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For over 35 years, biological scientists have come to rely on the research protocols and
methodologies in the critically acclaimedMethods in Molecular Biology series. The series was
the first to introduce the step-by-step protocols approach that has become the standard in all
biomedical protocol publishing. Each protocol is provided in readily-reproducible step-by-
step fashion, opening with an introductory overview, a list of the materials and reagents
needed to complete the experiment, and followed by a detailed procedure that is supported
with a helpful notes section offering tips and tricks of the trade as well as troubleshooting
advice. These hallmark features were introduced by series editor Dr. John Walker and
constitute the key ingredient in each and every volume of the Methods in Molecular Biology
series. Tested and trusted, comprehensive and reliable, all protocols from the series are
indexed in PubMed.
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Dedication

The healthcare and frontline workers who worked tirelessly taking care of COVID-19
patients.
Researchers who studied diligently the biology of SARS-CoV-2 and developed vaccines to
protect against COVID-19.
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Preface
“A healthy society should not have just one voice.”—Li Wenliang (1986–2020)
(the first physician to recognize the outbreak of COVID-19 in Wuhan, China)

Vaccinations have greatly reduced the burden of infectious diseases. Aggressive vaccina-
tion strategies have helped eradicate smallpox in humans and rinderpest, a serious disease of
cattle. Vaccination has greatly reduced many pediatric infectious diseases. Vaccines not only
protect the immunized but can also reduce disease among unimmunized individuals in the
community through “herd protection.” Vaccines have also led to increased production of
fish and farm animals, thereby improving food security.

The development of vaccines has improved our understanding of immunology and the
principles of immunity. This has led to the research and development of vaccines for cancer
and neurodegenerative diseases.

The world’s health and economy deteriorated since the first report of COVID-19 in
China in December 2019. The pandemic has resulted in a huge interest in the development
of vaccines. Even the skeptics were clamoring for early development of vaccines. Generally,
vaccines take around 10–15 years to reach the clinic. Advances in the knowledge of
molecular biology, immunology, and bioinformatics have led to the development of
mRNA and adenovirus vector vaccines that are more efficacious than conventional vaccines.
Collaboration at multiple levels led to the development and quick employment of COVID-
19 vaccines in the clinic within a year of the observation of the disease, making it the quickest
vaccines ever to be developed and deployed.

In 2016, we published the first edition of the book Vaccine Design: Methods and
Protocols. Volume 1: Vaccines for Human Diseases and Volume 2: Vaccines for Veterinary
Diseases. The books were a tremendous success.

The Methods in Molecular Biology™ series, Vaccine Design: Methods and Protocols,
Second Edition, contains 87 chapters in three volumes. Volume 1: Vaccines for Human
Diseases has an introductory section on future challenges for vaccinologists, the immuno-
logical mechanism of vaccines, and the principles of vaccine design. The design of human
vaccines for viral, bacterial, fungal, and parasitic diseases as well as vaccines for tumors is also
described in this volume. Volume 2: Vaccines for Veterinary Diseases includes vaccines for
farm animals and fishes. Volume 3: Resources for Vaccine Development includes chapters on
vaccine adjuvants, vaccine vectors and production, vaccine delivery systems, vaccine bioin-
formatics, vaccine regulation, and intellectual property.

It has been 225 years since Edward Jenner vaccinated his first patient in 1796 to protect
against smallpox. This book is a tribute to the pioneering effort of his work. The job of
publishing the second edition of the book Vaccine Design: Methods and Protocols was
assigned at a tough time. Most of the universities were closed due to COVID-19 immedi-
ately after I took up the assignment. Several of the authors, their collaborators, and families
were infected with the virus while contributing to the book. Nevertheless, the authors
completed their chapters within the stipulated time. I am extremely grateful to the authors
for completing the task in spite of the hardship faced while contributing to the books. My
sincere thanks to all the authors for contributing to Vaccine Design: Methods and Protocols
(Edition 2); Volume 1: Vaccines for Human Diseases; Volume 2: Vaccines for Veterinary
Diseases; and Volume 3: Resources for Vaccine Development. I would also like to thank the
series editor of Methods in Molecular Biology™, Prof. John M. Walker, for giving me the
opportunity to edit this book. My profound thanks to my parents Thomas and Thresy, wife
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Jyothi for the encouragement and support, and also our twins Teresa and Thomas for
patiently waiting for me while preparing the book. Working on the book was not an excuse
for staying away from the laboratory. I made sure that my children were told about new
exciting data generated in the laboratory and the advances in science published daily before
bedtime.

Wynnewood, PA, USA Sunil Thomas
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Trends in Vaccine Development



Chapter 1

Artificial Intelligence for Vaccine Design

Peter McCaffrey

Abstract

Often likened to “the new electricity,” artificial intelligence (AI) has broad and sweeping impact in many
areas. Perhaps most exciting among these are in bioinformatics as AI allows for new and increasingly
powerful ways of understanding genomics, proteomics, and immunology, just to name a few areas. Also
exciting is a parallel growth in high-throughput assays including sequencing which will further accelerate
the development and use of AI in biomedicine. In this chapter, we will discuss artificial intelligence and deep
leaning in particular, and we will review how such approaches are enhancing and even reshaping vaccine
design in terms of epitope detection and optimization. Moreover, we discuss how AI is particularly valuable
to the design of mRNA vaccines including in research and production. Finally, we will discuss several
additional areas across trials and operations where AI will have pervasive impact on the development of
vaccines going forward.

Key words Artificial intelligence, Deep learning, Neural network

1 Introduction

Artificial intelligence (AI) is a broad term used to represent a
diverse collection of research and applied endeavors. Strictly
speaking, artificial intelligence describes the design of nonhuman
agents that perceive and respond to their environment, and this
theme has encompassed efforts in autonomous vehicles, robotics,
image recognition, and language understanding just to name a few
areas. Importantly, artificial intelligence encompasses many techni-
cal implementations and could broadly be defined to include
machine learning of any variety. That being said, most modern
uses of the term artificial intelligence imply the use of neural net-
work models and, specifically, the use of deep learning. Deep
learning is a form of machine learning wherein neural network
models are built to consist of many sequential, smaller models
referred to as “layers”. We discuss this in greater detail below but
the general advantage of having many such sequential models—
that is, being “Deep” in terms of how many layers a neural network

Sunil Thomas (ed.), Vaccine Design: Methods and Protocols, Volume 3: Resources for Vaccine Development,
Methods in Molecular Biology, vol. 2412, https://doi.org/10.1007/978-1-0716-1892-9_1,
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has—is that it allows for increasingly nuanced and complex data to
be distinguished and effectively modeled upon in useful ways. At
the risk of overfitting, such deep learning models have demon-
strated exceptional power in assessing complex inputs such as
images, text, and sequence data and being able to successfully
achieve classification and prediction performance directly from
these source data without requiring extensive human-engineered
pre-processing. While the history of AI and even deep learning
reaches back to the first half of the twentieth century, meaningful
applications are a relatively recent phenomenon. To consider bio-
medical informatics in particular, machine learning generally was a
later evolution of the field prevented in large part by a relative
scarcity of data and higher cost to data acquisition than in many
other domains. Progress in next-generation sequencing and many
other high-throughput assays has worked to resolve this and create
volumes of publicly and privately held data for which machine
learning and deep learning can prove useful.

A common theme in the evolution of AI as a practice is that
adjacent technological advancements bring new techniques which
spread to other areas. Deep learning, which exists really as a specific
engineering approach aimed at achieving AI through the creation
of robust neural network models, really achieved its flagship suc-
cesses in domains of image analysis with convolutional networks
and work done by leaders such as LeCun, Hinton, and Bengio
demonstrating that image classification could be successfully per-
formed by models that required very little prior information about
how such problems should be solved [1]. As we will discuss in
greater detail below, many successful applications of deep learning
in biomedical informatics apply image or language models to anal-
ogous problems in sequence analysis. Deep learning is also an
increasingly popular term at the time of this writing with seemingly
every project, paper, and company alluding to its use in some way,
and it is increasingly important to understand what this term really
describes. Strictly speaking, deep learning refers to the use of neural
networks that contain many “layers,” thereby giving them the
ability to represent functions that describe often semi-structured
and complex inputs such as images and sequences. This capability is
imparted by this layering architecture which can be thought of as a
system of models each of which learns how to interpret the output
of other models that precede it. Ultimately, this results in classifica-
tion and prediction behavior that can capably summarize patterns
and accommodate nonlinear relationships in input data. With
regard to vaccine design in particular, neural networks have an
established history of success in epitope prediction, often outper-
forming alternative modeling approaches as with NetMHCpan.
More recently, these network approaches have grown to involve
more heterogeneous inputs and more advanced network architec-
tures, and they have shown promise in improving important areas
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such as MHC II [2] and linear B-cell epitope prediction [3]. This
chapter will hopefully clarify some of the reasons why neural net-
works perform well in this regard and to establish intuitions around
neural networks and deep learning as a strategy for solving certain
bioinformatic challenges.

2 Overview of Artificial Intelligence and Deep Learning

To describe the design of neural networks, we will first consider a
far more conventional logistic regression model. In the case of
logistic regression, the model attempts to identify a linear separa-
tion between the features of some collection of input samples.
More specifically, such a model will look to apply a single weight
to each feature describing its inputs and will look to establish some
linear function of those features that constitutes a meaningful
distinction for labeling, prediction, or classification. Although
appealing in its simplicity, this approach suffers from an inability
to accommodate “nonlinear” behavior, meaning that such models
cannot effectively describe situations where the relationship
between a feature and some outcome label is different at different
values of that feature or where features may interact with each other
such that they become mutually more or less influential in making a
prediction at different points across the range feature values. By
contrast, neural networks represent “nonlinear” models in that they
can accommodate situations where the importance of features dif-
fer depending upon the value and context of those features. In
technical terms, this is achieved by the fact that neural network
models implement a linear mapping between the outputs of one
layer and the inputs of another where each layer is allowed to learn
weights and biases to parameterize this mapping. Thus, examples
such as the “not-or” function can be aptly represented by a neural
network, whereas they cannot be represented by a linear model
because there is no dividing line between the two categories repre-
sented by this function. For example, we can imagine a plot with
two axes and four points at x,y coordinates (0,0), (0,1), (1,0), and
(1,1). In the not-or function, we may categorize those points that
have a 1 or 0 but not both as opposed to those that do. Thus, (1,0)
and (0,1) would be blue for example but (0,0) and (1,1) would be
red. In such a plot, these is no possible line separating blue from red
points, thus they are not linearly separable. Deep learning, there-
fore, exists as a mode of implementing neural networks wherein
models contain many layers allowing them to accommodate
increasingly more complex relationships between features and
some target outcome.

A second important point about neural networks and one that
applies especially to convolutional networks is that feature repre-
sentation within such models takes a form that is often better suited
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to bioinformatic tasks than other approaches. Convolutional net-
works apply the aforementioned linear mappings to a collection of
features that are first abstracted through the use of varying layers of
convolution operators that process adjacent windows of some input
matrix (often an image). The potent effect of doing this is that these
networks are able to abstract generalized patterns and detect them
in subsequent images without relying upon those patterns occur-
ring in specific locations of an image. In bioinformatic tasks,
sequence analysis offers a meaningful analogy where it may be
desirable to model local nucleotide or amino acid motifs wherever
they may occur within a sequence and then to use an abstract
feature generated from these patterns in order to make a potent
classification or prediction model. Convolutional networks are a
very popular approach for solving challenges in imaging and geno-
mics where local patterns may emerge within a broader feature
space. Importantly, these are not the only successful model archi-
tectures used within modern deep learning with recurrent networks
serving to capture important features that appear across elements in
a sequence whether they be at different timepoints or locations.

3 Artificial Intelligence in Epitope Prediction

To bring this discussion of neural networks more directly into
focus, we will consider its applications to epitope prediction. The
goal of epitope prediction is likely familiar to the reader but, in
short, its purpose is to identify protein sequences which have
specific immunogenic properties. As it is infeasible to annotate
every possible protein sequence experimentally, this process
involved modeling the relationship between amino acid sequence
and immune function on a sample data set and then using such
models to predict the immunogenicity of new protein sequences.
As proteins can assume complex three-dimensional structures
driving their immunogenicity, this prediction can be challenging
as it may need to account for key subsequences (i.e., motifs) located
at variable positions within a given protein sequence. Considering
the task of predicting linear B-cell epitopes, feed forward neural
network architectures have been shown to offer improved predic-
tive power [3]. Liu et al. examined this by first downloading
408,251 epitope sequences from the Immune Epitope Database
(IEDB) of which approximately 240,000 were labeled as epitopes
or non-epitopes. Features of each peptide included the sequence,
position, host, and immunogenicity. Authors then truncated epi-
topes at various lengths from 11 to 50 amino acids, training models
for each length to predict whether a given sequence was an epitope,
and they used two third-party data sets with non-overlapping pep-
tide sequences to test model performance. To accommodate class
imbalance, namely that there are often many more non-epitope
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sequences than there are epitope sequences in any given database,
authors created equally balanced training data sets by randomly
sampling 20,000 peptides from the epitope and non-epitope
groups. This resulted in 11 sampled data sets each representing a
partially overlapping sample of the entire training data from IEDB.
Finally, each of these 11 training data sets was used to train a model
resulting in 11 different models each trained on one of these
sub-sampled data sets. Test data peptides, then were scored by
each of the 11 models—each of which learned a slightly different
strategy for distinguishing epitope from non-epitope—resulting in
11 scores for each test peptide sequence. The prediction score for a
test peptide sequence was the sum of the binary output—either 1 or
0—of each of the underlying models, resulting in a score ranging
from 0 (if no models scored a peptide as an epitope) to 11 (if all
models scored a peptide as an epitope). This may seem somewhat
tedious to cover such details of data organization for training, but
these are actually quite important to understand. As mentioned
previously, one of the key advantages of neural networks and deep
learning in particular is that such models to not require deliberately
crafted features in many cases, and, instead, they can identify com-
plex features directly from input data. The downside of such behav-
ior is that they are reliant upon lots of data in order to do this
effectively, and they can accumulate bias and overfitting behavior
quickly and sometimes in nonobvious ways. Thus, balancing train-
ing data among classes (e.g., epitope and non-epitope) is important
in facilitating models to develop a generalizable hypothesis as much
as possible.

As for the model itself, the aforementioned authors employed a
feed forward neural network, meaning that the model consist of a
stack of layers wherein each layer consist of multiple “neurons,”
each capable of learning a mapping between its respective inputs
from its upstream layer to its respective outputs to its downstream
layer. In this model, the initial input consist of 400 features con-
sisting of the dipeptide composition for an input peptide. More
specifically, the feature space consistent of all two-amino-acid com-
binations achievable from among 20 amino acids, resulting in
400 possible dipeptides. Then each input peptide sequence was
divided into overlapping dipeptides, and each such dipeptide was
tallied and calculated as a percentage over all dipeptides in the
sequence. These proportions were then used to populate
corresponding dipeptide features resulting in a vector of 400 values
some of which were 0 if a given dipeptide was not present in an
input sequence and some of which were non-zero where was a
given proportion to a dipeptide. The final output of the model
was simply a 1 or 0 corresponding to whether a peptide was an
epitope or not. The layers in this network were successively smaller
going from 400 at input to 200, then 100, then 40, then 20, and
finally 2 at output. Thus, to continue our description of networks as
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linear mappings, what this network is doing is first learning key
dipeptide abundances that indicate an epitope, then learning key
groups of those abundances, and then groups of those groups, and
so forth. Although there are many potential ways in which neural
network models can be constructed, this approach is—at its core—
representative of the power of this approach and of deep learning
more broadly in detecting biologically relevant sequence motifs and
composing those into increasingly more complex patterns. Given
that the identity of a motif, its position in a sequence, or its
relationship to other motifs need not be known a priori in order
to do this—and in many cases such information cannot be known in
advance—such approaches are clearly powerful for learning relevant
patterns from biological data where we know, for mechanistic
reasons, that function results from sequence but where the explicit
features are often yet to be discovered. Accuracy as measured by
area under the ROC curve (AUC) ranged from 0.88 to 0.95
depending upon the length of input peptide sequence used and
performed well when compared to many other epitope prediction
models.

Artificial intelligence may have many valuable roles in vaccine
design—some of which we will cover below—but one key area
where such models demonstrate value is in the critical task of
epitope prediction where identifying complex and hierarchical sig-
natures from amino acid sequences is both biologically valid and
amenable to neural network models. Another important point to
make is that model inspection, and explainability is a rapidly grow-
ing domain and one which will likely see numerous significant
advancements following the publication of this chapter. As a gen-
eral forward-looking statement, the advancement of high-
throughput technologies to identify peptide sequences and host
interaction creates a fertile environment for deep learning to oper-
ate effectively. A parallel maturation in model inspection would
then allow for such large data investigations to be used not just
for the development of a predictive tool but for the development
and extraction of the underlying model as a means to identify
previously unknown motif sequences or other key biological
indicators.

4 Artificial Intelligence with Additional Data Sources

Much of the discussion thus far has rightfully focused on sequence-
based methods, namely epitope prediction from peptide sequences,
but there are multiple emerging areas for artificial intelligence to
advance vaccine development. One such area is adjacent to epitope
prediction but concerns population targeting. Predicting whether a
sequence is an epitope is one challenge but another is predicting
which epitope may be the most useful to target and for which
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patient population. Recent work from Liu et al. demonstrated such
optimization by examining the proteome of SARS-CoV-2 first
identifying likely MHC-I and MHC-II epitopes, then scoring
from among that list for the optimal collection of epitopes that
would grant broad population coverage given the underlying HLA
distribution of various patient populations [4]. The authors devel-
oped a model that takes as an input an HLA–peptide pair and
outputs a corresponding HLA–peptide binding affinity in nanomo-
lar units. The authors then developed a model termed “OptiVax,”
the aim of which was to select a minimal set of peptides such that,
for a target population, there would be a threshold of at least n
predicted HLA hits. Thus, the optimization objective is to identify
the minimal set of peptides such that at least 5 or 10 or 15 peptides
would bind to that populations HLA profile. OptiVax achieved this
using beam search which is a search algorithm that begins with an
empty peptide set and iteratively adds one peptide, scoring the
population-specific HLA binding profile of the entire set, and
keeps the top 10 highest-scoring versions of the set before moving
on to the next iteration where an additional peptide is added. Thus,
at each iteration, the size of the peptide set grows from 0 to 1, to
2 and up to the final target while the highest scoring peptide
composition is carried over from iteration to iteration. This is an
efficient search algorithm that does not explore the complete com-
binatorial space of peptides—which would be infeasible—but
instead builds upon the top scoring sets from the previous step,
efficiently arriving at an optimal peptide set. OptiVax also
de-prioritizes peptide sequences that are similar to those already
in the current set, thus reducing the likelihood of redundant pep-
tides in the set.

Using this approach, authors developed a peptide set of 19 pep-
tides that achieves 99% coverage over Asian, Black, and White
ethnic groups with at least one HLA–peptide hit per patient and
93% coverage with at least five hits per patient. Perhaps more
interestingly, the authors used this model to evaluate various pub-
licly available vaccine designs for SARS-CoV-2. Starting with whole
protein vaccines, the authors sample peptide subsequences to gen-
erate inputs from which to compose optimized peptide sets. Over-
all, they noted that many published vaccines had narrow coverage
when compared to the optimized peptide set produced by OptiVax,
and importantly, since the results of OptiVax are an optimal set of
peptide sequences, such results can be used to suggest specific
additional peptides that should be included in existing formulations
to increase coverage, something that is a practical value-add to
existing vaccine efforts. Of course, the efficacy of such an approach
should be tested further and should be tested on indications out-
side of SARS-CoV-2, but this is indicative of a broadening role for
AI in the vaccine development process where it may offer enhance-
ments or optimizations atop human efforts.
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Equally important is also the use of AI for the development of
mRNA vaccines. Much of the attention in bioinformatic design has
been in selecting protein epitopes, but the advent of mRNA vac-
cines introduces new variables that double as opportunities for AI
to deliver value. When designing such a vaccine, many questions
around how mRNA stability, specificity, conformation, and protein
product can be controlled through enhance analysis and prediction
[5]. Also important, the ability to sequence and synthesize RNA
allows for the systematic collection of large-scale data for develop-
ing such approaches. Baidu, in collaboration with Oregon State
University and the University of Rochester, announced the devel-
opment of LinearDesign, an AI which can design mRNA sequences
with optimal stability, enhancing the yield and efficacy of mRNA
vaccine design efforts. This is an example of many opportunities for
AI to improve vaccine design processes by tackling areas with
especially high risk or areas where a lack of foreknowledge can
incur significant cost [6]. LinearDesign models the mRNA design
problem in light of a desired target peptide (one which may be
selected or optimized by other AI algorithms). Given this desired
outcome, the algorithm then considers all possible mRNA
sequences which could translate into the target peptide and opti-
mized for the mRNA sequence with the minimum folding free
energy change. This is an exponentially large search space, and so,
the authors use deterministic finite automaton (DFA) which is a
directed graph wherein each edge represents a potential nucleotide
selection and the end-to-end sequence represents a peptide tran-
script as triplet codons. This approach can learn preferential weight-
ing of paths through this graph based upon desired peptide
properties and results in improved mRNA stability when compared
to random selection or codon-based design with the added benefit
of maintaining efficient computation time even when considering
long peptide sequences. Importantly, these sorts of advancements
which improve the efficiency and precision of mRNA vaccine design
may have more far-reaching effects in improving the production
process and advancing mRNA-based vaccine design as a paradigm.

5 Potential Future Uses of Artificial Intelligence in Vaccine Design

Reaching beyond the use of epitope detection and binding, artifi-
cial intelligence offers the ability to enhance vaccine development
and monitoring in other aspects of the process. An important point
to be made here is that neural networks and really any machine
learning algorithm benefit greatly from dense numerical data. What
this means is that assays that can describe biology in the form of
standardized measurements that produce continuous numerical
values with consistent dimensionality will effectively pave the way
for enhanced expansion of artificial intelligence to deliver value. A

10 Peter McCaffrey



useful example of this is in patient phenotyping and immunologic
monitoring itself where techniques such as RNA-seq and high-
throughput immunologic measurement with tools such as O-Link
and Luminex allow for the rapid generation of consistent, numeri-
cal features describing cytokines, immune cell populations, and
functional impacts of vaccine products. These technologies will
facilitate more granular phenotyping and systematic modeling ame-
nable to neural network techniques and will likely lead to increased
reliance on artificial intelligence at multiple points in the vaccine
development process. As a technical enabler, assays that can gener-
ate continuous, numerical features such as a table of proteome
abundances, gene abundances, or cytokine levels are deeply com-
patible with neural networks as these models operate by learning to
place various weights upon numerical inputs in order to achieve
optimal model outputs and are trained most effectively when both
correct and incorrect model outputs can be attributed to and
modified by incremental adjustment of feature weights and where
features can be consistently measured in light of different output
classifications. Thus, these assays allow for the collection of large
amounts of data and the consistent capture of these measurements
inmultiple contexts, creating a useful substrate uponwhich artificial
intelligence may operate.

Shifting to a slightly broader case is that of side effect surveil-
lance which becomes especially challenging when effects are subtle
both because they may be harder to detect but also because they
require increasingly larger populations in order to detect them. In
its ability to efficiently featurize and compute large-scale data sets,
artificial intelligence offers multiple potential advantages in this
arena. More specifically, abstracting patient phenotypes is challeng-
ing for numerous reasons and is generally infeasible to do manually
at a production scale. Thus, automating the process of phenotype
identification (often termed “computational phenotyping”) across
patients, providers, and institutions is critical [7]. Unfortunately,
documentation of such phenotypes is typically inconsistent and to
such a degree that implementation of standard queries and formal
rules is often impractical. For example, one key challenge in the
domain of side effect surveillance is to deploy a nuanced patient
phenotyping process at the scale of a computer-automated system.
Artificial intelligence and natural language processing in particular
have advanced significantly in the 24 months leading up to this
writing of this chapter with Facebook, Google, and OpenAI—just
to name a few companies—having developed increasingly advanced
models capable of detecting complex nuances and accommodating
variability in language. Thus, abstracting phenotypic characteristics
from the volumes of healthcare data that exist as free text is a
challenge suited for natural language processing. Multiple works
have demonstrated the ability to create vector representations of
text known as embeddings and to use these as features for deep
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learning to develop nuanced classification and detection models. In
the case of computational phenotyping in particular, this has been
demonstrated to outperform many other methods of disease detec-
tion and symptom detection using free text notes such as admission
and discharge summaries [8, 9].

Lastly, artificial intelligence has several use cases throughout the
development and distribution supply chain, offering to reduce the
time, cost, and risk of developing a vaccine program. In the case of
the SARS-CoV-2 vaccine, this specifically looks like optimization of
distribution channels, recipient populations, and transportation
routes. More internal to the discovery process itself, this can look
like optimization for clinical trial cohorts and eligibility not to
mention efficacy and capability to produce vaccine candidates
themselves. While this may seem somewhat oblique as a discussion
of artificial intelligence in vaccine design, the broader impact of
such advancements is important as a general reduction in time, cost,
and risk for program development also reduces the risk of upstream
innovation, making vaccine programs potentially more numerous
and more specific to target populations which can be identified,
enrolled, tested, and ultimately marketed in a more efficient man-
ner. General operational enhancements across the supply chain
would be a good sign for vaccine discovery as it would possibly
reduce barriers to the timely creation of vaccines and make the
funding and commercialization climate more receptive to poten-
tially novel vaccines and vaccine technology.

