bacterial cell wall components,
double-stranded and single-stranded nucleic acids, and unmethylated CpG
dinucleotide-containing DNA.

The triterpene squalene, which was discussed at length above, is a natural
product obtained originally from shark oil [71, 72], though now plant sources
(including amaranth seed, rice bran, wheat germ, and olives) are used [73]. Another
purified plant extract, QS-21, a mixture of water soluble triterpene glucoside
compounds, also exhibits adjuvant activity [58—60, 74, 75]. It is a saponin, derived
from the Chilean Soap bark tree (Quillaja saponaria). Despite high toxicity,
haemolytic effect, aqueous instability, limiting their potential use as human
adjuvants, several commercial animal vaccines have been prepared from quillaja
saponins: rabies, foot-and-mouth disease, bovine mastitis, and feline leukaemia.
Principal saponin-based adjuvants are Quil A and QS-21 [59]. They have been used
as adjuvants in vaccines against HIV in guinea pig and human [61], human cancer
[76], primate and murine malaria [77], RSV [78], and murine visceral leishmaniasis
[79]. Saponin-based adjuvants stimulate both Thl responses and generate CTLs
against exogenous antigens; making them suitable for a variety of vaccines, includ-
ing subunit vaccines, vaccines vs. intracellular pathogens, and therapeutic cancer
vaccines [80].

Another molecule with interesting adjuvant properties, including dendritic cell
activation, is the natural product Bryostatin-1 [81]; a potent activator of protein
kinase C [82]. It is one of the several macrocyclic lactones isolated from Bugula
neritina [83], a species of Bryozoa, Ectoprocta, or “moss animals”, a phylum of
marine invertebrates. Bryostatin-1 is believed to exacerbate the antigen-presenting
ability and general maturation of DCs, via the NF-xB pathway, inducing expression
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of various co-stimulatory molecules [84]. Bryostatin-1 also induces augmented T-
bet and IFN-y mRNA levels [85].

Another distinct category of molecular adjuvant, again with a natural product
origin, is that based around nucleotide structures. Examples include bis(3’,5')-
cyclic diguanylic acid [86, 87] and Bis-(3',5')-cyclic dimeric adenosine
monophosphate [88, 89]. Bis-(3',5’)-cyclic dimeric adenosine monophosphate (c-
diAMP) is a second messenger within archaea and bacteria, that has strong Thl/
Th2/Th17 promoting adjuvant activities when delivered mucosally, inducing sig-
nificantly higher serum antigen-specific IgG titres, as well as by increasing local
antigen-specific secretion of IgA.

Another set of adjuvants based around a nucleotide core is the last set of
molecules we will look at in this section; these are the so-called synthetic CpG
oligodeoxynucleotides or CpG-ODN, which activate TLR9 [90-92]. These have
been widely investigated as a class, and upon the subject of which much has been
written; rather too much to even true to summarise in these few pages. Examples of
CpG ODN include several notable commercial entities: CPG-1826 [93] and CPG-
7909 [94]. CpG79009 is an agonist of B cells and plasmacytoid dendritic cells that
exacerbates antibody generation, stimulates B-cell proliferation, secretion of
interleukin-10 and interferon-a.. Polyinosinic:polycytidylic acid (poly I:C) is
another immuno-stimulant, often used as an adjuvant, which interacts with TLR3,
expressed on dendritic cells, macrophages, and B-cells [95]. Synthetic poly I:C is
structurally analogous to double-stranded viral RNA, with one strand of
polymerised inosinic acid and the other of polymerised cytidylic acid. From the
vaccine design perspective, one of the most exciting, and potential productive,
aspects of CpG-ODN:ss is that there exists currently sufficient structure—activity data
to suggest that we can undertake iterative design of such compounds [96], using
QSAR technology to guide the synthesis of novel ODNs that are optimised for
activity, selectivity, and toxicity.

9.6 Small-Molecule Adjuvants

There is another, and often neglected, type of molecular adjuvant: one which we
shall term small-molecule adjuvants (SMA), for want of a more apposite term. We
have enforced a rather artificial distinction here between adjuvants that are natural
products and those which are synthetically derived, drug-like small molecules.
Many drugs are themselves natural products, or are derived by synthetic modifica-
tion from natural products, possessing that level of structural and chiral complexity
characteristic of molecules produced by long, bifurcating enzymatic pathways.
Natural products and SMAs also share common features, principally size. They
differ primarily in terms of their complexity, with natural products typically being
rather more complex, and thus synthetically intractable, than the majority of
synthetic drug, derived via serial synthesis and/or reagent coupling via parallel
synthesis.
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It may be argued that SMAs are the class which have been most obviously under-
explored, despite this many exist: apart from the well-studied imidazoquinolines,
and the variety of natural products described previously, such as QS21 or MPL,
there are a number of distinct other well-studied small molecules which act as
general purpose adjuvants: Bestatin (Ubenimex or UBX) [97-99], Levamisole
[100-102], and Bupivacaine [99, 103, 104]. See Fig. 9.1. Another example of a
promising SMA is 2-(4-methoxyphenyl)-N-methylethanamine also known as com-
pound 48/80 [105], a compound previously known to degranulate mast cells; this
molecule has been shown to be a mast cell-dependent non-toxic nasal adjuvant
capable of inducing protective humoral immunity in mice.

The apparent activity of small molecules as adjuvants is incidental to their
original discovery, and coincidental to any other bioactivities they display. For
example, Levamisole was developed originally as an anti-helminthic [106];
Bestatin is an inhibitor of aminopeptidase N [107, 108]; Bupivacaine is a local
anaesthetic [109]; and the Imidazoquinolines were originally discovered as nucleo-
side analogues with anti-tumour and antiviral activity [110-112].

However, by far and away the best explored group of SMAs are the so-called
Imidazoquinolines [111, 113], which target specific TLRs: TLR7 and/or TLRS,
inducing IFN, TNF, and IL-12 secretion. There are numerous imidazoquinoline
compounds available, of which the best known are Imiquimod, Resiquimod, and
Gardiquimod [112-114]. See Fig. 9.1. A variety of other molecules based around
guanine have shown potential as adjuvants, for example loxoribine [115] and
isatoribine [116].

The realisation that PAMPs stimulate and activate defined PRRs has provided a
strong rational impetus to the systematic discovery and development of SMAs;
despite this, many current SMAs were discovered serendipitously. Most, if not all,
drug molecules show significant, or at least measurable, off-target activity: on the
one hand, this is the cause of inconvenient and unwanted side-effects and toxicity,
and, on the other, the basis for burgeoning area of drug repurposing. While it may
be a step-too-far to equate adjuvant discovery with drug repurposing, per se, there is
no reason to suppose that we cannot significantly increase the celerity of the life-
cycle of adjuvant discovery and licensing by seeking to identify SMAs directly,
using the same techniques that have proven to be successful tools in drug discovery.
By combining virtual screening, with in vitro assays, and in vivo validation it
should be more than possible to discover novel small molecules that can act
in vivo as adjuvants in a plethora of experimental settings.

There is a pressing need properly to explore in whole animals the biological
mechanisms exhibited by these compounds and simultaneously elaborate the
structure—activity relationships of such compounds using a combined virtual
screening and parallel synthesis approach to both extrapolate and interpolate within
exist structure—activity data. Combining an understanding of structure—activity and
property—activity relationships with an understanding of detailed biological
mechanisms will enable us fully to capitalise on the potential of SMAs. We discuss
this below.
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9.7 Computational Approaches to the Discovery
of Small-Molecule Adjuvants

If the preceding discussion tells us anything, it says the following: that several
small-molecules exist—and exist in sufficient numbers—which display significant
potential as adjuvants, and seemingly do so via a variety of mechanistic routes. In
many cases, SMA molecules have displayed toxic properties or poor adsorption, or
have otherwise proved unsatisfactory. Thus, there is a continuing and as yet largely
unmet need for new candidate adjuvants, much as there is an ongoing requirement
for new vaccines. One of the main failings of adjuvant research has been its
overwhelmingly haphazard and unsystematic nature. The identification of SMAs
requires instead the application of various innovative and systematic methods for
molecular discovery.

Techniques used routinely by the pharmaceutical industry can also be used to
discover SMAs. Three-dimensional or structure-based virtual screening (SB-VS),
which utilises automated protein docking (APD), is an effective means of
identifying ligands with high celerity [117-119]. APD-based SB-VS docks enor-
mous numbers of ligand molecules into a defined binding site [120]. In this way,
large small-molecule databases are screened rapidly and accurately; particularly if
we can target collections that contain specific molecular subsets, enriched by pre-
selection for a specific target or set of related targets.

SB-VS is exceptionally logistically efficient, saving time, labour, and resource.
Months, years, or decades of robotically mediated experimentation, bedevilled as it
is by signal-to-noise issues, are replaced by weeks of computational analysis, albeit
complemented by a mere handful of reliable, hand-crafted assays. By using SB-VS,
tens or hundreds of thousands of molecules can be reduced in number by several
orders of magnitude, principally via extensive pre-screening; the tiny number left is
then docked against a PRR structure. This yields at most a few hundred molecules
that can be readily tested [120]. This handful is put through a hierarchical cascade
of highly specific and informative assays in vitro, with actives then tested for their
whole system adjuvant properties in vivo. In this way, lead adjuvant molecules are
found without the need for highly expensive and often misleading HTS.

Databases, as typified by ZINC [121], contain literally millions of molecules
available commercially. Developing many of these proves pointless, since many
hits from HTS do not act as drugs should: they are poorly or non-selective, possess
counterintuitive structure—activity relationships, and are non-competitive binders.
Screening protocols—both computational and experimental—which identify reac-
tive groups, promiscuous inhibition, and non-competitive-inhibition are widely
available [122-126]. Screens exists for bioavailability, cytochrome P450 binding
(such as 3A4, 2C9, 2D6), and cytotoxicity [127, 128]. More explicit screens also
exist for diverse inconvenient activities, such as hERG channel inhibition, ol
adrenergic binding leading to orthostatic hypotension effects, and, inter alia,
5-HT2 cholinergic activity leading to obesity [129]. Screens for lead- or drug-
likeness are now also in wide use [123].
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The pre-processing compounds for VS also requires the preparation of multiple
candidates for each de facto molecular structure [120], since each structure may
possess one or several stereo centres, or exist as a racemate, or exist as an ensemble
of tautomers, or require the construction of all potential protomers. However, many
examples of VS have shown even the simplest, most parsimonious, most unsophis-
ticated approaches may prove successful: this is a key strength of the VS
technology.

We can justifiably reflect that despite present technical limit, virtual screening is
an unequivocal, undisputed success. As a method, it works: not perfectly, but it
delivers real results. VS can identify real, high-affinity ligands with unmatched
cost-effectiveness and efficiency. In the context of adjuvant discovery, we exem-
plify such assertions by echoing our recent application of VS to the discovery of
antagonists of the CCR4 chemokine receptor. These molecules function as effective
adjuvants, acting via the regulatory mechanisms of the cellular arm of the adaptive
immune system.

Chemokine receptors are a large and important subfamily, comprising 18 dis-
tinct proteins, of the G-protein coupled receptors or GPCRs, which transduces
leukocyte chemo-attractant chemokines, which are secreted by cells when activated
by inflammatory stimuli [130, 131]. Chemokines can be partitioned into the CXC
and CC family, the latter containing two adjacent cysteines while in the former they
are separated by an extra amino acid. Activation of chemokine receptors induces an
inflammatory response by triggering migration of leukocytes from circulation to the
point of injury or infection. GPCRs are a well-known and well-understood super-
family of transmembrane proteins that transduce a variety of extracellular but
endogenous signals into an intracellular response [132, 133].

CCR4 is a chemokine receptor which is expressed by Th2-type CD4+ T cells. It
has been linked to allergic inflammation conditions including allergic rhinitis,
atopic dermatitis, and asthma. CCL22 and CCL17 are two chemokines which
bind the CCR4 receptor exclusively [134]; their inhibition reduces T-cell migration
to sites of inflammation. This suggests that CCR4 antagonists might provide
effective treatments for allergy and asthma; a speculation consistent with the
behaviour of anti-CCL17 and anti-CCL22 antibodies in mouse models of asthma.

Inhibiting CCR4 receptors may give rise to adjuvantism as the receptor is
expressed by Tregs that normally suppress immune responses, inhibit maturation
of DCs, and down-regulate co-stimulatory molecule expression. Inhibiting CCR4
function, and thus blocking interaction of DC with Tregs at vaccination, is
anticipated to exacerbate vaccine responses, and thus an effective CCR4 antagonist
should prove to be an effective adjuvant. By combining experimental validation
with VS, we have identified several potential adjuvants, acting through the apparent
inhibition of Treg proliferation [44, 135]. These molecules behave appropriately in
a variety of in vitro assays, and increase the levels of various correlates of protec-
tion in vaccinated mice, and even show some enhancement in related challenge
models observations supported by independent analysis [136]; and also shows
activity against potential cancer antigens [137].
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9.8 Discussion and Conclusions

Our purpose here has not been to encapsulate all knowledge of all adjuvants, and we
have certainly not included reference to every known adjuvant, not yet even to
every class, but rather our purpose has been to highlight some of the darker recesses
of the adjuvant discovery landscape, particularly SMAs. Adjuvants are key to
eliciting robust and protective immune responses from many vaccines, yet their
underlying mechanisms remain to be fully and properly elaborated [138—141].

Vaccine adjuvants primarily target the so-called professional APCs, activating
innate immunity through several PRR pathways [43], predominantly those linked to
TLRs. To protect against viruses and other intracellular pathogens, adjuvants must
stimulate Thl responses, which is required to optimise B-cell and CD8+ T-cell
responses, as well as protecting by direct cytotoxic effector functions. However
potent Th1 adjuvant activity is typically associated with unacceptable toxicity, as
exhibited by CFA. Thus a major challenge for adjuvant discovery is to gain Thl
stimulatory activity without exacerbating toxicity. SMAs, in particular, offer the
potential to develop adjuvants with desirable, highly tailored properties.

Different adjuvants seem to behave differently for different vaccines and in
different formulations. Indeed, many commercial adjuvants are combinations of
molecules with different immunostimulatory properties [142]. The novel adjuvant
IC31, for example, consists of an antibacterial peptide (KLKL(5)KLK) and a syn-
thetic oligodeoxynucleotide, ODN1a, that signals through TLR9 [143]. As there is no
universally effective vaccine, likewise there is no universally effective adjuvant.
There are many reasons for this. In this context, a key underappreciated problem
with adjuvants is that they have been and are being discovered in an unsystematic
uncoordinated irrational fashion. Much as vaccines have been, and are being, discov-
ered in an uncoordinated and haphazard fashion. Even the idiosyncratic and haphaz-
ard world of preclinical drug discovery is better organised than this.

Although as-yet-underexplored, SMAs are widely applicable and can open up a
whole new area of therapeutic discovery without the pharmacodynamic, pharma-
cokinetic, and toxicological restrictions imposed by the once- or twice-a-day dosing
of small-molecule drugs. The ADMET (Absorption Disposition Metabolism Excre-
tion/Toxicology) properties of adjuvants (dosed at most once or twice a year) need
not be identical to those of commercially marketed drugs, though they may overlap.
Orally bioavailability is the prime goal, but other delivery mechanisms may be
possible. Nonetheless, obtaining a range of properties and pharmacological readout
will be vital to the discovery of clinically useful and deployable molecules.

Compared to proteins or synthetically obdurate natural products, SMAs have
many seeming advantages. As drug-like small molecules, their properties may be
precisely tailored. Their discovery is also amenable to SB-VS, and the optimisation
of their specificity and properties can be undertaken using parallel synthesis,
QSAR, and medicinal chemistry. It is feasible to manipulate in a rational way the
structure of such compounds and thus create adjuvant compounds with enhanced
in vivo characteristics. A drug dosed once or twice in a lifetime should not need all
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the properties we crave in the next blockbuster drug, though being as close as
possible to an optimal pharmacokinetic profile would be a clear benefit.

By using the large amounts of macromolecular structure data now available for
PRRs, VS should now prove the ideal starting point for the discovery of SMAs.
Following the strategy outlined above will deliver this information, allowing us to
understand, optimise, and ultimately fully commercialise our discoveries. If the
effort invested worldwide were properly coordinated rather than directed towards
short-term goals and cupidity, the whole process could be effectively systematised
and the discovery of protein adjuvants, natural product-based adjuvants, and SMAs
could thus be expedited.
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Chapter 10
Designing Liposomes as Vaccine Adjuvants

Malou Henriksen-Lacey and Yvonne Perrie

Abstract The most important perquisite in modern-day prophylactic vaccine
development is the production of safe, nonreverting vaccines. To do this there has
been a distinct move towards peptide or protein antigen-based vaccines, which are
incapable of becoming virulent or mutating. However, whilst such vaccines appear
desirable on paper, they are generally poorly immunogenic. Consequently, there
has been intense development in the field of adjuvants and delivery systems, which
are capable of fulfilling two important functions: firstly that antigen is delivered to
an immunologically relevant cell, and secondly that antigen is recognised as being
immunogenic and subsequently processed.

Whilst many adjuvants are successful at ticking one of these parameters, few can
act as the combined immunostimulatory delivery systems. Liposomes are among
some of the successful formulations, which have been pursued as clinically relevant
adjuvants (equally there are many liposome formulations which have been ignored
due to their inability to be both delivery vehicle and immunostimulatory). However,
in this chapter we will focus on the successful design of adjuvantal liposomes,
which are of interest to vaccine developers focusing on life-threatening diseases of
both the developing and developed world. Particular emphasis will be given to
structural considerations and how varying these have an effect on the observed
immunological outcome, measured in either in vitro, in vivo or ex vivo studies.

10.1 Introduction—Basics in Liposome Geometry

Liposomes are composed of lipid monomers, which align in an energy-dependent
process to form bilayered vesicles. The liposomes may be single or multilamellar in
structure, and form part of a population that can be considered homo- or
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Fig. 10.1 Outline of lipid structure and the liposome formation process

heterogeneous based on the size distribution of the vesicles (Fig. 10.1). Whilst heat
is often required for the lipid monomers to rearrange into a liposomal bilayer, for
some liposome compositions it is not a necessity. The geometry of liposomes is
therefore principally determined by their lipid, or other, constituents although post-
formulation techniques can be used to promote the formation of a more “desirable”
physical characteristic. Traditional examples include sonication, whereby disrup-
tive energy causes large vesicles to rearrange into smaller ones, and size-extrusion,
in which vesicles are forced through defined pore sizes. Whilst these techniques are
principally used as size-reduction techniques, they can also be used as methods to
promote or improve antigen and liposome association [27]. When no such tech-
nique is applied, antigen and liposome association will be dependent on electro-
static interactions. The overall charge of a peptide or protein will be dependent on
its amino acids and will change according to the pH of the solution it is suspended
in. Know as the pl (or isoelectric point), this is an important factor to consider when
designing liposomes as adjuvants for specific disease antigens.

As shown in Fig. 10.1, lipids are composed of three sections (tail, linker and
head) and due to the hydrophobic and hydrophilic natures of the tail and head,
respectively, the water-loving head group is directed outwards. Liposome charge is
dependent on the presence of anions or cations found on the head group of the lipid
monomers. Consequently, liposomes and antigens which express opposite ionic
charges will be able to interact electrostatically. It is important to remember that
these interactions are not permanent and that no covalent bond is formed—this
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feature allows a single liposome formulation to be designed to associate with
numerous antigens, assuming that their electrostatic charges are compatible.

10.1.1 Variations on a Theme

Liposomes are not the only vesicular adjuvants which are able to interact with
peptide/protein  antigens. Structures such as nanoparticles, microspheres,
virosomes, and bilosomes have all been developed as antigen delivery systems
with the ability to either encapsulate or surface-associate with antigen. There is no
“best adjuvant” to choose from, rather some have properties which are more
suitable for certain applications. For example, bilosomes which contain bile salts
are being developed as vaccines suited to oral administration as the inclusion of bile
salts in the formulation prevents natural stomach digestive enzymes from disrupting
the bilayered membrane, hence improving formulation stability. Likewise, as the
name suggests, virosomes are highly efficient at delivering viral antigens and have
been successfully licenced as adjuvants in vaccines against Hepatitis A and influ-
enza [9].

10.2 Liposomes as Antigen Delivery Systems

Whilst vaccines aim to stimulate the adaptive immune system, which leads to
memory formation and hence the ability to respond quickly and effectively to
future pathogenic exposure, by including adjuvants which are immunomodulatory
to the innate immune system, the chances of resulting in successful immunisation
are heightened (Fig. 10.2). In this sense, one of the stand-out points relating to
liposomes is their versatile structure which allows inclusion of various lipophilic
components such as bacterial derived glycolipids in the bilayered membrane, or
surface-bound nucleotide-based molecules, both of which are known to stimulate
the immune system. In particular, there has been much interest over the past 10
years in toll-like receptors (TLRs) and their natural and synthetic agonists, many of
which can be incorporated into liposome design with the aim to produce
immunostimulatory antigen delivery systems.

10.2.1 Immunomodulation

Current adjuvant design is focusing on pathogen mimicry by including synthetic
ligands to cellular receptors, known to stimulate the innate responses. An example
of this is the AS04 adjuvant (GlaxoSmithKline (GSK) Biologicals, Belgium) which
includes synthetic monophosphoryl lipid A (MPL), a component of bacterial cell
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Fig.10.2 Schematic depicting how adjuvants aim to raise the immune response in both the innate
and acquired responses

walls. MPL is a ligand for TLR 4 and is discussed in more detail below. Other
examples of pathogen mimicry in adjuvant formulations, although yet to be
licensed, include synthetic nucleic acids, lipopeptides and lipopolysaccharide
(LPS). Another method to stimulate the innate immune system is structurally, either
by causing non-specific tissue damage, or due to lengthening the retention of the
vaccine at the injection site. Aluminium hydroxide and other mineral salts grouped
in the “Alum” category act by a combination of these mechanisms; both increased
antigen retention and tissue damage is observed, the latter resulting in production of
endogenous inflammatory mediators and subsequent activation of intracellular
signalling cascades thereby triggering a strong immune response.

10.2.2 Formulating Liposomes to Look Like Pathogens

Liposomes bear a relationship to Gram negative bacteria in that they both share a
similar [phosho] lipid bilayer. This is not the case for Gram positive bacteria whose
cell wall is made of peptidoglycan rather than lipids and proteins, or for viruses
which are not cellular organisms. Regardless, liposomes can be designed to mimic
bacteria by encapsulation of nucleic acids or addition of amphiphilic molecules
such as LPS, which are also present in Gram negative bacterial cell walls. Further-
more, liposome size correlates with that of numerous pathogens (Fig. 10.3). This is
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Fig. 10.3 Size comparisons of biologically relevant species with liposomes and other adjuvant
systems

important because it also means that uptake of liposomes by phagocytic cells will
ideally follow the same route as the pathogen against which you are vaccinating.
Therefore, with careful design, liposomes can be engineered to physically look
similar to a pathogen but without the pathogenic effects.

With regards to the non-structural “mechanisms” by which liposomes act, this
depends on additional and generally non-lipid components. Some liposome-
forming cationic lipids have been shown to be inherently immunogenic by binding
to specific cellular receptors. An example is the lipid DiC14-amidine, which has
been shown to activate the TLR4 pathway through binding to TLR4 or its
associated molecules CD14, MD-2, and LBP [46]. DiCl14-amidine and another
cationic lipid DOTAP (Fig. 10.4) have also both been suggested as capable of
recognising a G-protein-coupled receptor (GPCR) with activation of intracellular
pathways such as MAPK, resulting in the expression of chemokines and co-
stimulatory molecules [31]. However, DiCl14-amidine and DOTAP share little
structural similarity (Fig. 10.4), which therefore suggests involvement of either
different GPCRs or additional helper molecules, such as seen with the relationship
between CD14, MD-2, TRL4 and LBP.