Most immediately, however, the impact of AI on vaccine design
is likely to result in the proliferation of mRNA-based programs and
the reconfiguration of the emphasis placed at different program
steps. With an ability to sequence pathogen or cancer genomes and
transcriptomes and the ability to generate larger high-throughput
data sets describing proteomes, their binding affinities, and their
immunologic impact, it would stand to reason that these steps will
increasingly move toward systematic screening efforts at scale.
Should this be true, then much of the vaccine design phase would
likely focus on the identification of optimal epitopes from high-
throughput screening data followed by the proliferation of a collec-
tion of optimal vaccine components such as mRNAs which have
been generated by AI with optimized stability and which encode a
desired epitope. In the case of mRNA vaccines in particular, since
such algorithms can be developed and validated at scale through
high-throughput synthesis and testing of AI-designed transcripts,
this step is likely to grow rapidly in its performance and yield.
Finally, this is likely to also pair with an increase in personalized
vaccines whether at the level of individualized cancer vaccines or
even vaccine cocktails optimized for a given subpopulation based
upon HLA alleles for example. This may further increase the variety
and velocity of vaccine programs and lead toward smaller clinical
trial cohorts with more specific indications and a shorter time to
market for such programs.
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6 Conclusions

In this chapter, we discussed a range of potential applications of
artificial intelligence from those with more immediate and specific
use cases, such as epitope detection to those with more abstract or
theoretical use cases such as broad supply chain optimization. In
any case, one key theme to capture is that there are many and
various areas for the application of artificial intelligence to vaccine
development. Second, it is important to understand that artificial
intelligence and deep learning especially offer the ability to grapple
with bioinformatic data in unique ways especially with the conver-
gent advancement techniques for model evaluation and explana-
tion. As an overall trend, increases in data volume brought about by
efficient assay technologies and a very active research space advanc-
ing the capability of deep learning models depicts a bright and
increasingly relevant future for this technology.
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Chapter 2

Progress in the Development of Structure-Based Vaccines

Sunil Thomas and Ann Abraham

Abstract

The immune response elicited by vaccines against microorganisms makes it the most successful medical
interventions against infectious diseases. Conventional vaccines have limitations in inducing immunity
against many types of pathogenic microorganism. The genetic diversity of microorganisms, coupled with
the high degree of sequence variability in antigenic proteins, presents a challenge to developing broadly
effective conventional vaccines. Atomic-resolution structure determination is crucial for understanding
antigenic protein function. Cryo-electron microscopy, nuclear magnetic resonance spectroscopy coupled
with bioinformatics provide three-dimensional structure of the antigenic proteins and provide a wealth of
information about the organization of individual atoms and their chemical makeup. The atomic detail
information of proteins offers enormous potential to rationally engineer proteins to enhance their proper-
ties and act as effective immunogens to induce immunity. The observation that whole protein antigens are
not necessarily essential for inducing immunity has led to the emergence “structural vaccinology.”
Structure-based vaccines are designed on the rationale that protective epitopes should be sufficient to
induce immune responses and provide protection against pathogens. In 2013 we published a review on
structure-based vaccines (Thomas and Luxon. Expert Rev Vaccines 12 1301–11, 2013). This review states
the progress in development of structure-based vaccines since the first review.

Key words Structure-based vaccines, Structural biology, Antigen, Epitope

1 Introduction

Vaccines have revolutionized global health and have greatly
reduced the spread of infectious diseases. Conventional vaccines
rely on the induction of immune responses against antigenic pro-
teins to be effective However, conventional and recombinant vac-
cines have not provided efficacious solutions against several
infectious diseases. The genetic diversity of microorganisms, cou-
pled with the high degree of sequence variability in antigenic pro-
teins, presents a challenge to developing broadly effective
conventional vaccines. The observation that whole protein antigens
are not necessarily essential for inducing immunity has led to the
emergence of a new branch of vaccine design termed “structural
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vaccinology.” Structure-based vaccines are designed on the ratio-
nale that protective epitopes should be sufficient to induce immune
responses and provide protection against pathogens. Recent studies
demonstrated that designing structure-based vaccine candidates
with multiple epitopes induce a higher immune response. As yet
no commercial vaccines are available based on structure-based
design, and most of the structure-based vaccine candidates are in
the preclinical stages of development [1].

Structure-based vaccine design seeks to create surfaces on
immunogens that will elicit protective antibody responses against
the target pathogen. Enabled by new approaches for rapid identifi-
cation and selection of human monoclonal antibodies, atomic-level
structural information for viral surface proteins, and capacity for
precision engineering of protein immunogens and self-assembling
nanoparticles, a new era of antigen design and display options has
evolved. Defining the atomic-level details of key surfaces on anti-
gens accessible on pathogens is a primary requirement for
structure-based vaccine design. Knowing which proteins to target,
and which specific sites on those proteins to target with antibodies,
is fundamental to initiating a structure-based vaccine project.
Therefore, structure-based design often begins by identifying
pathogen-specific antibodies with specific properties such as potent
neutralization. Geometry of antibody binding to an antigen can be
an important factor in vaccine design. There are some epitopes or
antigenic sites on proteins that can be bound by antibodies from
multiple lineages using multiple angles of approach or degrees of
rotation. However, there are other critical targets that require an
antibody to approach at a particular angle or rotation. Viruses also
tend to protect sites of vulnerability by frequently mutating sur-
rounding surfaces and adding or removing glycans. These immune
evasion mechanisms can therefore require long CDR loops to reach
sites of vulnerability or short CDR loops to avoid clashes and allow
closer proximity. Structure-based design must account for these
immune-evasion mechanisms. Neutralizing activity implies that an
antibody will reduce the frequency of pathogen-infected cells. To
neutralize, the antibody must bind to a vulnerable site on a surface-
exposed pathogen protein. The strength or potency of neutraliza-
tion is determined by site of protein binding, strength of binding,
accessibility of the binding site, and extent of occupancy on the
available sites [2].

The field of structure-based vaccine design is rapidly maturing
and can be applied to a wide variety of pathogens when antibodies
with desirable properties are discovered and structures are then
solved in complex with their antigens. These are the starting points
for generating immunogens, or series of immunogens, that immu-
nofocus antibody responses to sites of vulnerability. Excitingly, new
antigenic targets are still being uncovered, providing new oppor-
tunities to apply this rational approach. Researchers are on the
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verge of molecular control of immune responses using rationally
designed immunogens, and there are tools to probe such responses
in humans, thereby circumventing the need for large empirical
efficacy trials. As technology continues to improve, atomic-level
knowledge of antibody-antigen recognition and modes of interac-
tion remains the linchpin of immunogen design and should provide
opportunities for novel vaccines beyond those for pathogens
including cancer, autoimmunity, and neurodegeneration [3].

Previously, we published a paper on structure-based vaccines
[1]. This paper is an update on the progress in the development of
structure-based vaccines.

2 Structure-Based Vaccines to Protect Against HIV

The advent of atomic-level structures for lead antigens has raised
the notion of precise structure-based antigen design to elicit pro-
tective immune responses, as guided by known antibodies
[4]. Human immunodeficiency virus (HIV) is a continual raging
pandemic that is affecting millions of people globally and is a
serious threat to public health. The virus is known since the early
1980s and is responsible for 32.7 million deaths since the start of
the epidemic (Source: UNAIDS.org). Approximately, 38 million
people are living with HIV around the globe [5]. Antibodies and
cytotoxic T lymphocytes are produced upon infection with HIV-1.
However, the virus has evolved several features that undermine
immunological control and eradication of infection, most notably,
very high antigenic diversity and the establishment of a latent viral
reservoir. If left untreated, HIV-1 infection results in diminished
numbers of CD4+ T cells (the major viral target cell), causing
acquired immune deficiency syndrome (AIDS) and death. While
treatment with antiretroviral drugs can extend the life expectancy of
infected individuals to near-normal, drug resistance and side effects
have been documented for every class of antiretroviral currently in
use. Furthermore, cessation of therapy results in rapid viral
rebound. As yet there are no vaccines for HIV and AIDS. Despite
significant efforts, a vaccine capable of eliciting a protective
response against the human immunodeficiency virus type
1 (HIV-1) has proved elusive [6].

Due to the integration of the virus into the DNA of the host
cell, the HIV is undetectable to the immune system. Therefore, the
opportunities to eradicate the virus through an immune response is
formidable. The structure of the HIV is uniquely complex due to its
mutability and genetic diversity, which in turn adds to the challenge
of inducing an immune response in the host. HIV-1 is an envel-
oped, single-stranded RNA retrovirus, which, like the corona-
viruses, is highly glycosylated [7]. HIV quickly integrates itself
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into the host’s DNA, where in some cells will remain invisible to the
immune system. Within day or weeks, the virus becomes latent in
the cells which limits the opportunity to eradicate the virus in its
most vulnerable state [8]. To date, it has been difficult to eradicate
the virus once latency is established. Due to the complexities of the
HIV structure, the new mutations allow the virus to evade the
immune system. The HIV-1 Envelope has genetic plasticity and
antigenic variability, extensive glycosylation, and immunodomi-
nance problems that have only been explored with very limited
knowledge [7].

The enormous diversity of human immunodeficiency virus
(HIV)-1 strains is a major obstacle for the development of a broadly
protective vaccine. Diversity is highest in the envelope glycoprotein
complex (Env), the target for neutralizing antibodies (NAbs),
where amino acid sequences can differ by up to 35% between
subtypes. Thus, HIV-1 diversity makes it extremely difficult to
induce broadly reactive NAbs (bNAbs) by an Env immunogen
from any one particular HIV-1 isolate. Sliepen et al. [9] generated
a native-like Env (SOSIP) trimer based on a consensus sequence of
all HIV-1 groupM isolates (ConM). The ConM trimer displays the
epitopes of most known bNAbs and several germline bNAb pre-
cursors. The crystal structure of the ConM trimer at 3.9 Å resolu-
tion resembles that of the native Env trimer and its antigenic surface
displays few rare residues. The ConM trimer elicits strong NAb
responses against the autologous virus in rabbits and macaques that
are significantly enhanced when it is presented on ferritin nanopar-
ticles. The dominant NAb specificity was directed against an epi-
tope at or close to the trimer apex. Immunogens based on
consensus sequences have utility in engineering vaccines against
HIV-1 and other viruses.

An approach to elicit broadly neutralizing antibodies against
HIV-1 is to stabilize the structurally flexible HIV-1 envelope (Env)
trimer in a conformation that displays predominantly broadly neu-
tralizing epitopes and few to no non-neutralizing epitopes. The
prefusion-closed conformation of HIV-1 Env has been identified as
one such preferred conformation, and a current leading vaccine
candidate is the BG505 DS-SOSIP variant, comprising two disul-
fides and an Ile-to-Pro mutation of Env from strain BG505. Addi-
tional mutations were introduced to further stabilize BG505
DS-SOSIP in the vaccine-preferred prefusion-closed conformation.
In guinea pigs, the best mutant, DS-SOSIP.4mut, elicited a signifi-
cantly higher ratio of autologous versus V3-directed neutralizing
antibody responses than the SOSIP-stabilized form; the changes
also resulted in an improvement in thermostability and a reduction
in CD4 affinity. With improved antigenicity, stability, and immuno-
genicity, DS-SOSIP.4mut-stabilized trimers may have utility as
HIV-1 immunogens or in other antigen-specific contexts, such as
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with B-cell probes [10]. Zhang et al. [11] locked the HIV-1 Env
trimer in a pre-fusion configuration, resulting in impaired CD4
binding and enhanced binding to broadly neutralizing antibodies.
This design was achieved via structure-guided introduction of
neo-disulfide bonds bridging the gp120 inner and outer domains
and was successfully applied to soluble trimers and native gp160
from different HIV-1 clades. Thus, interdomain stabilization pro-
vides a widely applicable template for the design of Env-based
HIV-1 vaccines.

The RV144 clinical trial has been the only human clinical trial
to show that vaccination can provide protection from HIV infec-
tion. The RV144 vaccination protocol consisted of immunization
with the ALVAC (VCP1521) canarypox virus vector, designed to
elicit a robust cell-mediated immune response, followed by
co-immunization with the bivalent AIDSVAX B/E gp120 vaccine,
designed to elicit an anti-gp120 antibody response. This regimen
provided statistically significant protection over 3.5 years, with up
to 60% efficacy within the first year after vaccination. The protec-
tion of the HIV vaccine correlated with antibodies to the V2
domain of gp120, high levels of antibody-dependent cellular cyto-
toxicity (ADCC), and HIV-1-specific IgG3 antibodies, but not
with gp120-specific CD8+ T-cell responses. The studies indicated
a role for anti-gp120 antibodies in the modest but significant level
of protection afforded by the vaccine. The studies associating pro-
tection with anti-gp120 antibodies provided a rationale for further
development of gp120-based immunogens. Doran et al. [12]
reported improving the antigenic structure of the rgp120 immu-
nogens used in the vaccine by optimizing glycan-dependent epi-
topes recognized by multiple bN-mAbs. Their data demonstrated
that by shifting the location of one PNGS in A244-rgp120, and by
adding two PNGS to MN-rgp120, in conjunction with the pro-
duction of both proteins in a cell line that favors the incorporation
of oligomannose glycans, they could significantly improve the bind-
ing by three major families of bN-mAbs. The immunogens
described represent a second generation of gp120-based vaccine
immunogens.

Epitope-specific immunogens targeting the glycan-V3 site have
been successful of eliciting antibodies capable of neutralizing
HIV-1. Fusion peptide-directed antibodies have also been a target
against diverse and natively glycosylated viral isolates. Clinical stud-
ies are currently being performed to elicit neutralizing responses
from fusion peptide-directed antibodies [13]. New epitopes and
target antibodies are being identified. However, due to the com-
plexity of the epitopes and the mutability of the HIV, it still poses a
challenge for vaccine design.
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3 Structure-Based Vaccines Against Respiratory Syncytial Virus

Respiratory syncytial virus (RSV) is a non-segmented negative
stranded RNA virus in the family Pneumoviridae that causes severe
respiratory diseases in infants as well as the elderly [13]. It is a
leading cause of the highest rates of childhood mortality
[14]. The virus is recognized as the most important viral agent of
lower respiratory tract infection worldwide, responsible for up to
199,000 deaths each year [14].

The fusion (F) glycoprotein is the antigen target for RSV,
which exists in two major conformational states: prefusion (pre-F)
and postfusion (post-F) [13]. The only FDA-approved regime to
prevent HRSV-mediated disease is pre-exposure administration of a
humanized HRSV-specific monoclonal antibody, which, although
being effective, is not in widespread usage due to its cost. Currently,
efforts to develop a licensed vaccine have been unsuccessful
[15]. Structure-based design has been used to generate an RSV
fusion glycoprotein stabilized in its prefusion conformation
(DS-Cav1). This immunogen is highly effective in mice and maca-
ques. A phase I vaccine clinical trial used the stabilized prefusion
DS-Cav1 molecule. Four weeks after immunization, these vaccines
elicited substantially more high-quality antibody titers than those
typically generated using earlier RSV immunogens. The findings
provide a proof of concept for how structural biology can contrib-
ute to precision vaccine design [7].

Clinical trials of F subunit vaccine candidates have shown an
increase in neutralizing activity and ~10- to 30-fold increase in
F-protein binding antibody levels; however, a large portion of the
antibodies elicited are non- or poorly neutralizing, and trials have
shown no or minimal efficacy [13]. Significant epitopes associated
with high neutralizing activity in human sera were preserved by
stabilized pre-F trimers with protein engineering. Clinical trials
show that RSV pre-F vaccines induced higher titers of neutralizing
activity than vaccines based on post-F proteins.

4 Structure-Based Vaccines Against Influenza

The influenza virus is a human viral pathogen that causes infections
and remains a serious health threat. In the United States alone, in
2017–2018 season, there were 959,000 hospitalizations related to
influenza illness, and 79,400 deaths [16]. Worldwide, the annual
influenza epidemics cause 3–5 million cases of severe disease, with
290,000–650,000 of these severe cases resulting in death [17]. The
delayed availability of vaccine during the 2009 H1N1 influenza
pandemic created a sense of urgency to better prepare for the
next influenza pandemic [18]. The influenza virus is characterized
by its ability to evade immune surveillance through rapid genetic
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drift and reassortment [19]. Influenza vaccine comprises two influ-
enza A strains and one influenza B strain. Despite current vaccine
production for influenza, there is an urgent need to develop a novel
structure-based vaccine that is quicker and cheaper to manufacture.

Moise et al. [18] described a novel vaccine design strategy
called immune engineering in the context of H7N9 influenza
vaccine development. The approach combines immunoinformatic
and structure modeling methods to promote protective antibody
responses against H7N9 hemagglutinin (HA) by engineering
whole antigens to carry seasonal influenza HA memory CD4+
T-cell epitopes—without perturbing native antigen structure—by
galvanizing HA-specific memory helper T cells that support sus-
tained antibody development against the native target HA.

The polyepitope strategy is a promising approach for success-
fully creating a broadly protective flu vaccine, which targets
T-lymphocytes (both CD4+ and CD8+) to recognize the most
conserved epitopes of viral proteins. Bazhan et al. [20] employed
a computer-aided approach to develop several artificial antigens
potentially capable of evoking immune responses to different
virus subtypes. These antigens included conservative T-cell epi-
topes of different influenza A virus proteins. To design epitope-
based antigens, they used experimentally verified information
regarding influenza virus T-cell epitopes from the Immune Epitope
Database (IEDB) (http://www.iedb.org). Amino acid sequences of
target polyepitope antigens were designed using TEpredict/Poly-
CTLDesigner software. Immunogenic and protective features of
DNA constructs encoding “murine” target T-cell immunogens
were studied in BALB/c mice. The authors showed that mice
groups immunized with a combination of computer-generated
“murine” DNA immunogens had a 37.5% survival rate after receiv-
ing a lethal dose of either A/California/4/2009 (H1N1) virus or
A/Aichi/2/68 (H3N2) virus, while immunization with live flu
H1N1 and H3N2 vaccine strains provided protection against
homologous viruses and failed to protect against heterologous
viruses. These results demonstrate that mechanisms of cross-
protective immunity may be associated with the stimulation of
specific T-cell responses. This study demonstrated that computer-
aided approach may be successfully used for rational designing
artificial polyepitope antigens capable of inducing virus-specific
T-lymphocyte responses and providing partial protection against
two different influenza virus subtypes.

5 Structure-Based Vaccines to Protect Against Hepatitis C Virus

Hepatitis C is a viral infection that causes liver inflammation, some-
times leading to serious liver damage. The hepatitis C virus (HCV)
spreads through contaminated blood. HCV accounts for approxi-
mately 15–20% cases of acute hepatitis. After acute infection,
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around 50–80% of HCV patients will develop chronic infection.
Globally, HCV infects 170 million individuals. Chronic hepatitis C
(CHC) patients are at high risk to develop life-threatening compli-
cations, including cirrhosis in 20% of cases and hepatocellular car-
cinoma (HCC) at an incidence of 45% per year in cirrhotic patients.
Epidemiological studies also indicate that HCV is associated with a
number of extrahepatic manifestations including insulin resistance,
type 2 diabetes mellitus, glomerulopathies, oral manifestations, etc.
HCV also causes liver cancer [21]. As yet there are no effective
vaccines to protect against HCV.

Due to its extremely high sequence variability, HCV can readily
escape the immune response; thus, an effective vaccine must target
conserved, functionally important epitopes. Hepatitis C virus
(HCV) envelope glycoproteins E1 and E2 are responsible for cell
entry, with E2 being the major target of neutralizing antibodies
(NAbs). Using the structure of a broadly neutralizing antibody in
complex with a conserved linear epitope from the HCV E2 enve-
lope glycoprotein (residues 412–423; epitope I), Pierce et al. [22]
performed structure-based design of immunogens to induce anti-
body responses to this epitope. This resulted in epitope-based
immunogens based on a cyclic defensin protein, as well as a bivalent
immunogen with two copies of the epitope on the E2 surface. Mice
vaccinated with the designed immunogens produced robust anti-
body responses to epitope I, and their serum could neutralize HCV.
Notably, the cyclic designs induced greater epitope-specific
responses and neutralization than the native peptide epitope.

The same authors further designed a vaccine targeting HCV
envelope glycoprotein E2 (Pierce et al. [23]). They designed
immunogens to modulate the structure and dynamics of E2 and
favor induction of broadly neutralizing antibodies (bNAbs) in the
context of a vaccine. These designs include a point mutation in a
key conserved antigenic site to stabilize its conformation, as well as
redesigns of an immunogenic region to add a new N-glycosylation
site and mask it from antibody binding. Designs were experimen-
tally characterized for binding to a panel of human monoclonal
antibodies (HMAbs) and the coreceptor CD81 to confirm preser-
vation of epitope structure and preferred antigenicity profile.
Selected E2 designs were tested for immunogenicity in mice, with
and without hypervariable region 1, which is an immunogenic
region associated with viral escape. One of these designs showed
improvement in polyclonal immune serum binding to HCV pseu-
doparticles and neutralization of isolates associated with antibody
resistance. These results indicate that antigen optimization through
structure-based design of the envelope glycoproteins is a promising
route to an effective vaccine for HCV. Whereas, He et al. [24]
redesigned variable region 2 in a truncated form (tVR2) on E2
cores derived from genotypes 1a and 6a, resulting in improved
stability and antigenicity. Crystal structures of three optimized E2

22 Sunil Thomas and Ann Abraham



cores with human cross-genotype NAbs (AR3s) revealed how the
modified tVR2 stabilizes E2 without altering key neutralizing epi-
topes. They then displayed these E2 cores on 24- and 60-meric
nanoparticles and achieved substantial yield and purity, as well as
enhanced antigenicity. In mice, these nanoparticles elicited more
effective NAb responses than soluble E2 cores.

6 Structure-Based Vaccines Against Coronaviruses

Coronaviruses belong to the order Nidovirales and are positive-
strand RNA viruses that affect respiratory function. The spike
glycoprotein is the major target of neutralizing antibodies; how-
ever, it is highly glycosylated and antigenically variable [25]. It is
built of a receptor-binding subunit (S1) and a membrane-fusing
subunit (S2). Within two decades, there have emerged three highly
pathogenic and deadly human coronaviruses, namely SARS-CoV,
Middle East respiratory syndrome coronavirus (MERS-CoV), and
SARS-CoV-2. The economic burden and health threats caused by
these coronaviruses are extremely dreadful and getting more seri-
ous as the increasing number of global infections and attributed
deaths of SARS-CoV-2 and MERS-CoV [26, 27].

Middle East respiratory syndrome coronavirus (MERS-CoV) is
a lineage C betacoronavirus that since its emergence in 2012 has
caused outbreaks in human populations with case-fatality rates of
�36%. As in other coronaviruses, the spike (S) glycoprotein of
MERS-CoV mediates receptor recognition and membrane fusion
and is the primary target of the humoral immune response during
infection. Pallesen et al. [28] used structure-based design to
develop a generalizable strategy for retaining coronavirus S proteins
in the antigenically optimal prefusion conformation and demon-
strated that the engineered immunogen is able to elicit high neu-
tralizing antibody titers against MERS-CoV. They also determined
high-resolution structures of the trimeric MERS-CoV S ectodo-
main in complex with G4, a stem-directed neutralizing antibody.
The structures reveal that G4 recognizes a glycosylated loop that is
variable among coronaviruses, and they define four conformational
states of the trimer wherein each receptor-binding domain is either
tightly packed at the membrane-distal apex or rotated into a
receptor-accessible conformation. The studies suggest a potential
mechanism for fusion initiation through sequential receptor-
binding events and provide a foundation for the structure-based
design of coronavirus vaccines.

The CoV spike receptor-binding domain (RBD) is an attractive
vaccine target for coronaviruses but is undermined by limited
immunogenicity. However, a dimeric form of MERS-CoV RBD
can overcome this limitation. Dai et al. [29] demonstrated that the
RBD-dimer significantly increased neutralizing antibody (NAb)
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titers compared to conventional monomeric form and protected
mice against MERS-CoV infection. Crystal structure showed
RBD-dimer fully exposed dual receptor-binding motifs, the major
target for NAbs. Structure-guided design further yielded a stable
version of RBD-dimer as a tandem repeat single-chain (RBD-sc-
dimer) which retained the vaccine potency.

Walls et al. [30] described the structure-based design of self-
assembling protein nanoparticle immunogens that elicit potent and
protective antibody responses against SARS-CoV-2 in mice. The
nanoparticle vaccines display 60 SARS-CoV-2 spike receptor-
binding domains (RBDs) in a highly immunogenic array and
induce neutralizing antibody titers tenfold higher than the
prefusion-stabilized spike despite a fivefold lower dose. Antibodies
elicited by the RBD nanoparticles target multiple distinct epitopes,
suggesting they may not be easily susceptible to escape mutations
and exhibit a lower binding:neutralizing ratio than convalescent
human sera, which may minimize the risk of vaccine-associated
enhanced respiratory disease. The high yield and stability of the
assembled nanoparticles suggest that manufacture of the nanopar-
ticle vaccines will be highly scalable.

Apart from vaccines, monoclonal antibodies can also be gener-
ated based on structure-based design. Recently, a humanized
monoclonal antibody, H014, that efficiently neutralizes SARS-
CoV-2 and SARS-CoV pseudoviruses as well as authentic SARS-
CoV-2 at nanomolar concentrations by engaging the spike
(S) receptor binding domain (RBD) was developed. H014 admin-
istration reduced SARS-CoV-2 titers in infected lungs and pre-
vented pulmonary pathology in a human angiotensin-converting
enzyme 2 mouse model. Cryo-electron microscopy characteriza-
tion of the SARS-CoV-2 S trimer in complex with the H014 Fab
fragment unveiled a previously uncharacterized conformational
epitope, which was only accessible when the RBD was in an open
conformation. Biochemical, cellular, virological, and structural
studies demonstrated that H014 prevents attachment of SARS--
CoV-2 to its host cell receptors. Epitope analysis of available neu-
tralizing antibodies against SARS-CoV and SARS-CoV-
2 uncovered broad cross-protective epitopes. The data highlight a
key role for antibody-based therapeutic interventions in the treat-
ment of COVID-19 [31].

7 Structure-Based Vaccines Against Neisseria meningitidis

N. meningitidis is an aerobic or facultative anaerobic, Gram-
negative diplococcus that exclusively infects humans. There are at
least 12 serotypes based on unique capsular polysaccharides of
N. meningitidis with serotypes A, B, C, W, X, and Y, causing
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most of the meningococcal infections. N. meningitidis causes sig-
nificant morbidity and mortality in children and young adults
worldwide through epidemic or sporadic meningitis and/or septi-
cemia [32]. Common symptoms of meningococcal meningitis
include sudden fever, headache, and stiff neck. Other symptoms
may include nausea, vomiting, increased sensitivity to light, and
confusion. Children and infants may show different signs and
symptoms, such as inactivity, irritability, vomiting, or poor
reflexes [33].

Factor H binding protein (fHbp) is a key antigen that elicits
protective immunity against the meningococcus and recruits the
host complement regulator, fH. As the high affinity interaction
between fHbp and fH could impair immune responses, Johnson
et al. [34] sought to identify non-functional fHbps that could act as
effective immunogens. This was achieved by alanine substitution of
fHbps from all three variant groups (V1, V2, and V3 fHbp) of the
protein; while some residues affected fH binding in each variant
group, the distribution of key amino underlying the interaction
with fH differed between the V1, V2, and V3 proteins. To develop
transgenic models to assess the efficacy of non-functional fHbps,
they determined the structural basis of the low level of interaction
between fHbp and murine fH; in addition to changes in amino
acids in the fHbp binding site, murine fH has a distinct conforma-
tion compared with the human protein that would sterically inhibit
binding to fHbp. Non-functional V1 fHbps were further character-
ized by binding and structural studies, and shown in
non-transgenic and transgenic mice (expressing chimeric fH that
binds fHbp and precisely regulates complement system) to retain
their immunogenicity. The study provides a catalog of
non-functional fHbps from all variant groups that can be included
in new generation meningococcal vaccines, and establish proof-in-
principle for clinical studies to compare their efficacy with wild-type
fHbps.

Hollingshead et al. [35] generated chimeric antigens (ChAs)
against serogroup B N. meningitidis (MenB). MenB ChAs exploit
factor H binding protein (fHbp) as a molecular scaffold to display
the immunogenic VR2 epitope from the integral membrane pro-
tein PorA. Structural analyses demonstrate fHbp is correctly folded
and the PorA VR2 epitope adopts an immunogenic conformation.
In mice, immunization with ChAs generates fHbp and PorA anti-
bodies that recognize the antigens expressed by clinical MenB
isolates; these antibody responses correlate with protection against
meningococcal disease. Application of ChAs is therefore a poten-
tially powerful approach to develop multivalent subunit vaccines,
which can be tailored to circumvent pathogen diversity.
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8 Structure-Based Vaccines Against Lyme Disease

Lyme disease is a multisystem illness caused by the spirochete
Borrelia burgdorferi sensu lato. It is the most common vector-
borne illness in the United States. Spirochetes have a wavelike
body and flagella enclosed between the outer and inner mem-
branes. Three genospecies of B. burgdorferi cause most human
disease: B. burgdorferi sensu stricto, Borrelia garinii, and
B. afzelii. B. burgdorferi sensu stricto is the only genospecies asso-
ciated with human disease in the United States, whereas all three
genospecies occur in Europe, and B. garinii and B. afzelii occur in
Asia. B. garinii and B. afzelii are antigenically distinct from
B. burgdorferi sensu stricto, and these differences may account for
the variation in clinical presentation in different geographic
regions [36].

Nayak et al. [37] applied a structure-based surface shaping
approach for the development of a Lyme disease vaccine. The
surface of the C-terminal fragment of outer surface protein A
(OspA) was marked as distinct regions, based on binding sites of
monoclonal antibodies. In order to target the six clinically most
relevant OspA serotypes (ST) in a single protein, exposed amino
acids of the individual regions were exchanged to corresponding
amino acids of a chosen OspA serotype. Six chimeric proteins were
constructed, and, based on their immunogenicity, four of these
chimeras were tested in mouse challenge models. Significant pro-
tection could be demonstrated for all four proteins following chal-
lenge with infected ticks (OspA ST1, OspA ST2, and OspA ST4) or
with in vitro-grown spirochetes (OspA ST1 and OspA ST5). Two
of the chimeric proteins were linked to form a fusion protein, which
provided significant protection against in vitro-grown spirochetes
(OspA ST1) and infected ticks (OspA ST2).

A multivalent OspA-based vaccine was designed by Comstedt
et al. [38]. The vaccine includes three proteins, each containing the
C-terminal half of two OspA serotypes linked to form a heterodi-
mer. In order to stabilize the C-terminal fragment and thus pre-
serve important structural epitopes at physiological temperature,
disulfide bonds were introduced. The immunogenicity was
increased by introduction of a lipidation signal which ensures the
addition of an N-terminal lipid moiety. Three immunizations with
3.0 μg adjuvanted vaccine protected mice from a challenge with
spirochetes expressing either OspA serotype 1, 2, or 5. Mice were
protected against both challenge with infected ticks and in vitro
grown spirochetes. Immunological analyses (ELISA, surface bind-
ing, and growth inhibition) indicated that the vaccine can provide
protection against the majority of Borrelia species pathogenic for
humans.
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Outer surface protein C (OspC) is a major antigen on the
surface of B. burgdorferi. Experimental Osp C-based subunit chi-
meritope vaccinogens for Lyme disease were assessed by Izac et al.
[39] for immunogenicity, structure, ability to elicit antibody
(Ab) responses to divergent OspC proteins, and bactericidal activ-
ity. Chimeritopes are chimeric epitope-based proteins that consist
of linear epitopes derived from multiple proteins or multiple var-
iants of a protein. An inherent advantage to chimeritope vaccino-
gens is that they can be constructed to trigger broadly protective Ab
responses. Three OspC chimeritope proteins Chv1, Chv2, and
Chv3 were comparatively assessed. All Chv proteins were immuno-
genic in mice and rats eliciting high titer Ab. Immunoblot and
ELISA demonstrated that the Chv proteins elicit IgG that recog-
nizes a diverse array of OspC type proteins. The study highlighted
the ability of OspC chimeritopes to serve as vaccinogens that
trigger potentially broadly protective Ab responses.

9 Structure-Based Vaccines to Protect Against Streptococci

Streptococcus pyogenes (group A streptococcus) are Gram-positive,
nonmotile, non-spore forming, catalase-negative cocci that occur
in pairs or chains. Older cultures may lose their Gram-positive
character. Most Streptococci are facultative anaerobes, and some
are obligate anaerobes. Group A strep, sometimes called GAS,
tends to affect the throat and the skin. People may carry GAS yet
may not show any symptoms of illness. Most strep A infections
cause relatively mild illness, but on rare occasions, these bacteria can
lead to severe and even life-threatening disease [40].

A major obstacle to the development of broadly protective M
protein-based group A streptococcal (GAS) vaccines is the variabil-
ity within the N-terminal epitopes that evoke potent bactericidal
antibodies. M protein sequences (AA 16–50) from the E4 cluster
containing 17 emm types of GAS were analyzed using de novo 3D
structure prediction tools and the resulting structures subjected to
chemical diversity analysis to identify sequences that were the most
representative of the 3D physicochemical properties of the M pep-
tides in the cluster. The synthetic vaccine rabbit antisera reacted
with all 17 E4 M peptides and demonstrated bactericidal activity
against 15/17 E4 GAS. A recombinant hybrid vaccine containing
the E4 peptides elicited antibodies that cross-reacted with all E4 M
peptides [41].

Loh et al. [42] generated a multivalent vaccine called TeeVax1,
a recombinant protein that consists of a fusion of six T-antigen
domains. Vaccination with TeeVax1 produces opsonophagocytic
antibodies in rabbits and confers protective efficacy in mice against
invasive disease. Two further recombinant proteins TeeVax2 and
TeeVax3 were constructed to cover 12 additional T-antigens.
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Combining TeeVax1–3 produced a robust antibody response in
rabbits that was cross-reactive to a full panel of 21 T-antigens,
expected to provide over 95% vaccine coverage. The study demon-
strated the potential for a T-antigen-based vaccine to prevent GAS
infections.

Kuo et al. [43] developed a vaccine using the polyvalence
epitope recombinant FSBM protein (rFSBM), which contains
four different epitopes, including the fibronectin-binding repeats
domain of streptococcal fibronectin binding protein Sfb1, the
C-terminal immunogenic segment of streptolysin S, the
C3-binding motif of streptococcal pyrogenic exotoxin B, and the
C-terminal conserved segment of M protein. Vaccination with the
rFSBM protein successfully prevented mortality and skin lesions
caused by several emm strains of GAS infection. Anti-FSBM anti-
bodies collected from the rFSBM-immunized mice were able to
opsonize at least six emm strains and can neutralize the hemolytic
activity of streptolysin S. The internalization of GAS into nonpha-
gocytic cells is also reduced by anti-FSBM serum. The study sug-
gested that rFSBM can be applied as a vaccine candidate to prevent
different emm strains of GAS infection.

Streptococcus agalactiae (group B streptococcus) or GBS can
cause illness in people of all ages, though it can be particularly
severe in newborns, most commonly causing sepsis, pneumonia,
andmeningitis. In adults, the most common health issues caused by
GBS include urinary tract infections, skin infections, bloodstream
infections, pneumonia, skin and soft-tissue infections, and bone
and joint infections [44]. Currently, there are no licensed vaccines
for GBS infections.

Based on the structural epitope of the capsular polysaccharide
from type III Group B Streptococcus (GBSIII), Oldrini et al. [45]
designed a conjugate vaccine. Using X-ray crystallographic struc-
ture of the polysaccharide fragment–mAb complex, they synthe-
sized a hexasaccharide comprising exclusively the relevant positions
involved in binding. Combining competitive surface plasmon reso-
nance and saturation transfer difference NMR spectroscopy as well
as in silico modeling, they demonstrated that this synthetic glycan
was recognized by the mAb similarly to the dimer. The hexasac-
charide conjugated to CRM197, a mutant of diphtheria toxin,
elicited a robust functional immune response that was not inferior
to the polysaccharide conjugate, indicating that it may suffice as a
vaccine antigen.

10 Structure-Based Vaccines to Protect Against Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacteria that cause a wide
variety of clinical diseases. Infections caused by this pathogen are
common both in community-acquired and hospital-acquired set-
tings. The treatment remains challenging due to the emergence of
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multi-drug resistant strains such as MRSA (Methicillin-Resistant
Staphylococcus aureus). S. aureus does not normally cause infection
on healthy skin; however, if it is allowed to enter the internal tissues
or bloodstream, these bacteria may cause a variety of potentially
serious infections [46].

Efforts to develop effective vaccines against S. aureus have been
largely unsuccessful, in part due to the variety of virulence factors
produced by this organism. S. aureus alpha-hemolysin (Hla) is a
pore-forming toxin expressed by most S. aureus strains and
reported to play a key role in the pathogenesis of SSTI and pneu-
monia. Adhikari et al. [47] reported a recombinant subunit vaccine
candidate for Hla, rationally designed based on the heptameric
crystal structure. This vaccine candidate, denoted by AT-62aa,
was tested in pneumonia and bacteremia infection models using
S. aureus. The authors reported significant protection from lethal
bacteremia upon vaccination with AT-62aa. Passive transfer of
rabbit immunoglobulin against AT-62aa (AT62-IgG) protected
mice against intraperitoneal and intranasal challenge with
USA300 and produced significant reduction in bacterial burden
in blood, spleen, kidney, and lungs. AT62-IgG and sera from
vaccinated mice effectively neutralized the toxin in vitro and
AT62-IgG inhibited the formation of Hla heptamers, suggesting
antibody-mediated neutralization as the primary mechanism of
action.

S. aureus thwarts the host defense by secreting a myriad of
virulence factors, including bicomponent, pore-forming leukotox-
ins. While all vaccine development efforts that aimed at achieving
opsonophagocytic killing have failed, targeting virulence by toxoid
vaccines represents a novel approach to preventing mortality and
morbidity that are caused by SA. Leukotoxin LukAB kills human
phagocytes and monocytes, and it is present in all known S. aureus
clinical isolates. While using a structure-guided approach, Kailasan
et al. [48] generated a library of mutations that targeted functional
domains within the LukAB heterodimer to identify attenuated
toxoids as potential vaccine candidates. Themutants were evaluated
based on expression, solubility, yield, biophysical properties, cyto-
toxicity, and immunogenicity, and several fully attenuated LukAB
toxoids that were capable of eliciting high neutralizing antibody
titers were identified. Rabbit polyclonal antibodies against the lead
toxoid candidate provided potent neutralization of LukAB. While
the neutralization of LukAB alone was not sufficient to fully sup-
press leukotoxicity in supernatants of S. aureus USA300 isolates, a
combination of antibodies against LukAB, α-toxin, and Panton-
Valentine leukocidin completely neutralized the cytotoxicity of
these strains. These data strongly support that the inclusion of
LukAB toxoids in a multivalent toxoid vaccine for the prevention
of S. aureus disease.
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The antigenic proteins coproporphyrinogen III oxidase
(CgoX) and triose phosphate isomerase (TPI) fulfil essential
housekeeping functions in heme synthesis and glycolysis, respec-
tively. Immunization with rCgoX and rTPI elicited protective
immunity against S. aureus bacteremia. Two monoclonal antibo-
dies (mAb), CgoX-D3 and TPI-H8, raised against CgoX and TPI,
efficiently provided protection against S. aureus infection. MAb-C-
goX-D3 recognized a linear epitope spanning 12 amino acids,
whereas TPI-H8 recognized a larger discontinuous epitope. The
CgoX-D3 epitope conjugated to BSA elicited a strong, protective
immune response against S. aureus infection. The CgoX-D3 epi-
tope is highly conserved in clinical S. aureus isolates, indicating its
potential wide usability against S. aureus infection. The data sug-
gest that immunofocusing through epitope-based immunization
constitutes a strategy for the development of a S. aureus vaccine
with greater efficacy and better safety profile [49].

11 Conclusion

In spite of vaccinations, infectious diseases still take a heavy toll on
the global population, and that provides strong rationale for broad-
ening vaccine development repertoire. Hence, there is a need for
novel vaccination strategies to protect against infectious diseases.
Structural vaccinology, in which protein structure information is
utilized to design immunogens, has promise to provide new vac-
cines against traditionally difficult targets. Crystal structures of
antigens containing one or more protection epitopes, especially
when in complex with a protective antibody, are the starting point
for immunogen design. To develop vaccines that protect against
antigenically variable pathogens, pioneering structure-based work
demonstrated that multiple strain-specific epitopes could be engi-
neered onto a single immunogen [50].
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Chapter 3

Polymer–Peptide Conjugate Vaccine for Oral Immunization

Mohammad Omer Faruck, Mariusz Skwarczynski, and Istvan Toth

Abstract

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction, well-known as “click” reaction, is
widely used in organic synthesis, medicinal chemistry, and polymer science for the conjugation of molecular
entities of all sizes. In this protocol, B-cell epitope J8, derived from group A Streptococcus (GAS) M protein,
and universal T-helper epitope PADRE were conjugated to poly(methyl acrylate) (PMA) to form a self-
assembled nanoparticle vaccine candidate (PMA-P-J8). The vaccine construct was orally administered to
mice in a single dose of 30 μg, resulting in the production of a high number of serum (IgG) and salivary
(IgA) antibodies.

Key words Single immunization, Copper-catalyzed alkyne-azide cycloaddition click reaction, Self-
assembly, Dialysis, Poly(methyl acrylate)

1 Introduction

Vaccines are designed to protect a host against a specific disease.
They are usually safe, stable, reproducible, and inexpensive. Tradi-
tionally, vaccines have been produced using live-attenuated or killed
whole microorganisms. However, these vaccines can revert to a
virulent state or induce allergies and autoimmune responses
[1]. Furthermore, traditional vaccines need cold chain for transpor-
tation and storage, which is often impractical in developing
countries or remote areas [2]. To overcome these disadvantages,
subunit vaccines, including protein and peptide-based vaccines,
have been extensively investigated.

Peptide-based vaccines are composed of minimal immunologic
components (known as epitopes) [3]. They are easy to synthesize in
a pure state and at large scale. The exclusion of redundant compo-
nents from these vaccines eliminates or reduces the risk of adverse
post-immunization reactions; however, it also greatly reduces vac-
cine immunogenicity. Therefore, adjuvants (immune stimulants)
are usually incorporated into peptide-based vaccines to augment
immune responses [4].
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Recently, polymers have shown great promise as vaccine deliv-
ery systems with self-adjuvanting properties. Polymers can be given
either as a physical mixture with antigen or conjugated to the
antigen. Various polymer-based antigen delivery systems have
been designed, including polymer-coated liposomes [5], nanopar-
ticles [6, 7], polyelectrolytes [8, 9], hydrogels [10], microparticles
[11], and microspheres [12].

Oral administration is the preferred delivery route for pharma-
ceuticals, due to high patient compliance and elimination of the
need for professional personnel during therapy or vaccination
[13, 14]. However, peptide antigens are extremely labile in the
gastrointestinal tract (GIT) and are promptly degraded by pro-
teases. In addition, antigens become highly diluted upon oral
administration due to the large surface area of the GIT. This leads
to the requirement for multiple, high doses of the vaccine, and
strong adjuvants to avoid the induction of immune tolerance [15].

Streptococcus pyogenes is a Gram-positive coccus bacterium that
colonizes the pharynx and skin. It is often referred to as group A
Streptococcus (GAS). GAS is responsible for a variety of diseases, as
well as deadly postinfectious complications [16, 17]. Currently, no
vaccines are available for GAS infection.

In this protocol, conjugation between P-J8 peptide, covering
B-cell epitope J8 derived from GAS M protein, together with
universal T-helper epitope PADRE (P), and commercial poly
(methyl acrylate) (PMA) was performed using copper-catalyzed
alkyne-azide 1,3-dipolar cycloaddition (CuAAC) reaction in the
presence of copper wires to produce PMA-P-J8 (Fig. 1)
[18]. P-J8 was synthesized according to solid-phase peptide syn-
thesis methods presented previously in this book series [19–
21]. The produced conjugate (PMA-P-J8) was self-assembled
into nanoparticles using the solvent exchange method, dialyzed,
and analyzed by elemental analysis. Mice were orally immunized
with PMA-P-J8, and antigen-specific antibody production was
analyzed by ELISA.

2 Materials

All solutions should be prepared using peptide synthesis/chroma-
tography grade chemicals and ultrapure water (from a MilliQ water
system with a sensitivity of 18.1 M cm at 25 �C) at room
temperature.

2.1 Polymer–Peptide

Conjugation

1. N,N-Dimethylformamide (DMF).

2. Poly(methyl acrylate) with azide terminal (molecular weight
2500–3000).

3. Copper wire.
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4. Sulfuric acid (ACS reagent, 95–98%).

5. Round-bottom flask (2 mL).

6. Balance.

7. Vortex machine.

8. Magnetic stirrer.

9. Beaker (1000 mL).

10. Rubber stopper for the 2-mL flask.

11. Aluminum foil.

12. Oil bath.

13. Magnetic stirrer mixer with hot plate.

14. Porcelain filter funnel.

15. Syringe (5 mL).

16. Needles (21G 1 TW, 0.8 mm � 25 mm).

17. Scintillation vial (20 mL).

18. Microfilter (pore size 0.45 μm, volume 12 mL).

19. Thermometer.

20. Dialysis bag (Pierce snakeskin, MWCO 10 K).

21. Dialysis clips.

22. Syringe pump.

Fig. 1 Schematic illustration of the peptide–polymer conjugation
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23. Zetasizer—Malvern Panalytical, for dynamic light scattering
measurement.

24. Long metal needle.

2.2 Immunization 1. Black mice (C57BL/6, 4–6 weeks old, female).

2. Pilocarpine.

3. Ear puncher/notcher.

4. Eppendorf tubes.

5. Phenylmethylsulfonylfluoride (PMSF) protease inhibitor.

6. Cholera endotoxin subunit: B (CTB).

3 Methods

3.1 Polymer–Peptide

Conjugation

1. Weigh 7.0 mg (2.54 μmol, 1.4 equivalent) of the peptide, P-J8,
in an Eppendorf tube using a microbalance (see Note 1).

2. Weigh 5.0mg (1.82 μmol, 1.0 equivalent) of PMA in a separate
Eppendorf tube using a microbalance.

3. Add 1 mL DMF into the tube with P-J8 and dissolve properly
using the vortex.

4. Add 1 mL DMF into the tube with PMA and dissolve properly
using the vortex (see Note 2).

5. Transfer both peptides/polymer into a 2-mL round-bottom
flask.

6. Add60mgofCuwire and a stirring bar into the flask (seeNote3).

7. Seal the flask with a rubber stopper.

8. Insert a needle with attached nitrogen balloon into the stopper,
then insert a second empty/open needle to allow nitrogen flow
through the flask for 15–30 s (see Note 4).

9. Cover the reaction mixture with aluminum foil and stir at
50 �C under nitrogen atmosphere (Fig. 2) (see Note 5).

10. Filter the reaction mixture using a 0.12-μm nylon filter; wash
the remaining wires with 0.5 mL DMF and filter again.

11. Transfer the 2.5 mL filtered reaction mixture into a 5-mL
plastic syringe.

12. Add 5 mL distilled water into a 20-mL scintillation vial
equipped with a 1-cm stirring bar.

13. Attach a long, bentmetal needle to the 5-mL syringe (seeNote6).

14. Insert the bent needle into the 20-mL scintillation vial.

15. Set the flow rate on the syringe pump to 0.7 mL/hour and add
the conjugated solution dropwise to the water (Fig. 3).
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Fig. 2 The conjugation reaction upon completion (bluish/green solution)

Fig. 3 Self-assembly of the particles
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16. Transfer the produced solution from the scintillation vial to a
dialysis bag.

17. Close the dialysis bag from both sides using dialysis clips and
use a sponge support to keep the bag in the water. Put bag in
the beaker with water (Fig. 4).

18. Dialyze against water for 3 days with a stirring speed of
250 rpm. Change the water frequently: at least three times
per day (see Note 7).

19. Transfer the conjugated solution from the dialysis bag to a
clean scintillation vial.

20. Check the particle size and polydispersity index (PDI) using
dynamic light scattering (DLS).

21. Freeze-dry half of the PMA-P-J8 solution (~3 mL) to quantify
conjugation efficacy and yield (see Note 8).

22. Use the freeze-dried product to perform elemental analysis and
calculate the substitution ratio (Fig. 5) (see Note 9).

Fig. 4 Dialysis against water
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3.2 Immunization 1. Maintain all mice in clean cages.

2. Divide the mice into three groups: PBS (negative control
group), PMA-P-J8, PMA-P-J8 + CTB (positive control
group).

3. Collect a blood sample (10 μL) via tail bleed (day 0) for naı̈ve
serum.

4. Dilute all blood serum samples with PBS (1�).

5. Centrifuge blood for 10 min at 4300 � g.

6. Collect the serum supernatant.

7. Store the supernatant at �80 �C for further analysis.

8. Collect saliva (naı̈ve controls) before immunization (day 0) (see
Note 10).

9. Store the saliva samples in tubes pretreated with the protease
inhibitor, phenylmethylsulfonylfluoride (PMSF).

10. Orally administer 30 μg of PMA-P-J8 solution (freshly
prepared peptide–polymer conjugation) in 30 μL of water to
each mouse in the PMA-P-J8 group (day 1).

11. Orally administer 30 μL of 1� PBS to each mouse in the
negative control group (day 1).

Fig. 5 The curve of the theoretical substitution ratio of the peptide conjugated to polymer compared to the N/C
ratio. The brown line represents experimental values for PMA-P-J8
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12. Orally administer 30 μg of the vaccine solution plus CTB (10
μg) to each mouse in the positive control group (day 1).