10.2.3 PAMPS, DAMPS and MAMPS

The lipophilic nature of the liposome membrane promotes the inclusion of
bacterial-modelled glycolipids such as MPL and TDB, both of which readily insert
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into the bilayer and are able to bind to host pattern recognition receptors (PRRs).
PRRs, which can be soluble or membrane bound, are receptors which become
activated by molecules derived from either pathogens (known as pathogen-
associated molecular patterns; PAMPS), cellular damage (damage-associated
molecular patterns; DAMPS), or the more recently coined term MAMPS, which
refers to microbe-associated molecular patterns. Whilst these subgroups sound
complex, they are effectively specific terms given to molecules which are
immunostimulatory and [normally] derive from an exogenous organism which
can induce harm to the host. The exceptions are DAMPS, which include endoge-
nous substances, or alarmins, which normally derive from host cells upon damage.
Regardless, inclusion of such substances in adjuvant formulations, thereby
designating them as “second generation” formulations [40], can improve their
immunostimulatory abilities in a synergistic manner. Table 10.1 lists some
PAMP-containing liposomal formulations and their respective PRRs which are
currently in development. PRRs can also be divided into further subgroups. The
fairly recent discovery that the inflammasome, an intracellular complex containing
a PRR, is activated by Alum has reawakened interest in this group of receptors
known more specifically as nucleotide-binding domain and leucine-rich repeat-
containing family (NLR). These receptors and their ligands are well-known
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components in inflammation and have been linked to a wide range of autoimmune
and autoinflammatory diseases [28]. Recently we and other groups detected signifi-
cant amounts of the characteristic inflammasome cytokine IL-1f in the tissue of
mice injected with particulate adjuvants including TDB-containing cationic
liposomes and microparticles [20, 43]. Splenocytes derived from mice immunized
with these formulations showed enhanced levels of IL-6 (in the case of
microparticles) and IFN-vy (in the case of liposomes). Both cytokines are also pro-
inflammatory and are often used as markers of inflammation or cellular activation.
Whilst there are reports that non-PAMP-like substances such as HMBP can
synergize with microparticles to result in IL-13 production [43], the generally
accepted dogma is that for successful IL-1p production, activation of NF-kB
must occur (for example due to TLR signalling), which stimulates transcription
of pro-IL-1p [28]. This NF-kB link may explain the strong IL-1f production noted
upon immunisation of mice with cationic liposomes containing TDB. TDB is a
ligand for the plasma membrane receptor Mincle, which is assumed to signal
intracellulary via the NF-xkB complex. By combining both inflammatory (cationic
lipid) and PRR stimulating (TDB) components in the same adjuvant formulation, a
two-pronged attack is mounted. Further discussions relating to PAMPS and PRRs
can be found in two in depth reviews on the subject [22, 26].

10.3 Altering In Vivo Properties Through Careful Design

There is a vast choice of lipids available for liposome production. Choices include
natural or synthetic, unsaturated or saturated, long or short chain, cationic or
anionic, single or double chain, in addition to whether a single lipid or a combina-
tion of lipids can or will be used. Furthermore, aspects such as the ratio of combined
lipids will also have a significant effect on the characteristics of the formulation.
Choosing such properties is complicated and often relies on a “trial and error”
method, although the aim of many groups working with liposomes as vaccines is to
determine which factors lead to the most successful formulations with regards to
stability and immunogenicity.

10.3.1 Charged Vesicles

The seminal work conducted by Gall and colleagues in the 1960s lead to the
discovery that a range of cationic lipids were capable of disrupting cell monolayers,
causing haemolysis of sheep red blood cells and damage to tissue at the injection
site [16]. In retrospect, this is probably not unusual when non-GMP grade and
probably impure lipids are used. However, it did provide vital information regard-
ing the physical properties of active lipids; a long (> 12) carbon chain length and
basicity are both required. In particular, lipids with a quaternary ammonium head
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group (see Fig. 10.4) showed particularly high levels of activity. Certainly cationic
liposomes are not ideal if avoidance of the immune system is required. Their
positive surface charge results in surface association with host proteins which are
predominantly anionic in nature. Therefore aggregation of vesicles is commonly
observed. Whilst this is a problem for formulations administered via an intravenous
route whereby embolism may occur, administered via routes such as subcutaneous,
intramuscular or intradermal, this does not pose such a problem. However, the
aggregation of such cationic vesicles is also suggested to be part of their success as
vaccine adjuvants as they result in a depot-effect whereby liposome and conse-
quently antigen are retained in the tissue for an extended period of time.

10.3.2 Fusogenic Lipids

In addition to surface active lipids, helper lipids are frequently included in liposome
formulations, either to cause vesicle formation (as not all lipids will spontaneously
produce vesicles), as a “filler out” lipid, or to influence physical parameters such as
liposome clearance rates or intracellular liposome stability. One such lipid is DOPE,
which when exposed to a low pH environment such as found in endosomes, the lipid
and therefore the liposomal bilayer break down with the subsequent release of
liposomal-entrapped molecules. This characteristic is of special interest in the devel-
opment of liposomal nucleic acid delivery systems whereby nuclear delivery of the
genetic material is necessary for transfection to occur. Commercial products such as
TransFast™ (Promega), Metafectene™ (Biontex Laboratories GmbH; Munich,
Germany), ESCORT™ (Sigma, St. Louis, USA) and PerFectin™ (Genlantis, San
Diego, USA) all use DOPE as a liposome—endosome fusion mediator.

10.3.3 Membrane Fluidity

Whilst fusogenic liposomes take advantage of changes in the pH, the main phase
transition temperature (T,,) of a lipid will determine the fluidity of a liposomal
membrane at a given temperature (Fig. 10.5). The location and degree of hydrocar-
bon chain saturation, in addition to hydrocarbon chain length, all affect the strength
of the van der Waals forces, which hold adjacent chains together [41]. Conse-
quently, in the in vivo environment where the temperature is 37°C, liposomes
exhibiting a T,,, > 37°C will remain in a rigid ordered structure, however those
with a T,;, < 37°C will become fluid and disorganized. The T, of lipid bilayers can
be calculated with the use of differential scanning calorimetry (DSC) or differential
thermal analysis (DTA), both of which detect heat changes between a reference and
the sample during a programmed heating or cooling programme. These techniques
(also see Table 10.2) are invaluable for the detection of small structural transitions
that occur in liposomal systems.
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Lipid bilayer will have a Tm Lipid bilayer will be fluid’
rigid, ordered structure and more disorganised in
and liposomes and tend to nature. Liposomes will have
be more stable at decreased stability at
temperatures below their temperatures above their
transition temperature. transition temperature.

Heat Capacity

Pre-transition

Temperature (°C)

Fig. 10.5 DSC schematic showing the pretransition and main phase transition (Tm) of a lipid

The effect of changing either membrane fluidity or fusogenic ability is mainly
investigated with regards to biodistribution, pharmacokinetics and stability,
although these parameters also have an effect on the adjuvant activity. Cationic
liposomes with a fluid bilayer have a shortened depot-effect compared to rigid-
bilayered analogues (Christensen et al., paper in preparation). Furthermore, these
“fluid liposomes” are poorer at inducing IFN-y and IL-17 release, both cytokines
being characteristic of a Ty 1 biased immune response. Interestingly, the same study
also showed an equal ability of the rigid and fluid liposomes to present antigen to T
cells and cause proliferation. Therefore, whilst bilayer fluidity plays a role in the
formation of memory responses, this does not appear to be due to their antigen
presenting abilities.

10.3.4 Good or Bad Cholesterol?

Inclusion of cholesterol in liposomal formulations is commonly implemented to
improve liposome stability although paradoxically, by inserting in the lipid bilayer,
it actually disrupts the lipid monomer arrangement [32]. The immunomodulatory
effect of cholesterol insertion is unclear; whilst some studies have shown
improvements in the immune response [5, 49], others have noted reduced responses
[35]. The contrasting results support the notion that cholesterol inclusion is one of
many factors which affect the adjuvant properties of liposomes through structural
changes.
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10.4 Considerations Regarding Delivery Method and Site

Liposomes offer significantly more flexibility than other adjuvant systems with
regards to their physicochemical characteristics. However do these variables also
translate to different administration routes? Infectious diseases infect primarily via
the mucosal route and there are a number of in-depth reviews covering this aspect of
vaccine delivery [11, 36]. In fact, the liposomal formulation CAFO1, which has a
long history of inducing strong Tyl biased immune responses when administered
via the intramuscular (i.m) route was recently investigated as a potential mucosal
adjuvant given via the intranasal (i.n) administration route for influenza vaccination
[14]. Both preliminary in vitro and in vivo studies provided promising results with
the immunisation study characterised by high IFN-y and total IgG antibody levels
offering significant improvements on non-adjuvanted influenza vaccination.

10.4.1 Systemic Delivery

Whilst it is recognised that i.m and subcutaneous (s.c) administration are not the
most suitable of vaccine delivery routes due to the poor expression of immunocom-
petent cells at these sites [24], vesicular systems such as liposomes are ideally
suited to this route of vaccine delivery as they are aqueous suspensions composed of
vesicles, which fit the correct size range for cellular uptake either at the site of
injection or the target tissue. A recent study investigating how varying the injection
route of three vesicular adjuvant vaccine formulations affects immune responses
(measured by IgG1/IgG2 ratios and IFN-y and IL-4 cytokine production) showed
that whilst administration route had little effect on IgG1 responses, the IgG2
response was significantly affected [33]. Intralymphatic injection, albeit an unlikely
delivery method in humans, elicited strong Ty1 biased immune responses in mice.
I.m and intradermal (i.d) injection of the same formulations resulted in intermediate
Tyl responses, but s.c administration failed to stimulate this arm of the immune
system.

10.4.2 Novel Methods of Administration

In terms of targeting immunoprivileged sites via systemic vaccination, the epider-
mis is the for-runner as it has a high population of Langerhans cells, DCs and a large
lymphatic network capable of transporting antigen directly to the lymph nodes [24].
However, injecting vaccines into the epidermis and not the dermis or hypodermis
(both of which have a high proportion of fat and connective tissues) is a skilled
technique in humans, and even more so in small rodent research models. More
advanced administration tactics have therefore evolved with the development of
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patches and microneedles, which have shown success in both drug and vaccine
delivery (reviewed in ref. [10]). One such study involving lipoplexes applied to
fabric gauze and left on the skin for a 12-h period has shown promising results with
Tyx2 immune responses and significantly improved survival rates in a viral chal-
lenge study [13]. Patches such as these are already marketed as drug delivery
systems (most famously as Nicorette®™), however, their disadvantages including
the time required for the drug/vaccine to traverse the stratum corneum, in addition
to being highly dependent on host compliance, may indeed limit their use as
vaccine delivery systems. A method of particular interest at present which can
overcome these disadvantages is the microneedle array which is currently being
investigated as a delivery method for a wide range of drugs and vaccines (reviewed
in ref. [4]).

10.5 Analysing Liposomal Properties

One of the most important stages in the development of suitable vaccine adjuvants
is their characterisation. Not only must the detailed composition of the formulation
be accounted for and GMP facilities used throughout, but also the stability, phar-
macokinetic, biodistribution and immunological outcome be fully analysed. A wide
range of techniques are available to analyse such features and are indeed required
by the World Health Organisation (WHO) for consideration as suitable
formulations for vaccine adjuvants (Table 10.2).

10.5.1 Probing the Pharmacokinetics and Biodistribution
of Liposomes

Liposomes can be altered to include a wide variety of tracers such as fluorescent,
magnetic or radioactive molecules, which allow qualitative and quantitative
measurements to be made regarding their in vitro or in vivo location. Furthermore,
the gaseous or liquid component of liposomes allows these vesicles to be used as
contrast agents for techniques such as magnetic resonance imaging or ultrasound.
These techniques (Table 10.3) are primarily used in small animal models although
some are of particular interest for clinical applications. Our own research has
focused on the use of radioactive tracers to determine how changes in the liposomal
physicochemical properties can alter the pharmacokinetics and biodistribution of
such systems. By incorporating trace amounts of radiolabelled lipophilic
compounds which have a high radioactivity:molar ratio, it is possible to keep the
physicochemical characteristics of the liposomal system unaltered. Furthermore,
additional components such as nucleic acids and proteins can be followed by
choosing a radiolabel with a different radioactive emission (e.g., alpha/beta/



195

10 Designing Liposomes as Vaccine Adjuvants

Ayder3owo) uorssrurs uonrsod 774 ‘SururSewn aoueuosar onjoudew fypy ‘AyderSowoy pandwod 1)

o1Jel1 9SI10U-0}-[eusIs
‘onbruyo9) payIys ‘oarsuadxyg

aarsuadxa

‘(W g—1) uonnjosax

Jood ‘spesrweyoorpel 3urjpuey
)M suone[nsal pue s9[NI 191§

Aypiqers awosodi] ‘oatsuadxyg
paxmbar ouer wiu )06—009
QU) Ul UOISSTWD ‘QATsuadxo

‘pdap pajrwr] ‘Suryoea|q-oloyd
QWM-Teal U pasn oq
jouued ‘sonbruyo9y urssaoord
axmbar ued uonolep
‘s[eoruayooIpel Surjpuey

A SuoTje[nNSaI pue SANI JOIS

uonisiboe swr

-[eal ‘oewnr (¢ ‘uoneuLIOul

aaneinuenb pue oanye)ENb
)senuod anssin 3jos YSIH

uonisimboe
Jwm-[ear ‘uonnjosar daoxdwr
01 1D UM pauIquiod dq ue))

asea[ar oyroads
uoneoo[ ‘uonismboe own [eoy

uonismboe ow [ear
‘(wr [~) uonnjosar Y3y ‘prdey

‘A[snoauejnuurs syjuouodwod

€ > 109)9p 0} AJI[Iqe ‘OATISUQS
‘a[qeqreAe eI jo adoos
opm im yoeoxdde [euonpery,

sonounjooewreyd
‘KISAT[Op pajadie],

uonnqrnsIporq
pue sonourjoorureyd
QuIT)-[eaI ‘SAIPNIS JT[OqRIRA]

sooue)sqns

JO 9sB[aI pue AIQAI[Sp pajasdie],
uonnqListpoiq
pue sonounjooeweyd

Jo SurSewr awn-[eyY

sonjouryooewreyd
pue uonnqLIsIporg

(UL, “OlLugg TN PD) (quage
sQoue)sSqns dnouUIeWeRIR]

JSeIU0d) TYIN

suo)

so1q

:ordwrexyg

149 “Ogy iy g Lad
(quoge
JSeI1uod)
sowosodr] Sururejuod-sen) punosenyn
Kdoosorotwu
Q0U2ISAION [eaaenup
soAem-A
1o saponaed ¢ 10
0 Sumrwe sadojosiorpey orydeI3nurog
juode Jurdew] anbruyoa,

OAIA UI 95N 10} Spoyjaul uond)ap pue Juidewr fewosodr] ¢0f dqel



196 M. Henriksen-Lacey and Y. Perrie

Table 10.4 Factors favouring the use of liposomes as drug delivery systems

Advantages of liposomes as drug delivery systems

Efficient at drug loading, either in the aqueous or lipophilic compartment
Protection of drugs from host enzymes and/or harsh production processes
Overcomes issues with drug solubility

Specific drug targeting resulting in dose sparing and reducing nonspecific toxicity
Increases drug pharmacokinetic profile

Improves intracellular delivery of drugs

gamma). The same dual-labelling strategy can also be implemented with fluores-
cent molecules which excite and/or emit at different wavelengths. The main
advantages of many of the techniques mentioned in Table 10.3 are their non-
invasive nature, in addition to the highly sensitive detection and imaging equipment
readily available, therefore allowing minute quantities of the tracer molecule to be
used.

The size-range of liposomes also makes them suitable for intracellular studies,
although this technique may be more advantageous in a fluorescent imaging in vitro
system whereby molecular processes can be studied. In combination with the wide
range of inhibitory antibodies available, the specific mechanisms of liposome—cell
association, uptake, activation and processing can be determined and visualised in
real-time.

10.6 Clinically Relevant Liposomal Vaccines

Liposomes are successful drug delivery systems with a number of formulations
being approved for clinical use (see Table 10.4 for the advantages of using
liposomes for drug delivery). Examples include AmBiosome®™ (Astellas Pharma,
Canada), Caelyx®™ (Scheering-Plough, Belgium) and DaunoXome® (Diatos,
France). In contrast, although licensed virosomal vaccine systems exist (Epaxal®
and Inflexal® V (Crucell)), there are no liposomal adjuvants or vaccines licensed for
human use. Table 10.5 describes the numerous liposomal formulations currently in
vaccine pre-clinical testing. These formulations include peptide, protein and
nucleic acid deliverables, focused on a range of diseases including parasitic,
bacterial and viral infections.

However, the question of why there are still no licensed liposomal formulations
should be addressed. One issue is the diverse nature of the systems, whereby
changing the ratio of two or more lipids can lead to significantly different pharma-
cokinetic properties, for example. Until the desirable characteristics for a liposomal
vaccine adjuvant are fully determined, it is difficult to formulate good liposomes
which fulfill other points such as stability, cost or antigen compatibility. With
regards to the later point, this is another problem commonly faced with liposomal
adjuvants, in that the same liposome but combined with two different antigens may
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10 Designing Liposomes as Vaccine Adjuvants
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lead to different responses. Therefore, present conditions from the WHO stipulate
that liposomal adjuvants must be licensed as a vaccine formulation and not as an
adjuvant which could be combined with various antigens post-licensing.
The stability of liposomes is a significant concern; unlike Alum or emulsions, the
pharmacokinetic properties of liposomes are affected by temperature due to
the main phase transition temperature of the lipid or lipid combinations. Whilst
this is frequently considered important with regards to the change in temperature
between room temperature and the body, it may also be significant if liposomal
vaccines are designed against diseases of hotter climates where cold-chain
conditions are not always met.

As noted in Table 10.5, cationic rather than neutral or anionic liposomes appear
to be more successful in clinical vaccine trials. In fact, not only cationic liposomes
but various novel cationic formulations such as IC-31® (Intracell, Austria),
nanoglyolipid particles [6] and micellar copolymers [50] are also proving success-
ful as vaccine adjuvants. Whilst not liposomal, they do share various characteristics
such as their charge, submicron size and ability to associate with different antigens.
Therefore it seems that we are moving closer to determining the appropriate
characteristics of a liposomal adjuvant.

10.7 Summary

The immunostimulatory ability of liposomes as antigen delivery systems has been
documented for the past 50 years. However, still there is no truly liposomal vaccine
or adjuvant licensed for human use. By gaining enhanced knowledge into the
physicochemical characteristics of these systems, in addition to the receptors they
bind and the intracellular signalling cascades they activate, hopefully it will soon be
possible to use the immunostimulatory nature of liposomes to the full potential in
the vaccine setting.
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Chapter 11

Designing Nonionic Surfactant Vesicles for
the Delivery of Antigens for Systemic and
Alternative Delivery Routes

Jitinder Wilkhu, Anil Vangala, Afzal R. Mohammed, and Yvonne Perrie

Abstract Bilayer vesicles can be prepared from a range of molecules including
nonionic surfactants. Vesicles built from nonionic surfactants are known as non-
ionic surfactant vesicles or niosomes. Whilst structurally similar to liposomes, the
use of nonionic surfactants in a formulation may offer advantages in terms of
chemical stability and reduced cost in some cases. In general, the ability of
surfactant blends to form vesicles is dependent on their combined critical packing
parameter, with cholesterol often being used to support the formation of vesicle
constructs. To enhance the potency and delivery of antigens, niosomes can be
designed to protect antigens against degradation in harsh in vivo environments,
including the oral route, and enhance delivery of antigens to appropriate target sites.
Key considerations in the design of niosomal adjuvants include the choice of
surfactants, the surface properties of the vesicles, the method of preparation, the
cholesterol content and the inclusion of immunostimulatory agents. Manipulation
of these attributes allows vesicle constructs to be designed and built that can be used
to deliver antigens via a range of delivery routes.

11.1 Introduction: Niosomes as Particulate Delivery Systems

There are a range of particulate constructs that are being considered for drug and
vaccine delivery including solid particulate systems (which can be built from
polymers, lipids, proteins, etc.) and bilayer type vesicles (which are built from
molecules with surfactant type properties). Of these, liposomes are the most well-
known and investigated with research stemming from their early recognition as

Y. Perrie (0<)
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vesicles by Bangham and Horne (1964) [7] and their potential as delivery systems
by Gregoriadis et al. (1971) [33]. Indeed their use as adjuvants has been discussed
in the previous chapter. However, a wide number of variations, based on these
initial liposome systems, have been developed including stealth liposomes to
improve circulation profiles [50], vesicles built from nonionic surfactants also
known as nonionic surfactant vesicles (NISVs) or niosomes (e.g. for cosmetics
[36] or as drug/antigen carriers [5, 6]), surfactant polymers (e.g. polymersomes
[69]), cationic systems which can electrostatically bind DNA (e.g. lipoplexes [29]),
vesicles incorporating bile salts to improve stability (e.g. bilosomes [22]), or virus
components (e.g. virosomes [3]) to name but a few. Many of these systems use
alternatives to phospholipids to circumvent potential issues related to storage
instabilities and cost (e.g. synthetic-based systems), others to improve stability
within harsh biological environments (e.g. bilosomes and polymersomes), or alter-
natively to modulate the properties of the vesicles in terms of immunological
efficacy (e.g. virosomes). Figure 11.1 gives an outline of the evolution of these
various bilayer vesicles from liposomes.

Given the ability of many surfactants to form bilayer vesicles, it is no surprise
that such a wide range of components have been used to construct these systems. In
the case of nonionic surfactants, the ability of these molecules to act as an alterna-
tive to lipids as building blocks for bilayer vesicles (known as nonionic surfactant
vesicles (NISVs) or niosomes) was first reported by Baillie et al. [6]. These
niosomes offer all of the structural attributes of liposomes in terms of: their ability
to entrap drugs and antigens within the bilayer and/or the aqueous phase, they can
be formed in a range of sizes from small unilamellar to large multilamellar
structures, and they can be surface modified in a range of ways similar to liposomes
[86]. In addition to these standard attributes, niosomes have also been shown to
offer additional abilities such as forming polyhedral vesicles in aqueous media [4]
and have been suggested to offer greater chemical stability compared with
liposomal systems and reduced special handling upon storage [6, 22], and in
harsh biological environments (such as within the gastro-intestinal tract) they
have been shown to offer greater stability to acidic and enzymatic degradation
compared to liposomes [74, 94]. However, like liposomes, the formation of
niosomes requires the input of energy in forms such as physical agitation or heat
where the structure consists of an enclosed aqueous core [87].

Niosomes have been widely used in cosmetics and were first patented by L’Oreal
in the 1970s with their first use being in 1979 as cosmetic products [36] and since
then they have been investigated for the delivery of a wide range of drugs e.g.
anticancer agents (e.g. [37, 85]), low solubility drugs (e.g. [62]), antigens (e.g.
[35, 64]) and gene therapy (e.g. [39]). An early review by Gregoriadis (1990) [32]
has shown that the association of antigen with liposomes improves antigen delivery
to the antigen presenting cells (APCs) and this attribute is not restricted to
liposomes; niosomes, have also been shown to enhance cell-mediated immunity
in addition to humoural immunity [16, 17].
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11.1.1 Building Nonionic Surfactant Vesicles

There are a wide range of non-ionic surfactants that can be used to prepare
niosomes and examples of the types of surfactants which can be used are given in
Table 11.1. These surfactants are most commonly tested and formulated into
niosomes with the presence of cholesterol due to their chemical stability, resultant
sustained release of drugs, low toxicity profile and enhanced permeation when
delivering via the skin [58].

In general, the formation of non-ionic surfactants into bilayer vesicles is depen-
dent on many factors including: temperature, surfactant concentration, electrostatic
and electrodynamic interactions of the surfactants within the aqueous phase. Fur-
thermore, the molecular attributes of the surfactant is also an important parameter
as the type of colloidal or vesicular structure a specific surfactant forms is to a large
extent dictated by its molecular shape and the mixture of surfactant combinations
used, as this will influence its geometrical packing properties in a given solution
environment. The shape of a surfactant may be expressed as its critical packing
parameter (CPP) which is defined as:

CPP = —

aole

where CPP is the critical packing parameter, v is the molecular volume of the
hydrophobic part of the lipid, a, is the surface area of the hydrophilic head group,
and /. is the length of the hydrocarbon chain.