13. Euthanize all mice on day 15 and collect cardiac blood
(500–1000 μL).

14. Screen the samples via ELISA, according to the previously
reported procedure [22] (Fig. 6).

4 Notes

1. Molecular weight of P-J8 is 5831.70, as it includes trifluorace-
tic acetic acid (MW ¼ 114.02 � 10), which forms a salt with
arginine and lysine amine side chains.

2. Methanol can be used as a replacement for DMF.

3. If the copper wires are not shiny, they should be submerged in
concentrated sulfuric acid for 1–2 min, then washed in a glass
filter funnel with MilliQ water (5 times), and methanol
(5 times) before drying under a stream of nitrogen.

4. Do not remove the air (oxygen) completely. The complete
removal of air can cause a substantial delay or cease the reaction
as a small amount of oxygen is needed to oxidize copper metal
into copper I; this is essential for catalyzing the CuAAC reac-
tion. In contrast, an excessive amount of oxygen can trigger the
undesired formation of a large quantity of copper II.

5. After 12 h, the reaction mixture should change from colorless
to green (or bluish-green), indicating the occurrence of the

Fig. 6 J8-specific antibody responses, as determined by ELISA. (a) J8-specific saliva IgA titers after single
immunization; (b) J8-specific serum IgG titers after single immunization
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reaction. If the reaction mixture remains transparent, extend
the reaction time.

6. The needle must be washed three times with methanol and
dried using nitrogen gas before use. The needle should be set in
the middle of the water and should not touch the scintillation
vial wall. The scintillation vial and magnet need to be washed
three times with endotoxin-free water before use. Confirm that
the magnet is rotating in the middle of the solution and not
touching the wall of the vial. The flow rate of DMF into the
water needs to be adjusted so that self-assembly is complete
within 3–4 h.

7. During dialysis, shake the dialysis bag at least three times per
day to avoid precipitation of the polymer.

8. The toxicity of copper is well established; however, at the same
time, copper is an essential element for human health. There-
fore, the level of copper traces present in the biologically rele-
vant material needs to be precisely determined. Normally,
copper level after click reaction and dialysis is below
100 ppb [23].

9. Calculate the theoretical value of the N/C (nitrogen/carbon)
ratio of the conjugated peptide–polymer. For PMA-P-J8, the
theoretical values are: C¼ 49.88 (%), H¼ 6.48 (%), N¼ 10.29
(%). Thus, the N/C ratio is 0.206 for 100% substitution. Draw
a standard curve for the N/C ratios using different theoretical
substitution values. For PMA-P-J8, substitutions at 0%, 25%,
50%, 67%, and 75% correspond to N/C ratios of 0.0276,
0.114, 0.132, 0.159, 0.187, respectively. Use experimental
N/C ratio values to calculate the substitution ratio, for exam-
ple, see Fig. 5.

10. Prior to saliva collection, intraperitoneally inject each mouse
with 50 μL of 0.1% pilocarpine solution to stimulate saliva
secretion.
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Chapter 4

An Update on “Reverse Vaccinology”: The Pathway from
Genomes and Epitope Predictions to Tailored, Recombinant
Vaccines

Marcin Michalik, Bardya Djahanschiri, Jack C. Leo, and Dirk Linke

Abstract

In this chapter, we review the computational approaches that have led to a new generation of vaccines in
recent years. There are many alternative routes to develop vaccines based on the concept of reverse
vaccinology. They all follow the same basic principles—mining available genome and proteome information
for antigen candidates, and recombinantly expressing them for vaccine production. Some of the same
principles have been used successfully for cancer therapy approaches. In this review, we focus on infectious
diseases, describing the general workflow from bioinformatic predictions of antigens and epitopes down to
examples where such predictions have been used successfully for vaccine development.

Key words Reverse vaccinology, Vaccine design, Epitope prediction, Surface proteins, Peptide epi-
topes, Core genome

1 Introduction

The successful removal of a pathogen from the human body by the
adaptive immune system requires the recognition of the pathogen’s
molecules as “foreign.” Molecular patterns can be recognized by
both branches of the mammalian immune system, innate immunity
and adaptive immunity. The innate immune system recognizes
widely conserved molecular features common to many pathogens
(so-called pathogen-associated molecular patterns), allowing this
branch of the system to mount a rapid response to early signs of
infection. The adaptive immune response is more specific, and the
molecular patterns allowing the adaptive immune system to detect
pathogens are called antigenic or immunogenic. Furthermore, the
site of the antigen to which the antigen-binding receptors actually
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bind is called the antigenic determinant or epitope. In most cases,
antigens possess several different epitopes; however, they can vary
in immunogenicity, which leads to the phenomenon of so-called
immunodominant epitopes.

The two branches of the immune system work on different
principles. The innate immune system is inherited from the parents
and is genetically fixed for life, while the adaptive branch is key to
the recognition of new pathogenic structures. The adaptive
immune system again is composed of two arms: the humoral and
the cellular immune responses. These responses are mediated by
two classes of lymphocytes, called B and T cells, respectively. B cells
are able to express unique immunoglobulin receptors localized on
the cell surface. These immunoglobulin receptors possess a variable
antigen-binding site permitting vertebrates to specifically recognize
and bind potentially billions of different epitopes. B cells are acti-
vated upon contact with an antigen, with or without the help of
T-helper cells (see below). Protein antigens typically activate B cells
directly [1]. As soon as an antigen binds to the immunoglobulin
receptor of a naı̈ve B cell, the B-cell is stimulated to proliferate and
differentiate into an antibody-producing plasma cell (effector cell)
[2] with the sole task of amplifying a single type of antibody that
specifically binds its cognate antigen while circulating freely within
the blood and lymph.

As soon as an immunoglobulin binds to a pathogen, the activity
of the pathogen is reduced, and it is marked (opsonized) for elimi-
nation by cells of the innate immune system, neutrophils and
macrophages, capable of phagocytosis and subsequent killing and
degradation of the pathogen. Some B cells, however, differentiate
into a different cell type, so-called memory B cells. In case of the
same antigen entering the host again, these cells are promptly
activated to accelerate a stronger, secondary immune response.
Memory B cells have the ability to persist in the host for several
years, thereby allowing a long-lasting protection [3]. It is this
memory of the immune system that is exploited when vaccines
are used.

The cellular immune response is mediated by a second type of
equally important immune cells called T cells. T cells, like B cells,
are stimulated to proliferate and differentiate into the mature state
by specifically binding to antigens. However, antigen recognition
by T-cell receptors (TCRs) is only possible if the epitopes are
presented as protein fragments on the surface of cells. The presen-
tation of protein fragments requires distinct processing pathways,
which include the partial degradation of proteins within host cells.
Finally, after several enzymatic processing steps, some of the result-
ing fragments are displayed in the context of co-stimulators on the
cell surface by proteins of the major histocompatibility complex
(MHC) [4]. Upon activation, naı̈ve T cells can develop into two
major classes of effector cells. Each of them maintains the ability to
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bind the same MHC-peptide complexes that had led to their acti-
vation. Cytotoxic T cells (CTLs or CD8+ cells1) destroy nearby
infected or malignant/transformed cells. T-helper cells (Th cells
or CD4+) are a decisive factor in the activation of various immune
reactions of T-dependent B cells, CTLs, macrophages, and den-
dritic cells. In analogy to B cells, subpopulations of both CD4+ as
well as CD8+ cells are capable of differentiating into memory T cells
similarly enabling long-term protection. MHC proteins are key to
these processes. There are two classes of MHC proteins, named
MHC Class I and Class II. While MHC Class I proteins are found
on the surface of all nucleated cells, MHC Class II proteins are
exclusively found on the surface of professional antigen-presenting
cells (APCs), which are part of the innate immune system, mainly
dendritic cells, macrophages, and B cells. Both MHC classes have
variable binding pockets which specifically bind previously pro-
cessed peptides in an extended linear conformation with high affin-
ity. In both cases, the loaded MHC receptors are subsequently
translocated from the endoplasmic reticulum (where the loading
takes place) to the cell surface of the APC, where these peptides are
presented to bind TCRs [3]. Nevertheless, there are important
differences between these two classes, as explained in the following
paragraphs.

2 Reverse Vaccinology

Since the British physician Edward Jenner introduced his smallpox
vaccine to theWestern world in the late eighteenth century, classical
vaccinology became one of the most successful counter-measures in
the constant battle against infectious diseases. In many cases, gov-
ernmental programs for exhaustive vaccination were able to push
the number of new infections per year of previously prevalent
diseases to almost zero [5]. Prominent examples include the vacci-
nation against smallpox that effectively eradicated the disease, and
against polio, where incidence rates have dropped by more than
99% since the late 1980s. Despite the ongoing success of classical
vaccination strategies, a number of infectious diseases have
remained recalcitrant to vaccine development, largely due to the
inherent constraints of classical vaccine technology.

Usually the vaccine administered is a biological suspension of
either inactivated or killed cells, polysaccharide capsules or toxoids
[6]. However, in many cases, it is challenging to prepare a potent

1CD8 and CD4 are transmembrane glycoproteins. They function as co-receptors of T-cell receptors on the
surface of T cells. “CD” is an abbreviation for cluster of differentiation: a superscripted plus or minus sign
indicates whether this type of cell actually does or does not express the specific receptor. CTLs do not possess a
CD4 receptor and are therefore unable to bind to the MHC II-peptide complex. In contrast, T-helper cells are
unable to bind MHC I as they do not express CD8 receptors on their cell surfaces.
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vaccine against a specific pathogen. Non-culturable microorgan-
isms, antigens that are not expressed in vitro, pathogens with
antigenic determinants that can trigger detrimental autoimmune
reactions, as well as extremely heterogeneous strains are only a few
of the severe difficulties classical vaccinologists are confronted with
today.

Recently, a new impetus was given to current vaccine research
thanks to the growing number of available complete pathogen
genomes. Based on the assumption that all (protein) antigens a
pathogen can express at any time are encoded in its genome (and
therefore available to the scientist without cultivation), the idea is
to combine bioinformatics and biotechnology to identify protein
candidates for vaccine development. As this approach begins with
the genome sequence, in contrast to starting from an entire living
microorganism, it is called “reverse vaccinology” [7, 8]. The first
projects based on this approach used genome information only to
naı̈vely select surface-localized proteins as a pool of possible candi-
dates for subsequent classical animal experiments. In their pioneer-
ing work for the development of a vaccine against Neisseria
meningitidis B (MenB), R. Rappouli and colleagues collected the
sequences of 570 surface-localized proteins, of which about
350 could successfully be cloned and expressed in Escherichia coli.
The purified proteins were then used to immunize mice, and the
resulting sera were subjected to various immunoassays to test for
the candidate protein’s efficacy as a vaccine. The researchers found
28 proteins which showed consistently positive results in all immu-
noassays and were able to induce antibodies with bactericidal activ-
ity [9]. Furthermore, five of these candidates were also highly
conserved in the genome of distantly related strains. A subset of
these candidates became the basis for the development of a vaccine
called “4CMenB,” which contains three recombinant protein anti-
gens combined with outer membrane vesicles derived from the
meningococcal strain NZ98/254 and has obtained market autho-
rization for the European Union in January 2013 (Bexsero, Novar-
tis International AG [10]). Reverse vaccinology has since developed
enormously [11, 12], in particular by using increasingly sophisti-
cated bioinformatic methods to mine the large quantities of infor-
mation provided by pathogen genomes and proteomes. In
addition, the complexity of the immune system and the vast
amount of data generated from systematic characterization of the
human genome and of immune cells along with clinical and epide-
miological parameters have required the development of bioinfor-
matics data structures, tools and algorithms to handle and analyze
them efficiently [13]. These tools have proved invaluable for reverse
vaccinology.

In this chapter, we review the computational approaches that
have integrated this data and that have led to new vaccines in recent
years. We also briefly summarize the mode of action of antigens and
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vaccines, and how vaccines are able to provide long-term protec-
tion. We want to emphasize that there are many alternative routes
to success in reverse vaccinology—thus, we focus on prominent
examples of infectious diseases. We show the general workflow
from bioinformatics predictions of antigens and epitopes down to
examples where such predictions have been used for vaccines
successfully.

3 Software Pipelines for Reverse Vaccinology

An ideal protein vaccine candidate (PVC) has key attributes such as
its accessibility by the host immune system. Identifying such pro-
teins within a larger initial dataset, e.g., a bacterial proteome, is a
recurring task in many reverse vaccinology workflows. Over the
past 15 years, several software pipelines have been designed specifi-
cally to automatize this process. Commonly, they integrate an array
of tools for identifying and annotating features to the individual
proteins. However, they differ in the way they exploit this informa-
tion for collating an output subset of candidates. Filtering-based
programs filter the proteins stepwise for those having desirable and
lacking non-desirable features. Machine-learning (ML)-based pro-
grams, in contrast, have been trained a priori to correctly classify the
input proteins into “candidates” and “non-candidates” based on
the vector of their annotated features.

Table 1 lists the most popular pipelines together with the
feature annotation tools they employ. Regardless of the method,
most of the pipelines focus on the same type of features and, thus,
show some overlap in the tools they employ. Usually, desirable
features fall into four basic categories: (1) high conservation across
all strains of the pathogen, (2) (predicted) subcellular localization
outside the cell/envelope (surface exposure), (3) functional char-
acterization (including on domain level) as a virulence factor or as a
protein involved in host–pathogen interactions, and (4) antigenic-
ity/immunogenicity, i.e., one or more predicted epitope(s) of cel-
lular immune receptor classes. Likewise, non-desirable features are:
(1) high sequence similarity to human or commensal bacterial
proteins (or of a model host system, due to possible autoimmunity
effects) and (2) the presence of transmembrane helices which ham-
per the protein’s purification and cloning.

In 2019, Dalsass et al. [14] benchmarked six pipelines for their
ability to find protein vaccine candidates within the proteomes of
11 bacterial species. Intriguingly, the authors described a large
variance in the number of proteins each pipeline outputs as PVCs.
In addition, despite the similarities in feature prediction described
earlier, the predictions were largely in disagreement (with the
exception of NERVE and Vaxign which are nearly identical). More-
over, none of the pipelines could recover more than 76% of a set of
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known protective bacterial antigens extracted from the Protegen
database. The best performing pipeline, Bowman/Heinson, is an
optimized ML-based approach, which extends the set of features
and annotation tools to include predictions for surface exposure,
proteasomal cleavage, and a range of posttranslational modifica-
tions. This suggests that careful exploration of the feature space
by increasing the number of features and annotation tools might
help to increase the sensitivity. This approach is pursued by the
more recently developed pipelines PanRV and especially by Vaxign-
ML (module of Vaxign2) and ReVac.

The benchmark results further underline how each pipeline’s
performance depends on the input proteome and the feature anno-
tation tools it employs. Filtering-based approaches rely on tool-
specific, predetermined thresholds to accurately decide whether the
desirable feature is present or is not. These thresholds, however, are
rarely optimal for all inputs, i.e., they could be too strict for one
species yet too permissive for another. Consequently, false-negative
and false-positive feature predictions could lead to accumulation of
less suitable PVCs in the output. Hence, avoiding parametrization
with predetermined thresholds is a promising approach pursued by
ML-based pipelines. Unfortunately, these approaches are still lim-
ited by the diversity, quality, and quantity of available training data
as both types, protective and non-protective antigens, ideally
require rigorous in vivo testing.

In conclusion, feature acumen paired with a conceptual under-
standing of the employed annotation tools is pivotal for choosing
the appropriate pipeline in a new RV project. Only then are trou-
bleshooting problems and circumventing them by pipeline-
independent analyses possible. In the following paragraphs, we
discuss the basic feature types as well as some of tools for their
annotation.

4 Pan-Genomic Analysis

Apart from being a valuable approach to investigating the charac-
teristics of a specific phylogenetic clade, pan-genomic analysis is
indispensable for identifying conserved target proteins within a set
of genomes of pathogenic strains within a single clade. The term,
first coined by Tettelin [27], is defined as the entire genomic
repertoire accessible to the clade studied. It encompasses two sub-
sets: the “core genome” and the “dispensable” or “accessory
genome.” While the former describes the intersection of genes
(or open reading frames [ORFs]) shared by all strains of the
clade, the latter comprises genes only found in subsets of strains.
Such a classification is biologically meaningful as it allows us to
differentiate between (core) genes considered essential for growth
and (accessory) genes encoding, e.g., for supplementary pathways
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and functions which confer a selective advantage, such as antibiotic
resistance or virulence genes that are limited to certain strains [28].

Similarity between genes or proteins is usually determined by
pairwise sequence alignment. Particular thresholds are set for the
percentage of sequence identity over a percentage of pairwise
aligned sequence length. However, depending on the phylogenetic
resolution and the available quality and quantity of genomes, it
might be necessary to increase sensitivity. This can be done by
incorporating additional methods such as orthology prediction
[29], i.e., the prediction of genes among species or strains that
originated by vertical descent from a single gene of their last com-
mon ancestor, as well as structural alignments. Relying solely on
pairwise sequence alignments on the protein level, Tettelin [27]
chose a minimum of 50% identity over 50% of the sequence lengths,
while Hiller [30] chose 70% to identify similar proteins within
strains of Streptococcus agalactiae and S. pneumoniae, respectively.
At such levels of overall identity scores, it can be assumed that the
identified proteins have identical functions (and are true ortholo-
gues). For the purpose of identifying target proteins, it is nonethe-
less beneficial to choose considerably higher threshold values to
exclude false positives early on in the workflow. The potential loss of
immunogenic sequences due to the high threshold values is rela-
tively low, as at least locally, epitopes need to be very highly con-
served to be effective. Given the high specificity of the immune
system’s receptors, this is a good trade-off for the reduction of the
number of proteins to analyze in subsequent steps.

To be even more conservative, some studies and pipelines [31]
use databases to filter for so-called essential genes, i.e., genes indis-
pensable for the survival and successful reproduction of the organ-
ism. The rationale behind this is that these genes are part of the core
genome, are typically constitutively expressed, and so slowly evol-
ving that they are highly conserved across all the strains of a patho-
gen. However, there are several problems with this approach in the
context of reverse vaccinology. On the one hand, genome-wide
identification of essential genes is labor-intensive as it requires
elaborate mutagenesis or knockdown experiments. Consequently,
available experimental data is scarce. Even the most used database,
DEG [32], comprises only 66 genome-wide experiments on bacte-
ria, covering an even smaller number of different species. Moreover,
most studies conduct the experiments with organisms suspended in
standard nutritional medium. Gene essentiality, however, is highly
context-dependent and significantly influenced by the particular
genome or strain studied as well as the experimental settings like
medium composition, and environmental and growth conditions.
Simple mapping of a target pathogen’s gene set against a database
of essential genes, therefore, could result in a considerable number
of incorrectly classified genes and should be interpreted cautiously.
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5 Surface Localization

To perform their functions at their native subcellular localization
(SCL), newly synthesized proteins must be sorted and transported
to their respective subcellular compartments. The SCL of proteins
not only provides important clues to their function in the cell but is
also important for judging their potential as vaccine targets.
Surface-localized proteins are typically the first molecular patterns
of pathogens that are in contact with the host immune system and
are generally considered the best candidates for recombinant
vaccines.

Determining the SCL of proteins by experimental means, such
as subcellular fractionation combined with mass spectrometry, is
accurate but time-consuming and expensive [33]. Bioinformatics
methods are an increasingly comprehensive and reliable way to
determine the SCL of proteins in large datasets, as they contain
defined (and thus detectable) signals in their sequence.

There are two basic types of prediction tools for subcellular
localization. One predicts very specific sequence features such as
signal peptides for the Sec, Tat, or lipoprotein pathways using
TargetP, SignalP and related tools [34], or transmembrane seg-
ments [35]. The other type predicts the exact localization of a
protein by combining various localization-specific features
[36, 37] or general features like amino acid composition [38],
evolutionary information [39], structure conservation information
[36], or gene ontology [40]. The combination of different predic-
tion tools in a pipeline increases the quality of the overall prediction
significantly and can reduce false-positive and false-negative results
[41]. Last but not least, limiting the huge amount of protein
sequence data to only the interesting, surface-localized vaccine
candidates significantly reduces the workload for later immunoge-
nicity prediction steps in the reverse vaccinology pipeline. Alterna-
tively, experimental data such as proteomics approaches can be used
to narrow down the number of candidates for further analysis [42].

6 Immunoinformatics: The Prediction of Epitopes

Ideal vaccine candidates are not only localized on the surface of the
pathogen but will also contain multiple epitopes that elicit strong
immune responses within the host organism. However, experimen-
tal identification of epitopes within a set of proteins is a very
resource- and time-intensive task, making a computer-aided, com-
plementary approach especially attractive.

While “reverse vaccinology” describes the overall approach in
opposition to classical—entirely wet-lab-based—vaccine develop-
ment, a new branch of bioinformatics emerged around the same
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time, termed immunoinformatics or computational immunology—
defined as the application of informatics techniques to molecules
relevant to the immune system [43, 44]. The ability to predict
immunogenicity on the level of epitopes is a key tool for
computer-aided vaccine design. Numerous tools exist for such
predictions, for both MHC I and MHC II, as well as B-cell-
mediated immunity. This chapter can only provide a crude overview
of the different obstacles all prediction tools face and gives a brief
overview of the general strategies they pursue. As for all bioinfor-
matics tools, it is advisable to use multiple tools in parallel and to
compare the results to minimize false-positive and false-negative
predictions. In fact, recent publications have shown that combining
prediction tools to produce a consensus-like output can achieve
superior predictive performances [45, 46].

7 MHC I and MHC II Binding Predictions

Generally speaking, MHC I binds and presents epitopes which are
derived from proteolytically degraded intracellular proteins (e.g.,
from intracellular pathogens) and are 8–10 residues long. By con-
trast, MHC II epitopes are derived from extracellular sources (e.g.,
from extracellular pathogens) and are much longer on average
(up to 25 residues [47]). Originally, it was thought that these
peptide epitopes would be recognized at least in part by their
secondary structure, but structural data suggest that they are pre-
sented mostly in an extended form. Early prediction tools working
under the wrong assumption accordingly gave inconsistent results
[6]. Additionally, MHC I and MHC II bind peptides very differ-
ently: as the molecular structure of MHC II requires longer pep-
tides, due to its “open” binding pocket, the residues extending the
binding pocket on both sides contribute to the overall peptide
binding affinity [47, 48]. To address this finding, modern MHC
II epitope prediction tools often identify a binding core, i.e., a
shorter subsequence within the longer peptide sequences of the
query, which is predicted to bind to the pocket.

To use prediction tools efficiently for vaccine design, one has to
consider that the human MHC molecules are encoded in a highly
polymorphic locus called the human leukocyte antigen (HLA)
locus on chromosome 6. There are profuse amounts of HLA alleles
with different binding affinities to the same epitope sequence: more
than ten thousand different human alleles have been identified,
and, to complicate things even further, within different popula-
tions, different alleles (i.e., variants) of the MHC genes are present
in different ratios.

Various online methods are available for the prediction of
epitopes, ranging from sequence-based to structure-based (using,
e.g., homology modelling or docking) methods. Table 2 shows a
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selection of sequence-based bioinformatics tools used for MHC I
or MHC II predictions, which have the advantage of speed over
structure-based methods and are therefore more favorable for
large-scale analysis of peptides.

Table 2
Methods: QM: quantitative matrix-based methods (QM combine a matrix-based approach with a
strategy to quantify the prediction scores), A/DNN: artificial/deep neural networks, T1/2(h): half-life of
the antigen-MHC-I complex in hours at 37 ˚C

Authors Method Publication Output

MHC I

Bui et al. QM [49] IC50 (nM)

Sidney et al. QM [50]

Nielsen et al. ANN [51] IC50 (nM)

Peters et al. QM [52] IC50 (nM)

Kim et al. QM [53] IC50 (nM)

Moutaftsi et al. QM [54] Percentile rank

Nielsen et al. ANN, Pan-specific [55] IC50 (nM)

Karosiene et al. ANN, Pan-specific [46] IC50 (nM)

Zhang et al. QM [45] IC50 (nM)

Rasmussen et al. ANN, Pan-specific [56] T1/2(h) and IC50 (nM)

O’Donnell et al. ANN, Pan-specific [57] IC50 (nM)

Bassani-Sternberg et al. Probabilistic mixture model [58] Binding score

Jurtz et al. ANN, Pan-specific [59] IC50 (nM)

Singh et al. QM [60] Binding score

MHC II

Bui et al. QM [49] IC50 (nM)

Jensen et al. ANN, Pan-specific [61] IC50 (nM)

Reynisson et al. ANN, Pan-specific [62] IC50 (nM)

Sidney et al. QM [50] IC50 (nM)

Singh et al. QM [63] Binding score

Nielsen et al. QM [64] IC50 (nM)

Hoof et al. ANN, Pan-specific [65] IC50 (nM)

Sturniolo et al. QM [38] IC50 (nM)

Wang et al. ANN, QM [26] Probability

Racle et al. Probabilistic mixture model [66] Binding score

Chen et al. DNN [67] Probability

Liu et al. DNN [68] IC50 (nM)
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State-of-the-art sequence-based approaches attempt to predict
the binding quality of a query sequence by abstracting from the
sequence information of peptides with experimentally determined
binding affinities. By doing so, they are able to generate models for
each individual MHC variant. Matrix-based methods try to derive
position-specific binding coefficients for each residue from a data-
base of known binders of the same length. For the prediction, each
position of a query sequence is evaluated individually, yielding a
score of congruousness to its respective position in the abstract
model of a binding sequence. To predict the binding quality of
the complete query sequence, the final score is given as the sum of
the scores of the individual positions. This approach can be mod-
ified by adding weights to certain positions (so-called anchor posi-
tions) to increase their impact on the final score.