The CPP value can be used as an indicator to predict geometry of surfactants and
the resultant structures they can form: a CPP value <0.5 (indicating a large
contribution from the hydrophilic head group area) suggests the surfactant forms
spherical micelles, a value between 0.5 < CPP < 1 forms bilayer vesicles
(Fig. 11.2) and a CPP > 1 (indicating a large contribution from the hydrophobic
group volume) results in inverted micelles [14, 40, 41, 73, 87]. Therefore,
depending upon the type of vesicle required, the CPP gives a good indication on
the surfactants that can be used.

However, it is interesting to note that many single chain surfactants have CPP
<0.5 and form micelles, yet these are often used to formulate niosomes, however,
not without the addition of additional components. For example, soluble surfactants
(such as solulan C-24 and polysorbate 20) that have high hydrophilic—lipophilic
balance values (HLB) readily form micelles and with the inclusion of cholesterol
into the mixture, niosome vesicle structures are formed, thus increasing the physical
stability of the vesicle [20, 58, 86]. The ability of cholesterol to promote the
formation of two-phase bilayer systems rather than single phase micellar solutions
is related to the overall CPP of the lipid mixture. It is understood that in cases where
a mixture of surfactants and additives such as cholesterol are used to prepare
vesicles, the operational CPP values will consider the average of the overall
components [48] and Manosroi et al. [58] have confirmed that as cholesterol is
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Hydrophilic head group regions
facing aqueous regions

Hydrophilic drugs entrapped
within aqueous core of vesicle
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representing the non- within hydrophobic regions

ionic surfactant MPG

Fig. 11.2 Non-ionic surfactant MPG showing head group and tail structure and how they reside
within the bilayer vesicle

incorporated within a Tween 61 surfactant mixture, an average CPP value between
0.5 and 1 was obtained, hence the formation of bilayer vesicles rather than micelles
[58]. Similarly, Tween 20 has a CPP below 0.5, however, when mixed with
cholesterol unilamellar vesicles were formed [20] as does with Span 60, which is
widely used in the formulation of niosomes [66, 84]. This is due to the average CPP
of the mixture moving into the range of 0.5-1, hence showing capabilities of
forming bilayer vesicles. Due to high phase transition temperatures of Span 60
(Table 11.1), leakage of drug molecules from the bilayer has been reported [79]; the
incorporation of cholesterol has also been shown to stabilise the vesicles by
abolishing the phase transition temperature of the vesicles, hence avoiding leakage
of drug molecules from the bilayer [79, 87]. It is clear from the thermodynamic
consideration that bilayer structures do not exist as such in the absence of water
because it is water that provides the driving force for surfactant molecules to
assume a bilayer configuration and unlike micelles, the assembly into closed
bilayers is rarely spontaneous and usually involves input of energy such as physical
agitation or heat [49]. The excess free energy change between water and a hydro-
phobic environment explains the preference of appropriate surfactants to assemble
into bilayer structures, excluding water as much as possible from their hydrophobic
regions, in order to achieve the lowest free energy level and consequently the
highest stability for the aggregate structure.

Another commonly used nonionic surfactant, monopalmitoyl-glycerol (MPG)
used to formulate niosomes for a range of studies e.g. Brewer and Alexander [16],
requires the inclusion of additional surfactants to support vesicle construction.
Without the addition of cholesterol and dicetyl phosphate (DCP), MPG cannot
form stable niosomes and the ratio of these combinations can dictate the physical
attributes of these systems. As shown in Fig. 11.3, when the surfactant ratios of
cholesterol and DCP were varied, and MPG kept constant, both the size and zeta
potential of the formulation has been affected; incorporation of DCP, due to its
anionic nature, provides niosomes with their net negative charge, however when
high levels of DCP (25 mol%) are used a broad vesicle size range of 4.5—7 pm was
noted. In contrast, when lower DCP (10 mol%) concentrations with any ratio of
cholesterol produces vesicle size within the 4-4.5 um range. This interplay between
vesicle size and cholesterol content has also been noted by Van Hal et al. [88] who
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Fig. 11.3 (a) Vesicle size represented against specific ratios of cholesterol (Mol) with high and
low DCP content, (b) 2D contour plot using design of experiments to determine the effect of
cholesterol (Mol) and DCP (Mol) on the Zeta potential. The main surfactant used is MPG at a ratio
of 5 Mol

reported a decrease in vesicle size upon increased cholesterol content. Furthermore,
cholesterol has the ability to influence the packing density within the bilayer and in
turn increase the planarity of the bilayer resulting in uniform bilayers [59, 88].

The Zeta potential is the simplest way to measure surface charge of vesicles and
gives a representation of the stability of a formulation. A highly positive or negative
zeta potential can imply that the vesicle suspension is more likely to resist aggre-
gation [31, 34]. DCP incorporation in niosomes has been proven in several studies,
including vaccine delivery to alcohol-free niosome gel formulations, to stabilise
vesicles against fusion and aggregation where the vesicles obtain their net negative
charge [7, 42, 86].

11.1.1.1 The Addition of Cholesterol to Niosome Formulations

Given the above outlined advantages, the addition of cholesterol can offer to a
formulation, it is understandable why nearly all current studies investigating
niosomes have incorporated cholesterol into the vesicle composition. Indeed when
dispersed without the presence of cholesterol, whilst high solubility non-ionic
surfactants form micelles, low solubility non-ionic surfactants often form a gel [95].
However, the use of cholesterol not only promotes vesicles formation from a wide
range of non-ionic surfactants, its inclusion in both liposome or niosome formulations
is known to remove the gel-liquid transition of the surfactant bilayer and hence
influences bilayer fluidity [83]. For example, Fig. 11.4 shows a differential scanning
calorimetry (DSC) scan for 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
liposomes, which have a transition temperature of 54°C. The incorporation of choles-
terol in a 1:1 molar ratio to this formulation results in the removal of this gel-to-liquid-
crystal phase transition (Fig. 11.4). Similarly, when MPG is formulated with
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Fig. 11.4 DSC thermograms of DSPC, DSPC: CHOL and niosome formulations showing the
existence or removal of the phase transition of the bilayer vesicles. Scan rate = 10 °C/min

cholesterol and DCP at 5:4:1 molar ratio as investigated by Brewer and Alexander
(1992) [16] no phase transition was notable.

The preparation methods are a key parameter in the formation of structured
bilayers when considering the transition temperature, e.g. the hydration temperature
determines the overall size and shape of the vesicles formed. In both liposome and
niosome systems the bilayer membrane is an ordered structure and may exist in the
gel state, indicating a situation where the alkyl chains are tilted at a slight angle with
respect to the plane of the bilayer, or the liquid crystalline state. The difference
between these two phases is the degree of order, with the gel state being the most
ordered structure than the liquid crystalline state. In the liquid crystalline state there
is lateral diffusion of bilayer material, whereas in the gel state the alkyl chains are
crystallised or otherwise less mobile. For any system, the liquid crystalline state
exists at a higher temperature than the gel state. The increase in the temperature
(T,), although yielding an increase in the enthalpy term (AH), also results in an
increase in entropy (AS) and thus a lowering of the free energy (AG) of the system
occurs and it is the application of heat that is the driving force for this transition
[65]. Hence the formation of niosome vesicles should occur above the T, of the gel
to liquid phase transition allowing mobility of the bilayer and hence reordering of
surfactants to produce spherical uniform vesicles.

Interestingly, controlling the phase in which the bilayer is in, can influence the
structure of niosomes: for example not all niosomes are spherical in nature, as is the
case with polyhedral niosomes [4]. The niosomes in this study were prepared by
hydrating thin films of surfactant/lipid blends where they were analysed for
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morphology and rheological properties. The studies showed that niosomes formed
from hexadecyl diglycerol and other polyoxyethylene alkyl esters form a variety of
shapes due to the differences in membrane composition. The incorporation of
cholesterol results in large spherical vesicles, however the exclusion of cholesterol
resulted in the formation of polyhedral niosomes [4]. These polyhedral niosomes
were heated above their transition temperature, at which a reversible shape trans-
formation into spherical niosomes occurred indicating that the niosomes go from a
gel state at room temperature to a liquid-crystalline state at their 7. As a result, the
rheological properties of the polyhedral niosomes are more rigid and viscous in
comparison to their spherical counterpart structures at the elevated temperatures.
Therefore, when formulating niosomes for different routes of administration,
characterisation should be carried out to ensure the niosomes are able to effectively
perform at their intended site of action.

11.1.2 Alternatives to Cholesterol in the Formulation of Niosomes

Cholesterol is not the only component that is able to promote niosome formulation,
with fatty acids also being shown to promote the formation of vesicles which can
offer similar attributes to that of cholesterol-based systems. Various studies have
been carried out on the replacement of cholesterol with fatty alcohols where loading
efficiencies and drug release kinetics have been tested as a comparison [1, 27].
Results indicate that the replacement of cholesterol in niosome vesicles with differ-
ent fatty alcohols of varying alkyl chain length exhibit a similar release profile to that
of cholesterol-based niosomes. However, replacement of cholesterol with the fatty
acids resulted in an overall decrease in the release rate of the drug (ketorolac
tromethamine) and become even slower upon increased alkyl chain length of the
fatty alcohols [27]. As a result, both studies show that fatty alcohols can replace the
cholesterol when forming niosome vesicles, with release rates and entrapment being
optimised by altering the ratios and contents of the surfactants [1, 27]. Furthermore,
results from our lab show that attempts to formulate niosomes from MPG:DOPE:
DC-Chol were unsuccessful with a precipitate forming at percentage ratios of
57:29:14%, respectively. However, the addition of 4 pmol (12.5 %) cholesterol to
this composition supported the formation of vesicles [71].

11.1.3 Designing Niosomes for the Delivery of Antigens

As noted, niosome preparation can be optimised to provide a specific vesicle size,
lamellarity and surface characteristics, which can then be further modified to offer
enhanced antigen protection, improved delivery and controlled release [35, 6].
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In drug delivery, encapsulation of drugs within niosomes can offer reduced
toxicity of drugs over a broad range of therapies and delivery routes [38]. Moreover,
the surfactants used are generally biodegradable and are able to improve therapeutic
bioavailability by protecting drugs from the biological environment, hence increas-
ing residence time of the vesicles. However, these comments are largely general-
ised and the niosome attributes are usually dictated by its composition; in the case
of vaccine delivery, being non-immunogenic is not a useful attribute and therefore
the bilayer composition of the niosomes can be modified by the incorporation of
immunostimulatory agent [89]. The methodology of preparation must also consider
the properties of the antigen to be entrapped, given that not all methods are
compatible with proteins and subunit antigens. Similarly, the preparation and
formulation of the niosomes can be tailored in accordance to the route of adminis-
tration, i.e. oral, parenteral or topical route all require different delivery system
characteristics to promote successful delivery of antigens.

11.2 Method of Preparation of Nonionic Surfactant Vesicles

Depending on the method of preparation, NISVs consist of one or more bilayer
membranes (lamellae) from small unilamellar vesicles (SUV) with a diameter of
about 75-100 nm, to large unilamellar vesicles (LUV) which can be several
microns large, and multilamellar vesicles (MLV) which vary in size from anywhere
above 100 nm to several microns. There are a wide range of methods that can be
used to prepare niosomes (Fig. 11.5), and nearly all of which are adaptations from
the methods used to prepare liposomes.

The method of choice, combined with the surfactant types used and drug/antigen
attributes and concentration will all contribute to the vesicle size, surface
characteristics, and loading efficacy and release characteristics of entrapped drug
or antigen [15]. In addition to the method of preparation, the nature of the solute and
hydration temperature also affects entrapment efficiency [86]. As a result, when
optimising and formulating niosomes of specific characteristics the preparation
method is a key consideration. For example the number of bilayers, vesicle size
and distribution, and the entrapment efficiency are all influenced by the method of
preparation as summarised in Table 11.2 and examples of size reduction techniques
in Table 11.3.

11.2.1 Characterisation of Niosomes: Commonly Measured
Parameters and Their Implication on Adjuvant Efficacy

To achieve effective subunit vaccine delivery or drug delivery via the use of
niosomes, it is essential to study the physico-chemical characteristics which will



216 J. Wilkhu et al.

Hand
shaking
(Thin film Sonication
Hydration)
Ether
Injection Trans
membrane
pH gradient
Microfluidisation fosome
Preparation Homogenisation
Methods
Reverse
Phase From
Evaporation Proniosomes
Multiple
Bubble membrane
Extrusion

Fig. 11.5 Various methods of manufacture for niosome vesicles

determine the stability and efficacy of the delivery system. In general, there are
various methods employed to characterise delivery systems which include
characterisation using vesicle size, suspension pH, vesicle zeta potential, entrap-
ment loading studies and microscopy studies such as freeze fracture, transmission
electron microscopy (TEM) or basic light microscopy. It is important to ensure that
the niosomes produced and tested whether in vitro or in vivo have the same
characteristics in terms of charge, vesicle size, and amount of antigen or drug
entrapped as differences could lead to differences in efficacy and results obtained.

Entrapment: Entrapment efficiency is obviously an important parameter as it
influences surfactant/antigen ratio and total amounts of antigens needed. It can be
measured using a range of techniques including: separating the unentrapped drug or
antigen e.g. by centrifugation [16], dialysis [6] or gel filtration [86]. For protein and
peptide-based antigen assays such as the ninhydrin assay can be used to measure
entrapment of peptides and proteins within niosomes as this assay eliminates any
interference of lipids or surfactants when compared to other assays such as the BCA
assay [19]. In some cases the Lowry method for protein concentrations are used
which works on the general principle under alkaline conditions where the divalent
copper ion reacts with peptide bonds, hence forming a complex in which it is
reduced to a monovalent ion. This monovalent copper ion along with the other
radical groups of the reagents reacts with a Folin reagent resulting in an unstable
product which is reduced to tungsten blue. The limitations of this method are that
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Table 11.2 Different methods of preparation for various vesicles such as MLV, LUV and SUV

Vesicles Method Procedure

Multilamellar (a) Lipid-hydration ~ Also known as thin film hydration form niosomes by
vesicles method the dissolution of the surfactants/cholesterol in an
(MLV) organic solvent such as chloroform or methanol in

(b) Dehydration-
rehydration
method

(c) Multiple
membrane
extrusion

Large unilamellar (a) Reverse phase
vesicles (LUV) evaporation
method

(b) Calcium-induced
fusion method

(c) Detergent
removal method

(d) Ether injection
method

a round bottom flask. In this method, the organic
solvent consisting a mixture of vesicle-forming
ingredients, is evaporated under reduced pressure
on a rotary evaporator, leaving a thin film on the
wall of round bottom flask which is hydrated by
shaking the film in the presence of water that
contains the solute to be incorporated, above the
phase-transition temperature (7,) of the surfactant/
lipid until a good dispersion of MLVs are formed
[81, 89]

This method involves freeze-drying of preformed
SUV mixed with the solute to be entrapped and
rehydrated under controlled conditions giving
MLVs with high entrapment [45]

This method is begins with the same procedure of the
thin film hydration method and once formed the
niosome formulation is passed through membranes
of pore sizes to control the vesicle size [87]

Vesicles can be prepared when the surfactant mixture
is dissolved in chloroform and to this an aqueous
phase including drug is added and then sonicated
to form a gel. Phosphate buffered saline (PBS) is
then added and the organic phase is then removed
under reduced pressure and subsequently further
hydrated with PBS to form niosomes [34]

This method takes advantage of the fact that small
vesicles aggregate in the presence of calcium and
subsequently fuse. Large vesicles could be
produced upon addition of EDTA [70]

Removal of detergent from mixed micelles formed by
solubilisation of dried surfactant mixtures or
preformed vesicles with a detergent containing
aqueous phase, results in the formation of
unilamellar vesicles. Detergents can be removed
by dialysis or by gel filtration chromatography [92]

Niosomes are prepared by the introduction of a
surfactant/cholesterol mixture dissolved in diethyl
ether and is injected into an aqueous medium such
as water containing the material to be encapsulated
(using a syringe-type infusion pump) at a
temperature of 60°C or under reduced pressure,
subsequent vaporisation of the residual ether leads
to formation of unilamellar vesicles [6, 25]

(continued)
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Table 11.2 (continued)

J. Wilkhu et al.

Vesicles Method

Procedure

Small unilamellar (a) Sonication

vesicles (SUV)

(b) French press

method

(c) Ethanol
method

injection

(d) Microfluidisation

method

(e) Homogenization

Niosomes are formed by the addition of an aqueous
phase in the surfactant/cholesterol mixture into a
glass vial and sonicated. In addition, MLVs can
also be sonicated either with a probe sonicator or a
bath type sonicator leading to rapid size reduction,
forming SUV [6]

A French pressure cell is used to reduce the size of
MLYV by extrusion under high pressure [9]. This
technique yields homogenous SUV with sizes
depending upon the pressure used

This method, employs a procedure where surfactant/
lipids are dissolved in ethanol and rapidly injected
into a vast excess of buffer solution through a fine
needle yielding a high proportion of SUVs [10]

This method is based on submerged jet principle in
which two fluidised streams interact at ultra high
velocities (up to 1,700 ft/s) in precisely defined
micro channels within the interaction chamber.
The impingement of thin liquid sheets along a
common front is arranged such that the energy
applied to the system remains within the area of
vesicle formation. This procedure gives SUVs
with uniform size distribution of a sub 50 nm size
from the energy supplied [87]

Homogenization of MLV by commercially available
high shear homogenizers produces SUVs. The size
of the vesicles depends on the speed of the probe,
duration of homogenization and also on the
surfactant/lipid composition. To prepare the
bilayer vesicles the surfactants in the powder form
are mixed at the appropriate ratio and melted in an
oil bath, and while maintaining the molten mixture
an emulsion is created by the addition of aqueous
buffers and homogenised for 10 min. Upon
cooling, the niosome formulation was incubated
for 2 h with gentle shaking at 220 rpm [54]

Table 11.3 Summary of
various manufacturing
methods for size reduction
showing resultant vesicles
produced

Method Type of vesicle
Sonication Small unilamellar
Homogenisation Multilamellar
Microfluidisation Small unilamellar
Multiple membrane extrusion Multilamellar

French press method Small unilamellar
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for the reaction to occur a pH of 9-11 needs to be maintained and that certain
buffers, lipids and drugs may interfere with the assay, hence appropriate filtration
and dilutions are needed before running the assay [53]. Due to the limitations of the
Lowry method, a simpler and less sensitive to interference assay is the Bradford
assay. The Bradford assay is analysed at a wavelength of 595 nm as this becomes
the lambda max for the reagent Coomassie brilliant blue G-250 when protein
binding occurs. The colour change is observed due to the stabilising effect of the
anionic dye by hydrophobic and ionic interactions of the reaction [47].

Vesicle diameter size and morphology: The vesicle size and polydispersity of a
niosome suspension can be determined using various techniques including: e.g.
light microscopy, freeze fracture electron microscopy and laser diffraction. Laser
diffraction is commonly used in the analysis of particle size for suspensions,
aerosols, emulsions and other pharmaceutical products. Of the physical attributes,
particle size and polydispersity are often seen as key factors that may affect product
stability and in vivo efficacy. Indeed, the vesicle size range is crucial as it
determines the end location of the vesicle in vivo. Studies show that when injecting
liposome vesicles, the vesicle size has an important role in providing adjuvant
effects. For example, a study by Desjardins et al. [26] showed that MLV
preparations of DSPC and Dipalmitoylphosphatidylcholine (DPPC) liposomes
resulted in a high response from the popliteal lymph nodes [26] compared to
MLV formulations prepared from low T, lipids such as egg phosphatidylcholine.
The MLV preparations resulted in increased numbers of CD4*, CD8*, CD69*, Ig*
subsets and IL-2 receptor cells in relation to the smaller sized SUV preparations of
same lipid composition which resulted in reduced immunoactivating potential at
the popliteal lymph nodes [26]. Consideration of the delivery route plays an
important role in the consideration of the required size range of vesicles for vaccine
delivery: when orally administering vesicles where the target site for orally deliv-
ered vesicles are the immuno-competent cells within the gut which are known as
Peyer’s patches, studies by Eldridge et al. [28] on vesicle size uptake in the Peyer’s
patches show that uptake is dependent on both the vesicle size and hydrophobicity
[28]. The results from their experiments indicate that a vesicle size of 10 pm or less
are taken up by the Peyer’s patches; however, particles with a size less than 5 pm
can traffic to other tissue cells by a process of lymphoid drainage. Therefore, the
vesicle size plays a crucial role when designing vaccine carrier systems to success-
fully allow the vaccine and the carrier to reach and retain at the target site to allow
them to exert their therapeutic effect.

In addition to laser diffraction, it is important to confirm the shape and structure
of the niosomes and microscopy techniques can be used to consider this. A review
by Bibi et al. discusses the advantages and limitations of specific microscopy
techniques to analyse vesicles [13]. Although there are several microscopy
techniques available for the image analysis of vesicles, techniques such as light
microscopy offers basic conformation of morphology and size of the vesicles.
However, when examining vesicles in greater detail, advanced microscopy
techniques are available such as the various TEM techniques which include,
negative stain TEM, Cryo-TEM and freeze fracture TEM. An example of
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Fig. 11.6 (a) Light microscopy of a niosome formulation at x40 objective showing spherical
vesicles ranging from larger and smaller ones in the same formulation. (b) Polarised light
microscopy of niosome vesicles showing the presence of a Maltese cross. (¢) Freeze fracture
image of a niosome formulation showing spherical vesicles and the multiple layers within the
vesicle. (d) Transmission electron micrograph of surfactant vesicle composed of 1-monopalmitoyl
glycerol, cholesterol, DDA, TDB (16:16:4:0.5 pmoles) showing multilamellar bilayers. Bar =
100 nm (*Reprinted from International Journal of Pharmaceutics, Microscopy imaging of
liposomes: From coverslips to environmental SEM, 417/1-2, Sagida Bibi, Randip Kaur, Malou
Henriksen-Lacey, Sarah E. McNeil, Jitinder Wilkhu, Eric Lattmann, Dennis Christensen, Afzal R.
Mohammed, Yvonne Perrie, Copyright (2011) with permission from Elsevier.)

microscopy images of niosomes collated from a range of techniques is shown in
Fig. 11.6, in particular, the use of freeze-fracture can give greater detail on both the
size and number of bilayers the niosomes have; however, general light microscopy
can offer a good overview of heterogenicity.

Surface charge: Zeta potential is a function of the vesicle surface charge which
is calculated at the surface interface and the nature of the surrounding medium. The
Zeta potential is the nearest experimental approximation of surface potential, as
both the surface potential and stern potential are difficult to measure. When an
electric current is passed through each particle and its ions in the region move
throughout the solution. The rate and extent of movement within the layers and the
surrounding medium can be used to determine the zeta potential. Hence, the Zeta
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potential is the potential at the surface of shear which is measured by electrophore-
sis and reflects the effective charge on the vesicles and the repulsion between them,
in turn giving an insight into the stability and flocculation of the suspension.

Hydrophobicity: Further to surface charge of vesicles, the hydrophobicity/
hydrophilicity of particles can play an important role in vesicle delivery and uptake.
For example, liposome uptake within the body can be influenced by the presence of
a Polyethylene glycol coating on the vesicle surface which modifies the surface
hydrophilicity and in return reduces opsonisation and macrophage recognition [2].
By reducing opsonisation, the liposomes increase their circulation time within the
body; however, for a vaccine delivery system this may be counter-productive. As a
result the hydrophobicity of the vesicles should be taken into consideration when
optimising bilayer vesicles for adjuvant activity.

11.3 Formulation Design of Niosomes Used as Vaccine
Adjuvants

Niosomes have been widely studied as carrier systems over a range of administra-
tion routes which include e.g. intravenous [37], oral [43], transdermal [57, 86],
peroral [74] and parenteral routes [64]. Incorporating antigens within the surfactant
vesicles aid in the protection and enhanced delivery of antigens by a variety of
routes provide sustained antigen release, targeting the antigen into appropriate
APCs and promotes intracellular delivery of antigen contributing to cytotoxic
T cell response. This way the particulate adjuvants could play a fundamental role,
alone or as part of a formulation, acting as carrier to target immune cells and as
depot [75].