The second group of prediction tools relies on machine
learning approaches or stochastic models like support vector
machines, artificial neural networks, or Hidden Markov models to
predict the binding quality of a query sequence. Generally
speaking, all of these approaches attempt to refine a model by
adjusting internal parameters to the sequence information provided
by a collection of known binders. Therefore, a set of known binders
is used to train the model, i.e., to adjust internal parameters in such
a way as to enable accurate prediction of binding quality based on
empirical data (supervised learning).

Some tools in both groups also include strategies to quantita-
tively predict the binding of a query sequence. By incorporating
either position-specific affinity contributions (matrix-based
approaches) or statistical regression analysis (machine learning
approaches), the user can readily compare experimentally deter-
mined IC50 or Kd values with predicted ones. However, there are
no predefined absolute threshold values clearly separating query
sequences into either binders or nonbinders. Rather, it is advisable
to define cut-off values for each MHC allele individually [69] using
percentile ranks.

It is important to note that all the tools, regardless of approach,
heavily rely on experimental data on the measured binding affinities
of peptide sequences for a specific MHC variant. Therefore, the
quality of the prediction is determined by how well the binding
space of a particular MHC variant is explored by the available data.
Unfortunately, for many alleles data are scarce; this has led to the
development of pan-specific methods for MHC binding prediction.
These use known MHC binders to known MHC alleles to infer
binding for unknown pairs. Typically, such approaches are based on
structural data where alleles with similar physico-chemical attri-
butes in the binding-pocket are classed together using machine-
learning approaches [70–72].

In recent years, data from MHC ligand elution assays have
emerged as a second source of training data for the development
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of MHC epitope predictors. Using high-throughput mass spec-
trometry, it is possible to detect large quantities of MHC ligands
from a pool of extracted, surface presented epitopes, i.e., MHC
ligands. In contrast to affinity values obtained from binding assay
data, elution data does not provide a quantitative value to rank the
epitopes relative to each other. Nevertheless, the large amount of
data still helps to characterize binding motifs of different alleles and
thereby increase the sensitivity of epitope prediction. In fact, recent
developments such as NetMHC(II)pan 4.0 [59, 62], MARIA [67],
MHCFlurry 2.0 [57], and MixMHC [2]Pred 2.0 [58, 66], all rely
on a combination of binding assay and elution data for training,
which has contributed to their significantly improved perfor-
mance—especially in the more challenging prediction of MHC II
epitopes—over former state-of-the-art tools.

8 B-Cell Epitope Binding Predictions

B-cell (or antibody) epitopes are 16 residues long on average but
are not presented in the context of MHC molecules. Therefore,
they are especially hard to predict as crystallographic studies have
shown that B-cell receptors (BCRs) are capable of binding discon-
tinuous protein epitopes as well as specific peptide sequences. Epi-
topes are called discontinuous if they are composed of distant
sequence segments which are brought into close proximity due to
the protein’s tertiary structure. Contemporary tools for identifying
B-cell epitopes can be divided into those relying solely on primary
structure information and those additionally incorporating struc-
tural data. The first group of tools calculate a prediction by consid-
ering a set of descriptors such as the propensity for a sequence
segment to form a continuous, linear secondary structure,
physico-chemical attributes, surface-accessibility, and amino acid
composition [73]. In general, these tools yield reasonable accuracy
for continuous (linear) epitopes, but fall short when identifying
discontinuous epitopes [74]. To surmount this shortcoming, pre-
diction calculations by the second group of tools include secondary
structure information, calculated surface accessibilities, and/ or
protrusion indices, in addition to information about the protein’s
three-dimensional structure and the structure of known antigen-
BCR complexes. Popular sequence-based tools are BepiPred [75]
and BepiPred 2.0 [76], ABCpred [77], BEST [78], LBTope [79],
and EpiDope [80]. Commonly used structure-based tools are
CBTOPE [81], ElliPro [82], Paratome [83], PEPOP [84], BEE-
Pro [85], and DiscoTope 2.0 [74]. It is even claimed that bench-
marking has shown that the latter two tools are able to achieve high
accuracy levels similar to MHC prediction tools [75].

Many of the tools for MHC I, II, and BCR epitope prediction
offer web interfaces which allow thorough testing of their
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predictive powers before applying them in a larger scale. A very
useful analytical resource is the Immune Epitope Database (IEDB),
funded by the National Institute of Health [52]. In addition to
providing a database of binding epitopes and their affinities (where
available, also including elution data), the IEDB furnishes a regu-
larly updated compilation of self-developed and newly implemen-
ted popular prediction tools accessible via a single intuitive web
interface.

9 Methods for Using Full-Length Antigens (Proteins) as Vaccines

All vaccines work in a similar way: by presenting foreign antigens to
the immune system in order to activate a specific immune response.
The aim of vaccination is usually to induce long-term protection
through memory B cells [86]. The composition of vaccines can be
diverse. Traditional formulations include live attenuated vaccines,
which are composed of live viruses or bacteria that have been
weakened in the lab to lower virulence by long-term passaging or
genetic engineering (deletions in genes required for virulence) but
are still able to activate the immune system. They elicit a strong
response that can result in lifelong immunity with a minimal num-
ber of doses. Despite their advantages, live attenuated vaccines can
have many drawbacks. Potential problems include difficulties with
storage and transportation, where inappropriate handling may
cause loss of vaccine efficacy. In addition, there are cases where
this type of vaccine cannot be used, e.g., when patients take anti-
infective drugs or are immunocompromised for any reason. There
is a risk that attenuated vaccines can revert to a fully virulent
pathogen (e.g., oral poliovirus vaccine [87]). Last but not least,
the attenuation process itself is lengthy and depends on random
events out of the control of the researchers (examples: BCG tuber-
culosis vaccine, Yellow fever rotavirus vaccine) [88, 89].

An alternative method is to inactivate the pathogens before use
as a vaccine. This method is safer compared to the live attenuated
vaccines, but is less potent in inducing immune responses. In short,
such vaccines contain pathogens killed by heat or chemical treat-
ment (i.e., formaldehyde). Risks related to such vaccines include
errors in the inactivation. Because the inactivated pathogen does
not reproduce in the host organism, there is a need for one or more
“boosters,” i.e., administration of additional doses of the vaccine
after defined intervals (examples: Cholera vaccine, Hepatitis A vac-
cine, Rabies) [86].

With better biochemical and immunological methods available,
it has been possible to engineer vaccine formulations by only using
active antigens (rather than complete pathogens). This is referred
to as a subunit vaccine. It uses only specific parts of a pathogen to
immunize against disease. The search for such components is typi-
cally focused on surface-exposed or secreted antigens, which

Reverse Vaccinology 59



provide the best accessibility for antibodies and other immune
mechanisms [86, 90]. Using purified proteins as a vaccine compo-
nent is a widely used technique today. With bioinformatics, it is
possible to select ideal antigen candidates for subunit vaccines,
which have many advantages over the “whole-pathogen”
approaches [91]. Subunit vaccine production is a safe process as it
does not require the culturing of dangerous pathogens. The final
product is also safer to use [92, 93]: there is no infectious material,
and thus no risk of the vaccine strain reverting to a harmful patho-
gen. In addition, it is possible to control all ingredients of the
vaccine. Traditional vaccines induce very strong immunological
responses with a very small dose; often this high response is not
really necessary and does not always translate into later protection.
In subunit vaccines, antigens are tested individually, and the kinds
of responses they provide are known. Thus, it is in principle possible
to customize vaccines for specific patient groups (e.g., immuno-
compromised patients or patients already suffering from an infec-
tious disease) [88].

10 Examples of Protein Subunit Vaccines

A vaccine against pertussis containing purified proteins was first
created in 1981 in Japan by Sato and Sato, who purified the
antigenic proteins by classical biochemical methods from cultures
of the pathogen—with the obvious problems in biological safety
and with upscaling of the procedure [94]. Another example is the
hepatitis B vaccine which contains one of the proteins from the viral
envelope—the hepatitis B surface antigen (HBsAg). This was one
of the first protein-based vaccines, and while at first the protein was
obtained from natural human plasma, it was later successfully
expressed recombinantly in yeast cells. Today, this is the production
method of choice for human vaccines (Table 3) [95]. Another
example of a subunit vaccine on the market is the one against

Table 3
Advantages of protein-based vaccines [92, 105]

l No need to culture dangerous pathogens
l Problems with toxic or oncogenic parts of the pathogen, or with antigens potentially causing allergies
or autoimmune diseases, can be avoided

l Proteins can be altered by adding different chemical groups to improve immunogenicity, stability, or
solubility

l Quality of the final vaccine is higher and is more reproducible
l Distribution and storage are improved (high stability, e.g., in freeze-dried form)
l No risk of reversion to a more virulent strain (in contrast to live attenuated vaccines)
l Using computational and bioinformatics methods potentially lowers the costs of initial research
l Production methods are comparatively easy to scale up
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Bacillus anthracis. Although the components are still collected
from pathogen cultures, which raises concerns about the safety of
the procedure, the strength of the initial immune response, and
long-term efficacy are high [96].

Some studies have included production of plasmid-derived
antigens using attenuated, avirulent Bacillus strains. Expressing
these proteins in a Bacillus strain ensures properly processed and
folded protein. The product is then purified from fermentation
cultures and adsorbed onto an aluminum adjuvant. Preclinical
studies showed that the vaccine as such is safe and well-tolerated
and can induce an immune reaction with long-term immunity.
Researchers are also looking for new targets using of bioinformat-
ics, now that the complete genome of the clinical strain is available
[97, 98].

Two new vaccines against human papillomavirus (HPV) have
been brought to the market recently—Cervarix and Gardasil (Sil-
gard). Both contain proteins from the capsids of different virus
strains—HPV16, 18 and HPV6, 11, 16, 18, respectively—and
differ in the formulation of enhancers and adjuvants. In 2014, the
US Food and Drug Administration approved another new HPV
vaccine from Merck, Gardasil 9, which protects against nine sub-
types of the virus (HPV6, [11, 16, 18, 31, 33, 45, 52, 58]). These
vaccines are all produced recombinantly using yeast cells (or insect
cells for Cervarix) [99–101].

In ongoing Phase III clinical trials (NCT01563263),
promising results have been obtained for a vaccine against Pseudo-
monas aeruginosa (IC43) (Table 4). This is an outer membrane
protein-based vaccine containing an OprF/OprI fusion with a His
tag. The product is expressed in E. coli from a plasmid. The vaccine
gives good immune responses with and without an alum adjuvant
[102–104].

11 Methods for Using Predicted Epitopes/Peptides as Vaccines

Producing complete proteins in a stable form for vaccines or other
purposes is not always straightforward. Many potential vaccine
targets are membrane proteins, are otherwise insoluble, or are
prone to degradation or aggregation. Short peptide epitopes
taken from vaccine target proteins are a promising alternative, as
they can still be efficiently recognized and displayed by either MHC
I or MHC II. In some cases, reducing a subunit vaccine to a single
epitope has the additional advantage of removing deleterious fur-
ther epitopes; examples where this can be important are epitopes
that can cause cross-reactivity leading to autoimmune responses.

In principle, an unlimited number of defined peptide epitopes
can be combined to create multi-epitope vaccines. To obtain such
epitopes, both reverse vaccinology approaches based on
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Table 4
Selected list of ongoing clinical trials with subunit vaccines

Vaccine Target Notes Stage Active compound References

Improvac Boar taint Stimulation of the
(pig) immune
system to produce
antibodies that
ultimately block
and reverse the
accumulation of
compounds
responsible for
boar taint

On
market
(animal
use)

Synthetic incomplete
analog of
gonadotropin-
releasing factor
(GnRF) (without
hormone activity)
linked with carrier
protein

[128]

Recombitec
WNV

West Nile
virus

Combination of
existing canarypox
vaccine (ALVAC)
with genes
expressing two
proteins from
West Nile virus

On
market
(animal
use)

prM/E genes [129]

Vacc-4� HIV Synthetic peptides
targeting HIV
protein p24

Phase III Peptides with
adjuvants

[130]

Vacc-C5 HIV Synthetic peptides
targeting HIV
glycoprotein
gp120 (C5)

Phase
II/III

Peptides with
adjuvants

[130]

RECOMBIVAX
HB

Hepatitis B
virus

Recombinantly
produced HBsAg
protein in yeast
cells

On
market

Protein with
aluminum
adjuvant

[101]

IC43 Pseudomonas
aeruginosa

Recombinant outer
membrane
protein-based
vaccine

Phase
II/III

OprF/OprI hybrid
vaccine with
N-terminal His
tag

[102, 104,
127]

NDV-3 Candida sp. Recombinant
vaccine

Phase I/II Agglutinin-like
sequence
3 protein (Als3p)
from Candida
albicans with
aluminum
hydroxide
adjuvant

[131, 132]

SA4Ag Staphylococcus
aureus

Recombinant
vaccine containing
2 different
capsular
polysaccharides

Phase I/II Polysaccharides CP5
and CP8;
recombinant
surface protein
clumping factor A

[127, 133]

(continued)
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Table 4
(continued)

Vaccine Target Notes Stage Active compound References

and 2 surface
proteins

(rmClfA) and
recombinant
manganese
transporter
protein C
(rP305A)

PreviThrax Bacillus
anthracis

Recombinant
protective antigen
protein

Phase II Purified
recombinant
protective antigen
protein

[134]

Respiratory
syncytial virus
(RSV) vaccine

Respiratory
syncytial
virus (RSV)

F glycoprotein
produced
recombinantly in
insect cells with a
recombinant
baculovirus

Phase II Purified
recombinant RSV
F oligomers

[135]

Cenv3 Hepatitis C Selected 3 peptides
from 2 envelope
proteins. Each was
synthesized in
8 multiple
antigenic peptides
(MAPs)

Phase II 3 envelope peptides
derived from
2 envelope
proteins E1 and
E2

[127, 136]

NeuroVax Multiple
sclerosis

Vaccine contains
three peptides
which correspond
to potentially
pathogenic TCRs
on T cells (which
are overexpressed
in 90% of multiple
sclerosis patients)

Phase
II/III

3 TCR peptides in
aqueous solution
and IFA

[137]

IC41 Hepatitis C Vaccine contains
5 peptides derived
from hepatitis C
virus genotype
1 core. There are
4 cytotoxic T
lymphocyte
(CTL) epitopes
and 3 helper
epitopes

Phase I/II 5 synthetic peptides
with Poly-L-
arginine as
adjuvant

[127, 138]
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bioinformatics predictions (see above) or more traditional techni-
ques based on antisera can be used to fish for epitopes [88]. One
approach to using predicted peptide epitopes is to fuse them to a
previously chosen protein scaffold as a carrier. This scaffold can
itself play additional important roles in enhancing the immunolog-
ical response, e.g., due to the presence of T-helper cell epitopes in
its own sequence. A distinct advantage of this method is that
multiple epitopes from different target proteins or even from
diverse pathogen strains can be combined to obtain wider spectrum
of protection [92]. Production and handling can also be improved
in the process as the scaffold can be chosen according to desired
properties (water solubility, non-toxicity, stability at room temper-
ature, etc.).

An example for using predicted epitopes conjugated to a carrier
scaffold is an ongoing study using Aeromonas hydrophila epitopes
from outer membrane proteins (OmpF, OmpC) with the heat-
labile enterotoxin B (LTB) of Escherichia coli as a scaffold
[106]. LTB has been reported to be an efficient adjuvant capable
of eliciting a strong immune response [73]. In four out of five cases
(five different fusions), the authors found that the recombinant
fusion proteins induce antibody production. The antisera gener-
ated by this process were able to recognize the native proteins from
which epitopes were taken. All epitopes in the study were predicted
as B-cell epitopes using bioinformatics approaches and tools as
described above.

There are also potential problems with using peptide-based
epitopes as vaccines: removing an epitope from its native context
risks losing immunogenic efficacy and, as a result, general response
to the vaccination [105]. Examples for such context-dependent
recognition by the immune system are the loss of secondary struc-
ture, or the fact that especially B-cell antigens are known to be
mostly (90%) discontinuous, nonlinear antigens—they derive from
different protein regions localized closely in space due to the three-
dimensional structure. Such conformation-dependent recognition
cannot always be achieved using only a linear peptide/epitope
[107]. Using suitable scaffold proteins for peptide epitopes can
solve some of these problems, e.g., by adding sequences which
will enhance binding and the stability of the peptide-MHC com-
plex [108]. Another option for optimization is to modify epitopes
using β-amino acids instead of natural ones, which can increase the
binding affinity to MHC dramatically. Such recombinant epitopes
maintain the properties of natural epitopes because the side chains
of the amino acids are identical between the α- and β -type. How-
ever, the modification improves resistance to proteases as the epi-
topes do not have the same peptide backbone, so that the epitope is
protected from digestion before it is loaded on the MHC. Even
changing one amino acid to its β-variant has dramatic effects on the
overall stability of the peptide [109–111].
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Another, less well understood disadvantages of using subunit
vaccines is that they can be less efficient in inducing long-lasting
immunity [112, 113]. Peptide vaccines often lack T-helper epi-
topes, especially when just a mix of peptides is used as a vaccine
[114]. To improve the response, vaccine formulations are modified
with different immunostimulants (adjuvants) and also by conjuga-
tion of the peptides to carrier proteins which will enhance immu-
nogenicity and immune system activation [88]. The most common
general adjuvant is an aluminum salt that can be found in many
existing vaccines and is still used in new formulations in clinical
trials and in preclinical phases [115]. Many novel adjuvants are
being tested currently, with the aim of finding adjuvants that are
safe to use, can enhance the immune response of even of weakly
binding peptides or proteins, and can play a direct role as a delivery
system at the same time. Typically, these are different types of
emulsions (water-in-oil and oil-in-water), e.g., MF59 which is
composed of squalene (licensed for influenza vaccines in Europe),
polymeric particles like PLA (polylactic acid), or PLGA (poly[lac-
tide-co-glycolide] acid), liposomes (which can protect peptides
from enzymatic digestion, keep the folded structure of antigen,
and elicit a high cellular immune response), virus-like particles
(VLPs, self-assembling proteins which mimic the conformation of
native viruses), inorganic nanoparticles, and carbon nanotubes
[105, 116, 117]. Other adjuvants include flagellin-based adjuvants,
lipopolysaccharide, and other bacterial structures that co-stimulate
the immune system [91], as well as complete avirulent (and thus
safe) living cells expressing the foreign antigen on the surface.
Examples include the use of a type III secretion system [118–
120], and the use of autodisplay systems based on type V secretion
systems [121, 122]. As described above, in cases where the immu-
nological memory is not lifelong, there is a need for additional
“boosting” to increase and maintain the protectivity of a
vaccine [123].

The most recent developments in reverse vaccinology include
personalized vaccines, which are aimed at specific patient groups or
even individuals. This is particularly relevant for anticancer vac-
cines, where the targets (cancer cells) are highly variable from
patient to patient. As an example, GAPVAC, with a promising
results from Phase I clinical trials [124], is a vaccine that uses
patient-specific genes expressed in brain tumors and is based on
peptides as well as cancer-specific mutations [125]. A similar study
is currently being performed using HEPAVAC, a patient-specific
vaccine against liver cancer [126].

Currently, no peptide-based vaccine is licensed for human use,
but there are currently over 400 clinical trials of peptide vaccines in
progress [92, 127]. A number of promising examples of peptide-
based and other subunit vaccines are shown in Table 4.
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There is an obvious need for more basic research and clinical
trials and especially for long-term studies to demonstrate that
reverse vaccinology approaches can yield vaccines that are poten-
tially safer and at least as efficient as traditional vaccines. With
increasing numbers of antibiotic-resistant bacteria, and with old
and new viral diseases such as Ebola, Middle-East Respiratory
Syndrome (MERS), most recently SARS-CoV-2, and others
emerging or re-emerging, tailored vaccines are promising solutions
to the continuous problem of infectious diseases. The great poten-
tial of patient-specific vaccines, especially for use in cancer therapy,
where traditional approaches cannot be used at all, has barely been
tapped.
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Part II

Vaccine Vectors and Production System



Chapter 5

Phage T7 as a Potential Platform for Vaccine Development

Chuan Loo Wong, Chean Yeah Yong, and Khai Wooi Lee

Abstract

Bacteriophages have been explored for their uses in vaccine development, due to the ease of propagation
while displaying epitopes in high density. Bacteriophage T7 has been demonstrated to be useful in the
production of potential vaccine candidates for various diseases, including influenza A, foot-and mouth
disease (FMD), and cancers. In this chapter, we described the use of phage T7 to display potential foot-and-
mouth disease virus (FMDV) epitope, from cloning to expression, purification, and immunization in a
mouse model.

Key words Bacteriophage T7, Phage T7 display, Phage vaccine, Foot-and-mouth disease virus
(FMDV), Mice immunization

1 Introduction

Vaccines against various diseases are consistently under study. Tra-
ditionally, vaccines are prepared by purification and inactivation of
the disease-causing agent, such as a virus. However, such methods
are often costly and tedious, and is greatly limited by the source of
the disease-causing agent. With advances in the field of genetics and
genome, recombinant vaccines have gained increasing popularity,
as the genome of a newly emerging virus can be obtained within
days or weeks [1, 2]. Through bioinformatics, immunogenic epi-
topes can be predicted and produced in various expression systems,
such as yeasts, bacteria, cell culture, and bacteriophage.

Bacteriophages are viruses that infect bacteria. As phages have
developed friendly relationship with eukaryotes, it is highly unlikely
to cause pathogenesis in mammals [3, 4]. In addition, safe applica-
tion of phages in humans have also been demonstrated [5–7]. Apart
from safety perspective, phage display is also known to improve the
immunogenicity of the displayed foreign epitopes through high-
density display of the epitopes [8, 9]. The coat proteins of bacter-
iophages have also been reported to function as an adjuvant, further
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enhancing the immunogenicity of the displayed epitopes [10–
12]. Taken together, phage display is a highly potential platform
for vaccine development.

Bacteriophage T7 is a lytic phage of the Podoviridae family. The
icosahedral head of the virus is made of 415 copies of the gp10
proteins. Through genetic engineering, any desired foreign epi-
topes of up to 50 amino acid residues can be cloned and expressed
on the surface of the phage capsid [13]. As phage T7 is lytic in
nature, additional lysis step can be omitted, as the recombinant
phages will be released to the culture media via host lysis. Addition-
ally, T7 phage particle is extremely robust and is stable in harsh
conditions that would inactivate other phages [13], thereby lower-
ing the cost for storage and transport of T7-based vaccines. The
potential of phage T7 as a vaccine platform has been demonstrated
against influenza A virus [14], breast cancer [15, 16], lung cancer
[17, 18], and foot-and-mouth disease virus (FMDV) [9], all of
which showed promising results.

Here, we display FMDV VP1 epitope (amino acid residue
131–170) on the surface of the bacteriophage T7 via DNA cloning,
followed by phage propagation and purification. We then use the
recombinant phage, namely T7-FOVP1131–170, to immunize the
BALB/c mice. The serum samples of mice immunized with
T7-FOVP1131–170 interacted strongly with T7-FOVP1131–170 in
contrast to the wild-type phage T7, suggesting that the displayed
epitope is immunogenic. Similarly, the method presented in this
chapter can be modified easily to display other epitope of interest,
where the recombinant bacteriophages can be further studied as
potential vaccine candidates.

2 Materials

All materials are prepared at room temperature unless stated
otherwise.

2.1 Cloning 1. Restriction endonucleases (EcoRI and HindIII) (see Note 1).

2. Tris–EDTA (TE) buffer: 10 mM Tris–Cl, 1 mM EDTA;
pH 8.0. Sterilize solution by autoclaving for 15 min at 15 psi
on liquid cycle. Store the buffer at room temperature (RT).

3. T7Select® Cloning kit: T7Select 415-1 EcoRI/HindIII vector
arms, T7Select control DNA insert, T7 Select packaging
extract, T7Select packaging control DNA, E. coli BL21
[F�omp hsdSB r�BmB

� �
gal dcm] glycerol stocks, T7 Select Up

primer, T7 Select Down primer.

4. T4 DNA ligase and 10� ligase buffer (see Note 2).
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5. 1% (w/v) TAE: Dissolve 1 g of agarose in 1� TAE buffer
(40 mM Tris–acetate, 1 mM EDTA; pH 8.0).

6. Luria–Bertani (LB) broth: Dissolve 10 g Bacto-tryptone, 5 g
yeast extract, and 10 g NaCl in 800 mL of deionized water.
Adjust the pH to 7.5 with 1N NaOH and top up the broth to
1 L. Sterilize the broth by autoclaving for 15 min. For LB agar
plates, add 15 g of bacteriological agar in 1 L of LB broth.