In terms of niosomes use for antigen delivery, the niosome formulation of
1-monopalmitoyl glycerol, cholesterol and DCP is commonly adopted [15]. Given
the DCP content of these systems, their highly charged surface can offer enhanced
stability due to the electrostatic repulsive forces between the vesicles, hence restricts
aggregation [11, 95] and has been reported to aid in uptake when delivering antigens
via the oral route [28]. Indeed this formulation stems from initial investigations into
the adjuvanticity of niosomes prepared from 1-monopalmitoyl glycerol, cholesterol
and DCP at a 5:4:1 molar ratio. The formulation demonstrated in mice that, on
subcutaneous administration of niosomes incorporating bovine serum albumin
(BSA) [16], ovalbumin (OVA) [18], or a synthetic peptide containing a known
T-cell epitope [18] that niosomes were generally better stimulators of IgG2a than
Freud’s complete adjuvant, but weak stimulators for IgG1. In addition, the adjuvant
activity of niosomes was wholly dependent on the model antigen being entrapped
within the vesicles while mixing free antigen with the preformed vesicles were
unable to illicit a significant immune responses [16]. This was attributed to the
ability of niosomes retaining the antigen for a prolonged period and promoting APC
uptake through active or passive targeting to cells [16, 22]. The same niosome
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system has also been shown to act as a vaccine adjuvant when administered
intraperitoneally to severe combined immunodeficiency mice reconstituted with
peripheral blood lymphocytes (PBL-SCID mice) [93]. This mouse model was
designed to mimic the human response to an antigen challenge.

The 1-monopalmitoyl glycerol-based niosomes have also been considered for
the delivery of DNA vaccines. Formulated by the dehydration-rehydration method
(DRYV), MPG-based niosomes incorporating cationic surfactants (DC-Chol) rather
than anionic surfactants have been shown to offer an increased stability and
increased plasmid DNA retention in the presence of competitive anions when
compared to similarly formulated PC-based liposomes [68]. This niosome formu-
lation was able to engender transgene-specific immune responses comparable with
their liposomal counterparts [68, 71, 72].

Murdan et al. [64], have worked on the use of sorbitan monostearate/polysorbate
20 organogels, which contain niosomes. The aim of the study was to establish
whether vesicle-in-water-in-oil (v/w/o) gels could potentially be used as vehicles
for vaccine delivery. For incorporation of BSA niosome formulations were
prepared using thin film hydration method, whereas for haemagglutinin (HA),
niosomes were prepared by a dehydration-rehydration method [45, 64]. The prepa-
ration of the organogels involved the addition of the aqueous niosome formulation
at 60°C into an organic solution which produces an emulsion and upon cooling
forms an opaque semisolid v/w/o gel. Results from the radiolabelled BSA niosomes
showed a depot effect after IM administration, hence retaining the BSA at the site of
injection (SOI) and then over a period of days migrates from the SOI. The
hypothesis is that when in vivo, the aqueous areas penetrate into the gel thus
causing the gel to break up into smaller fragments, allowing for the release of the
niosomes and the antigen. These findings were confirmed by in vitro tests which
were carried out, and also showed that the interstitial fluid penetrates the gel, hence
resulting in disintegration of the v/w/o gel [64]. In terms of the immunogenicity
studies with the HA antigen, the v/w/o gel and a control gel consisting of just
radiolabelled BSA (w/o) both possessed immunoadjuvant properties enhancing the
primary and secondary antibody titres to the antigen.

When considering the industrial large scale applications of niosomes, their
stability should be considered. Previous stability studies on the effect of storage
of niosomes on the adjuvant activity resulted in vesicles maintaining their adjuvant
activity at 10 months at various storage conditions, but by 18 months the adjuvant
activity diminished [22]. However, the lyophilisation of other vesicle systems has
proven to increase stability of systems such as dimethyldioctadecylammonium
(DDA): trehalose 6,6'-dibehenate (TDB) vesicles [60, 61]. Lyophilised niosome
preparations with sucrose have prolonged the adjuvant activity hence keeping the
vesicles stable for an increased period of time whilst retaining adjuvant properties
[22]. As a result, depending upon the surfactants used to prepare the vesicles the
niosomes can be modified to entrap antigen and prolong the release of the antigen
from the vesicles which results in an increased shelf life of the formulations.
To overcome the problems of leeching and instabilities of the vesicles in the liquid
state, niosome formulations can be lyophilised.
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11.3.1 Addition of Immunostimulatory Agents

A range of immunostimulatory agents are available such as monophosphoryl lipid
A, Quillaja saponaria (Quil-A), CpG oligodeoxynucleotides, trehalose 6,6-
dibhenate (TDB). For example, TDB has been considered into a range of liposome
and niosome formulations including DDA liposome preparations where it has been
shown to increase the immune response to a tuberculosis vaccine protein (Ag85B-
ESAT-6) as well as providing increased stability [24]. Similarly, MPG-based
vesicles incorporating both DDA and TDB were developed by Vangala et al. [90]
which resulted in an increase in the vesicle size due to the hydrophilicity of the
surfactants, without altering the zeta potential of the vesicles compared to DDA:
TDB vesicles. The MPG-based vesicles were proven to increase overall stability of
the DDA systems whilst maintaining comparable induction of antibody responses.
In terms of malarial antigens (Merozoite surface protein 1 [MSP1] and glutamate-
rich protein [GLURP]), the MPG-based vesicles, in comparison to DDA liposomes,
showed similarly strong Th2 humoural responses when analysing IgGl titres;
however, the MPG-based vesicles also showed high IgG2b titres unlike the DDA:
TDB systems [90].

Novasome™ adjuvants, also referred to as non-phospholipid liposomes [21] are
multicomponent adjuvant systems made up of dioxyethylene cetyl ether, cholesterol
and oleic acid have been licensed for veterinary application (for the immunisation of
fowl against Newcastle virus disease and avian rheovirus). The Novasome™ tech-
nology, made with glycerol monostearate and butyl alcohol and included the potent
adjuvant monophosphoryl lipid A [21], was shown to offer protection of guinea pigs
against aerosol challenge with virulent Mycobacterium bovis.

In addition, Quil-A saponins have been used in several studies and are generally
used as part of immune-stimulating complexes (ISCOMs) where the Quil-A acts as
an adjuvant [44, 46]. ISCOM use as antigen delivery systems show the formation of
cationic cage-like complexes when DC—cholesterol replaces cholesterol, or the
substitution of PC with dioleoyl-trimethyl-ammonium-propane. The cationic
complexes formed are similar to the classical anionic ISCOMs and allow a more
diverse range of antigens to be used in their formulation [51, 52]. Orally, ISCOMs
have shown promising systemic immune responses by eliciting Thl, Th2 and
MHC-restricted cytotoxic T-cell responses in addition to local induction of IgA
[60]. As a result, the introduction of immunostimulatory agents has shown to be
useful to enhance immune responses to subunit vaccines and offer a promising
platform for further studies. A detailed consideration of the use of ISCOMs can be
found in the chapter by Hook and Rades.

11.3.2 Design Considerations for Alternative Delivery Routes

In addition to parenteral route, a range of other routes have been explored so as to
potentially improve patient acceptability and convenience. Niosomal studies by



224 J. Wilkhu et al.

Gupta et al. [35], involved the delivery of vaccines via topical immunisation and
compared the use of transfersomes with niosome and liposome systems. The
niosomes and liposomes were prepared via reverse phase evaporation technique,
yielding LUV and then passed through polycarbonate membranes [35]. Gupta and
co-workers employed reverse phase evaporation technique as it is known to pro-
duce high encapsulation efficiency of antigens and peptides as previously reported
[80]. The immune response was assessed by measuring the serum anti-TT IgG titres
after intervals following topical immunisation. Results were compared against a
control tetanus toxoid which was administered intramuscularly. The encapsulation
efficiency of niosomes was not significantly different to liposomes (~42% for both),
as might be expected given the similar physical attributes of the structures. How-
ever, the niosome and liposome formulations elicited weak immune responses via a
topical route of administration compared to alum-adsorbed tetanus toxoid
formulations of the same dose administered intramuscularly [35].

A similar study by Vyas et al. [91] which also comprised of using niosomes for
topical immunisation against hepatitis B showed promising results in comparison to
liposomes. This study incorporated DNA-encoded hepatitis B surface antigens
within the vesicles that were once again prepared by reverse phase evaporation
technique [91]. Again the entrapment efficiency between the liposomes and
niosomes was similar (49 &+ 3 % and 45 £ 3 %, respectively). Naked DNA will
undergo hydrolysis by deoxyribonuclease enzymes hence, the encapsulation of the
DNA within vesicles protect the DNA from degradation and are taken up by the
APCs. Vyas et al. [91] found that the niosome formulations were better carriers for
DNA via the topical route compared to liposomes as the surfactants in the niosome
formulations can act as penetration enhancers of the skin by reducing the barrier
properties [91]. Overall the study showed that the niosomes were able to induce a
strong humoural and cellular immune response after the delivery of DNA via the
topical route.

Peroral vaccine delivery has also been examined by Rentel et al. [74], where
OVA was encapsulated in various lyophilised formulations consisting of esters,
cholesterol and DCP. The niosome formulations were then tested in vivo using
BALB/c mice where the serum, saliva and intestinal washings were collected and
specific antibody titres were generated using ELISA on a time schedule [74].
Results have shown that the OVA formulations encapsulated within Wasag®7
(Sucrose ester surfactant, 7 representing HLB value) niosomes induced significant
antibody titres, whereas, the OVA alone and niosomes alone did not exert the same
effect. Further studies by Rentel et al. [74], also showed that OVA encapsulated
within Wasag®™15 (Sucrose ester surfactant, 15 representing HLB value) niosome
preparations also did not show significant antibody titres. The differences in HLB
values could explain the differences in antibody titre levels; Wasag™15 being the
more hydrophilic niosome formulation compared with Wasag™7 niosomes which
induced significant antibody titres.

To improve oral delivery, Jain et al. [43] formulated niosomes by reverse phase
evaporation; however, coated the vesicles upon formation with O-palmitoyl man-
nan (OPM) to protect the vesicles from degradation within the GIT when
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administering orally [43]. After coating, the unbound polysaccharide was removed
by one of the removal techniques mentioned previously; centrifugation through a
sephadex column. The target sites of the niosomes via the oral route are the M cells
within the Peyer’s patches along the small intestine within the GIT (Fig. 11.7).
M cells are vital in establishing mucosal immunity and allow a route for antigens to
be delivered. This route delivers the antigens to underlying lymphoid tissues where
a secretory immune response is initiated [23]. Although the mechanism of action
upon absorption by the Peyer’s patches remains unknown, M cells remain good
targets for niosomes/bilosomes and other oral vaccine delivery systems, however,
tolerance and mechanisms of uptake still need to be resolved and determined. The
results from the Jain et al. [43] study show that the niosomes coated with OPM
promoted higher mucosal IgA immune responses compared with uncoated
niosomes [43]. Further the OPM-coated niosomes were able to produce both
systemic and mucosal immune responses as well as a cellular immune response
upon oral delivery.

11.3.3 Further Modification of Niosomes to Enhance Oral
Delivery

Given the advantages the oral route offers compared to administration of vaccines
via injection it is no surprise this has promoted further modifications of niosomes.
The potential of vesicle lysis when administered orally has been the foundation for
the development of modified lipid-based vesicles which have increased stability
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in the form of niosomes. It has been suggested that vesicles allow a greater
chance for the antigen/drug to reach the site of action and to have increased
absorption through the GIT compared to free antigen/drug [5, 94]. Hence, further
modifications to the niosome vesicles are known as bilosomes which are a novel
drug delivery system for oral vaccine delivery. Bilosomes intend to protect antigens
from the enzymes present in the GIT and the rupturing from the bile acids, and can
act as potent immunological adjuvants. Alexander and Brewer first developed and
formulated bilosomes by exploiting NISV technology [22]. They achieve this by
incorporating bile salts such as sodium deoxycholate into the formulation thereby
increasing the stability of the carrier thus, preventing premature release of the
protein/antigen via the oral route. Schubert et al. [76] suggest that by incorporating
bile salts into the vesicles they resist degradation and disruption from the digestive
enzymes (Fig. 11.8) therefore making the formulation more stable and giving the
potential rise for an oral route of delivery for vaccines [76]. By preventing prema-
ture release, bilosomes deliver the vaccines to the mucosal tissue. Thus, requiring
smaller concentrations of antigen to elicit an effective immune response.

Recent studies using bilosomes incorporating several antigens have proven to be
successful in various animal models e.g. the A/panama [54], tetanus toxoid [55] and
hepatitis B [78]. In the bilosome studies by Bennett et al. [12] and Mann et al.
[54-56] the anionic surfactant DCP is again used in the formulation of bilosomes.
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These studies all show that, by orally administering the bilosome vesicles with
entrapped antigen, a mucosal immune response is elicited with specific IgA pro-
duction increased. The production of IgA levels suggests that the oral immune
response has been successfully initiated as this is one of the steps in the stimulation
of a mucosal immune response. As mentioned the incorporation of the DCP lipid
within the formulation results in the vesicles having a highly negative surface
charge, which could potentially be the reason for such increased levels of immunity
achieved from orally dosing the bilosome vesicles. These recent studies confirm
previous studies by Tabata and Ikada [82] where they showed that the peak uptake
of particles occurs with a zeta potential of —70 mV in the epithelial cells [82]. This
is also in line with studies by Norris et al. [67] and Eldridge et al. [28] where they
also found that the uptake of negatively charged particulates is favoured [28, 67].
In addition, the work carried out by Shakweh et al. [77] also suggests that nega-
tively charged or neutral particles in mice have a greater affinity for the Peyer’s
patches than positively charged particles [77]. As a result, various studies carried
out on mucosal particulate uptake all stem down to the presence of a negative
surface charge. This will allow uptake by the M cells within the Peyer’s patches and
trigger the dendritic cells and initiate the immune response.

11.4 Summary

Niosomes have evolved over the years from their first appearance in cosmetics to
technologies used in the pharmaceutical industry to improve delivery of antigens
and drugs to the human body. The incorporation of drugs or antigens into niosomes
to enhance their delivery is continually being researched and developments in the
field offer promising insight into the future. With the further development of a range
of synthetic lipids the ability to draw the classical distinctions between liposomes
and niosomes becomes more difficult, particularly given many such niosomes
incorporate charged surfactants such as DCP. Niosome studies are comparable to
studies carried out with liposomes; however, niosomal formulations are proposed to
be more economical and are potentially safe due to the biocompatibility of the
surfactants used. The use of cost effective, highly stable surfactants within a
formulation continues to offer key advantages in the development of vesicles for
drug and vaccine delivery. Furthermore, the ability for these systems to be further
customised for particular delivery routes, such as with the development of
bilosomes gives them a wider platform of effective use. In terms of niosomes as
vaccine adjuvant delivery systems, current work shows a promising future by the
immune response elicited via the various routes of administration; however, further
exploration is required to potentially bring a niosomal vaccine product to the
commercial market.
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Chapter 12

Immune Stimulating Complexes (ISCOMs)
and Quil-A Containing Particulate
Formulations as Vaccine Delivery Systems

S. Hook and T. Rades

Abstract Immune stimulating complexes (ISCOMs) belong to the group of par-
ticulate vaccine delivery systems. These particles have received considerable
attention in the field of vaccine delivery systems, especially for subunit vaccines.
ISCOMs have a spherical, open and cage-like structure and a particle size of around
40 nm. They contain an adjuvant (Quil A or QS 21) and an antigen incorporated into
or associated with their colloidal structure, making ISCOMs particulate antigen
delivery systems which allow co-delivery of antigen and adjuvant. In this chapter
we initially describe the components, microstructures and preparation methods of
ISCOMs followed by their mechanism of immune stimulation and their use as
vaccines.

12.1 Introduction

Immune stimulating complexes (ISCOMs) belong to the group of particulate
vaccine delivery systems. ISCOMs typically have a spherical, open and cage-like
structure and a particle size of around 40 nm [5]. Figure 12.1 shows an electron
micrograph of the appearance of this nanoparticulate vaccine delivery system.

ISCOMs are composed of a mixture of three types of polar lipids, namely a
saponin or saponin mixture, cholesterol and phospholipid. Antigen (mostly in form
of an amphipathic protein) can be either incorporated into or associated with the
structure. Empty ISCOMs, i.e. ISCOMs without an antigen, are termed ISCOM
matrix [64]. The saponin, usually Quil A or its purified version QS 21, have
adjuvant properties and thus ISCOMs combine antigen and adjuvant in a single
colloidal particle [5].
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Fig. 12.1 Negative staining transmission electron micrograph of an ISCOM matrix dispersion.
Bar represents 100 nm (adapted from Demana et al. [18])

In this chapter we initially discuss the components, structures and preparation
methods of ISCOMs followed by their mechanism of immune stimulation and their
use as vaccines.

12.2 ISCOM Components

ISCOMs typically consist of antigen and a colloidal structure formed by a combi-
nation of three types of polar lipids (saponin, cholesterol and phospholipid) in an
aqueous dispersion. Whilst aqueous dispersions of phospholipid and cholesterol
typically lead to the formation of liposomes, the addition of the saponin to phos-
pholipid /cholesterol mixtures leads to structural changes on the colloidal level,
resulting in a number of predominantly micellar structures, depending on the ratio
of the three components and also on the preparation method used [16, 18]. Details
on the colloidal structures resulting from the combination of these three polar lipid
components in aqueous dispersion, as well as the various preparation methods for
ISCOMs will be described in the next sections of this chapter. In this section,
information is provided on the components of ISCOM:s.

12.2.1 Quillaja Saponins, Quil A and QS 21

Quillaja saponins are isolated by aqueous extraction from the cortex of Quillaja
saponaria Molina, a South America tree, also known as Soapbark tree or Panama
wood [6, 39]. The extract at this stage still contains tannins and polyphenols
together with a complex mixture of saponins, and can be further purified by ion-
exchange chromatography and gel filtration, into a fractionated extract known as
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Fig. 12.2 Chemical structure of QS21 (adapted from Soltysik et al. [99])

Quil A [31]. Quil A is typically used to prepare ISCOMs, but is still a heterogeneous
saponin mixture and has thus been further fractionated by reversed phase HPLC.
This process leads to more than 20 sub-fractions containing more than 60 individual
compounds [11, 39]. Some of the sub-fractions (termed QH-A and QH-C) retain
their adjuvant activity whilst showing a lower toxicity profile than Quil A (reduced
hemolytic activity) [38, 90]. Finally, purification to the level of a single saponin
(termed QS21) has been performed [28, 30]. The chemical structure of QS21 is
shown in Fig. 12.2 [99].

Chemically, Quillaja saponins are triterpene glycosides. Quillaic acid is the
aglycon and sugar moieties are attached to C3 and C28 of the aglycon. The sugar
moiety on C3 consists of two or three sugar units (in the case of QS21 these are
glucoronic acid, xylose and galactose). Glucoronic acid is present in most of the
Quillaja saponins and is responsible for the overall negative charge of the
molecules. The sugar chain on C28 of quillaic acid is more variable but usually
contains fucose bound to the aglycon (and rhamnose, xylose and apiose, in case of
QS21). On C3 or C4 of fucose a further acyl chain may be attached, which in turn,
in the case of QS21, is bound to arabinose.

The overall structure of the Quillaja saponins is that of a bisdesmosidic triterpene.
These structures are surfactant type molecules, with a hydrophilic (sugars)-lipophilic
(aglycon)-hydrophilic (sugars) structure. In fact, Quil A was found to form micelles
above its critical micelle concentration (CMC) of 0.03 % [79].

12.2.2 Cholesterol and Phospholipids

As stated above, Quillaja saponins (for example in the fractionated form of Quil A)
are surfactant type molecules (albeit with a rather unusual structure), forming
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micelles at concentrations above their CMC. It is thus not surprising that in order to
form ISCOM matrix structures, the addition of other polar lipid components is
necessary. Usually cholesterol and phospholipids are used together with Quil A to
form ISCOM matrices. It has long been known that cholesterol interacts with
saponins [25]. Initially, it was thought that the addition of cholesterol to Quil A
was sufficient for the production of the ISCOM matrix structure, i.e. that ISCOM
matrix structure formation might be possible without phospholipids, whilst
phospholipids were thought to be necessary to facilitate the incorporation of antigen
into the ISCOM matrix [55]. Kersten et al., however, have stated that both
phospholipids and cholesterol are required, for the formation of ISCOMs and
ISCOM matrices [41]. Practically all ISCOM and ISCOM matrix preparations in
fact contain both cholesterol and phospholipid, albeit at different ratios, depending
for example on the preparation method (see below).

As cholesterol is a neutral molecule, and phospholipids (at least the ones used in
the preparation of ISCOMs) are zwitter-ionic, the overall ISCOM structure has a
negative charge (which reveals itself in form of a negative zeta-potential), due to
the negative charge of the carboxylic acid group of the glucoronic acid moiety of
the Quillaja saponins at neutral pH conditions. As most antigens are also negatively
charged, this may present a problem in loading the ISCOM matrix with the antigen.
To improve loading, several attempts have been made to prepare positively charged
ISCOM matrices. In principal, two strategies are possible; either to replace (or
partly replace) the zwitter-ionic phospholipid with a cationic phospholipid [46], or
to replace (or partly replace) cholesterol with a cationic alternative. Partial
(Posintro) or complete (Pluscoms) replacement of cholesterol with DC-cholesterol,
has led to ISCOM-like structures, either still being negatively charged, but
containing positively charged sites (Posintro) [58] or indeed having a positive
zeta potential (Pluscoms) [48]. The chemical structures of cholesterol, DC-
cholesterol and phosphatidylcholine (a typically used phospholipid in the formation
of ISCOMs), are shown in Fig. 12.3.

12.2.3 Antigen

In contrast to liposomes, ISCOMs and the ISCOM matrix are open structures. It is
therefore generally not possible, to incorporate a hydrophilic antigen into the
ISCOM matrix [65]. Similarly, if an antigen is too lipophilic, incorporation into
ISCOM matrices is difficult, due to the inherent nature of these antigens to
aggregate in aqueous dispersion [40]. It is thus not surprising, that the majority of
antigens that have been incorporated successfully into the ISCOM structure are
amphipathic in nature. These include proteins or glyco-proteins anchored in the cell
or viral membrane by a hydrophobic transmembrane domain [31]. This transmem-
brane domain then anchors the antigen in the ISCOM structure.

Interestingly, and perhaps surprisingly, when amphipathic antigens have been
incorporated into the ISCOM matrix, the resulting ISCOM is usually
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Fig. 12.3 Chemical structures of (a) cholesterol, (b) DC-cholesterol and (c¢) phosphatidylcholine
(a typically used phospholipid in the formation of ISCOMs)

indistinguishable from the matrix, with a similar appearance in the electron micro-
scope and similar sedimentation rates upon ultracentrifugation [4]. This may be a
consequence of only a partial incorporation or a low number of antigen molecules
actually being incorporated into the ISCOM structure. However, when high levels
of influenza hemagglutinin were incorporated into an ISCOM matrix, typical
“spikes” of the antigen could be visualised on the surface of these ISCOMs [4].

If the antigen to be incorporated into the ISCOM matrix is not amphipathic, a
number of methods may be employed to either expose hydrophobic regions in the
antigen or to introduce hydrophobic domains to the antigen. These hydrophobic
parts of the antigen can then in turn act as anchoring regions for incorporation of the
antigen into the ISCOM structure.

Methods that have been investigated to expose hydrophobic regions in the
antigen include acid treatment [65], or the partial denaturation of the protein by
urea or mercaptoethanol [1]. Whilst there are examples in the literature of these
methods being used to incorporate hydrophilic antigens into the ISOM structure,
the ultimate success of these methods will strongly depend on the nature of the
antigen itself.

Another way of introducing hydrophilic antigens into an ISCOM structure is the
conjugation of the antigen to a preformed ISCOM containing an amphipathic
coupling protein [45, 54, 96]. For example, it has been shown that the conjugation
of peptides (e.g. LHRH) to ISCOMs containing the influenza virus envelope protein
(which is amphipathic and can easily be incorporated into ISCOM matrices) was
possible using glutaraldehyde as a coupling agent [54].

Chemical modification of a hydrophilic antigen can also be preformed. For
example, the hydrophilic model antigen ovalbumin has been successfully conju-
gated in a simple reaction with palmitic acid, which was used in form of an
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activated ester (N-hydroxysuccinimide ester of palmitic acid) to bind to the amino
groups of the protein [8, 10, 43, 84]. Alternatively, phospholipids may be conju-
gated to a protein via their amino group to the carboxylic acid group of the protein
[21, 36, 97].

Another method to make hydrophilic antigens ‘“suitable” for ISCOM
incorporation is the modification of the protein by genetic engineering [2, 86].
For example, the env gene of the feline immunodeficiency virus was modified by
removing a cleavage site resulting in the expression of a 150 kDa protein, that now
contained the intact transmembrane domain [86].

It should be noted that all these approaches change the antigen, and care must be
taken to determine if the antigen retains its antigenicity after modification and
incorporation into the ISCOM structure.

Finally, if the antigen is anionic in nature, the use of positively charged ISCOMs
(Pluscoms) may lead to a high antigen load on the colloidal particles through
electrostatic interactions. This has been shown for ovalbumin, in which a high
antigen loading onto Pluscoms was achieved, without the need of any chemical or
structural modification of the protein [48, 62].

12.3 Preparation Methods

Several methods have been described in the literature to prepare ISCOMs and
ISCOM matrices. In this section a brief overview of these methods will be given,
together with their advantages and disadvantages. Generally speaking, these
methods have devolved from those used to prepare liposomes, with the major
difference being that Quil A is added as a saponin adjuvant component to the
preparation.

12.3.1 Centrifugation Method

The first method described to prepare ISCOMs is the centrifugation method [31]. In
this method viral proteins (antigen) are solubilised in a surfactant together with
phospholipid and cholesterol, resulting in a mixed micellar solution. This solution
is then centrifuged through a thin layer of an aqueous solution of 10 % sucrose and a
nonionic detergent (0.5 % Triton X-100) on top of an aqueous sucrose gradient
(20-50 % w/w sucrose) containing Quil A. Upon ultracentrifugation, ISCOMs form
a distinct band in the sucrose gradient and can be collected. After removal of the
ISCOM band from the sucrose gradient, the collected fraction is again ultracen-
trifuged, this time through a 20 % sucrose solution to separate the ISCOMs from
excess Quil A. The ISCOMs can then be collected as a pellet from the second
ultracentrifugation step. Whilst this was the first method described to prepare
ISCOMs, it is rarely used today. The method may appear simple, but it is in fact
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quite tedious due to the preparation of a sucrose gradient and difficulties in
collecting the ISCOM band.

12.3.2 Dialysis Method

The dialysis method is the most often used method to prepare ISCOMs and ISCOM
matrices [35, 84, 97]. It is essentially a variation of the detergent removal technique
utilised to prepare liposomes. In this method Quil A, phospholipid and cholesterol
together with the antigen are solubilised in water, with the help of a nonionic
surfactant, and the resulting mixed micellar solution is then loaded into a dialysis
bag and extensively dialysed against a suitable buffer. Different groups have used
different surfactants (mostly octylglycoside and MEGA-10), different starting
concentrations of the surfactant, and different molecular weight cut-off membranes
and dialysis conditions (time and temperate) [41, 55]. The dialysate is then, as in the
centrifugation method, ultracentrifuged through a 20 % sucrose solution to separate
the ISCOMs, which will form a pellet, from excess Quil A.

For the formation of ISCOM matrices using the dialysis method mass ratios of
Quil A:cholesterol:phospholipid of 6:1:1 may be used, whilst for the preparation of
ISCOMs (i.e. antigen containing particles), a mass ratio of 5:1:1 has been reported.
The ratio of the three polar lipids to the surfactant used to initially solubilise the
ISCOM components has been reported to be approximately 1:7 [41]. However, it
should be noted that the successful preparation of ISCOMs and ISCOM matrices
depends on many factors, including type and concentration of buffer salts, equili-
bration time for dialysis, types of phospholipid used (e.g. phosphatidylcholine vs.
phosphatidylethanolamine), type of solubilising surfactant (e.g. MEGA 10 vs.
octylglycoside), and in case of ISCOMs on the nature and concentration of the
antigen. It follows that for each situation the optimal dialysis conditions need to be
determined experimentally.

12.3.3 Hydration Method

The hydration method is based on the classical Bangham method to prepare
liposomes. In this method the phospholipid and cholesterol are initially dissolved
in chloroform and then dried to a thin film in a round bottom flask using a rotary
evaporator. The lipid film is then hydrated with an aqueous solution of Quil A (in
case of ISCOM matrix formation) or Quil A and antigen in case of an ISCOM
preparation [9, 43]. Sometimes the resulting preparation is then freeze dried and
redispersed in water [18]. It is believed that the freeze drying step increases the
mixing of the components and leads to a more homogenous ISCOM preparation.
The hydration method is simple and fast, with no need for extensive dialysis
steps, the use of ultracentrifugation or the addition of solubilising surfactants.
However, it was found that formation of ISCOMs based on this method may take
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considerable time due to slow equilibration of the lipid components after addition
of water or buffer. For this reason the freeze drying step was introduced, as after
freeze drying equilibration times to form ISCOMs were found to be shorter [18].

It is interesting to note that the formation of ISCOMs by this method was found
not to be successful when similar lipid ratios as in the dialysis method were used
(6:1:1 Quil A:cholesterol:phospholipid). Rather a 4:1:6 ratio led to the formation of
ISCOMs using the hydration method [9, 43]. Whilst the exact reason for this finding
is not well understood, it is important, as it indicates that the preparation method
used has an influence on the resulting colloidal particles. This further underlines the
necessity to optimise [ISCOM preparations for any given case.

12.3.4 Injection Method

This method is based on the ethanol injection method to prepare liposomes.
Cholesterol and phospholipid are dissolved in ethanol and the resulting solution is
then rapidly injected into a stirred, aqueous Quil-A solution [49]. The ethanol
injection technique leads to the formation of a high number of ISCOM matrices
within 2 h of preparation. This technique appears promising, as it is rapid and
requires no additional surfactants. A variation to the ethanol injection method is the
ether injection method [82]. Here cholesterol and phospholipids are dissolved in
ether, and injected into a Quil A aqueous solution (0.01 M phosphate buffer) at
55 °C to evaporate the ether. Homogenous ISCOM matrix dispersions were pro-
duced using a weight ratio of Quil A:cholesterol:phospholipid of 3:2:5 (w/w).

12.3.5 Freeze Drying Method

In this method, ISCOMs, containing a lipopeptide as antigen, were prepared by
initially dissolving cholesterol, phospholipid and sugar (sucrose or trehalose) in
aqueous tert-butanol (1:1 v/v) [52]. The resulting solution was frozen and freeze
dried overnight. ISCOMs were then prepared by hydrating the lipid/sugar matrix
with an aqueous buffer containing Quil. As with the other methods, homogeneity of
the resulting ISCOM dispersions depended on the lipid ratio, but also on the ratio of
lipids to sugar. It was also found that less homogenous dispersions were prepared if
the Quil A was added to the lipid/sugar mixture before freeze drying.

12.4 ISCOM Structure and Properties

In Fig. 12.1 the typical transmission electron-microscopic appearance of ISCOM
particles is shown. They can be described as open, cage-like structures, with a
typical size of around 40 nm. We have discussed above that ISCOM matrices are
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formed by a combination of Quil A (or QS21), cholesterol and phospholipid.
Antigen may be inserted into the ISCOM structure by hydrophobic interactions of
lipophilic anchoring regions in the antigen with the ISCOM matrix. Alternately, if
the antigen is negatively charged (this is true for most antigens), electrostatic
binding to a (partially) positively charged ISCOM (Posintro or Pluscoms) may
occur. In this section we have a closer look at the microstructure of ISCOMs and
of related structures that may be formed using the above mentioned preparative
techniques.

The first model proposed to describe the structure of ISCOMs was based on an
assembly of spherical subunits (micelles) that come together to form a pentagonal
dodecahedron arrangement, exhibiting a two-, three- and five-fold symmetry [79].
The open structure of the ISCOM in this model is therefore a result of gaps between
the spherical subunits. In an alternative model, the subunits of the ISCOM structure
are believed to be ring-like micelles, that again, though a combination of hydro-
phobic interactions, electrostatic repulsion, steric factors and hydrogen bonds form
the ISCOM structure [41]. Whilst both models interpret the ISCOM structure as an
assembly of smaller subunits (spherical or ring-like micelles), in the latter model
the open cage-like structure is a consequence of holes in the individual ring-like
micelles, rather than a result of gaps between spherical micelles.

Using the hydration method and thus excluding a possible influence of
surfactants (that are used in the dialysis or centrifugation methods) that may be
included into the ISCOM or in some other ways influence in the ISCOM structure,
pseudo-ternary diagrams were established using Quil A, cholesterol and a phospho-
lipid (either phosphatidylcholine or phosphatidylethanolamine) at a total lipid
concentration of 6.7 mg/mL in either water or Tris buffer [16, 18]. Using a total
of 66 samples per pseudo-ternary diagram, it could be shown that ISCOM matrices
are not the only colloidal structure formed by the combination of the three polar
lipids. This supported earlier data which reported that certain combinations of Quil
A, cholesterol and phospholipid (prepared by the dialysis methods) can form ring-
like micellar structures as well as the so-called lamellae structures in the absence of
phospholipids, at high and low Quil A to cholesterol ratios, respectively [40, 41].

A typical pseudo-ternary diagram, established by the hydration method is shown
in Fig. 12.4.

Depending on the mass ratio of the three polar lipids, a range of colloidal
structures were indentified using negative staining transmission electron micros-
copy. If only Quil A was present (Quil A apex of the pseudo-ternary diagram), Quil
A micelles were found as the only colloidal structure. It had previously been
reported that Quil A behaves like a typical surfactant, with a CMC of 0.03 %, i.e.
below the Quil A concentration in these samples. An electron micrograph of the
typical appearance of a Quil A micellar solution is shown in Fig. 12.5.

If phosphatidylcholine was the only lipid in the formulation (phosphatidylcho-
line apex of the ternary diagram) as expected, lamellar, liposomal structures were
found, whereas in the samples only containing cholesterol (cholesterol apex of the
ternary diagram) cholesterol crystals dispersed in the aqueous phase was observed.
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Fig. 12.4 Pseudo-ternary diagram for mixtures of Quil A, cholesterol and phosphatidylcholine
hydrated in water and equilibrated for 2 months at 4 °C. Samples were prepared using the
hydration method (adapted from Demana et al. [18])

Fig. 12.5 Transmission electron micrograph of a micellar Quil A solution. Samples were
prepared by negative staining. The bar represents 100 nm (adapted from Demana et al. [18])

In the pseudo-binary mixtures, liposomal structures were found for phosphati-
dylcholine/cholesterol systems, whereas layered lipid structures were detected for
phosphatidylcholine/Quil A systems, and worm-like micelles for Quil A/choles-
terol pseudo-binary mixtures. No ISCOM matrix formation was observed in any of
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Fig. 12.6 Transmission electron micrograph of layered lipid structures formed from pseudo-
binary mixture of Quil A and cholesterol. Samples were prepared by negative staining. The bar
represents 100 nm (adapted from Demana et al. [18])

Fig. 12.7 Transmission electron micrograph of worm-like micelles formed from pseudo-binary
mixture of Quil A and phospholipid. Samples were prepared by negative staining. The bar
represents 100 nm (adapted from Demana et al. [18])

the binary combinations. An electron micrograph of the typical appearance of a
layered lipid structures is shown in Fig. 12.6. Figure 12.7 shows the typical
appearance of worm-like micelles.

The largest area in the pseudo-ternary diagram (after an equilibration time of
2 months) was indeed occupied by samples containing either exclusively or pre-
dominantly ISCOM matrix structures (see Fig. 12.1). However, immediately after
preparation the ISCOM matrix area in the pseudo-ternary diagram was much
smaller, and predominantly ring-like micelles were found (Fig. 12.8).

Even after prolonged equilibration times, many samples did contain several
minor colloidal structures including lamellae structures (Fig. 12.9) and helical
structures (Fig. 12.10) together with predominantly ISCOM matrices.
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Fig. 12.8 Transmission electron micrograph of ring-like micelles formed from pseudo-ternary
mixtures of Quil A, cholesterol and phospholipid. Samples were prepared by negative staining.
The bar represents 100 nm (adapted from Demana et al. [18])

Fig. 12.9 Transmission electron micrograph of lamellae structures formed from pseudo-ternary
mixtures of Quil A, cholesterol and phospholipid. These structures were present as minor
structures in predominantly ISCOM containing samples. Samples were prepared by negative
staining. The bar represents 100 nm (adapted from Demana et al. [18])

The above reported microscopic findings suggest that ISCOM matrices may
have formed over time by the association of ring-like micelles into the typical
ISCOM matrix structure but also that this process may take some time, at least if the
preparation is made by the hydration method. In fact associations of ring-like
micelles that may be regarded as a precursor for ISCOM matrix formation were
frequently detected in the samples (Fig. 12.11).

Upon addition of Quil A to liposomal structures formed from phospholipid/
cholesterol aqueous dispersions, microscopic evidence was also found for a direct
conversion of lamellar vesicles to ISCOMs (Fig. 12.12).

At higher Quil A concentrations (towards the Quil A apex of the pseudo-ternary
diagram), even after equilibration, predominantly ring- and worm-like micelles
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Fig. 12.10 Transmission electron micrograph of helical micelles formed from pseudo-ternary
mixtures of Quil A, cholesterol and phospholipid. Samples were prepared by negative staining.
These structures were present as minor structures in predominantly ISCOM containing samples.
The solid arrow shows ISCOM particles, the dashed arrow shows a helical micelle and the dotted
arrow shows helical micelles forming a double helix. The bar represents 100 nm (adapted from
Myschik et al. [71])
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Fig. 12.11 Transmission electron micrograph of partially associated ring-like micelles formed
from pseudo-ternary mixtures of Quil A, cholesterol and phospholipid (solid arrow). Dashed
arrows show worm-like micelles possibly forming ring-like micelles. Samples were prepared by
negative staining. The bar represents 100 nm (adapted from Myschik et al. [71])

were found. Interestingly, at low Quil A concentrations (below 5 %), many samples
still showed liposomal structures, indicating that Quil A to a small extent can be
incorporated into liposomes, without changing the colloidal structure of the
vesicles.

All of the colloidal structures, described above were also found if similar
preparations were prepared in the presence of ovalbumin, conjugated with either
palmitic acid or phospholipid, which had previously been shown to be easily
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Fig. 12.12 Transmission electron micrograph of liposomal structures and micelles formed from
pseudo-binary mixtures of phospholipid and cholesterol after the addition of aqueous Quil A
solution. The budding off of ISCOM matrices from the vesicles is shown. Samples were prepared
by negative staining. The bar represents 100 nm (adapted from Myschik et al. [71])

incorporated into the colloidal structures formed. It may therefore be concluded that
these structures are present not only in ISCOM matrix but also in ISCOM
preparations.

From the above findings it can be concluded that ISCOM matrix and ISCOM
structures are the most stable forms of colloidal structures formed from most
pseudo-ternary systems of Quil A, cholesterol and phospholipids. In fact, these
systems have been found to be remarkably stable, for time periods of over a year
[66]. ISCOM dispersions can also be freeze-dried and reconstituted again to form
ISCOM structures [17]. Also slow release systems have been prepared, for example
by freeze drying an ISCOM dispersion (containing FITC-labelled palmitified oval-
bumin as a model antigen), and mixing the resulting solid with excess cholesterol.
Upon rehydration, these systems slowly release ISCOMs still containing the anti-
gen [17].

Since ISCOMs contain a surfactant (Quil A or QS21), the question arises what
happens to these systems upon dilution. It could be shown that upon dilution of
ISCOM matrix dispersions in vitro to concentrations below the CMC of Quil A, the
ISCOM matrix structures lose the saponin, and the remaining cholesterol and
phospholipid form liposomal structures instead [47]. This is perhaps not surprising,
but is poses questions as to the fate of ISCOMs in vivo, where such dilution may
occur or in vitro if freeze dried preparations are diluted in saline before injection. To
our knowledge no in vivo studies have been carried out to examine the colloidal
structures in vivo, resulting for example after the injection of ISCOM dispersions.
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12.5 Mechanism of Immune Stimulation

ISCOMs act as vaccine adjuvants due both to their nature as a particulate delivery
system (PDS) and also due to the presence of Quil A, which has excellent
immunostimulatory properties. How PDSs and Quil A activate the immune system
is reviewed in this section.

12.5.1 Particulate Delivery Systems

For many years the only vaccine delivery system available for use in humans was
alum. Recently, however, a number of new delivery systems have been licensed for
use in humans and many others are undergoing clinical testing [61]. Many of these
new systems are particulate in nature. PDSs have numerous advantages over
solution-based systems [73]. The first of these is the ability to protect vaccine
antigens from degradation. The association of peptides and proteins with PDS
can provide protection from enzymatic, chemical and physical degradation. It
additionally raises the possibility of needle-free delivery, for example orally deliv-
ered ISCOMs have been shown to maintain immunogenicity and to be able to
induce both systemic and local immune responses [24].

PDS have also been shown to enhance uptake by antigen-presenting cells
(APCs). In the case of ISCOMs it has been suggested that the presence of the
saponin may facilitate uptake via DEC-205 [80], however no data supporting this
has been reported. Antigen uptake can also occur naturally due to the particulate
nature of ISCOMs or may be further enhanced, for example through the addition of
targeting ligands or by introducing a positive surface charge (Pluscoms [62],
Posintro [58]).

A more recently suggested potential mechanism by which PDS can activate APC
is inspiring increasing interest. The innate immune system utilises a range of
conserved pattern recognition receptors (PRRs) to detect infection and cellular
insult. These PRR include the toll-like receptors (TLRs), nucleotide-binding
oligomerisation domain (NOD)-like receptors (NLRs) and others [108]. The NLR
family pyrin domain-containing 3 (NLRP3 or NALP3) inflammasome is a cyto-
plasmic protein complex containing NLR3. NLRP3 can mediate inflammatory
immune responses through the activation of caspase-1 and the subsequent
processing and release of interleukin-13 (IL-1B) and IL-18 [60]. A number of
different NLRP3 inflammasome activators have been proposed including
microorganisms, endogenous danger signals and environmental irritants [101].
The activation of the inflammasome by vaccine delivery systems was first reported
by Li et al. [S1]. They found that PDS and adjuvants such as alum, Quil A and
chitosan induced inflammasome activation in an NLRP3-dependent manner. They
suggested this may be a common mechanism of action for all PDS. This hypothesis
was further investigated by Demento et al. who looked at inflammasome activation
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by poly(lactic-co-glycolic acid) (PLGA) nanoparticles. However they found that
the nanoparticles by themselves were unable to activate the inflammasome and that
the presence of a TLR ligand was necessary for activation [19]. Therefore ISCOMs
which comprise both a PDS and a strong adjuvant, have great potential to access
this pathway and more research needs to be done to explore this definitively.

12.5.2 Quil A

Quil A can be classified as a TLR-independent adjuvant [14]. TLRs are a type of
PRR expressed by APC [63] and TLR-dependent adjuvants are a diverse group of
molecules, mostly isolated or based on molecules from pathogenic microorganisms.
Many of these are strong adjuvants and are undergoing pre-clinical and clinical
testing for inclusion into vaccines [61]. Quil A has not been shown to interact with
any known TLR [20]. However APC activation by ISCOMs and Quil A has been
demonstrated both in vitro [15, 87] and in vivo [98]. ISCOMs have been shown to
upregulate the expression of co-stimulatory molecules [15, 87, 105] and induce the
production of inflammatory cytokines [98, 105] resulting in both T cell (predomi-
nantly Thl) and B cell activation and antibody production (reviewed in Sjolander
et al. [95]). Of particular interest are the strong CD8 immune responses generated
following immunisation with ISCOMs or Quil A-based formulations [59, 91]. CDS8
immune responses are crucial for protection against intracellular pathogens and for
killing transformed cells. These responses are often difficult to generate with non-
replicative vaccines as they require escape or transfer of vaccine antigens from the
endosome into the cytoplasm and then presentation on MHC class L. It has been
shown that for ISCOMs the transfer of antigen into the MHC class I presentation
pathway is through a proteosome-independent pathway [93].

An additional mechanism by which Quil A and ISCOMs may induce immune
activation is through the formation of intercellular Schiff bases. It has been pro-
posed that the triterpene aldehyde (see Fig. 12.2) may form a Schiff base with a
cellular free amino group and thereby stabilise APC-T cell interactions [85]. Indeed
this aldehyde group has been shown to be necessary for the adjuvant activity of QS-
21, although direct evidence for Schiff base stabilisation has not been reported [99].

Cell lysis can be considered to be both a mechanism by which saponins such as
Quil A induce acute inflammation and therefore immune activation, and an
unwanted toxicity. The use of Quil A and QS-21 as vaccine adjuvants has been
limited due to the occurrence of, sometimes severe, injection site reactions [37]. It
has been proposed that the injection site pain is likely due to cell lysis [106]. The
goal therefore must to be to balance the immune activation effects with a level of
acceptable toxicity.

Saponins are able to insert into and destroy the integrity of cell membranes [25].
The lytic activity of saponins has been attributed to both the affinity of the aglycon
group to cell membrane cholesterol [25, 94] and to the fatty acid moiety, with
deactylated saponins being reported to be less lytic and have reduced mouse



12 Immune Stimulating Complexes (ISCOMs) and Quil-A Containing Particulate. . . 249

lethality [76]. Modification of the glycosidic moieties has also been shown to
impact on lytic activity and the influence of the size, number, location and type
of sugars present in the saponin has been examined [89]. Therefore while it appears
that by modifying multiple individual components of saponins the lytic activity
may be ameliorated, it is likely due to an impact on how the molecule associates
conformationally with the cell membrane, in particular cholesterol, and this may
impact on adjuvant activity [99].

However there is evidence that formulation approaches which reduce lysis can
decrease injection pain while maintaining the adjuvant activity [106]. Approaches
investigated have included the addition of excipients such as benzyl alcohol,
cyclodextrin and polysorbate 80 [106] or the incorporation of the saponin into
colloidal structures such as ISCOMs [67] or liposomes [53, 107].

12.6 Use as a Vaccine

12.6.1 Pre-clinical Studies

There is an extensive amount of literature on pre-clinical studies investigating the
use of ISCOMs and Quil A containing formulations for vaccination (reviewed in
Sanders et al. [92]). A number of slightly different approaches have been utilised,
generally with the aim of overcoming issues with antigen incorporation into
ISCOMs and of reducing cell lysis. The lipophilic nature of ISCOMs means that
antigens with lipidic moieties, such as cell membrane antigens or lipid-modified
antigens [34], are readily incorporated into the ISCOM matrix. Such vaccines have
been shown to be able to induce strong cellular and humoral immune responses.
However as ISCOMs have an open, cage-like structure, incorporation of hydro-
philic antigens can be problematic. As discussed above, a number of approaches
have been investigated to deal with this issue, one being to introduce a positive
charge to the particles and thereby attach antigen through charge—charge
interactions. Positively charged ISCOM particles are able to be efficiently loaded
with antigen and can stimulate both cellular and humoral immune responses [62].