7. Top agarose: Dissolve 1 g Bacto-tryptone, 0.5 g yeast extract,
0.5 g NaCl, and 0.6 g agarose powder in 100 mL of deionized
water.

8. SM medium: In 1 L of solution, add 5.8 g NaCl, 2 g
MgSO4·7H2O, 50 mL of 1 M Tris–Cl; pH 7.5, 5 mL of 2%
(w/v) gelatin solution and top up to 1 L with deionized water.
Sterilize the buffer by autoclaving for 15 min at 15 psi. SM
medium can be stored at RT.

9. 10 mM EDTA, pH 8.0.

10. 100 mM DNTP mix.

11. Taq DNA polymerase (5 U/μL) and its complementary 10�
amplification buffer.

2.2 Phage

Amplification

and Precipitation

with Polyethylene

Glycol (PEG)

1. DNase І (20 mg/mL).

2. 10% (w/v) PEG 8000: Add 10 g of PEG 8000 to 100 mL of
respective phage supernatants.

3. 10% (w/v) PEG/TE: Dissolve 10 g of PEG 8000 in 100 mL of
Tris–EDTA (TE), pH 8.0.

4. 1 M (w/v) NaCl/TE: Dissolve 5.85 g of NaCl in 100 mL of
Tris–EDTA (TE), pH 8.0.

2.3 Phage

Purification

with Cesium Chloride

(CsCl) Step Gradient

Ultracentrifugation

1. 62.5% (w/v) CsCl: Weigh 25 g of CsCl and dissolve it with
15 mL deionized water.

2. Tris–EDTA (TE) buffer: 10 mM Tris–Cl, 1 mM EDTA;
pH 8.0. Sterilize solution by autoclaving for 15 min at 15 psi
on liquid cycle. Store the buffer at RT.

3. 13.2 mL open-top thin wall ultra-clear tube 14 � 89 mm.

4. Phage dialysis buffer: 0.1 M NaCl, 0.1 M Tris–HCl; pH 8.0.
Sterilize solution by autoclaving for 15 min at 15 psi on liquid
cycle. Store the buffer at RT.

2.4 Western Blotting 1. N,N,N,N0-Tetramethylethylenediamine (TEMED).

2. 10% (w/v) ammonium persulfate (APS): Dissolve 1 g of APS in
10 mL deionized water (see Note 3).

3. Polyacrylamide mixture: Weigh 29.2 g of acrylamide monomer
and 0.8 g of bis-acrylamide (29.2:0.8) and dissolve in 100 mL
deionized water. Filter the mixture through a 0.45-μm
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cellulose acetate syringe filter. Store at 4 �C, in a bottle wrapped
with aluminum foil.

4. 4� upper buffer: 0.5 M Tris–HCl, 0.4% (w/v) SDS; pH 6.8.

5. 4� lower buffer: 1.5 M Tris–HCl, 0.4% (w/v) SDS; pH 8.8.

6. Gel cassette (7.25 cm � 10 cm � 1.5 mm).

7. 6� sample buffer: 62.5 mM Tris–HCl; pH 6.8, 30% (v/v)
glycerol, 5% SDS (w/v), 0.01% (w/v) bromophenol blue,
and 5% (v/v) mercaptoethanol.

8. SDS-PAGE running buffer: 3% (w/v) Tris–base, 14.4% (w/v)
glycine 0.1% (w/v) SDS; pH 8.4 (see Note 4).

9. Nitrocellulose membrane and blotting paper.

10. Towbin transfer buffer: 25 mM Tris–base, 190 mM glycine,
20% (v/v) methanol.

11. Tris-buffered saline (TBS): 50 mM Tris–Cl, 150 mM NaCl;
pH 7.4.

12. TBS containing 0.05% Tween-20 (TBST).

13. Blocking solution: 10% (w/v) of skim milk powder dissolved
in TBS.

14. Anti-T7 monoclonal antibody.

15. Anti-mouse IgG conjugated to alkaline phosphatase.

16. Nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl
phosphate (BCIP): Dissolve 1 g NBT in 20 mL of 70%
dimethylformamide (DMF). Dissolve 1 g BCIP in 20 mL of
100% DMF.

17. Alkaline phosphatase buffer: 100 mM Tris–HCl, 100 mM
NaCl, 1 mM MgCl2; pH 9.5.

2.5 Mice

Immunization

1. Female BALB/c mice (6–8 weeks old).

2. Mouse cages, feed, and water bottles.

3. Complete Freund’s adjuvant.

4. Incomplete Freund’s adjuvant.

5. 1 mL syringe.

6. 16 G and 26 G needles.

2.6 Enzyme-Linked

Immunosorbent Assay

(ELISA)

1. Round-bottom 96-well ELISA plate.

2. Sodium bicarbonate buffer: 50 mM sodium bicarbonate and
adjust to pH 9.6 with 0.1N NaOH.

3. Tris-buffered saline (TBS): 50 mM Tris–Cl, 150 mM NaCl;
pH 7.4.

4. TBS containing 0.05% Tween-20 (TBST).

5. Blocking solution: 5% (w/v) of milk in TBS.
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6. Goat anti-mouse IgG conjugated to alkaline phosphatase.

7. p-nitrophenyl phosphate (pNPP) substrate: Dissolve 10 mg of
pNPP in 10 mL of pNPP buffer (10 mM diethanolamine,
0.55 mM MgCl2; pH 9.8).

3 Methods

All the procedures are performed at room temperature unless spe-
cified otherwise.

3.1 Cloning into

Phage T7 Vectors

In this cloning method, T7 bacteriophage display system
(T7Select415-1; Novagen Merck KGaA, Darmstadt, Germany) is
used to display FMDV VP1 peptide. The coding sequence for the
peptide is cloned within the multiple cloning site (MCS) following
amino acid 348 of the 10B protein. The linearized vector is
37,314 bp in size. Refer to the Novagen’s T7Select® System Man-
ual for vector map.

3.1.1 Preparation

of Foreign DNA

1. Generate individual restriction fragments of foreign DNA
(nucleotide sequence encoding the FMDV VP1 amino acid
residues 131–170, flanked by EcoRI and HindIII restriction
sites) by cleavage with the EcoRI and HindIII restriction endo-
nucleases (see Note 5).

2. The digested DNA fragment was then electrophoresed on 1%
(w/v) agarose gel electrophoresis and purified using QIA-
quick® gel extraction kit (see Note 6).

3. Dissolve the foreign DNA in appropriate volume of TE buffer
(pH 8.0) or water at a concentration that yield about
0.02–0.06 pmol/μL (see Note 7).

3.1.2 Ligation of Phage

T7 Arms to Foreign

Genomic DNA

When ligating DNAs with complementary cohesive termini, follow
Steps 1–8 below.

1. In a 1.5-mL microcentrifuge tube (Tube A), mix 0.5 μL of
T7Select EcoRI/HindIII vector arms containing 0.5 μg of
vector DNA (0.02 pmol) and one- to threefold molar excess
of the foreign DNA fragment(s) (0.02–0.06 pmol) (see Note
8). The combined volume of the two DNAs should not exceed
5 μL.

2. As controls, set up another two ligation reactions in parallel
with Tube A as described below (see Note 9):

Tube DNA

B Same amount of vector DNA with 1 μL of positive control DNA
insert (0.04 pmol)

C Same amount of vector DNA with no DNA insert
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3. Add 0.5 μL of 10� ligase buffer and 0.5 μL of 10 mM ATP to
all reactions (Tubes A–C). Omit the use of ATP if using com-
mercial buffer which consists of ATP.

4. Add 0.4–0.6 Weiss units of T4 DNA ligase to all the tubes (see
Note 10).

5. Add sterile water to each of the tubes to a final volume of 5 μL
(see Note 11).

6. Gently mix the component by pipetting the mixtures up
and down.

7. Incubate the ligation reactions for 3–16 h at room temperature
(RT).

8. Store at 4 �C until use.

3.1.3 In Vitro Packaging 1. Allow 25 μL of the T7 Select packaging extract to thaw on ice.
This extract allows the packaging of up to 1 μg of vector DNA
(see Note 12).

2. Add 5 μL ligation reactions per 25 μL extract. Mix gently by
stirring with a pipette tip. Do not vortex.

3. To test the packaging efficiency, add 0.5 μg of the T7Select
packaging control DNA to 25 μL extract.

4. Incubate the reaction for 2 h at RT.

5. Stop the reaction by adding 270 μL sterile Luria Bertani
(LB) broth. Add 20 μL chloroform to the packaging mixture
if the mixture will be kept more than 24 h prior to amplifica-
tion. Invert the tubes gently (see Note 13).

6. Perform a phage titration assay using E. coli BL21 [F�omp
hsdSB r�BmB

� �
gal dcm] as the host strain to determine the

number of recombinants generated.

3.1.4 Titration Assay 1. Inoculate a single colony of BL21 host cells into 5 mL of LB
broth and incubate the culture at 37 �C overnight with shaking
at 180 rpm until the culture reach a density of about 1 at
OD600.

2. Perform tenfold serial dilutions on the packaging mixture using
SM medium as the diluent. The initial 1:10 dilution can be
prepared by adding 100 μL of the sample to 900 μL of the
diluent and following serial dilutions can be made by adding
100 μL of the 1:10 dilution to 900 μL of diluent to yield a 102

dilution, and so on (see Note 14).

3. Melt the top agarose (at least 3 mL per phage dilution) by
microwaving, and cool to 45–50 �C in a water bath or
incubator.

4. For each phage dilution, aliquot 250 μL of host cells along with
100 μL of the packaging mixture into a sterile glass test tube
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(75 � 10 mm). Replace new pipette tip between each dilution
to prevent sample contamination.

5. Add 3 mL of top agarose to each tube, vortex and dispense
uniformly over the surface of a 20 mL prewarmed LB agar.

6. Allow the top agarose overlay to solidify at RT.

7. Invert the plates and incubate at 37 �C for 3–4 h.

8. Plaques should appear as relatively clear disc against a lawn of
cells. Count the plaques and calculate the phage titer in plaque-
forming unit (pfu) per unit volume (see Note 15).

3.1.5 Screening

of Selected Phage

Recombinants

For the screening of positive putative transformants, a pair of
primers, namely T7SelectUP (50-GGAGCTGTCGTATTCCAGTC
-30) and T7SelectDOWN primers (50- AACCCCTCAA
GACCCGTTTA-30), are used for the amplification of the region
that includes the MCS.

1. Apply a mild suction to the chosen individual plaques using a
sterile 200-μL pipette tip and disperse it in a 1.5-mL micro-
centrifuge tube containing 100 μL of 10 mM EDTA, pH 8.0.

2. Vortex the tube briefly and incubate the tubes at 65 �C for
10 min.

3. Allow the samples to cool to RT and centrifuge the tubes at
10,000 � g for 3 min.

4. Set up the following reactions as described below:

Reaction component
Standard reaction
(μL)

Negative control
(μL)

Phage lysate 0.5 –

100 mM dNTP mix 0.5 0.5

10� amplification buffer 2.5 2.5

T7 select up primer (5 pmol/μ
L)

0.5 0.5

T7 select down primer
(5 pmol/μL)

0.5 0.5

Nuclease-free water 20.25 20.75

Taq DNA polymerase (5 U/
μL)

0.25 0.25

Total volume 25.0 25.0

5. Amplify the nucleic acids using the PCR. The PCR cycle con-
ditions were denaturation at 94 �C for 1 min followed by a
30-cycle reaction (94 �C, 50 s; 50 �C, 1 min; 72 �C, 1 min) and
a final elongation at 72 �C for 5 min.
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6. Analyze the PCR amplified product on a 1% (w/v) TAE
agarose gel.

7. Stain the gel with ethidium bromide (1 μg/mL) and visualize it
using a gel imaging system under the transillumination of UV
light (Fig. 1) (see Note 16).

3.2 Amplification

and Concentration

of Phage by

Precipitation

with Polyethylene

Glycol

1. Inoculate a single colony of BL21 host cells into 5 mL of LB
broth and incubate the culture at 37 �C overnight with shaking
at 180 rpm until the culture reach a density of about 1 at
OD600.

2. The next day, add 2 mL of the fresh overnight culture each to
four flasks containing 500 mL LB media and shake at 180 rpm
at 37 �C until OD600 reaches 0.6–0.8.

3. Add the high-titer infectious phage T7 particles at the MOI of
0.1 (seeNote 17) and continue shaking at 37 �C at 180 rpm to
ensure the inoculum is dispersed rapidly throughout the cul-
ture until lysis is observed, usually within 1–1.5 h (see Note
18).

4. Upon lysis, add 5 μL of DNase (20 mg/mL) to the bacterial
lysate and continue shaking at 37 �C for 15 min (seeNote 19).
Dissolve solid NaCl into the bacteriophage suspension to a final
concentration of 0.5 M and swirl to dissolve.

5. Pour the lysate into centrifuge bottles and remove bacterial
debris by centrifugation at 13,000 � g for 10 min at 4 �C.

Fig. 1 PCR amplification of the recombinant phage T7 DNA. Lane M is the DNA
markers in base pair (bp). Recombinant T7-FOVP1131–170 phage (lanes 1–6), and
no template control (�ve). Arrows indicate the estimated PCR product size after
amplification with T7SelectUP and T7SelectDOWN primers

82 Chuan Loo Wong et al.



6. Transfer and combine the phage-containing supernatants into
a clean flask.

7. Add 10% (w/v) PEG 8000 and slowly stir at RT until all the
PEG is completely dissolved. For more effective precipitation
of phage particles, let it stand at 4 �C for overnight.

8. Sediment the precipitated phage at 13,000 � g for 10 min at
4 �C and carefully discard the supernatant (see Note 20).

9. Turn the centrifuge bottles over on paper towels and drain the
pellet for 5–10 min. Remove the liquid as much as possible by
wiping the inside rims of the centrifuge bottles.

10. Gently resuspend the pellets in a combined volume of about
40 mL of sterile 10% (w/v) PEG in TE buffer.

11. Transfer the resuspended mixture into two Falcon tube and
centrifuge at 7500 � g for 10 min at 4 �C.

12. Decant the supernatant and drain the washed pellets as
completely as possible.

13. Resuspend each pellet in 5 mL of 1M of NaCl in TE buffer and
vortex vigorously to extract the phage particles.

14. Centrifuge at 7500 � g for 10 min at 4 �C to recover the
supernatant which consist of extracted phages. The pellets
can be re-extracted again with another 5 mL of 1 M NaCl/
TE as in step 17 and pool the resultant supernatants.

15. Determine the titer of the phage by the titration assay men-
tioned in Subheading 3.1.4.

The phage precipitation with PEG itself is a purification proce-
dure, which can be sufficient for several applications depending on
the purity required for phage preparation. In other more sensitive
downstream experiments, this PEG-purified phages can be further
purified by centrifugation in a cesium chloride (CsCl) step gradient.

3.3 Cesium Chloride

(CsCl) Purification

of the Concentrated

Phage T7

Rapid elimination of most bacterial debris and contaminants to
obtain a highly pure and concentrated phage particles can be
achieved via centrifugation of phage suspensions in CsCl gradients.
This CsCl gradients centrifugation is suitable for the purification of
large-scale phage preparations. It remains the most widely used
methods to achieve high degree of purity. Nevertheless, some
bacteriophages can also be purified by centrifugation on sucrose
gradients or by ion exchange chromatography (see Note 21).

1. Prepare the CsCl gradients by mixing the stock solution of
62.5% (w/v) CsCl (25 g CsCl +15 mL deionized water) with
TE buffer in the following different ratios:
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Gradient volume (mL) CsCl:TE

2 1:2

2 1:1

2 2:1

1 1:0

2. Set up the gradient in an open-top thin wall ultra-clear tube
14� 89 mm by carefully layering the above CsCl:TE solutions,
starting from the ratio of 1:0 at the bottom of the tube,
followed by 2:1, 1:1, and 1:2 (see Note 22).

3. Layer 5 mL of the PEG purified phage suspension onto the
CsCl density gradient.

4. Collect the phage band after centrifugation for 1 h at
209,700 � g in a Beckman SW41 rotor (Fig. 2) (see Note 23).

5. Dialyze the CsCl-purified phage against dialysis buffer for four
times over 1 h at RT with a minimum of 100 volumes of buffer
each round.

6. Store the dialyzed CsCl-purified phage at 4 �C until further
usage (see Note 24).

3.4 Western Blotting 1. Prepare the resolving gel and stacking gel for 12% (w/v)
SDS-polyacrylamide gel according to the recipe listed below:

Components Stacking gel (μL) Resolving gel (μL)

Distilled water 1460 1315

Polyacrylamide mixture 415 1500

4� upper buffer 625 –

4� lower buffer – 940

TEMED 3.5 3.8

APS 16.7 23.5

2. Cast the resolving gel within a 7.25 cm � 10 cm � 1.5 mm gel
cassette. Allow space for stacking gel and gently overlay with
isobutanol or water.

3. After the resolving gel is solidified, cast the stacking gel and
insert gel combs immediately.

4. Mix the phage/protein samples with 6� sample buffer.

5. Denature the protein sample by boiling in water bath for 5 min
and load onto the SDS-PAGE.
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6. Electrophorese at a constant current of 16 mA (for 1 gel) for
1 h in SDS-PAGE running buffer, or until the front dye reach
the bottom of the gel (see Note 25).

7. Following SDS-PAGE, remove the stacking gel and rinse the
gel with deionized water to remove traces of SDS-PAGE run-
ning buffer.

8. Electrotransfer the proteins on the gel to a nitrocellulose mem-
brane sandwiched between blotting paper through a semi-dry
electro-trans blotter with Towbin transfer buffer at a constant
voltage of 24 V for 40 min.

Fig. 2 Purification of phage T7 by CsCl ultracentrifugation. Recombinant phage
T7 (5 mL) was layered over a CsCl step gradient performed in a thin wall ultra-
clear tube (No. 334509 from Beckman-Coulter). After centrifugation for 1 h at
209,700 � g in a Beckman SW41 rotor, the phage particles formed an
opalescent bluish band while the empty phage capsid and the thick layer of
debris appeared as a white-yellow zone
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9. Block the membrane with blocking solution for 2 h on a rotary
shaker.

10. Wash 3� with TBST buffer, 10 min each on rotary shaker.

11. Incubate the nitrocellulose membrane in 10 mL of TBS buffer
containing anti-T7 tag monoclonal antibody (1:10,000 dilu-
tion, Novagen Merck KGaA, Darmstadt, Germany) for 1 h
with shaking (see Note 26).

12. Repeat the washing step as in step 10.

13. Incubate the membrane with the anti-mouse IgG conjugated
to alkaline phosphatase (1:5000 dilution in TBS, Chemicon,
MA, USA) for another 1 h (see Note 27).

14. Repeat the washing step as in step 10 and lastly rinse the
membrane with deionized water (see Note 28).

15. Add substrate solution containing 66 μL of nitro-blue tetrazo-
lium (NBT) and 33 μL of 5-bromo-4-chloro-30-indoyl phos-
phate toludinium salt (BCIP) in alkaline phosphatase buffer for
color development (Fig. 3) (see Note 29).

3.5 Immunization 1. Assign 6- to 8-week-old female BALB/c mice (17–20 g) into
groups consisting 4 mice (n ¼ 4). Acclimate the mice for
1 week.

2. After acclimation, inject the mice with 100 μL of 3 � 1011 pfu
of recombinant phage T7 emulsified with complete Freund’s
adjuvant (CFA), subcutaneously at the neck (Fig. 4) (see Note
30).

3. Administer booster with recombinant phages emulsified with
incomplete Freund’s adjuvant (ICFA), subcutaneously at
3 weeks after primary injection.

4. After another 3 weeks, administer the second booster with
incomplete Freund’s adjuvant.

5. Bleed mice at day 63 through a small cut at the sub-mandibular
vascular bundles below their cheeks, with the tip of a 16G
needle [19] (Fig. 5) (see Note 31).

6. Prepare serum samples by incubating blood samples at RT for
1 h and centrifuge at 1500 � g for 10 min. Transfer the
supernatant (serum) to a clean microcentrifuge tube and store
at �20 �C.

7. Pool the sera from four individual mice for experiments utiliz-
ing serum samples.

3.6 Enzyme-Linked

Immunosorbent Assay

(ELISA)

1. Coat a round-bottom 96-well ELISA plate with ~1012 pfu/mL
of purified recombinant phage T7 carrying the FMDVepitope,
wild-type T7 phage, and skimmed milk diluted to a total
amount of 2 μg in 100 μL sodium bicarbonate buffer (pH 9.6).
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2. Incubate the plate for 20 h at 4 �C.

3. Discard the unbound antigen by inverting and flicking the
plate over a sink.

4. Wash the coated wells with TBST buffer and leave for at least
5 min at RT before discarding it. Repeat for 3� consecutively.

Fig. 3 Western blot analysis of wild-type and recombinant T7 phages. Lane M:
molecular weight markers in kDa. Wild-type T7 phage (lane 1) and recombinant
T7-FOVP1131–170 phage (lane 2) were probed with anti-T7 monoclonal antibody

Fig. 4 Subcutaneous injection of vaccine candidate into mouse. As the skin at
the back of the neck is very loose, injection at this site results in minimal
struggle from the mouse
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5. Add 200 μL of blocking buffer to each well [5% (w/v)
skimmed milk in TBS]. Incubate at RT for 2 h.

6. Discard blocking buffer and wash plate 3� as described in step
4.

7. Prepare a titration of serum in TBS buffer to the final dilution
of 1:50, 1:150, and 1:500 (see Note 32).

8. Load 100 μL of diluted serum samples in TBS buffer into wells
and incubate at RT for at least 1 h.

9. Wash plates 3� as described in step 4.

10. Dilute the goat anti-mouse IgG-alkaline phosphatase conju-
gate to the ratio 1:5000 in TBS buffer. Incubate at RT for 1 h.

11. Wash plates 3� as described in step 4.

12. Add 100 μl of p-nitrophenyl phosphate (pNPP) diluted in
pNPP buffer, pH 9.8.

13. Allows color to develop for 30 min.

14. Read absorbances at 405 nm using a microtiter plate reader
(Fig. 6).

4 Notes

1. Whenever possible, use the 10� reaction buffer provided by
the manufacturer of the restriction enzymes used.

2. Thaw by vortexing the T4 DNA ligase buffer until there is no
precipitate observed at the bottom of the tube (typically

Fig. 5 Sub-mandibular bleeding on mouse. A swift but shallow penetration near
the indicated position will cause extensive bleeding. Collect up to 0.5 mL from
a� 22 g mouse and stop the bleeding by applying pressure with gauze wet with
ethanol
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1–2 min). This is because the DTT in the ligase buffer may
precipitate upon freezing. Divide the buffer in small aliquots
and store at �20 �C to minimize the degradation of ATP
and DTT.

3. Prepare the APS solution fresh each time. Alternatively, divide
the APS solution into small aliquots and store at �20 �C.

4. Prepare 10� Tris-glycine buffer (0.25 M Tris–HCl, 1.92 M
glycine) as stock solution. Weigh 30.3 g Tris–HCl and 144 g
glycine, mix, and add deionize water to 1 L. Prepare
SDS-PAGE running buffer freshly before use by diluting
100 mL of 10� Tris–glycine buffer in 0.9 L of water, add
5 mL of 20% (w/v) SDS, and top up to 1 L. Using
SDS-PAGE running buffer that had been stored for a week or
longer could cause improper migration of the protein bands
across the gel, resulting in smear or crocked protein bands.

5. Any gene of interest can be used to replace the FMDV VP1
encoding sequence specified in the methodology. In addition,
C-terminal polyhistidine-tag can be added to the insertion
nucleotide sequence before HindIII restriction site to ease
the purification process with immobilized metal affinity
chromatography.
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Fig. 6 Immunogenicity of the FMDV VP1 residue 131–170 displayed on bacteriophage T7. Serum samples
from mice immunized with recombinant T7-FOVP1131–170 phage were used in enzyme-linked immunosorbent
assay (ELISA) against T7-FOVP1131–170 and wild-type phage T7. The antiserum demonstrated higher affinity
toward T7-FOVP1131–170 compared to the wild-type phage, suggesting that the displayed VP1 epitope is
indeed immunogenic. Assays were performed in triplicates and error bars represent standard deviation from
the arithmetic mean
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6. Other commercially available gel extraction and purification kit
can also be used.

7. Calculate the conversion of μg to pmol of a double-stranded
DNA using the equation below:

DNA in pmol ¼ μg DNA � 1 pmol

� 106 pg= 660 pg� 1 μg�Nð Þ
where N is the total base pairs (bp) of the double-

stranded DNA.

8. More than threefold increase in the molar amount of the
foreign DNA fragment will increase the chance of the DNA
inserts to be ligated to the T7Select EcoRI/HindIII
vector arms.

9. Set up both positive and background controls in parallel to test
the efficiency of ligation and to determine the background of
non-recombinant phage.

10. When the ligase concentration is increased to 3 Weiss unit, the
number of phages packaged will increase substantially.

11. Addition of water in a ligation reaction can sometimes be
omitted. In place of the water, increase the amount of vector
and DNA inserts in a reaction tube.