Another approach is to not to attempt to attach or load antigen onto the ISCOM,
but to simply co-administer the antigen and ISCOM matrices. This approach has
been pursued by CSL Behring (ISCOMATRIX®) and also by ISCONOVA who
have developed a range of ISCOM-based adjuvants, the Matrix M™ (adjuvant for
human vaccines) and AbISCO® (research reagent) adjuvants. ISCOMATRIX®
vaccines have been extensively investigated in preclinical studies and have now
progressed into the clinic. One of the most studied vaccines is the NY-ESO-1
ISCOMATRIX®™ therapeutic cancer vaccine. The vaccine is prepared by mixing
recombinant NY-ESO-1 protein with ISCOMATRIX® in solution. A physical
association of the two components was demonstrated by flow cytometry [59].
Interestingly, the addition of the protein caused clumping of the 40 nm particles
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into 1-2 pm aggregates. The authors suggest this is due to cationic residues of the
protein cross-linking the anionic ISCOMATRIX®. The vaccine was efficiently
taken up by APC in vitro but induced only modest maturation of the cells. However
in vivo both CD8 and CD4 responses were induced and mice were protected in a
tumour challenge experiment. The aggregation of the vaccine into the large antigen-
adjuvant complexes is noteworthy as one of the proposed advantages of ISCOMs for
vaccine delivery is the presence of the 40 nm particles reminiscent of virus particles
and the size and geometry of particles has been suggested to play an important role
in the development of immunity [3]. It has been proposed that particles in the
nanometre size range will induce more potent immune responses as they can traffic
through the lymphatics to lymph nodes and then interact directly with B cells and
dendritic cells (DCs) in the lymph node. The ISCONOVA adjuvants are described
as saponin cage complexes formed from specific mixtures of phospholipid, choles-
terol and fractionated Quillaja saponins [83]. These complexes are then mixed with
vaccine antigens. Although no data has been presented on the size of any particles in
the resulting formulation it is likely, that as with the ISCOMATRIX formulations,
aggregation occurs to some extent. In mice the administration of Matrix-M-
adjuvanted vaccines intramuscularly resulted in the induction of both cellular
(CD4 and CDS8) and humoral responses and the amount of antigen required to
induce protective immunity could be reduced [56, 83]. The AbISCO-100 adjuvant,
which is designed for use in saponin-sensitive species [33], has similarly been used
in vaccines in mice and rhesus macaques to induce strong cellular and humoral
immune responses [12, 100, 109]. When immune responses generated following the
subcutaneous injection of a Chlamydia trachomatis vaccine formulated with either
AbISCO-100, DDA/TDB (dimethyldioctadecylammonium bromide, p-(+)-treha-
lose 6,6'-dibehenate) or CpG were examined, it was found that the CpG vaccine
did not provide any protection against a vaginal challenge, AbISCO-100 provided
moderate protection and the DDA/TDB vaccine provided the best protection. This
was correlated with strong IFN-y, TNF-o and IL-17 responses [109].

An alternative to ISCOM-like vaccines is to incorporate Quillaja saponins or
fractionate saponins (Quil A or QS 21) into other PDSs. An attractive option is to
simply decrease the amount of saponin added to phospholipid (£cholesterol) such
that liposomes are formed instead of ISCOMs (as described above).

Liposomes containing 1-5 % saponin are still highly immunogenic, stimulating
both cellular and humoral responses, and have the advantage that they will have an
intact lipid bilayer and an internal aqueous core into which hydrophilic antigens can
be loaded using a lipid film hydration process [53, 107]. Including additional
adjuvants such as TLR agonists may induce a synergistic effect and further boost
immune responses. Inclusion of the TLR 9 agonist CpG DNA with ISCOM
vaccination has been shown to boost anti-tumour immune responses [34]. GSK
has developed a number of saponin-based delivery systems. ASO1 and AS15 are
liposome formulations containing QS-21 and the TLR 2 and TLR 9 agonists
monophosphoryl lipid A (MPL, ASO1 and AS15) and CpG DNA (AS15). The
ASO02 formulation is an oil-in-water emulsion also containing QS-21 and MPL [7].
A head-to-head comparison of ASO1B- and ASO2A-adjuvanted malaria vaccines
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(recombinant FMPO11 mixed with liquid adjuvant) in three inbred strains of mice
found that both vaccines stimulated protective immune responses in two of the
tested mouse strains. While the antibody responses were very similar, the liposome
formulation (ASO1) appeared to stimulate superior IFNy responses [7]. Unfortu-
nately there was no characterisation carried out on the vaccine formulations so the
size of the liposomes and if there was any association of vaccine antigen with the
liposomes is unknown. Antigen is unlikely to have been loaded into the liposomes
to any great extent as a solution of liposomes was simply mixed with an antigen
solution. Researchers wishing to utilise the excellent adjuvant activity of Quil A
have incorporated it into a variety of other PDS, for example silica nanoparticles
[26] and cubosomes (manuscript in preparation).

There is also the potential for generating the sustained or controlled release of
ISCOM-based vaccines. This approach has been investigated in an attempt to
circumvent the need for booster immunisations. ISCOMs or Quil A-containing
PDS has been incorporated into chitosan [27] and alginate [36] formulations,
emulsified in Freund’s incomplete adjuvant [36] or formulated as sustained release
lipids implants [70, 72]. Immune responses generated by these sustained release
formulations were found to have both similarities and differences to those
generated by repeated injection of immediate release formulations. These
differences were not necessarily detrimental but highlight the need for further
research in this area.

While the majority of studies have investigated the ability of ISCOMs to
stimulate immune responses following either subcutaneous or intramuscular injec-
tion, the potential use of this delivery system for needle-free delivery by the oral,
intranasal and transcutaneous routes has also been examined. Transcutaneous
delivery is an exciting option as positively charged ISCOMs were able to enhance
the penetration of small lipophilic molecules through the skin [57]. Interestingly all
the individual components (Quil A, phospholipid and DC-cholesterol) in isolation
were able to increase penetration raising the possibility that anionic ISCOMs may
also be useful for transcutaneous immunisation. Intranasal vaccination has been
investigated with a Matrix-M/DNA Haemophilus influenzae vaccine [42], an
ISCOM/Hepatitis B surface antigen vaccine [80] and an ISCOMATRIX/HIN1
(flu-ISCOM) protein influenza vaccine [91] with the aim of stimulating local
protective mucosal immunity in the lungs. The Matrix-M H. influenza vaccine
recruited and activated DC, promoted Th1 activation and sIgA production resulting
in increased clearance of H. influenza for up to 4 months. Hepatitis B surface
antigen is a good candidate for ISCOM-based immunisation as it has transmem-
brane domains that will facilitate incorporation into ISCOM particles during vac-
cine formulation. Cellular and mucosal responses (sIgA) were again stimulated,
however high doses of antigen (20 pg) were required. Similar results were seen in
the influenza model where intranasal immunisation with the flu-ISCOM vaccine
provided full protection to a lethal challenge with the homotypic HIN1 virus and
some cross protection to heterotypic H2N2 or H3N2 viruses.

The ultimate goal for many vaccine researchers would be an oral vaccine.
Mowat et al. examined the potential for ISCOM-based vaccines to stimulate both
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local and systemic immunity in mice using palmitified ovalbumin as a model
antigen [69]. They found that mice fed reasonably large quantities of ovalbumin
ISCOMs (300-600 ng ovalbumin) developed antigen-specific intestinal sIgA
responses as well as systemic cytotoxic CD8 immune responses with no evidence
of tolerance induction. These results are very promising and the amount of antigen
required could perhaps be reduced through the use of an enteric-coated formulation
to provide protection during transit through the stomach. Subsequent studies have
investigated the ability of orally delivered ISCOM:s to stimulate immune response
to a number of different antigens. A study investigating the immune response to a
rotavirus VLP-ISCOM vaccine (antigen was adsorbed onto ISCOMs) in gnotobi-
otic pigs found that although the virus was antigenic, it did not protect against
challenge. However when it was used as a boost after priming with attenuated
vaccine, protection was seen [32].

12.6.2 Veterinary Use

ISCOM-based vaccines were initially used in animals because of concerns over
local injection site reactions due to saponin toxicity. It is only in recent years that
human vaccines have been developed. Several companies have ISCOM or Quil A-
based products on the market including ISCONOVA and Pfizer. ISCONOVA has
utilised its range of Matrix™ adjuvants in vaccines to protect against equine
influenza (Equilis“, Prequenza and Equip®), kennel cough caused by Bordetella
bronchiseptica (Canvac CCi©), bovine viral diarrhoea (Pestigard@’) and have
developed a gonadotropin releasing factor vaccine to control oestrus in horses
(Equity). Pfizer has the PreZent™-A adjuvant in which Quil A/cholesterol helices
are combined with antigen in an oil formulation [81]. The reason for forming Quil
A/cholesterol helices was to reduce toxicity. The adjuvant is used in the
CattleMaster®*GOLD™ bovine viral diarrhoea vaccine.

12.6.3 Human Use

ISCOM-based vaccines have entered clinical trials for a range of indications,
however much effort has been focused on therapeutic cancer vaccines and prophy-
lactic HIV, influenza and malaria vaccines. These are diseases where the ability of
Quil A-based vaccines to stimulate cytotoxic CD8 immune responses will be most
beneficial. The ISCOM adjuvants predominantly being utilised are the
ISCOMATRIX and ASO1/AS02/AS15 adjuvants. Initial Phase I safety data has
demonstrated the saponin vaccines to be safe and in general well tolerated with
injection site pain being the most common adverse event reported [13, 75]. These
studies also demonstrated evidence of immune stimulation leading to the establish-
ment of several Phase II and III studies (Table 12.1). In the area of therapeutic
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cancer vaccines, the Ludwig Institute for Cancer Research has been leading the way
carrying out mechanistic studies in conjunction with clinical trials on an NY-ESO-1
ISCOMATRIX® vaccine for the treatment of melanoma. In the initial double-blind
placebo-controlled dose escalation clinical trial, all patients receiving the
ISCOMATRIX® adjuvanted vaccine (three intramuscular immunisations at 4-
weekly intervals) developed immune responses including antibody, CD4 and
CDS8 reactivity [13]. It was also observed that patients receiving the
ISCOMATRIX®™ vaccine appeared to relapse less frequently. In this initial study
patients were not randomised and had minimal residual disease following tumour
resection. In the current open label Phase II study of patients with advance meta-
static disease, although antibody responses were once again generated, the cellular
responses were much reduced and no clinical responses were seen [74]. Interest-
ingly the patients with advanced disease had higher numbers of circulating regu-
latory T cells and the trial has now been modified to include treatment with low
dose cyclophosphamide in an attempt to selectively remove these cells [74]. The
GSK Quil A-containing adjuvants have been used in a number of cancer clinical
trials with the AS15 adjuvant (containing QS-21, MPL and CpG) being specifically
designed to stimulate anti-tumour immune responses. Treatment of cancer patients
with the AS15 vaccine has resulted in the development of antigen-specific immune
responses and clinical anti-tumour responses [44, 104]. Further clinical trials are
now being carried out including a large Phase III non-small cell lung cancer trial—
the MAGRIT study [102].

The GSK Quil A adjuvants are also being tested (Phase I and II) as prophylactic
vaccines for a number of infections including malaria and HIV. One of the most
promising malaria vaccines, RTS,S/ASO1E, demonstrated efficacy for 15 months in
children from Kenya and Tanzania in a randomised controlled trial [77]. This
vaccine is now going into Phase III trials in seven African countries. A comparison
of ASO1 and ASO2 adjuvants was carried out for an HIV gp120/NefTat vaccine
with the ASO1-adjuvanted vaccine inducing the most promising response [50]. A
number of phase I trials have been carried out using QS-21 alone as an adjuvant for
HIV vaccines and while antigen-specific immune responses were generated there
were significant local toxicities and these vaccines have not progressed to larger
trials [23].

Novel influenza vaccines are always of interest due to the requirement for annual
immunisations to provide protection against this constantly mutating virus.
ISCOM-based vaccines have been examined for their ability to stimulate long-
lived and cross-reactive CD8 responses in the hope of developing vaccines that can
provide protections against the different seasonal and pandemic influenza strains. A
randomised double-blind controlled clinical study in which a conventional
inactivated influenza vaccine was either mixed with ISCOMATRIX or formulated
as ISCOMs found more CTL responses in individuals given the ISCOM-formulated
vaccines as opposed to the ISCOMATRIX-mixed vaccines. Both responses were
superior to those seen in volunteers given non-adjuvanted vaccines [22]. A number
of clinical trials are also underway for pandemic influenza vaccines, one such study
(still in the recruitment phase) initiated by the University of Bergen utilises
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virosomal HSN1 in combination with an ISCOM adjuvant. The ability of this
vaccine to elicit long-lived and cross-reactive immunity will be assessed.

Finally, ISCOM- and QS-21-adjuvanted vaccines have been investigated in
clinical trials for the treatment of Alzheimer’s Disease (AD). This is an interesting
application as in this situation the desired immune response is not a cellular
response but an antibody response to the amyloid-f peptide which then reduces
pathology by a number proposed mechanisms including clearance of the aggregates
by opsonisation and phagocytosis [68]. In this situation cellular responses may
induce toxicity and unfortunately a phase Ila trial using the amyloid-p peptide
AN1792 plus QS-21 was halted due to the development of inflammatory reactions
in the CNS [78]. It has been debated that the adverse immune reaction was more
likely due to the choice of antigen as opposed to the choice of adjuvant [103] and
Wyeth has initiated another clinical trial using QS-21 as the adjuvant for a short
peptide which should not stimulate an unwanted cellular autoimmune response
[88]. Merck is also sponsoring an AD Phase I dose escalation trial in which the
safety, tolerability and immunogenicity of an N-terminal amyloid-f peptide given
with or without an ISCOMATRIX adjuvant will be assessed [29].

12.7 Summary

In this chapter we have reviewed the components, structures and preparation
methods of ISCOM and Quil A-containing particulate vaccines as well as their
mechanism of immune stimulation and their use as vaccines. Overall, the use of
ISCOMs, ISCOM matrices or Quil A type saponins as vaccine delivery systems or
adjuvant appears promising. However, more work is needed to investigate the fate
of the colloidal structures in vivo, as well as to elucidate whether the antigen should
be a part of the ISCOM structure, if the co-administration of ISCOM matrices with
the antigen is sufficient, or if indeed Quil A (or QS 21) should be incorporated into
other colloidal carriers. The answer to these questions is likely to be antigen- and
disease specific. The role of saponin adjuvants, such as Quil A and QS 21 in the
current and future vaccine development however, cannot be underestimated.
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Chapter 13
Formulation and Characterisation of PLGA
Microspheres as Vaccine Adjuvants

Daniel J. Kirby, Randip Kaur, and Yvonne Perrie

Abstract There appear to be several factors that confirm the viability of polymeric
microspheres as vaccine delivery vehicles, including the ability to enhance
targeting of antigen-presenting cells, the potential for controlled, sustained release
of antigen-thereby potentially eliminating the need for multiple vaccination doses-
as well as the ability of the polymer matrix to not only facilitate more efficient
delivery by acting as a shield from the hostile external environment, but also the
potential to reduce adverse reactions and abrogate problems caused by the vaccine
strain in immunocompromised individuals. In addition, microspheres offer great
variability in terms of manufacturing processes, constituents (including additional
adjuvants), physico-chemical properties and immunological efficacy.

This chapter investigates the advantageous properties of microspheres—and
more specifically, those composed primarily of polylactide-co-glycolide—for the
delivery of vaccine adjuvants by outlining the various preparation techniques and
the effect of the related processing parameters, the subsequent in vivo efficacy, and,
finally, the potential for a desirable product with an extended shelf-life.

13.1 Introduction

The use of polymeric microparticles for the delivery of vaccines has been the
subject of much research in recent years [130, 137], thanks in part to the wide
range of synthetic (e.g. polymethyl methacrylate, polyesters, polyanhydrides,
polyamides) and natural (e.g. albumin, collagen, starch, chitosan, dextran)
polymers available for their production. Of these polymers, the polyesters—and
in particular the polylactides (PLAs), polyglycolides (PLGs) and their copolymers
(polylactide-co-glycolide [PLGA])—have been the most widely used, since these
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polymers have been tested for toxicity and safety in extensive animal studies, and
are currently used to prepare controlled release delivery systems, e.g. Zoladex™
(I.C.I), Decapeptyl® (Debiopharm), Prostap® (Lederle) Lupron Depot®™, Nutropin
Depot® and Sandostatin LAR®, which are licensed for use in humans in Europe and
the USA [16, 47]. Moreover, they have also found use in humans for resorbable
sutures, bone implants and screws [48, 53], graft materials for artificial organs and
as supporting scaffolds in tissue engineering research [78].

13.1.1 Physico-Chemical and Biological Properties of PLGA

PLG is a crystalline, biodegradable polymer having a melting point (T,,) of 225 °C
and a glass transition temperature (T,) of 36 °C. PLG, when compared to other
biodegradable polymers, is highly crystalline, with a reported crystallinity within
the range of 35-75 % [109]. Jamshidi et al. [64] have reported that with a decrease
of the lactide content in the copolymer composition, and with a decrease in their
molecular weight, the transition temperature of PLGAs decrease [62]. The polymer
PLA can exist in an optically active stereo-regular form, L-polylactide (L-PLA) and
in an optically inactive racemic form b, L-PLA [63, 81]. L-PLA is biodegradable
and is crystalline with a 175 °C melting point and a 65 °C glass transition
temperature. Compared to PLG, L-PLA is in general less crystalline and it has
been reported its crystallinity is within the range of 35 % [109]. b, L-PLA is a
polymer that is entirely amorphous having a transition temperature of 57 °C. The
use of b, L-PLA is preferred over L-PLA as it allows more uniform dispersion of the
drug in the polymer matrix [62, 138]. The carbonyl of the ester linkage is protected
from hydrolytic attack through the methyl group attached in the PLA. The PLAs,
despite being related to the PLGs have chemical, physical and mechanical
properties that differ, as a consequence of a pendent methyl group attached on the
alpha carbon [62]. Due to its additional methyl group, PLA is more hydrophobic
than PGA. Both PLA and PGA are soluble in organic solvents, such as chloroform,
dichloromethane (DCM), acetone and ethylacetone to a variable extent, having
dependence on copolymer composition and molecular weight [75].

13.1.2 PLGA Synthesis

The synthesis of the homo- and copolymers of lactic and glycolic acids is achieved
through the ring-opening melt condensation of cyclic dimers, lactide and glycolide.
Direct condensation of alpha-hydroxy acids yields low molecular weight polymers
that range in size from 10 to 15 kDa [24]. Melt or bulk polymerisation is used to
perform the reaction in emulsion or solution [9]. Over a period of 2—-6 h the
polymerisations are performed at around 175 °C. Organotin catalysts are normally
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utilised with stannous chloride, with stannous octoate being the most common, as it
has FDA approval as a food stabiliser [37].

13.1.3 Degradation and Erosion of PLGA

PLGA can be formulated into microspheres from the nanometre to several microns
in size and can encapsulate a very wide range of molecules. Following introduction
of the PLGA microspheres into the body, PLGA hydrolysis produces lactic
and glycolic acids, which are metabolised in the Krebs cycle to CO, and water.
This degradation process occurs in two stages—first hydrolytic scission of the
ester bonds generates oligomers and monomers and a general decrease in the
polymer molecular weight. Secondly, the microspheres lose mass, and the rate of
polymer chain scission may increase due to autocatalysis in the presence of acidic
degradation products [51].

Molecular weight and comonomer ratio are the two factors of PLGA that
determine the rate of hydrolysis [75]. As shown in Table 13.1, b, L.-PLGA has a
polymer mass loss half-life of 14 days when it has a 50 % molecular lactic acid and
50 % glycolic acid PLGA (50:50) comonomer composition, resulting in a
50-60 day complete resorption of the microspheres. When the comonomer ratio
is shifted towards either component, this leads to a significant decrease in biodeg-
radation [75].

13.2 PLGA Microsphere for the Delivery of Vaccines

Given the biodegradable nature and sustained release properties that PLGA can
offer, microspheres formulated from these polymers appear to be an ideal candidate
for the delivery of subunit vaccines, due to their relative biocompatibility,
adjuvanticity and prolonged drug release profile. Given their particulate nature,
such delivery systems can promote uptake, transport or presentation of the antigen
to antigen-presenting cells (APCs). In addition, it has been reported that PLGA
microparticles exhibit an adjuvant effect for both humoural [39, 102] and cell-
mediated immunity [8]. Indeed, sub-10 pm PLGA microspheres are readily
recognised and ingested by macrophages and dendritic cells, an important property
for stimulating the immune response [132].

A key advantage of microspheres as vaccine adjuvants is based on their
controlled release capacity to potentially allow for single-dose vaccination, thereby
circumventing the need for a booster immunisation. For example, Jung et al. [69]
looked at the microencapsulation of tetanus toxoid (TT) into PLGA microspheres
and triblock-copolymers (PLGA-PEG-PLGA) and considered the immune
responses in mice. TT was encapsulated using the double emulsion method and,
whilst the copolymer system avoided the deleterious microenvironmental
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Table 13.1 In vivo biodegradation times of PLGA [75]

Polymer Approximate time for biodegradation (months)
Poly (L-lactide) 18-24

Poly (glycolide) 12-16

Poly (lactide-co-glycolide) 85:15 5

Poly (lactide-co-glycolide) 50:50 2

conditions in the degrading microspheres, both the PLGA and triblock polymer
gave immune responses in line with aluminium-adsorbed TT, and also offered
protection in challenge studies [69]. The authors suggest that such systems could
be considered for single shot vaccine delivery systems, given their ability to elicit a
long lasting and protective immune response [69]. Work by Johansen et al. [68] also
proposed the use of PLGA microspheres as single-shot vaccines; in immunisation
studies conducted in guinea pigs, they were able to show that PLGA 50:50
exhibited specific and sustained antibody responses over 40 weeks, comparable to
the responses to alum-adjuvanted toxoid (in this study diphtheria toxoid) [68].
Investigating the feasibility of PLGA microspheres as an adjuvant for a single-
dose hepatitis B vaccine, Feng et al. [43] were able to develop immune responses
after a single subcutaneous injection of HBsAg-loaded PLGA microspheres. Their
PLGA microspheres were able to continuously release antigen in simulated in vivo
conditions for up to 63 days, with PLGA 50:50 microspheres giving slightly higher
release rates than PLGA 75:25 counterparts but notable difference in immunoge-
nicity profiles, which remained high up to 125 days after injection [43].

The ability of single-dose immunisation using microspheres has also been
demonstrated in monkeys as well as mice using the SPf66 malaria vaccine [120].
Within these studies, particles with a mean particle size of 1.3 pm were prepared
from either PLGA 50:50 or 75:25. Notable differences in release profiles were
measured, with 50:50 formulations showing a 20 % burst release throughout the
first day, followed by a lag phase for several days, followed by a second burst
release occurring at day 30 and thereafter a continuous release over 8 weeks [120].
In contrast, microspheres formulated using 75:25 PLGA gave an initial 40 % burst
release on the first day, followed by a low but constant SPf66 release up to day 130,
without a second burst release [120]. When tested for immunogenicity in mice, both
microsphere formulations gave significantly higher antibody responses after subcu-
taneous administration than SPf66-adsorbed alum, but comparable responses to
animals receiving the antigen emulsified in Freud’s Adjuvant. Over the period of
the study, the authors noted no significant difference between the two microsphere
formulations [120]. These systems were further tested in Aotus monkeys, and again
responses from the microspheres were higher in monkeys immunised with PLGA
microspheres compared to those which received SPf66-alum. However, in model
protection studies, only 2 out of the 7 monkeys that received the microsphere-based
vaccine were fully protected [120], demonstrating the need for the evaluation of
microspheres in a range of animal models.

The use of PLGA microspheres is not limited to the parenteral route. After oral
administration, PLGA microspheres have been shown to elicit immune responses in
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some cases comparable to parenteral routes; for example, Igartua et al. [59]
compared subcutaneous and oral immunisation using PLGA microspheres. They
showed that, whilst a single oral administration of microspheres was not able to
induce appropriate responses, dosing on 3 consecutive days was able to induce IgG
responses similar to those induced by subcutaneous immunisation, and a later
booster dose provided no further advantage [59]. The success of the PLGA systems
as oral delivery systems was attributed to their ability to promote an initial burst
release (~20 %) followed by a sustained release (~50 % by day 35 [59]). Sartia et al.
[125] were also able to stimulate immune responses to OVA delivered orally in
PLGA-based particulates, with both IgG and IgA responses being measured and
shown to be higher than those of OVA given orally in PBS. There have also been
reports of the possibility of using PLGA microspheres to induce oral tolerance to
their entrapped antigen [41]. Yet, whilst PLGA-based systems have demonstrated
their ability give protection to animals in challenge studies [25, 41], like other oral
particulates, studies have not yet reported a protective immunity induced in humans.