12. Divide the extract into several other pre-chilled tubes if smaller
scale of packaging tests is performed simultaneously. However,
the amount of ligation mixture should be reduced
proportionately.

13. Chloroform is commonly used in a conventional phage isola-
tion and enrichment procedures. Chloroform is added to lyse
any infected cells that contain the intracellular phages. Never-
theless, it is not recommended to add chloroform in a lipid-
enveloped or filamentous phage.

14. Serial dilutions on the packaging mixture and other phage
samples can be performed using LB or TB media according
to the T7Select System Manual. The appropriate dilution for
the recombinant phage is typically around 103 to 106.

15. Pfu is a quantitative measurement of number of infectious virus
particles in a known volume of solution and is expressed as pfu
per mL. The following formula is used to determine the phage
titer (pfu/mL):

pfu=mL¼number of plaques= dilution factor�volume inmLð Þof packagingmixture½ �

16. Staining step is not required if PCR buffer contains DNA
staining solution. Alternatively, non-toxic DNA stains such as
Atlas ClearSight can be added directly to the agarose gel while
in molten form.
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17. Ratio of infectious virions to cells in a culture is commonly
defined as the multiplicity of infection (MOI). In order to
obtain a high titer of infectious phage, a small scale of phage
liquid lysate amplification (30 mL) can be performed by trans-
ferring a plug containing a single T7 plaque from an agar plate
into a mid-log phase bacteria culture (OD600 ¼ 0.6) and
continue shaking until lysis is observed. Upon lysis, centrifuge
the 30 mL mixture and the resultant supernatant is then used
for this large-scale phage amplification.

18. Lysis of culture can also be indicated by the presence of strings
of translucent bacteria cell debris.

19. This step completes the degradation of the residual bacterial
DNA and unpackaged phage DNA.

20. The pellet forms a film, which sticks to the wall of the centri-
fuge bottles.

21. Ultracentrifugation in CsCl gradients may not be able to purify
certain recombinant phages due to the extreme centrifugal
force which disrupts the phage structure and infectivity.
Hence, anion exchange chromatography has been described
as an alternative method for purification of phages [20, 21].

22. The gradient gets mixed up very easily so extra care is needed to
slowly layer the lower density gradient on top of the higher
density gradient.

23. The bluish color phage particles banded atop the 2:1 layer and
a thick layer of debris and empty phage heads are observed
above the 1:2 layer.

24. Purified phage stocks will gradually lose infectivity over time. It
is advisable to perform a phage titration assay to determine the
phage titer right before use if absolute quantity is important.

25. For multiple gels, multiply constant current by 16 mA � num-
ber of gels. If current cannot achieve the desired level, check for
buffer leakage, and increase the cap level for voltage (V) and
power (W).

26. It is preferable to use an antibody that targets the displayed
epitope compared to the anti-T7 monoclonal antibody, as the
antigenicity of the displayed epitope can be confirmed directly
from the Western blot. In general, monoclonal is preferred
over polyclonal antibody, followed by antisera.

27. Secondary antibody should bind to the primary antibody that
is being used. If the primary antibody is antiserum from swine,
the secondary antibody should be antiswine antibody tagged
with enzyme such as alkaline phosphatase or horseradish
peroxidase.

28. Rinsing the membrane strips with deionized water will help to
remove bulk of the nonspecific antibodies and other contami-
nants binding to the membrane.
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29. BCIP/NBT in ready-to-use solution and tablet forms are
available. Occasionally, there are protein samples that are not
running at their expected molecular weight on SDS-PAGE. If
the phage protein band appears to be smaller or larger than
expected compared to the protein marker, it is recommended
to use another unstained or pre-stained protein marker for
comparison. In addition, it is also advisable to go for
N-terminal or C-terminal protein sequencing for the confirma-
tion of the protein sequences as well as the protein molecular
weight.

30. Freund’s adjuvant can be replaced with any other adjuvants, as
its use in human is not allowed. The phage itself can also
function as adjuvant; therefore, recombinant phage without
adjuvant could be sufficient in inducing immunity.

31. Sub-mandibular bleeding is much easier with the use of a
bleeding lancet, as the use of needle could over-penetrate and
cause blood to enter into ear and/or mouth canal of the
mouse. If the mouse exhibit symptoms of breathing difficulty,
massage its thorax to prevent choking by its own blood.

32. Different dilutions of serum can be performed to attain the
optimum absorbance readings as serum with high viscosity
tend to inhibit the protein interactions and eventually lower
the signal generated.
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Chapter 6

Plant-Based Systems for Vaccine Production

Mattia Santoni, Elisa Gecchele, Roberta Zampieri, and Linda Avesani

Abstract

Plant systems have been used as biofactories to produce recombinant proteins since 1983. The huge
amount of data, collected so far in this framework, suggests that plants display several key advantages
over existing traditional platforms when they are intended for therapeutic uses, including safety, scalability,
and the speed in obtaining the final product.
Here, we describe a method that could be applied for the expression and production of a candidate

subunit vaccine inNicotiana benthamiana plants by transient expression, defining all the protocols starting
from plant cultivation to target recombinant protein purification.

Key words Molecular farming, Transient expression, Nicotiana benthamiana, Downstream proces-
sing, Biofactories, Biopharmaceutical, Design-of-experiment

1 Introduction

Since the first successful transformation of plant cell cultures in
1983 [1], plants provide a viable alternative for recombinant pro-
tein production to conventional systems, mainly based on bacteria,
yeast, and mammalian cells.

The term plant molecular farming was coined for such an
application, and it comprises a range of diverse platforms with the
potential of producing different proteins, ranging from technical
enzymes to biopharmaceutical proteins and by exploiting a variety
of expression technologies from stable nuclear transformation
(transgenic plants) or plastid transformation (transplastomic plants)
to transient expression without stable transgene integration
[2]. Transient expression is achieved by the infiltration of adult
wild-type plants—usually tobacco (Nicotiana tabacum) or its rela-
tive Nicotiana benthamiana—with strains of Agrobacterium tume-
faciens carrying either a plant-expression plasmid or recombinant
full or deconstructed plant viral vectors containing the appropriate
transgene cassette [3].
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There are significant regional differences in current regulatory
guidelines covering the production of biopharmaceuticals by
molecular farming using transient expression systems. The FDA
recommendations have always been flexible, accommodating all
whole plant systems and those based on plant organs [4]. Several
companies in the USA and Canada now base their business model
on GMP manufacturing by transient expression in tobacco and/or
N. benthamiana, while in Europe there is only one facility, to our
knowledge, that has been GMP certified in this framework [5, 6].

The use of transient expression systems in plants to synthetize a
biopharmaceutical has peculiar advantages over other systems; for
example, the use of transient expression allows production to be
scaled up much more quickly than any other fermenter-based plat-
form [7, 8]. Furthermore, specific vectors for transient expression
systems, mainly those based on full or deconstructed plant viruses,
mediate high expression levels of recombinant proteins [9].

The first proof-of-concept of a plant-made vaccine was the
production of hepatitis B surface antigen (HBsAg) [10], that was
followed by many other examples (reviewed in [11]) with a major
focus on virus-like particles [12] and subunit vaccines [13]. This
technology has been recently adopted by Medicago for developing
a candidate vaccine for COVID-19, with Phase 2 Clinical Trials
planned to initiate by November 2020 (https://www.medicago.
com/en/newsroom/medicago-signs-agreements-with-the-gov
ernment-of-canada-to-supply-up-to-76-million-doses-of-its-
recombinant-plant-derived-covid-19-vaccine/) and for a seasonal
influenza vaccine currently under review by Health Canada after
the successful completion of the clinical trials.

Here we describe a detailed protocol of the process relying on
the production of recombinant proteins by using transient expres-
sion in N. benthamiana leaves, starting from plant cultivation to
recombinant protein purification (Fig. 1). To make the protocol
broadly applicable, we consider the use of a 6�His-tag fused either
at the N-or C-terminus of the candidate vaccine. The use of a tag
allows also a simple preliminary evaluation of the plant-made can-
didate vaccine. It is important to underline that the His-tag is not
allowed in the final candidate vaccine product, and it should be
removed before performing clinical trials.

The downstream processing (DSP) here described, starting
from plant material expressing the target recombinant protein,
comprises the use of design-of-experiment to guide the set-up of
the soluble protein extraction buffer, which is a crucial step in DSP.
This approach could easily be transferred to any system involving
multiple parameters and their interactions to be evaluated to obtain
reliable data and response optimization (e.g., characterization of
protein expression in plant systems, optimization of the incubation
temperature and bacterial OD600nm for leaf infiltration, plant age,
and harvest schemes [14], or investigation of effects of extraction
process variables on bioactive compound yield [15]).
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2 Materials

2.1 Genetic

Engineering of Plant

Expression Vectors

1. TE buffer: 10 mM Tris–HCl, pH 7.5, 1 mM EDTA.

2. Taq Polymerase.

3. Nucleotides (dNTPs).

4. Primers: M13 forward and reverse for the entry vector (M13
forward: TGT AAA ACG ACG GCC AC and M13 reverse:
CAGGAAACAGCTATGAC) (see step 6 of Subheading 3.1).

5. PCR product and agarose gel purification kits (e.g., Wizard®

SV Gel and PCR Clean-Up System).

6. Plasmid DNA extraction.

7. Plasmids: pENTR/D-TOPO (ThermoFisher), destination
vectors (see Table 1).

8. Recombination: LR clonase II enzyme mix.

9. Shrimp Alkaline Phosphatase.

10. Escherichia coli TOP10 heat shock competent cells.

11. A. tumefaciens strains (see Table 1).

12. LB media (Luria–Bertani): 5 g/L yeast extract, 10 g/L Tryp-
tone, 10 g/L NaCl, pH 7.5 [21].

13. Super Optimal broth with Catabolite repression (S.O.C) [22].

14. Glycerol.

15. Gene Pulser 0.2 cm gap (Bio-Rad).

Fig. 1 Timeline of (a) plant growth and infiltration, (b) genetic engineering of plant-specific expression vector,
and (c) extraction and pre-purification steps
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2.2 Plants Growth 1. Universal fine soil.

2. Sand.

3. N. benthamiana seeds.

4. Multi-pot tray.

5. Nonwoven fabric.

6. 12 cm diameter pots.

2.3 Plants Infiltration

and Recombinant

Protein Expression

Analysis

2.3.1 Syringe Infiltration

1. LB broth with antibiotics (depending on the vector used for
transformation, see Table 1).

2. MMA solution: MES 10 mM pH 5.5, MgCl2 1 M, and Acet-
osyringone 100 μM.

3. 2.5 mL Needleless syringe.

2.3.2 Vacuum Infiltration 1. LB broth with antibiotics (depending on the vector used for
transformation, see Table 1).

2. MMA solution: MES 10 mM pH 5.5, MgCl2 1 M, and Acet-
osyringone 100 μM.

3. Vacuum pump and chamber.

2.3.3 Time Course

Recombinant Protein

Expression Analysis

1. PBS buffer: NaCl 8 g/L, KCL 2 g/L, Na2HPO4 1.44 g/L,
KH2PO4 0.24 g/L.

2. R sample buffer: Tris–HCl 1.5 M, SDS 3%, glycerol 15%,
2-mercaptoethanol 4%.

3. 12% acrylamide pre-cast gels: SurePage—Genscript.

4. Nitrocellulose blotting membrane: 0.45 μm.

5. Antibody: anti-His.

2.4 Extraction

and Pre-purification

Steps

2.4.1 Identification

of the Best Extraction

Buffer Composition

1. DoE software Design Expert (State-Ease, MN, USA).

2.4.2 Recombinant

Protein Extraction

and Clarification

1. Extraction buffer: Prepare the solutions as calculated by the
DoE software, including buffer, detergent (optional), reducing
agent and excipient, such as sugars, polyamines, alkylamines, or
specific amino acids.

2. Protease inhibitors (Protease Inhibitor Cocktail, SIGMA).
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2.4.3 Pre-purification

Fractional Precipitation

1. Saturated ammonium sulfate solution (add 100 g ammonium
sulfate to 100 mL distilled water, stir to dissolve).

2. 1 M Tris–HCl, pH 8.0.

3. Extraction buffer for first purification step.

Desalting Procedure 1. PD-10 desalting column.

2. Equilibration buffer: buffer of choice.

Ion Exchange 1. DEAE-based anion exchange chromatographic resin.

2. Equilibration buffer: binding buffer (see Note 1).

3. Elution buffers prepared adding NaCl in a step gradient way
from 0 to 1 M concentration.

2.5 Immobilized

Metal Ion Affinity

Chromatography

(IMAC)

1. Imidazole 1 M solution.

2. Ascorbic acid 100 mM solution.

3. Filter paper.

4. Ni-NTA agarose resin.

5. Disposable polypropylene 1 mL columns.

6. Mortar and pestle.

7. Liquid nitrogen.

8. Cheese cloth.

9. Bi-chambered gradient maker.

10. Peristaltic pump.

3 Methods

3.1 Genetic

Engineering

of Expression Vectors

To assess the production, the correct folding of the protein of
interest and its biological activity, it is important to perform pre-
liminary analysis. For this purpose, a tag is added to the candidate
vaccine to facilitate its detection and purification.

Different tags are available, here we describe the use of the six
histidine tag (6� His) that can be fused at the C- or N-termini of
the target sequence, bearing in mind that the tag and its position
can affect the expression and accumulation of the protein [23].

1. Choose the protein of interest and retrieve its nucleotide and
aminoacidic sequences, on common databases (e.g., NCBI
Gene Bank, https://www.ncbi.nlm.nih.gov/genbank/). Add
to the target sequence the nucleotides coding for 6�His either
at the N- or at the C-terminus.

2. Choose a destination vector (see Table 1).
Design an appropriate nucleotide sequence for cloning the

gene of interest. Codon optimize the sequence for
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N. benthamiana (IDT, https://eu.idtdna.com/CodonOpt),
to the resulting sequence add at the 50-end of the CACC
sequence necessary for TOPO directional cloning. Order the
resulting sequence from companies that synthesize custom
DNA strings (double strands of linear synthetic DNA).

3. To generate the entry vector, prepare the TOPO cloning mix
following manufacturer’s instructions (see Note 2).

4. Transform E. coli chemical competent cells: use 2 μL of cloning
product to transform a 100 μL aliquot of TOP 10.

4a. Add 2 μL of mix to the TOP 10 and incubate in ice for
15 min.

4b. Heat Shock the cells at 42 �C 30 s.

4c. Incubate the cells on ice for 2 min and finally resuspend
them in 250 μL (see Note 3) of SOC media.

4d. Recover the cells incubating them at 37 �C for 1 h in
horizontal shaking.

4e. Seed 50 and 200 μL of the transformation product on two
LB plates added with 50 μg/mL of Kanamycin (see
Note 4).

4f. Incubate at 37 �C overnight (o/n).

5. Screen Positive Clones by Colony PCRUsingM13 Primers (see
Note 5).

5a. Prepare the PCR mix and dispense it in clean 0.2-mL
tubes.

5b. Pick colonies from the plate, dissolve them in the PCRmix.
Use the same toothpick/tip to spread it on a fresh selective
plate as a backup and, finally, in 4 mL of liquid LB with
antibiotics.

5c. Run the PCR cycle. A standard PCR cycle with M13
primers is:

95 �C 5 min

95 �C 30 s

48 �C 30 s
x 35 cycles

72 �C 1 min/ 1 kb

72 �C 7 min

5d. Run 10 μL of the reaction on agarose gel.

5e. Incubate the colonies streaked plate and the liquid cultures
at 37 �C o/n.

6. Extract the plasmid DNA from one of the positive colonies
using plasmid mini kit extraction, following the manufacturer
instructions, and perform a PCR in order to check for the
presence of the insert (see Note 6).
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7. Sequence the extracted plasmid with forward and reverse pri-
mers to check the presence of the insert (see Note 6).

8. Different destination vectors can be used as reported in
Table 1. Here two examples of LR reactions are described:

8a. When using a high transformation yields vector, for exam-
ple, pK7WG2, the LR reaction can be carried out accord-
ing to the manufacturer’s instructions.

8a1. Prepare the recombination mix in a final volume of 10
μL.

8a2. Mix 100 ng of entry vector with 150 ng of destination
vector (see Note 7).

8a3. Thaw LR clonase mix II on ice and add 2 μL then mix
briefly.

8a4. Top up the volume with TE buffer to 9 μL and
incubate the mix at 25 �C for 1 h (see Note 8).

8a5. After the incubation, add 1 μL of proteinase K and
incubate at 37 �C for 15 min.

8a6. Transform TOP 10 with 5 μL of recombination prod-
uct as already described in step 5. For pK7WG2, plate
on Spectinomycin 75 μg/mL and incubate at 37 �C
o/n.

8b. When using a low transformation yields vector, like the pG
PVX GATEWAY(A), some additional steps should be con-
sidered to increase transformation yields:

8b1. Perform a digestion to linearize the entry vector, with
a single cutter restriction enzyme (for example using
ApaI).

(i) Digest at least 1 μg of pENTR/D-TOPO.

(ii) Set up the digestion mix following the manufac-
turer instructions. Incubate for at least 1 h.

(iii) Add an appropriate quantity of loading die to the
reaction.

(iv) Run the whole reaction on a 0.7% agarose gel
using an aliquot of the non-digested plasmid as
a negative control.

(v) Excise the linearized plasmid band.

(vi) Purify the band from the gel using a kit Wizard®

SV Gel and PCR Clean-Up System.

(vii) A de-phosphorylation step should be performed
here to prevent the re-circularization of the line-
arized plasmid; this can be done with Shrimp
Alkaline Phosphatase.

(viii) Purify the reaction withWizard® SVGel and PCR
Clean-Up System.
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8b2. Use the linearized pENTR/D-TOPO as entry vector
for the LR reaction to be performed as described
above (see Note 8).

8b3. Transform TOP 10 cells using 5 μL of the recombi-
nation product, as already described in step 5, in the
pG PVX GAT (A) example plate on Kanamycin 50
μg/mL.

9. Perform a colony PCR on 10 colonies with vector backbone-
specific primers (see Note 5).

10. Extract plasmid DNA from one of the positive liquid cultures
with EZNA plasmid mini kit according to step 7.

11. Prepare A. tumefaciens competent cells [24]:

11a. Streak A. tumefaciens from a glycerol stock on a selective
LB plate and incubate it at 28 �C for 48 h.

11b. Pick a single colony and propagate it in 5 mL of selective
LB (in Table 1 antibiotics are reported based on the
A. tumefaciens strain used), incubate with gentle shack-
ing at 28 �C for 48 h.

11c. Pellet the 1.5 mL of liquid culture, 5000 � g for 1 min at
4 �C.

11d. Discard the supernatant and wash the pellet with 500 μL
of cold 10% glycerol.

11e. Repeat the previous step for three times.

11f. Re-suspend the pellet in 40 μL of cold 10% glycerol.

11g. Freeze the competent cells in liquid nitrogen and store
them at �80 �C until usage.

12. A. tumefaciens transformation:

12a. Dilute the destination vector at a concentration of
10 ng/μL.

12b. Add 2 μL of the vector to the A. tumefaciens competent
cells and keep it on ice.

12c. Transfer the 42 μL of the transformation mix in the Gene
pulser (see Note 9).

12d. Assemble the electroporation apparatus and apply the
charge which should be 2.5 kV with a time constant
between 4 and 5 ms.

12e. Quickly transfer the A. tumefaciens in a tube, add 400 μL
of S.O.C. medium (see Note 10).

12f. Recover the cell incubating them at 28 �C for at least 1 h
with gentle shacking.
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12g. Plate 50 and 250 μL of the transformation mix on selec-
tive LB and incubate at 28 �C for 48 h.

13. To check the presence of the plasmid, perform a colony PCR
(see Notes 5 and 11).

14. To confirm transformation, extract the plasmid DNA and per-
form a PCR and a digestion.

3.2 Plant Growth 1. Prepare the growing substrate, mixing 2/3 of universal fine soil
with 1/3 of sand.

2. Fill a multi-pot tray with the growing substrate and dampen it
with water.

3. Hand out oneN. benthamiana seed per each plot and incubate
tray in growth chamber at 24 �C relative humidity of 70% and
14/10 light/dark cycle.

4. Lay a nonwoven fabric on the tray to keep the humidity until
the seed germination and water every 2 days to prevent the soil
to shrink.

5. After a week (Fig. 2) transfer a single bud in an independent
pot (see Note 12) previously filled with the growing substrate
and water it every 2 days (see Note 13).

3.3 Plant Infiltration

and Time-Course

Recombinant Protein

Expression Analysis.

3.3.1 Syringe Infiltration

1. Inoculate a single transformed A. tumefaciens colony in 5 mL
of selective LB broth.

2. Incubate at 28 �C o/n in 180 rpm agitation.

3. Transfer 1 mL of the grown culture in 50 mL of selective broth
and incubate o/n at 28 �C in 180 rpm agitation.

4. Precipitate the bacterial cells by centrifugation at 3000 � g for
20 min.

5. Resuspend the pellet in MMA solution until an OD600 of 0.8
and incubate 2–3 h at room temperature (RT).

6. Choose and label leaves (three per plant) (see Note 14) to be
infiltrated.

Fig. 2 Nicotiana benthamiana plants 1-week (a), 3-weeks (b), and 4-week old (c)
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7. Take up resuspended A. tumefaciens sample in a 1- or 5-mL
syringe (no needle).

8. Place the tip of syringe against the underside of the selected leaf
and press down gently on the plunger supporting the upper
side of the leaf with a finger until the liquid diffuses throughout
the leaf (see Note 15).

9. Harvest infiltrated leaves of three plants per day (biological
replicates) starting from 3 to 14 days post infiltration (dpi).

3.3.2 Vacuum Infiltration 1. Inoculate a single transformed A. tumefaciens colony in
250 mL of selective LB broth.

2. Incubate at 28 �C o/n in 180 rpm agitation.

3. Precipitate the bacterial cells by centrifugation at 4500 � g for
20 min.

4. Resuspend the pellet in 1 L MMA solution until an OD600 of
0.8 and incubate 2–3 h at RT.

5. Vacuum infiltrate the aerial parts ofN. benthamiana by dipping
the plants in the infiltration suspension in a vacuum chamber
applying vacuum for 3 min with a pressure of 90 mBar.

6. Release the vacuum for 45 s.

7. Harvest infiltrated leaves of three plants per day (a biological
replicate) starting from 3 to 14 dpi.

3.3.3 Time-Course

Recombinant Protein

Expression Analysis

1. Freeze the harvested leaves and homogenize 100 mg of frozen
plant material with 3 volumes (w/v) PBS buffer (seeNote 16).

2. Clarify by centrifugation at 10,000 � g for 10 min.

3. Add 5 μL of 3� R sample buffer to 10 μL of supernatant and
incubate in a heat block for 10 min at 100 �C.

4. Load the sample onto 12% acrylamide gel and run samples at
200 V for 1 h.

5. Transfer the proteins to a nitrocellulose blotting membrane
and analyze them by Western blot using a specific antibody to
identify the day of highest expression (see Note 17).

3.4 Total Soluble

Protein Extraction

and Recombinant

Protein Detection

3.4.1 Identification

of the Best Extraction

Buffer Composition

This protocol discusses a design-of-experiment (DoE) approach for
the definition of the best extraction buffer composition to enhance
recombinant protein recovery from N. benthamiana tissue.

1. Define responses suitable for the evaluation of the outcomes of
the study. Here we define as a case-of-study example to pro-
duce an antigen in N. benthamiana, these responses: recombi-
nant protein yield (μg of recombinant protein/g of leaf fresh
weight, LFW) and aggregate prevention.
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2. Select the relevant components (factors) for the screening
study: buffer concentration, pH value, detergent type and its
concentration, reducing agent type and its concentration (see
Notes 18–22).

3. Select ranges within which the factors will be varied during the
DoE investigation: 50–200 mM concentration for buffer sub-
stance, from 4.0 to 8.0 pH value, maximum 5 or 2.5% V/V
concentration for mild detergent agents (Tween-20 or Triton
X-100, respectively), maximum 10 or 20 mM concentration
for reducing agents (DTT or Na2S2O5, respectively).

4. Set up a RSM (response surface method) for a DoE approach
to be used for building predictive models.

5. Test all the 50 different solutions calculated by the DoE pre-
dictive model for the recombinant protein extraction maximi-
zation in N. benthamiana leaves (see Subheading 3.4.2).

6. Perform a recombinant protein analyses, considering the para-
meters set in 1 (see Note 23).

7. Transfer the analyzed response data (here the recombinant
protein extraction yield and presence/absence of protein
aggregate/s) into the design-of-experiment. Make sure that
response data are correctly assigned to the corresponding factor
settings.

8. Investigate the model and the included factors by analyzing the
responses obtained from the extraction experiments to obtain
information about factors that are important for the system
under investigation.

9. Model predictions for maximal extraction efficiency are verified
in five additional runs for design points that are of major
interest.

3.4.2 Recombinant

Protein Detection

1. Collect agroinfiltrated leaves at the maximum expression dpi,
depending on the recombinant protein accumulation and
freeze them in liquid nitrogen. Store plant tissue at �80 �C.

2. Grind the frozen plant material to fine powder in liquid nitro-
gen using mortar and pestle. Transfer the powder into a
new tube.