The above gives a short overview of a few examples of work undertaken to
investigate PLGA vaccine adjuvants, and in addition to these, there is a substantial
body of published research into the use of PLGA microspheres as vaccine adjuvants.
Despite this, PLGA microspheres have yet to progress into human clinical trials [66].
Initially, their development into clinical products has been hindered by problems
including degradation of antigens, either during production or whilst incorporated
within the polymer matrix, leading to a range of methods being considered.

13.2.1 Preparation Methods

Numerous methods have been developed for the production of microparticles,
including double emulsion—solvent evaporation [100], nano-precipitation [118],
cross-flow filtration [44], salting-out techniques [3], emulsion-diffusion methods
[20], jet milling [99] and spray drying [115]. However, the most common method of
preparation is the double emulsion process (w/o/w), whereby an initial primary w;/
o emulsion is formed by dispersion of an aqueous antigen solution (w;) into an
organic polymer solution (Fig. 13.1). This primary emulsion is then mixed by high-
speed homogenisation into a secondary water phase (w,), often containing an
emulsion stabiliser or surfactant such as poly(vinyl alcohol) (PVA), in order to
form a secondary w;/o/w, emulsion. The organic solvent is then allowed to
evaporate to facilitate the formation and hardening of the microparticles. This
formulation technique, originally developed by Vrancken and Claeys [141] and
modified by Ogawa et al. [100], prevents the partition of hydrophilic drugs/antigens
into the aqueous phase, thereby achieving efficient and reproducible entrapment.
Other advantages include the fact that the protein is encapsulated as an aqueous
solution, scaling down is possible, and high yields and encapsulation efficiencies
are obtained. Nonetheless, arguments pertaining to shelf life of antigens and
stability of microspheres also apply to this process [130]. Using this technique,
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antigen may be entrapped within the carrier, thus acting as a shield from the hostile
external environment [67], potentially reducing adverse reactions caused by the
vaccine strain in immunocompromised individuals [13], whilst also exhibiting
controlled release of antigen, thereby possibly eliminating the need for multiple
vaccination doses [66, 78, 114].

Conversely, a variation of w/o/w process is the single oil-in-water process (o/w),
whereby the initial formation of the w;/o emulsion is omitted, with antigen being
adsorbed to the surface of the microspheres following harvesting [42, 61, 86]
(Fig. 13.2). This alternative process eliminates exposure of antigen to organic
solvents during the formulation process, enabling delivery of several antigens
simultaneously on the same formulation, at a range of different loading levels,
and offering the ability to deliver either anionic or cationic moieties through the
appropriate choice of polymer and/or surfactant/emulsifier. In addition, the surface
characteristics and the internal morphology/porosity may be modified to yield the
desired release profiles [71].

13.3 Microspheres as Adjuvants as Well as Delivery Systems

Whilst microspheres have the ability to deliver a range of moieties, including
drugs and proteins, their ability to stimulate appropriate immune responses requires
more than effective delivery. Therefore, to potentiate immune responses,
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immunostimulatory agents are often employed within the formulations (e.g. [73,
74]). Since the structural requirements and immunological mechanisms of action of
immunomodulatory adjuvants are poorly understood, they have thus been referred
to as “the immunologist’s dirty little secret” [65, 132]. Nevertheless, a plethora of
vaccine adjuvants exists, including directly purified or synthetic derivatives of cell
wall components, bacterial DNA extracts (CpG motifs) and cytokines.

Currently, the most commonly used vaccine adjuvants are aluminium based
(Alum) due to their demonstrated safety profile and role in successful vaccine
programmes [13]. Yet, there are concerns over severe local reactions and stability
issues of such adjuvants, as well as the fact that the immune responses generated
with sub-unit antigens are generally weak humoural responses, with a bias towards
Th2 immunity, which is not desirable for diseases such as TB where a cell-mediated
response is required [13, 97, 101, 108].

A more recently approved adjuvant is monophosphoryl lipid A (MPL), a chemi-
cally modified derivative of the lipopolysaccharide (LPS) of Salmonella minnesota
and retains much of the immunostimulatory properties of the parent LPS without
the inherent toxicity [46]. MPL acts on the TLR2 and TLR4 receptors on APC [146]
and is a potent Thl stimulator, inducing enhanced secretion of IFN-y and IL-2,
whilst also increasing migration and maturation of DCs [158], and to a lesser extent
also the Th2 cytokines IL-4 and IL-5 and antibody classes IgE and IgG1 in mice
[15]. As a consequence, MPL has been extensively investigated for its role in
vaccine adjuvanticity [101, 147, 151] and is used as an adjuvant in the HPV vaccine
Cerverix® [110].

The ability of LPS and its analogues to act as immunomodulators within
particulates has also been attributed to its ability to promote preferential
internalisation of particulates by dendritic cells compared to uncoated particles,
and that such particles are able to rupture lysosomal compartments and destabilise
inflammasomes, therefore behaving as danger signals [57], thus stimulating two
innate immune response pathways [33]. For example, Sarti et al. [124] investigated
PLGA microspheres for the use of oral vaccination, and in order to enhance the
efficacy of their system, MPL was incorporated into the microparticles. Whilst the
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addition of MPL made no major difference to the microparticle physico-chemical
characteristics, the authors were able to stimulate a time-dependent systemic and
mucosal immune response towards the encapsulated OVA, which was higher than
those stimulated by microparticles formulated from PLGA alone. Chong et al. [21]
also used MPL to enhance T helper type 1 immune responses against hepatitis B
core antigen by co-delivery of the antigen and MPL in PLGA microspheres. Hamdy
et al. [52] also used a synthetic analogue of lipid A, 7-acyl lipid A, to induce
therapeutic anti-tumour effect [150].

The immunostimulatory effects of CpG motifs, derived from bacterial DNA or
synthetic oligodeoxynucleotides (ODN), have also attracted much interest, and
include activation and maturation of DCs, induction of Thl response through
stimulation of cytokines and co-stimulatory molecules, and enhancement of muco-
sal immune responses [101, 149, 155]. McCluskie et al. [88] evaluated the combi-
nation of CpG with HBsAg or Tetanus toxoid and found that the presence of CpG
augmented both systemic and mucosal immune responses against both antigens
after oral delivery [88]. In terms of their use in microspheres, the co-delivery of
CpG and antigen allows for enhanced immune responses; for example, Diwan et al.
[35] synthesised PLGA particles co-delivering CpG and TT, and these formulations
were able to induce both Th1l and Th2 immune responses but with a bias towards
Th1 type, and responses were higher in mice that received the co-delivery system
compared to microspheres containing TT alone [35]. However, in more recent
studies, the co-encapsulation of CpG with OV A antigen within PLGA microspheres
was shown to have a detrimental effect depending on the PLGA polymer used,
suggesting the critical role of the polymer used in the formulation [119]. Human
specific CpG motifs are available and have been shown to be potent adjuvants to
pseudorabies live attenuated virus vaccine in piglet models when administered
orally or subcutaneously, with both Thl and Th2 responses being stimulated
when delivered orally [83].

A surfactant commonly used within our group, and others, is dimethyl-
dioctadecyl ammonium bromide (DDA); discovered as an adjuvant by Gall in the
mid 1960s [49]. DDA is a synthetic amphiphilic lipid, comprising a hydrophilic
positively charged dimethylammonium headgroup attached to two hydrophobic
18-carbon alkyl chains. DDA is known to induce cell-mediated immunity and
delayed-type hypersensitivity [157], and along with its cationic nature and surfac-
tant properties, has been shown to be an effective adjuvant in numerous
applications, including mucosal immunisation [153], gene delivery [40] and sub-
unit vaccine delivery [121, 147, 151, 154].

A second commonly investigated adjuvant within our group is trehalose 6,6'-
dibehenate (TDB). Being a synthetic derivative of the mycobacterial cell wall
component trehalose dimycolate (TDM), TDB has been shown to retain much of
the bioactivity of the native form, whilst showing less toxicity as a result of the
shorter fatty acid chains [104, 112]. Indeed, the combination of the DDA with TDB
has been previously shown to be an efficient adjuvant for TB subunit vaccines
(Holten-Andersen et al. 2004), inducing a strong gamma interferon (IFN-v)
response, considered to be the key cytokine for induction of a Thl immune
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response, essential for effective anti-mycobacterial immunity [26, 45]. TDB is
thought to act through the C-type lectin Mincle receptor [60], thereby activating
NFxB via the syk-CARD9/Bcl10/Malt-1 intracellular pathway, leading to initiation
of co-stimulatory and pro-inflammatory molecule transcription [126, 142].

13.3.1 Physico-Chemical Characteristics of Microspheres
as Vaccine Adjuvants: The Effect of Formulation

In the formulation of particulate delivery systems, the physico-chemical properties
can be a key attribute in their efficacy [13]. Therefore, it is important to understand
the effect of formulation parameters in terms of both the choice of components used
in the preparation of microspheres and the manufacture method adopted, as each
can impact on the characteristics of the system both in terms of their physical
attributes and the measured biological outputs.

13.3.2 Optimisation of Process Parameters in the Preparation
of PLGA-Based Microspheres

Given the various stages involved in the preparation of microspheres formulated by
the commonly used double emulsion method, we have undertaken a systematic
investigation of the relationship between particle size and formulation parameters.
Looking at each of the three stages in the double emulsion method, i.e. the initial
polymer concentration, the homogenisation time and the emulsifier concentration,
the effect of each of these parameters have been mapped onto their effect on
microparticle size and heterogeneity [73, 74] (Fig. 13.3).

Considering polymer concentrations (from 0.5 to 6 %, w/v) in the organic phase,
no significant change in mean particle size was observed with an increase in PLGA
content from 0.5 to 3 % (w/v), but there was a significant increase in uniformity
(based on the span as measured using laser diffraction; p < 0.05, ANOVA
followed by Tukey test). The increasing polymer concentration results in an
increase in viscosity, and hence stability, of the emulsion produced during the
initial primary emulsification [73]. However, as polymer concentration exceeded
3 % (w/v), an overall increase in particle size can be seen; possibly due to an
increased frequency in polymer globule collisions resulting in fusion of semi-
formed particles [10]. Furthermore, high viscosity solutions, such as the 5 % and
6 % (w/v) polymer solution, may reduce the efficiency of homogenisation, resulting
in larger microspheres (Fig. 13.3).

Following through the process, the next stage for consideration is the time of
homogenisation of the secondary w/o/w emulsion. Whilst maintaining a constant
speed of 6,000 rpm (with an aim of minimising antigen damage), increasing
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Fig. 13.3 Effect of formulation parameters on the physico-chemical characteristics of the
resulting microspheres

homogenisation times from 1 to 10 min led to a general decrease in particle size
(Fig. 13.3). However, homogenisation beyond this time then pushed the mean
particle size up again, suggesting either fusion of semi-formed particles and/or
possible instability in the emulsion due to prolonged shear forces, which also
increases the possibility of antigen degradation [73].

In accordance with the empirical relationship between particle size and stabiliser
concentration/viscosity [7], our results [73] also showed an increase in PVA con-
centration in the external aqueous phase resulted in a decrease of mean particle size
and size distribution (Fig. 13.3). Indeed, this relationship appears to be relatively
linear, corresponding well with similar trends reported elsewhere [17, 116].

13.3.3 Choice of Formulation Components: The Role
of Emulsifier

When considering the choice of emulsifiers there are a large range of options, and
this choice can have an impact on the physico-chemical characteristics, with the
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ability of such formulated microspheres to carry antigen being the most notable
(Fig. 13.4). This ability is directly related to the surface charge of the particulates,
which can be manipulated through formulation choices. For example, PLGA (3 %
w/v) microspheres containing DDA (0.6 % w/v) were prepared using the w/o/w double
emulsion solvent evaporation process (Fig. 13.1) and the choice of emulsifier used to
prepare the w/o/w emulsion was varied between either PVA (10 %, w/v), chitosan
(0.75 %, w/v in 3 %, w/v acetic acid) or cetyl trimethyl ammonium bromide (CTAB;
0.5 %, w/v). Major differences in the formulated microspheres can be noted in size,
surface charge and antigen loading (Fig. 13.4) [74].

CTAB is a cationic surfactant similar in structure to DDA, in that it possesses
a quaternary ammonium head-group, although the single hydrophobic chain
differs from the double hydrophobic chain present in DDA. Moreover, CTAB has
previously been used to effectively prepare cationic microspheres for DNA vaccine
delivery [14, 34, 103, 156], therefore making it an ideal candidate to compare with
PVA.

Chitosan is a deacetylated derivative of chitin, the second most abundant
polysaccharide found in nature after cellulose [106]. Derived from crustacean
shell waste, once the edible parts have been removed for the food industry, chitin
is available to the extent of 10 gigatons a year. Furthermore, the biocompatibility,
biodegradability and low toxicity of chitosan have lent its use to a wide variety of
applications in a diversity of industries, including agriculture, cosmetics, water
treatment, food/nutrition, materials science [36, 54], and of course the medical
sciences [70].

In terms of vaccine formulations, chitosan has been shown to stimulate macro-
phage function [98, 107] and cytokine production [93], possess mucoadhesive
properties [145, 152] and facilitate adjuvant activity [95]. Moreover, chitosan has
previously been employed in the formulation of particulate delivery vehicles [85,
117, 140], initiating enhanced Th1 immune responses [133], and therefore appears
to be a viable alternative to PVA in the formulation of PLGA-based microspheres.

The PV A-stabilised microspheres exhibited relatively small, uniform particles,
and it has previously been shown that PVA forms a stable layer around the
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microspheres, which is not fully removed on washing [11]. The relatively high
antigen entrapment efficiency of the PVA-stabilised systems further supports this
theory, whereas the positive charge associated with the particles is an indication of
the presence of the immunomodulatory DDA (Fig. 13.4). Compared with PVA,
neither Chitosan nor CTAB were as effective as emulsifiers based on the larger size
of microspheres formed (Fig. 13.4a). Also, contrary to results elsewhere [40, 92],
our studies [74] demonstrated that the CTAB-stabilised microspheres had an
anionic surface charge, presumably due to the CTAB molecules being lost during
washing of the microspheres following solvent evaporation [143]. Indeed, it is
evident from the antigen entrapment efficiency (Fig. 13.4c) that CTAB, whilst
producing the largest particles, is the least effective of the emulsifying agents
studied in terms of stabilising the particles, since the antigen is evidently allowed
to migrate to the external aqueous phase rather than remaining entrapped as an
internal phase. In addition, this apparent loss of stabilising moieties did result in
some aggregation of the particles following lyophilisation, as suggested by the
relatively large particle size [74]. Interestingly, of the three, the Chitosan-stabilised
particles exhibited a relatively high surface charge, which has been reported to
enhance cellular uptake by greater interaction with the negative surface of the APC
[18, 23, 34, 131]. Yet, when compared in vaccine studies, the microspheres
prepared with PVA were shown to be the most effective in terms of both humoural
and cellular immune responses [74].

13.3.4 The Addition of Imnmunomodulators

As noted, TDB is an acknowledged immunomodulator, particularly in liposomal
formulations when in combination with DDA (e.g. [30]; Henriksen-Lacey et al.
2010). Such immunomodulators can also be included within microsphere
formulations either with or without DDA. In recent studies from our group, we
investigated using the combination of DDA and TDB within microsphere
formulations, given that this combination has been shown to be highly effective
when adopted in liposome formulations [56]. We are able to formulate PLGA
microspheres with a combination of DDA and/or TDB; interestingly, whilst the
formulations had a small effect on particle size (Fig. 13.5), loading efficiency of the
Ag85B-ESAT-6 TB antigen varied significantly (p < 0.05) depending on the
microsphere components, with antigen loading reducing from 95 to 57 % with
the addition of DDA and to 80 % with the addition of TDB (Fig. 13.5). The antigen
loading of microspheres prepared with the combination of DDA and TDB was not
significantly different from PLGA:DDA microspheres (55 %; Fig. 13.5). These
differences may be due to the choice of components within the microspheres
influencing the formation of the particles both in terms of size and porosity,
particularly when considering the cationic nature of DDA, which could lead to
reduced antigen incorporation, yet this difference in loading capacity was not
shown to influence antigen retention over a 2-month study where the microspheres
were stored at 4 °C and 25 °C in sterile PBS, pH 7.4.
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13.4 Adjuvant Efficacy of PLGA Microspheres for TB
Vaccines: A Case Study

In our development studies of PLGA microspheres for TB vaccines, we also
considered the efficacy of our systems through in vivo studies in mice [73, 74]
(Fig. 13.6). C57BL/6 mice were subcutaneously immunised three times at 2 week
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intervals with Ag85B-ESAT-6 fusion protein (0.2 mL/dose) encapsulated in PLGA
microspheres containing no adjuvant, DDA or TDB alone, or a combination of both
DDA and TDB. The ability of the various preparations to induce antibody responses
after immunisation was investigated by measuring the antigen-specific titres of the
IgG1 and IgG2b isotypes by ELISA (Fig. 13.6a). As shown in Fig. 13.6a, the IgG1
and IgG2b titres were at the same level for PLGA, PLGA:DDA and PLGA:TDB,
but, interestingly, they were lower for PLGA-DDA-TDB for both IgG1 and IgG2b,
which is in contrast to liposomal formulations where the combination of DDA and
TDB was shown to be highly effective (e.g. [30]). When considering cytokine
stimulation, PLGA formulation containing DDA alone induced the highest
response of the microsphere preparations studied (Fig. 13.6b). IFN-y levels were
also measured; IFN-v is considered the key cytokine marker for anti-mycobacterial
immunity [1], being the major macrophage activator element, indicative of CD4+
recruitment, whilst also playing a role in B cell differentiation [113], therefore vital
for cell-mediated immunity [96]. The levels of IFN-y from spleen lymphocytes
showed no significant difference between the four microsphere formulations
(Fig. 13.6b).

When DDA, and a combination if DDA:TDB have been mixed into other
delivery systems such as niosomes [139], with the addition of other surfactants in
the formulation (monopalmitoyl glycerol and cholesterol) it was shown that DDA-
based systems were able to effectively enhance cell-mediated Thl immune
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responses against Ag85B-ESAT-6, with high IFN-y levels compared with their
niosome-based counterparts while induction of antibody responses, especially IgG1
titres, were comparable between both the systems [139]. However, a strong Th2
humoural response in terms of IgG1 titres was obtained for malarial antigens, which
were comparable between the preparations, while niosome-based vesicles showed
high IgG2b titres. This was attributed to the ability of vesicles to not only protect
their protein content from protease attack in vivo, but also deliver it to APCs
infiltrating the site of injection or in the lymphatics [139]. This ability to tune the
immune response through formulation options offers the potential to tailor the
system for the desired outcome, e.g. with malarial antigens where induction of
antibody titres is vital in combating the invading parasites [139].

Using similar in vivo protocols, however this time in BALB/c mice, we also
considered the effect of emulsifier on the immunological properties of PLGA:DDA
(based on this system giving the strongest responses in Fig. 13.6a, b). The differ-
ence in the absolute readings between the experiments may be due to a number of
factors including the antigen dose and the choice of mouse strain (BALB/c vs. the
more traditionally used C57BI1/6).

Our results [74] show that the type of emulsifier used has a notable effect on the
generation of antibodies, with PVA > Chitosan > CTAB in terms of both IgGl
and 2a (Fig. 13.6¢). Indeed, the CTAB-stabilised formulation appears to offer very
little immunological effect, possibly due to low antigen to polymer ratio (due to the
low entrapment efficiency) and aggregation of the particles, which in turn can lead
to ineffective release of antigen (Fig. 13.4) [74]. Additionally, the negative charge
associated with the microspheres suggests a lack of surface modification, whilst
also indicating the absence of the immunostimulatory DDA, which may potentially
impair the interaction with APCs [131, 136]. Indeed, although anionic particulate
carriers have been effectively employed in targeting APCs [4, 27, 55, 97, 144],
other factors, such as size and protein loading, are likely to have an impact on
effective presentation.

With regard to the PVA and Chitosan-stabilised PLGA:DDA particles, both
formulations gave comparable IgG2a antibody responses, but the chitosan
formulations achieved slightly lower IgG1 responses, which could be a conse-
quence of the relative rigidity of the particles affecting the effective presentation
of the antigen to the cells of the immune system. In addition, factors such as size
and surface will also influence immune response [23, 111, 135]. As with antibody
production, the type of emulsifier employed influenced IFN-vy responses, again with
the trend of PVA > Chitosan > CTAB, with both the PVA and the Chitosan-
stabilised formulation showed significantly increased levels of IFN-y (Fig. 13.6d)
when compared to CTAB-stabilised formulation, which showed no positive results
for any cytokine assayed [74].

Once more, the physico-chemical -characteristics of the microsphere
formulations (Fig. 13.4) are likely to be the most influential factors in terms of
efficacy in initiating an effective immune response. It has already been noted that
the lack of surface modification and aggregation of the CTAB-stabilised particles
will profoundly affect their interaction with APCs [23, 136]. Moreover, the
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positively charged systems, i.e. the PVA- and Chitosan-stabilised microspheres,
will have a greater tendency to interact with the negative surfaces of the cells of the
immune system (e.g. macrophages) [23, 34, 58, 129], allowing more effective
presentation and processing of the antigen, as well as a greater likelihood of uptake
by such cells. Indeed, it has been reported that an important mechanism of the
ability of DDA (present in all formulations) to act as an adjuvant in the delivery of
antigen is the immediate electrostatic interaction with the cell surface, followed by
induction of active uptake [131]. This observation again implicates the loss of DDA
molecules from the CTAB-stabilised formulation, thus leading to inefficient anti-
gen uptake and lack of immunological effect.

Overall, from these studies into the development of PLGA microspheres for the
delivery of a TB antigen, Ag85B-ESAT-6, it can be seen that the physico-chemical
parameters of the system (which are often seen as basic and rudimentary scientific
outputs) can have a significant impact on the immune response generated by the
particulate systems, and there is still a need to gain more detailed appreciations of
the effect of formulation parameters both on physical as well as biological
outcomes in the development of vaccine adjuvants.

13.5 Enhancing the Shelf-Life of Microsphere Formulations

Whilst developing these particulate systems, a key feature of an effective formula-
tion is the development of a stable product that offers sufficient stability on storage.
With regard to vaccine products, freeze-drying is often considered as an option to
improve stability. Freeze-drying, also referred to as lyophilisation, is used exten-
sively in biological applications, particularly in the manufacture of vaccines,
including BCG [50], proteins [87], blood products, antibiotics and enzymes. The
process involves freezing a liquid product, and then removing the water by subli-
mation under reduced pressure. Under such conditions, a liquid-to-solid-to-vapour
transition occurs at low temperatures and reduced pressures, resulting in a dry
product with low molecular mobility, thereby suppressing potential instabilities
arising from physical or chemical interactions [90].

Besides offering enhanced long-term stability, the production of a stable, dry
powder product can eliminate the need for a “cold chain”, which accounts for
millions of wasted doses of vaccines each year [22, 127], and is of particular value
in developing regions where TB is a problem (i.e. sub-Saharan Africa and South
East Asia), whilst also facilitating transport as compared to bulky products such as
solutions. Indeed, it has been estimated that precluding the need for a cold chain for
vaccine distribution through development of thermo-stable formulations could save
around $200 million annually [84], due to the costs incurred implementing neces-
sary infrastructure, reliable transport, functioning freezers and refrigerators and
effective monitoring in order to maintain the cold chain [22]. Moreover, freeze-
drying has been shown to be a suitable method for improving the long-term stability
of a wide variety of particulate formulations, including microspheres [19, 38],
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nanoparticles [12, 31, 79], liposomes [28, 90, 134] and non-viral gene delivery
vectors [82, 128].

However, it is generally recognised that cryoprotectants are necessary to retain
initial formulation characteristics [6, 28, 91, 122], since freeze-drying can promote
aggregation or fusion of particles, a phenomenon exploited elsewhere for the
production of dehydration-rehydration liposomes [72] and ISCOMs [27, 32].
Having been found to play an important role in organisms capable of withstanding
dehydration [29, 77, 84], the most commonly used cryoprotectants are sugars, and
more specifically the disaccharides sucrose and trehalose, which have received
much attention for their role as cryoprotectants in the freeze-drying of particulate
formulations [19, 89, 90, 123, 134, 148]. Various theories concerning the method of
action have been proposed: the water replacement hypothesis has been postulated
[28], whereby hydrogen bonding forms stable boundaries between particles; alter-
natively, others [77, 80] have intimated that a glassy layer, formed via vitrification
of the sugars, forms a viscous matrix whereby interaction and aggregation of
particles is reduced; further, Allison et al. [5] propose that particle isolation, caused
by the concentration of solutes in the unfrozen fraction of the solution, is the most
likely requirement for effective cryoprotection.

To investigate the potential of freeze-drying microspheres, we have undertaken
studies concentrated on the use of the disaccharide sugars, sucrose and trehalose.
The results (Fig. 13.7) reveal that cryoprotectants are necessary to maintain micro-
sphere characteristics following lyophilisation. Indeed, freeze-drying of PLGA
microspheres prepared by the w/o/w process, both in the presence and absence of
DDA, without the use of cryoprotectants (no cryo, Fig. 13.7) leads to significant
aggregation and, hence, significantly increased volume mean diameters (p < 0.01)
as compared to before freeze-drying (bfd, Fig. 13.7). In terms of the efficiency of
the disaccharides to act as cryoprotectants, sucrose, at the concentrations tested,
was consistently effective in maintaining particle size, both in the presence and
absence of DDA within the microparticles, with microparticles retaining a size of
around 2 pm post-lyophilisation (Fig. 13.7). Trehalose, on the other hand, is only
effective at preventing significant aggregation when DDA is present in the
formulation.

These results suggest that the main function of the cryoprotective ability of
sucrose appears to be vitrification and particle isolation [5, 76], whereas trehalose
requires additional interaction with the particles, as suggested previously [105,
148]. The cationic nature of the DDA headgroup will potentially allow for ion-
dipole or electrostatic interactions to be formed with the sugar, thus leading to water
replacement, and hence cryoprotection. Indeed, zeta potential analysis of the
formulations reveals that, although there is no evidence of an altering of the surface
charge when DDA is not present in the formulation (results not shown), freeze-
drying of the PLGA + DDA formulation in the presence of trehalose leads to a
significant reduction in zeta potential, from 15.7 &£ 0.9 mV to —15.1 £ 0.2 mV,
whereas employing sucrose as cryoprotectant maintains zeta potential (16.3 + 6.8
mV). Furthermore, although sucrose prevents significant aggregation in the PLGA
formulation (i.e. without DDA), there is still an increase in mean diameter
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Environmental Scanning Electron Microscopy
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Fig. 13.7 Volume mean diameter of microspheres before and after freeze-drying in the presence
of various cryoprotectants. * denotes no significant increase in mean diameter in comparison to
before freeze drying (bfd) (p>0.05)

following lyophilisation, from 1.39 + 0.02 um to 2.30 + 0.43 pum (Fig. 13.7), as
well as an increase in the distribution of sizes, with an increase in span from 1.54
to 2.50 (results not shown). In contrast, the formulation containing DDA shows
no significant change in mean diameter (Fig. 13.7) or span (results not shown)
when freeze-dried in the presence of either cryoprotectants, suggesting interaction
of both the disaccharides with the cationic DDA headgroup, leading to more
efficient cryoprotection. This further supports the hypothesis that vitrification
alone, although necessary, may not be sufficient for stabilisation of particulate
formulations [148].

The apparent difference between the two sugars, in terms of altering the zeta
potential of the formulation incorporating DDA, may be explained by the relative
stability of the sugar glasses. It has previously been reported that trehalose retains a
high T, upon rehydration and thus remains in the glassy state [2, 29], whereas the
lower T, of sucrose enables the sugar glass to become more readily mobile [29].
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Therefore, trehalose may be masking the charge of the microsphere surface by
maintaining the glassy state around the particles, whereas the sucrose is more
readily hydrated, which again implicates vitrification as a necessary function of
cryoprotection in the case of the disaccharides and, subsequently, sucrose should be
considered for the production of freeze-drying of microsphere formulations.

13.6 Conclusions

The development of PLGA microspheres as vaccine adjuvants remains slower than
would be expected, given the supporting evidence for their efficacy. Issues that
have hindered their development include potential instabilities of PLGA-
encapsulated antigens, difficulties in large-scale manufacture, and lack of transla-
tion of results through various animal models. Yet, much progress has been made
in terms of the formulatory considerations, although appropriate and translational
pre-clinical models for testing of vaccines remains limited, with the lack of
correlation between small animal models and humans continuing to be a major
blockage to further development of not only PLGA systems, but many other
vaccine formulations. Nevertheless, the continued unravelling of the biological
mechanisms required for effective immunisation looks to address this issue, with
new methods now being adopted for the detailed evaluation of vaccines. Therefore,
whilst the formulation characteristics of PLGA-based microspheres have been
extensively evaluated, the correlation with detailed biological outputs in appropri-
ate models remains the key to determining if these delivery systems can be
employed as vaccine adjuvants.
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Chapter 14
Powder Vaccines for Pulmonary Delivery

Tom Jin and Eric Tsao

Abstract Spray drying represents an elegant one-step process for generating
powder products with unique particle characteristics. Respiratory delivery of pow-
der vaccines for the prevention of infectious diseases has shown great promise.
Pulmonary delivery using powder vaccine aerosols is an approach to immunization
that offers advantages over the use of injection in terms of both delivery technology
and vaccine formulation. Powder vaccines for needle-free delivery have been
successfully produced during the past decade. The essential elements for the
preparation of a powder vaccine through spray drying are reviewed in this chapter.
For example, the screening of formulations, the spray dryers from laboratory scale
to aseptic manufacturing facilities, and the selection of dry powder inhalers (DPIs)
for pulmonary delivery. The advantages and challenges of manufacturing powder
vaccines are also discussed.

14.1 Introduction

Current vaccines are generally administered via the intramuscular (i.m.) or subcu-
taneous (s.c) route using needles and syringes. Despite its common use, needle-
based immunization has several disadvantages. In the developing world, there are
major challenges of disease transmission through reuse of needles. Not limited to
hepatitis B and C, human immunodeficiency virus, or other viruses, the infections
through the needle penetration injuries increase the economic burden on health care
systems. The World Health Organization (WHO) claims that up to 30 % of regular
needle injections are considered unsafe [1]. Organizations such as the WHO, The
Centers for Disease Control (CDC), and groups such as The Gates Foundation have
supported the development of needle-free alternatives, particularly for vaccine
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delivery. The search for the methods of vaccine delivery not requiring a needle and
syringe has been accelerated by recent concerns regarding pandemic disease,
bioterrorism, and disease eradication campaigns. Needle-free vaccine delivery
could aid in mass vaccinations by increasing the ease of use, speed of delivery,
and by offering improved safety, compliance, decreased costs, and reduced pain
associated with vaccinations.

Over the past decade, numerous vaccine delivery technologies have emerged, of
which several are powder-based methods. These include microspheres for long-
acting delivery, fine powders for pulmonary delivery, and biopharmaceutical/vac-
cine powders for intradermal delivery. Pulmonary delivery using powder vaccine
aerosols is an approach to immunization that offers advantages over injection in
terms of both delivery technology and vaccine formulation. The technology
advantages include increased safety and ease of administration. The formulation
advantages when using dry powders are the potential reduction of refrigeration
requirements, and increased stability during transport and administration, thereby
facilitating mass vaccination. Additionally, there is a potential for enhanced
biological efficacy since pulmonary delivery may produce mucosal immunity
superior to that which is produced after parenteral vaccine administration.

Spray drying, the process wherein a liquid feed is rapidly transformed into a
dried particulate form by atomizing into a hot drying medium (air, nitrogen, or CO,
gas ), is a common method for preparing solids in the chemical, food, and pharma-
ceutical industries. It has been recommended as an alternative to freeze drying for
the preparation of inhalation products, as it represents an elegant one-step process
for producing biopharmaceutical formulations with unique particle characteristics.
Spray drying has the additional advantage of being a faster and more cost-effective
dehydration process than freeze drying. Vaccine powder formulations suitable for
needle-free injection can be successfully produced by spray drying [2—4].

Pulmonary delivery of spray dried pharmaceutical products became the route of
choice after the introduction in 1967 of dry powder inhalers (DPIs) to treat patients
with asthma [5]. The spray drying technique being applied in vaccine development
is relatively new compared to freezing drying technology. Published studies of
powder vaccines are listed in Table 14.1 [6—11]. Respiratory delivery of powder
vaccines for prevention of infectious diseases has shown great promise. Klas et al.
reported that a single immunization with a dry powder anthrax vaccine could
protect rabbits against lethal aerosol challenge. The Rhesus Macaques test showed
that a dry powder measles vaccine induced robust measles virus-specific humoral
and T-cell responses, without adverse effects, which completely protected the
macaques from infection with wild-type virus more than one year later [6].
A clinical trial of measles vaccine is in development in India [12].

Although powder formed vaccines have shown many benefits compared to
liquid forms, including increased safety of administration, storage stability, and
biological efficacy, the development of methods for production of powder vaccines
are still in their infancy. Several practical challenges need to be addressed before
powder vaccine production can be scaled up, ultimately to meet the needs of mass
vaccination. For example, optimization of formulations to generate less
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Table 14.1 Current status of spray dried vaccines

Vaccines Classification Development status References
Measles Live attenuated Preclinical [6]
BCG Live attenuated Preclinical [2]
Influenza Subunit Preclinical [7]

Split Clinical phase I [8]

Whole inactivated Preclinical [9]
Anthrax Subunit (*PA + conjugated peptide) Preclinical [10]
Plague Subunit (F1-V) Preclinical [11]

hygroscopic particles with a more suitable size range (usually 1-5 pm) for pulmo-
nary delivery and powder filling, and development of economic DPIs.

14.2 Formulations

The most commonly used method to stabilize biological ingredients, such as
proteins, vaccines, and gene delivery systems, is to convert them to dry cakes or
powders. The stability of dried formulations is believed to be related to lack of
mobility of the biopharmaceutical components in the dried form, and the absence or
reduction of certain degradation pathways such as hydrolysis. However, depending
on the drying method, freezing and/or drying stresses may affect the structural
integrity and/or activity of a dry powder vaccine. Accordingly, drying formulations
using appropriate stabilizers are required for preservation of these properties.
Unfortunately there is no definitive formulation that can be applied to all products.
The most common excipients in formulation screening studies are classified as
follows: (1) Carbohydrates, such as trehalose, mannitol, dextrans, sucrose, and
myo-inositol; (2) Amino acids, such as leucine, histidine, and arginine; (3) Proteins,
such as human serum albumin; (4) Polymers, such as polyvinylpyrrolidone (PVP);
and (5) Buffer agents, such as PBS and histidine. Formulation screening of a
powder vaccine can be time-and-labor consuming, and typically follows a trial
and error process. Fortunately, there are various modern instruments that can be
used to accelerate this process, such as differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), X-ray diffraction, and laser diffraction.
Disaccharides are amongst the most frequently used excipients, with trehalose
being a particularly common selection. Trehalose has been shown to have the
ability to protect active ingredients during the spray drying process and to result
in improved stability in long-term storage [13—19]. However, trehalose and
sucrose-based powders are more hygroscopic than other excipients, absorbing
moisture during handling in the laboratory environment leading to degradation in
physical properties of the powder and reduction in the ease of dispersion [4]. The
sensitivity of powders to moisture uptake is important because the aerosol physical
properties of inhalable dry powders are strongly dependent on moisture content; too
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much water can cause particle agglomeration, leading to reduced respirability. One
compromise is to combine trehalose with other less hygroscopic components, such
as mannitol and leucine. Sievers et al. reported a dry powder vaccine of Alum-
HBsAb containing sufficient amounts of stabilizing trehalose. The powder did not
lose potency after it was stored for 43 days at either —20 °C or 66 °C, and testing in
mice showed full retention of immunogenicity [20].

Leucine- and mannitol-based formulations are less hygroscopic and have been
used for TB powder vaccine [2, 4]. Mannitol is stable as a powder and resists
moisture resorption at relatively high humidities. These characteristics make it an
ideal substance to encapsulate biopharmaceuticals for inhalation, for diagnostic and
therapeutic purposes. The inhalation of dry powder mannitol alone has been shown
to cause a marked increase in MCC (mucociliary clearance) in the whole right lung
and in all lung regions, in both asthmatic and healthy subjects. Inhalation of dry
powder mannitol was well tolerated by all subjects and induced only a mild cough
which was reproduced on the control day [21-26]. This increases the advantage of
using a mannitol-based spray drying formulation in the development of powder
form vaccines. Jin et al. reported that a TB vaccine prepared with mannitol-based
formulations, which also contained small and high molecular weight sugar
stabilizers (trehalose and two dextrans), successfully resisted water absorption.
The spray-dried TB vaccine could be stored at 4 °C and 25 °C for 12 months
without any significant change in vaccine potency. After storage at 37 °C for 5
weeks, the loss of virus activity was only 0.12 log [4]. The combination of
excipients achieved optimization of viral processing and storage stability, while
mitigating the negative particle forming properties of trehalose.

Immobilization of the labile materials in amorphous glass is believed to be
advantageous to maintain the activity of the incorporated molecules [27]. Resis-
tance to crystallization can be evaluated by measuring the glass transition tempera-
ture (T,), which is the temperature at which the transition from a glassy to a rubbery
state or from a low molecular mobility to a high molecular mobility (and therefore,
higher risk of crystallization) occurs. PVP and albumins are known to increase T,
which means that formulations containing these can be exposed to higher ambient
temperatures before the glass transition occurs [15, 28, 29]. However, PVP alone as
a stabilizer in a formulation of attenuated live Newcastle disease vaccine virus did
not appear to prevent loss of virus activity during the spray drying process, and
required the use of other stabilizers, such as trehalose and albumin [16].

Dextrans have a long history of being used as excipients in vaccine formulations.
They have been shown to prevent crystallization during the spray drying or freeze
drying processes [30, 31]. Lung delivery of aerosolized dextran is well tolerated and
has potential therapeutic benefit in the treatment of cystic fibrosis [32]. Dextran has
a high T, value of —9 °C. A formulation containing dextrans has been shown to
increase the T, of trehalose from 50.55 to 97.09 °C. The formulation also generates
a dry powder that inhibits recrystallization of stabilizing sugars, preventing inacti-
vation of incorporated labile materials [4]. In formulations with a T, occurring at
about 50 °C and higher, the powders and microparticles should be physically stable
at temperatures up to about 40 °C, as long as the powders are protected from
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moisture ingress. A higher T, value of a formulation usually suggests enhanced
long-term thermostability.

Formulation development is essential for a powder vaccine. Jin et al. showed
that powder formulation helped stabilize an adenovirus 35-vectored tuberculosis
(TB) vaccine so that variations in temperature did not negatively impact its effec-
tiveness or shelf life [4]. They demonstrated that it is possible to produce a stable
dry powder formulation of a TB vaccine suitable for mass vaccination in a one-step
drying process. The process of identifying and optimizing key excipients directly
relates to the recovery of active ingredients, the yield of powder product, and
stability during storage. The following properties could be used to evaluate formu-
lation development during or post-spray drying activities: (1) High recovery for
both active ingredient and powder; (2) Formulation has relatively high T, for good
stability during storage; (3) Less hygroscopic powder could benefit both vaccine
stability and powder filling process; (4) Narrow size distribution (2—5 pm) and good
aerosolization characteristics of final product provide easy delivery to the deep lung
parenchyma by DPIs.

14.3 Spray Drying: From Concept to cGMP Products

One of the oldest forms of industrial drying is spray drying. A patent from 1872 by
Percy gives probably one of the first detailed descriptions of drying of sprays [33].
With the advancement of science and technology, pulmonary delivery of drugs has
become the route of choice after the introduction of the DPI in 1967 [5]. The
application of spray drying in vaccine development has only occurred in the last
decade (Table 14.1). Different types of powder vaccine are in the preclinical and
clinical phases. As previously mentioned, the first needle-free measles vaccine
clinical trial is going to be initiated in India, using the measles powder vaccine
developed by Dr. Sievers of the University of Colorado.

Spray dryers designed for cGMP vaccine production have not been fully devel-
oped. The requirements for this process are that it needs to be inexpensive, scalable,
GMP-compliant, and capable of sterile manufacturing from beginning to end. Most
researchers in the early stages use the Mini Spray dryer B-290 (Biichi, Switzerland)
in their laboratory scale processes. The sources for “real” aseptic cGMP spray
dryers are limited. The manufacturers SPX Anhydro and GEA Niro claimed that
they had developed spray dryers for cGMP manufacturing of powder vaccine. One
of these cGMP spray dryers, the MS-35 (SPX Anhydro), was set up in the facility of
Aeras. It was custom designed by Anhydro for manufacturing of TB vaccines and
other powder form products. The MS-35 meets the FDA requirement of the aseptic
concept for the manufacturing of human vaccines. When the optimum parameters
were selected, the output of MS-35 could reach 180 ~ 250 g of powder within 4 h
(Table 14.2). The differences in output between the Biichi B-290 and MS-35 are
listed in Table 14.3. The scaled up process using the MS-35 increased recovery by
20 % points, with a fourfold increase in powder yield in the final product.
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Table 14.2 Output of MS-35 (Anhydro) cGMP spray dryer

Vaccine Spray drying period/lot Yield" (g) Dosages/lot (10 mg/dosage)
Bacteria/virus (Live) 2~4 hr 180 18,000
Protein/peptide 2~4 hr 250 25,000

“Yield is the powder mass collected at the end of each run.

Table 14.3 Process comparison between laboratory and cGMP spray drying

Particle Feeding rate
Recovery (%) size (um) (mL/min) Yield (g/hr)
B-290 (Biichi) 50~65 3~4 3~5 15
MS-35 (Anhydro) 70~85 2~3 10~12 60

Table 14.4 Comparison of cost-effectiveness between spray drying and lyophilization

Process Labor Materials Consumables Equipment  Output
time (process gases/ dosages*
electricity/cooling (250¢g
water) solid)
Spray 2~4h  Comparable Comparable $300 Comparable 10,000
drying
(MS-35)
Lyophilizer 2~72h Comparable Comparable $300 Comparable 10,000
(Shelf
area in
40 SF)

*25mg/dose or vial; 0.5 ml filling for lyo vial; 25 mg for powder product.

The smaller particle size with the MS-35 might be caused by the more effective
and even evaporation with this spray dryer. A comparison of the cost-
effectiveness of spray drying vs. lyophilization showed promising results: tenfold
shorter processing cycle and larger evaporative capability than traditional lyophi-
lization (Table 14.4). They are comparable in other factors relating to cost-
effectiveness between the MS-35 and the lyophilizer (40 SF shelf area). Although
spray drying has been successfully used in the production of food and biochemi-
cal products, use of the technology in the manufacture of human vaccines needs to
consider the following additional challenges: (1) Low inlet temperature is required
to avoid denaturation or inactivation of proteins or live active ingredients during
the drying process, which will compromise the output of final products caused
by reduced feeding rate; (2) Aseptic design for the spray dryer used in powder
vaccine production is strictly required by FDA, which usually is not a concern in
food, biochemical, and pharmaceutical industrials; (3) Requirement for large scale
and accurate powder filling, and (4) Effective and economic DPIs need to be
developed and marketed.
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14.4 Dry Powder Inhalers

There are two major types of DPIs: unit-dose devices and reservoir-type multiple-
dose devices. Powder vaccine could only employ a single dosage device for
individual subjects, even in mass population vaccinations. Since the inception of
the first DPI Spinhaler™ (Aventis), device technology has continued to grow and a
lot of devices are now currently available on the market, such as Aerolizer®,
Diskus®, Flexhaler®, Handihaler®, Rotahaler®, Turbuhaler® and Twishaler®.

The airborne product generated by a powder inhaler should contain a significant
proportion of particles less than 5 pm in size. In order for a powder to be suitable for
pulmonary delivery, the aerodynamic size requirements are that particles must be in
the 1-5 pm range (Fig. 14.1). PuffHaler, a dry powder device from ActivDry
(Fig. 14.2), has been applied in the measles powder immunization and challenge
study in rhesus macaques reported by Dr. Griffin [6]. The device consists of three
components: the vaccine formulation held in an aluminum foil blister, the reservoir,
and the dispersion mechanism to generate aerosols. When the PuffHaler squeeze
bulb is compressed to 2 psi, the silicone rubber burst valve pops open. The air
rushes into the disperser through the powder in the aluminum foil blister and the
aerosol cloud fills a collapsed plastic bag reservoir. The aerosol-filled bag is
detached and affixed to a facemask from which the subject is allowed to breathe
for 30 s to become vaccinated. As a control, a dry powder device of BD Solovent
(BD Technologies) (Fig. 14.3) was also evaluated in this study. The syringe of the
BD Solovent device is used to pressurize the capsule containing the powder
vaccine. As the pressure rises, the thin films sealing the capsule abruptly rupture,
and the powder is expelled and captured in the disposable spacer for delivery
through a silicone facemask. The study demonstrated that both the PuffHaler and
Solovent devices efficiently delivered the vaccine to the deep lung, resulting in
more robust antibody and T-cell responses than nasal delivery or s.c. injection of
the live attenuated measles vaccine.

The inhalation route offers an enormous absorptive surface area, in the range
35-140 m?, of thin (0.2 um) and highly vascularized epithelium, which leads to
high bioavailability. Direct delivery of drug into the deep lungs utilizing the
patient’s respiration is increasingly being explored as a mechanism for the
delivery of systemic drugs. Successful delivery of vaccines into the deep lungs
depends on the integration between powder formulations and the device perfor-
mance [34, 35]. Licensing and marketing approval requires that current DPIs
demonstrate in vitro performance and in vivo efficacy and reliability. However,
the mass of vaccine delivered and the aerodynamic particle size can change,
depending on the characteristics of inhalation. Hence, one approach to developing
successful DPIs is to decrease the dependence of these devices solely on the
subject’s inhalation.

Among aerosol generation systems, DPIs present several advantages. They are
propellant-free, portable, easy to operate, and low-cost devices with improved
stability of the formulation as a result of the dry state. The challenge of any
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Fig. 14.1 The SEM images of Aeras 402 powder vaccine

Fig. 14.2 A dry powder device, PuffHaler, from ActivDry

inhalation delivery system is, however, to generate particles with an adequate range
of particle sizes. In the case of dry powders, this is greatly impeded by particle
aggregation which lowers the fraction that is respirable, i.e., the fraction of particles
(and particle aggregates) with an aerodynamic diameter <5 pum.

Efficient delivery of vaccines from DPIs depends not only on the device, but also
on drug formulation and the production of suitable powders for effective respiratory
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Fig. 14.3 A dry powder device, Solovent, from BD Technologies. The right figure is the enlarged
photo of capsule containing powder vaccine, sealed by thin film at two ends

deposition as well as formulation of powders with or without excipients. To realize
the full potential of DPIs, at the lowest cost to both vaccine companies and the
recipient populations, innovation of new devices with enhanced lung deposition and
reliability will play important roles in the future.

14.5 Conclusions

In conclusion, spray drying as a new technology being applied in vaccine develop-
ment has shown promising results. Needle-free pulmonary vaccine delivery could
aid in mass vaccinations by increasing ease and speed of delivery, and by offering
improved safety and compliance, decreased costs, and reduced pain associated with
vaccinations. In addition, aerosol delivery of powder vaccine has the potential for
increased protection by direct stimulation of immunity in the lung compared to
vaccines delivered by the parenteral route. There are three essential aspects that
need to be fully investigated for the application of spray drying to vaccine devel-
opment: (1) Optimum formulation for each individual vaccine, which is closely
related to good stability, less hygroscopicity, and prompt powder filling of final
product; (2) Aseptic design in a cGMP spray dryer; and (3) Economic and efficient
DPIs to permit mass vaccinations.
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