3. Add three volumes of an appropriate extraction buffer (see
Note 24), supplemented with protease inhibitors to block
protease degradation during extraction and following
procedures.

4. Homogenize the mixture by vortexing for 1 min.

5. Centrifuge the mixture (10,000 � g) at 4 �C (see Note 25).

6. Collect the clarified supernatant in a clean tube (see Note 26)
and store it at �20 �C. The pellet is discarded.
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3.5 Pre-purification Additional specific sample preparation steps may be evaluated to
remove contaminants, from the clarified N. benthamiana extract,
that can interfere with subsequent purification. Various methods
are available as pre-purification treatments, such as fractional pre-
cipitation (see Subheading 3.5.1), desalting (see Subheading 3.5.2),
or ion exchange (see Subheading 3.5.3).

3.5.1 Fractional

Precipitation

Precipitation techniques separate fractions by the principle of dif-
ferential solubility and can be applied to remove gross impurities.
Here the protocol for the most common precipitation method
using ammonium sulfate is reported (see Note 27).

1. Add 1 part 1 M Tris–HCl, pH 8.0–10 parts sample volume to
maintain the pH of the clarified extract.

2. Stir gently. Add ammonium sulfate solution, drop by drop.
Add up to 50% saturation (see Note 28). Stir for 1 h.

3. Centrifuge 20 min at 10,000 � g.

4. Remove supernatant. Wash the pellet twice by resuspension in
an equal volume of ammonium sulfate solution of the same
concentration (i.e., a solution that will not resuspend the pre-
cipitated protein or cause further precipitation). Centrifuge
again (repeat step 3).

5. Dissolve the pellet in a small volume of the buffer to be used for
the next step.

6. Ammonium sulfate could be removed during clarification/
buffer exchange steps using desalting columns (see Note 29).

7. Check the presence of the recombinant protein performing a
Western blot on the resuspended pellets.

3.5.2 Desalting

Procedure

The desalting procedure is a simple and very fast method to remove
low molecular weight contaminants and to change a buffer.

1. Cut off bottom tip, remove top cap, and pour off excess liquid.

2. Equilibrate the column with approximately 25 mL of buffer.
Discard the flow-through (use the plastic tray to collect flow-
through). To ensure optimal results, it is critical to equilibrate
the column with a total of 25 mL of equilibration buffer to
completely remove the storage solution.

3. Add sample to a final volume of 2.5 mL. If the sample is less
than 2.5 mL, add buffer until the total volume of 2.5 mL is
achieved. Discard the flow-through.

4. Elute with 3.5 mL of buffer and collect the flow-through.

5. Check the presence of the recombinant protein performing a
Western blot on the collected fractions: loaded extract, flow-
through, and eluted fraction.
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3.5.3 Ion Exchange

Chromatography

Ion exchange chromatography can be used as a pre-purification
method for removing contaminants. Different ion exchanger and
ion exchange ligand are suitable for this application. Here the
protocol for a DEAE-based anion exchange chromatography
performing the elution by increasing salt concentration is reported.

1. Equilibrate the resin with approximately five column volumes
with equilibration buffer (see Note 30).

2. Add the clarified extract (seeNote 31) and collect flow-through
sample.

3. Wash the column with at least five volumes of extraction buffer.
Collect the flow-through.

4. Perform protein elution using the most common salt, NaCl, in
a step gradient way from 0 to 1M concentration. Collect all the
eluted fractions.

5. Check the presence of the recombinant protein by performing
a Western blot on the collected fractions: loaded extract, flow-
through, wash, and eluted fractions.

3.6 Immobilized

Metal Ion Affinity

Chromatography

(IMAC)

The protocol is intended for the use of gravity disposable columns;
however, the same protocol can be applied to other system that
relies on a FLPC system (e.g., AKTA start). Bear in mind that each
protein has its own characteristics and consequently will need an
optimized purification protocol. For example, the imidazole con-
centration described in this section is a standard example: it could
be modified after experimental evidence of the pattern of target
protein elution.

1. Prepare a solution of protein extract from N. benthamiana
leaves as described in Subheading 3.4.1.

2. Add to the supernatant NaCl and imidazole at a final concen-
tration of 500 and 5 mM, respectively. Adjust the pH of the
solution to 8.

3. Incubate for 1 h on ice by gentle shaking.

4. Clarify the solution by centrifugation at 30,000 � g for 30 min
at 4 �C (see Note 32).

5. Column preparation:

5a. Set up the stand, attach the disposable column to the stand,
and check if the screw cap is closed properly.

5b. Vortex briefly the resin bottle to resuspend the 50%
Ni-NTA solution.

5c. To pack the resin, add about two times the final column
volume (e.g., for a 1 mL column volume, add 2 mL of
resin).

5d. Remove the screw cap.
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5e. Allow the resin to settle and discard the eluate.

5f. To equilibrate the column, use the extraction buffer adding
NaCl and imidazole at a final concentration of 500 and
5 mM, respectively. Adjust the pH to 8. Use about 5–10
column volumes (see Note 33).

6. Load the extract on the column and collect the flow-through
for further analysis (seeNotes 34 and 35). Allow the extract to
flow completely.

7. Prepare the wash buffer using the same extraction buffer and
adding NaCl at a final concentration of 500 mM and imidazole
at a final concentration of 10 mM, pH 8 (see Note 36).

8. Wash the column with at least 20 column volumes of washing
buffer, until the flow-through OD280 reaches 0. Keep the
eluted wash solution for further analysis (see Note 36).

9. Standard elution protocol: Use this protocol for preliminary
analysis. Keep in mind that the elution buffer is always the
same, the only variable that changes is the imidazole
concentration.

9a. Prepare the elution buffer raising the imidazole concentra-
tion to 50 mM. Perform the first elution adding five col-
umn volumes (see Notes 36 and 37) and allow the elution
buffer to flow completely out of the disposable column.

9b. Collect the eluted solution in a clean tube.

9c. Prepare the elution buffers raising the imidazole concen-
tration to 100, 150, and 200 mM and perform the other
elution steps repeating 9a and 9b.

9d. Check the presence of the His-tag protein performing a
Western blot on the fractions collected: loaded extract,
flow-through, wash, and purification elution.

9e. Check the purity of the elution performing an SDS-PAGE
with silver staining [25].

10. If the elution step optimization (seeNote 37) is not enough to
obtain a purified protein, the elution gradient protocol can be
exploited. Like in the previous steps, a protocol based on a
gravity flow column is described, but the same protocol can be
used in an FPLC system.

10a. Prepare the low imidazole concentration buffer (1� PBS
500 mM, NaCl 20 mM, imidazole pH 8) and a high
imidazole concentration buffer (1� PBS 500 mM, NaCl
200 mM, imidazole pH 8).

10b. Set up the gradient maker:
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10b1. Close the nozzle between the two tanks.

10b2. Fill the tanks with the same volume of elution
buffer, low imidazole concentration in the wired
one, and high imidazole concentration in the
close one.

10b3. Connect the low imidazole concentration contain-
ing tank to the peristaltic pump.

10c. Follow the protocol described above for the column
preparation until step 8.

10d. Once the load is completely bound to the resin, it is
possible to start the gradient elution.

10d1. Set the peristaltic pump to a 0.2 mL/min flow and
check the absence of air bubbles in the tubes.

10d2. Connect the pump tube to the column.

10d3. Open the nozzle between the two tanks.

10d4. Start the elution (see Note 37).

10d5. Collect about 1.5 mL fractions in clean tubes.

10e. Check the presence of the His-tag protein performing a
Western blot on the collected fractions: loaded extract,
flow-through, wash, and purification elution.

10f. Check the purity of the eluted recombinant protein
performing an SDS-PAGE with silver staining.

4 Notes

1. The binding buffer must contain the same ion that is present in
the ion exchanger.

2. To optimize the cloning, different molar ratio Insert: pENTR/
D-TOPO vector should be tested, ranging from 0.5:1 to 3:1.

3. It is possible to raise or lower the SOC volume leading to a
more diluted or a more concentrated transformation product
and consequently resulting in a lower or higher number of
colonies.

4. Plate two or three different quantities of transformation prod-
uct (e.g., 50, 100, and 200 μL).

5. Picking the colonies directly from plates can lead to false-
positive screening. Pick the colony and set up a liquid culture
in selective LB, incubate o/n at 37 �C and perform a PCR
using 1 μL of the liquid culture as a template. Plasmid DNA can
be directly extracted from liquid cultures of PCR-positive
colonies.

110 Mattia Santoni et al.



6. Design different primers to cover the insert flanking region, on
the vector backbone and the insert as well.

7. To increase the efficiency of the protocol:

(a) Change the molar ratio between entry and destination
vector, from 1:2 to 1:20. Molar ratio can be calculated as
the moles of the entry vector divided by the moles of the
destination vector.

(b) Sometimes a high background given by the entry vector
can be experienced. To reduce it, try the LR reaction with
a PCR product from the pENTR.

8. To increase the yield of positive colonies perform the LR
reaction o/n.

9. Cuvette should be cold and dry: put it at�20 �C for at least 1 h
before the transformation.

10. Directly add the SOC in the cuvette and transfer the product in
a new tube.

11. The template is prepared picking a colony and dissolving it in
10 μL of sterile water and incubate it at 95 �C for 10 min, in
order to break the cell membrane of A. tumefaciens 5 μL are
enough as a template to perform the PCR.

12. The pot diameter is 12 cm.

13. A fertilizer (N/P/K 15/15/15) can be used on 2-week-old
plants to improve the plant growth.

14. The selected leaves should be the first three leaves from the
apical meristem excluding the cotyledons.

15. The agrobacterium suspension should fill completely meso-
phyll air spaces of the leaf; then, if necessary, repeat step 8 in
more spots of the leaf.

16. If the subcellular localization of the target protein is not cyto-
solic add a detergent and reducing agent to the PBS buffer.

17. Use anti-His antibody if the protein has a His-tag otherwise
use a protein-specific antibody.

18. The buffer substance should have a pKa value as close as
possible to the selected pH, to give maximum buffer capacity.
A typical concentration of buffer substance is 20–200 mM.

19. The pH value should be selected so that it matches the pH
optimum of the target protein. The solubility of a protein is
often lowest at its pI [26]. To obtain good solubility of the
target protein, select a pH that is not near the pI.

20. Detergents are used in membrane protein purification but can
also be applied to decrease aggregation or adsorption for
water-soluble proteins. The hydrophobic interactions can be
reduced by the addition of moderate concentrations of mild
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detergents (e.g., non-ionic Tween-20 or Triton X-100) that
interact with hydrophobic regions on the target protein and
other sample components.

21. Reducing agents are added to the buffer to keep the environ-
ment in a reduced state, thus minimizing interactions between
proteins and phenolic compounds thereby preventing oxida-
tion that may alter the target protein structure [27].

22. The aggregate formation of some proteins can be prevented by
using excipients [28, 29] such as sugars [30–32], polyamines
or alkylamines [33], and specific amino acids [34].

23. The recombinant protein concentration can be estimated by
densitometric evaluation of target protein band in SDS-PAGE.
This type of analysis allows also to estimate the presence of
possible target protein aggregates and their quantity respect to
the monomeric form.

24. The selected ratio of plant tissue weight (g) to buffer volume
(mL) is 1:3.

25. Centrifugation is the most common clarification method for
extracts on a laboratory scale. It removes most particulate
matter and cell debris, but depending on source and extraction
procedure, there may be various amounts of particles that
cannot be sedimented or that float on top.

26. If the sample is still not clear after centrifugation, use a filter as
clarification step.

27. Fractional precipitation can be applied using different precipi-
tation agents, such as dextran sulfate, polyvinylpyrrolidone
(PVPP), polyethylene glycol (PEG), acetone, etc. Sometimes
thermal or pH precipitation can be performed.

28. The percentage saturation can be adjusted either to precipitate
a target molecule or to precipitate contaminants.

29. It may be practical to use HIC (hydrophobic interaction chro-
matography) as capture step after an initial ammonium sulfate
precipitation, as the sample contains a high salt concentration
and can be applied directly to the HIC column.

30. Before starting a run, make sure that the medium has reached
equilibrium. This is done by loading equilibration buffer
through the column until the pH of the effluent is the same
as that of the in-going start buffer.

31. The ratio between clarified extract volume and resin volume
must be optimized.

32. If the insoluble material does not pellet during centrifugation
and remains in suspension, it is possible to remove it by passing
the supernatant through cheesecloth.
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33. The column should be considered equilibrated when the pH of
the flow-through reaches the pH of the equilibrating buffer.

34. Normally the first column volume of every step that flows
through belongs to the preceding fraction (e.g., the first col-
umn volume of the load goes in the waste, the first column
volume of the wash goes in the flow-through, the first column
volume of the elution goes in the wash, etc.).

35. In every purification step take an aliquot to keep track of the
protein of interest.

36. If the protein needs a more selective environment, it is possible
to raise the concentration of imidazole in the wash buffer to
20 mM.

37. Sometimes protein can co-elute in the same fraction: changing
the imidazole concentration or raising the number of elutions
can overcome this problem. If not, the protocol can be per-
formed eluting the protein with an imidazole gradient. The
imidazole gradient can be generated with a gradient maker or
with an FLPC machine.
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Chapter 7

Production of a Hepatitis E Vaccine Candidate Using
the Pichia pastoris Expression System

Jyoti Gupta, Amit Kumar, and Milan Surjit

Abstract

Hepatitis E virus (HEV) is associated with acute hepatitis disease, which may lead to chronic disease in
immunocompromised individuals. The disease is particularly severe among pregnant women (20–30%
mortality). No vaccine is available to combat the HEV except Hecolin, which is available only in China.
Virus-like particle (VLP) generated from the capsid protein (ORF2) of HEV is known to be a potent
vaccine antigen against HEV. Hecolin consists of 368–606 amino acid (aa) region of the capsid protein of
HEV, which forms a VLP. It is expressed and purified from the inclusion bodies of E. coli.Here, we describe
a method to express the 112-608aa region of the capsid protein (ORF2) of genotype-1 HEV in Pichia
pastoris (P. pastoris) and purify VLPs from the culture medium. 112-608aa ORF2 VLPs are secreted into the
culture medium in a methanol inducible manner. The purified VLPs are glycosylated and induce robust
immune response in Balb/c mice. Further, 112-608aa ORF2 VLPs are bigger than the 368–606 VLP
present in Hecolin, which may help them in inducing a superior immune response. P. pastoris offers a robust
and economical heterologous expression system to produce large quantities of glycosylated 112-608aa
ORF2 VLP, which appears to be a promising vaccine candidate against the HEV.

Key words Hepatitis E virus, Virus-like particle, Open reading frame 2, Pichia pastoris

1 Introduction

1.1 Hepatitis E Virus Hepatitis E virus (HEV) is a small, non-enveloped, single-stranded,
positive-sense RNA virus with a genome size of approximately
7.2 kb [1]. HEV is a predominant cause of acute icteric viral
hepatitis and responsible for large outbreaks in developing as well
as developed countries [2, 3]. The viral infection is usually self-
limiting but can lead to chronic hepatitis in immunocompromised
and organ transplant or chemotherapy recipients [4].The elderly
people, pregnant women, and individuals with liver disease have
been reported to have lethal cases of acute viral hepatitis [5, 6]. This
virus is not only a prime cause of hepatitis but also express the
extrahepatic manifestations, such as kidney failure and neurological
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abnormalities [7]. According to WHO report, HEV infection bur-
den is distributed worldwide, and there are around 20 million cases
with approximately 3.3 million symptomatic cases every year [8]. In
pregnant women, HEV infection has a poor prognosis, mainly in
the third trimester, that lead to a mortality rate up to 30% [9–
11]. HEV is mainly transmitted through the fecal–oral route (infec-
tion by drinking contaminated water), zoonotic route (infection by
consumption of raw or undercooked meat), and ingestion of
infected dairy products including close contact with infected ani-
mals [12]. Additional routes include blood transfusion and organ
transplantation processes [13, 14]. There are eight genotypes
(genotype1 to genotype 8) of HEV reported until now. Though
different genotypes of HEV demonstrate heterogeneous nature,
they share single serotype, which make sense for the development
of a monovalent HEV vaccine [15].

The HEV genome consists of three open reading frames
(ORFs). ORF1 encodes a nonstructural multiprotein, consisting
of seven different domains, such as methyltransferase (Met), Y
domain (Y), papain-like cysteine protease (PCP), V domain (V), X
domain (X), helicase (Hel), and RNA-dependent RNA polymerase
(RdRp). ORF1 is followed by ORF2, which encodes the capsid
protein; and ORF3, which overlaps with the ORF2 and encodes a
phosphoprotein that plays an important role in virus release and
participate in multiple signal transduction processes [1]. Genotype
1-HEV (g1-HEV) has an additional ORF4 that is expressed under
endoplasmic reticulum (ER) stress and promotes the virus replica-
tion [16, 17]. ORF2 protein consists of 660 amino acids (aa) and
early studies reveal that the N-terminal 111 residues of ORF2
protein are likely to be involved in RNA encapsidation and
112-608aa has ability to self-assemble into virus-like particle
(VLP) [18, 19]. ORF2 protein has three functional domains:
shell (S), middle (M), and protruding (P) with three N-linked
glycosylation sites [20, 21]. Schematic of HEV genome and
ORF2 protein is shown in Fig. 1. The 112-608aa region retains
the immunodominant epitopes including neutralization epitope
that shows protective efficacy in primates against HEV infection.
Thus the complete and truncated capsid proteins are considered as
vaccine candidate against HEV infection in humans [22–24].

1.2 VLP-Based

Vaccine

VLPs consist of subunit viral capsid proteins that assemble into
enclosed core–shell morphology. These subunits oligomerize into
highly ordered structures which have been shown to be highly
immunogenic, especially in relation to their corresponding
non-oligomeric proteins [25, 26]. The self-assembled VLPs with-
out being infectious agent allow the display of conformational
epitopes similar to the intrinsic virus and are capable of stimulating
innate immune response [27]. VLPs maintain the repetitive antigen
display and are considered safer as potential vaccine candidates
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compared to traditional live, attenuated, or inactivated viruses since
they do not contain a genome. Advancement in expression tech-
nology has enabled production of the VLPs for more than 30 dif-
ferent pathogens infecting humans and animals. The success of this
approach is well illustrated by the worldwide commercial availabil-
ity of the vaccines against the hepatitis B virus and human papillo-
mavirus, named as Engerix® (hepatitis B virus, GlaxoSmithKline),
Recombivax HB® (hepatitis B virus, Merck), and Cervarix®

(human papillomavirus, GlaxoSmithKline), Gardasil® (human pap-
illomavirus, Merck) [28, 29]. The licensedHEV vaccine available in
China is also a VLP-based vaccine (Hecolin, Xiamen Innovax
Biotech).

1.3 Pichia pastoris

(P. pastoris)

Expression System

Out of hundreds of yeast species, Saccharomyces cerevisiae
(S. cerevisiae) and Pichia pastoris (P. pastoris) are commonly used
hosts for the production of heterologous proteins [30–
32]. Although many heterologous proteins have been expressed
in S. cerevisiae, low yield and hyperglycosylation of proteins limit
the use of S. cerevisiae as a suitable host. P. pastoris, on the other
hand, shows high growth rate, the ease of genetic manipulation,
and high yield of heterologous proteins and permits mammalian

Fig. 1 Genome organization of genotype 1 hepatitis E virus and schematic representation of ORF2 protein.
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cell like glycosylation to some extent. Therefore, it is possible to
produce high quantity of soluble, correctly folded, and functional
recombinant protein in P. pastoris [33]. A number of pathogen-
encoded proteins purified using Pichia expression system are sum-
marized in Table 1.

P. pastoris is a methylotrophic yeast which is capable of meta-
bolizing methanol as its sole carbon source. The first step in the
metabolism of methanol is the oxidation of methanol to formalde-
hyde using molecular oxygen by the enzyme alcohol oxidase. Alco-
hol oxidase has a poor affinity for O2, and P. pastoris compensates
by generating large amounts of the enzyme. The promoter (PAOX)
regulating the production of alcohol oxidase is used to drive heter-
ologous protein expression in Pichia expression system
[52, 53]. P. pastoris has two genes to encode alcohol oxidase:
AOX1 and AOX2, the expression of both genes is regulated by
the availability of methanol. The expression of the AOX1 gene is
tightly regulated and induced by methanol to very high levels, while
low level of methanol promotes the AOX2 expression. There are
three phenotypes for P. pastoris, namely Mut+ (methanol utilization
wide-type), Muts (methanol utilization slow), andMut� (methanol
utilization deleted). Mut+ strains containing intact and active both
AOX genes are characterized by a higher growth rate on methanol
than Muts strains composed of variants lacking AOX1 gene and
Mut� strains are unable to grow on methanol as the sole carbon
source due to the knock-out of both AOX genes [52].

All P. pastoris expression strains are derived from the wild-type
strain NRRL-Y11430 (Northern Regional Research Laboratories,
Peoria, Ill). Auxotrophic mutants (GS115) and protease-deficient
strains (SMD1163, SMD1165, and SMD1168) are frequently
used. KM71 (his4 arg4 aox1Δ::ARG4), which shows MutS pheno-
type, is a strain in which the chromosomal AOX1 gene is largely
deleted and replaced with the S. cerevisiae ARG4 gene. As a result,
this strain must rely on the much weaker AOX2 gene for AOX and
grows on methanol at a slow rate (methanol utilization slow or
MutS phenotype) [31, 52].

Different plasmid vectors have been designed for heterologous
protein expression in P. pastoris. They contain different antibiotic
resistance genes. pPIC3K and pPIC9K vectors contain the bacterial
kanamycin-resistance gene and confers resistance to high levels of
G418 (neomycin sulfate). Another set of vectors, the pPICZ series
vectors, contain Sh ble gene from Streptoalloteichus hindustanus.
This gene is small (375 bp) and confers resistance to the antibiotic
zeocin in E. coli, P. pastoris, and other eukaryotes. Because the ble
gene serves as the selectable marker in both E. coli and P. pastoris,
the ZeoR vectors are much smaller (~3 kb) and easier to manipulate
than other P. pastoris expression vectors [53–55]. These vectors
also have sequences encoding the His6X and myc epitopes, so that
foreign proteins can be easily tagged at their carboxyl termini, if
desired.
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Table 1
Expression and purification of recombinant protein antigens of indicated pathogens using the
P. pastoris expression system

Pathogen Disease Antigen
Expression
strategy References

A. Viral proteins expressed in P. pastoris

Hepatitis E virus Hepatitis 112-608aa ORF2 VLP [34]

Dengue virus Dengue DENVenvelope protein domain III
(EDIII)

VLP [35]

Rock bream
iridovirus
(RBIV)

Morbidity and
mortality in
fish

Recombinant major capsid protein
(rMCP)

WRY [36]

Coxsackievirus A Hand, foot, and
mouth disease
(HFMD)

P1 and 3CD VLP [37]

Hepatitis C virus Hepatitis HCV CoreE1E2 protein Protein subunit [38]

Influenza virus Flu H5 hemagglutinin Protein subunit [39]

Influenza virus Flu Alpha agglutinin Yeast Surface
display

[40]

B. Protozoan proteins expressed in P. pastoris

P. falciparum Malaria Apical membrane antigen
1 (PfAMA1)

Protein subunit [41]

P. berghei Malaria Circumsporozoite surface antigen Yeast whole cell
lysate

[42]

Babesia bovis Bovine
babesiosis

MSA-2a1, MSA-2b and MSA-2c Protein subunit [43]

T. congolense Trypanosomosis Protease (congopain) Protein subunit [44]

C. Bacterial proteins expressed in P. pastoris

C. botulinum Botulism Recombinant C-terminus heavy
chain fragment from botulinum
neurotoxin serotype C [rBoNTC
(H(c))]

Protein subunit [45]

Influenza A Flu Me2-HSP70 fusion protein Protein subunit [46]

M. tuberculosis Tuberculosis Recombinant heparin-binding
haemagglutinin

Purified protein [47]

Leptospira
interrogans

Leptospirosis LigANI Protein subunit [48]

D. Nematode and tick proteins expressed in P. pastoris

Schistosoma
mansoni

Intestinal
schistosomiasis

Tetraspanin surface antigen protein
(Sm-TPS2)

Protein subunit [49]

Schistosoma
mansoni

Intestinal
schistosomiasis

Sm14 antigen Protein subunit [50]

(continued)

Hepatitis E VLP Production in Yeast 121



Additional features of P. pastoris expression vectors serve as
tools for specialized functions. For secretion of foreign proteins,
vectors have been constructed that contain a DNA sequence imme-
diately following the AOX1 promoter that encodes a secretion
signal. Out of them, the most frequently used sequence is
S. cerevisiae α factor prepro signal sequence, which leads to the
production of higher amounts of a foreign protein than using its
native signal peptide [56]. Since P. pastoris secretes very low levels
of native proteins, the secreted heterologous proteins constitute the
majority of the total proteins in the medium.

1.4 Hepatitis E-VLP

(HEVLP) Expression

System

Different expression systems have been used to express HEVLP as
described below:

1.4.1 E. coli Expressed

HEVLPs

Escherichia coli (E. coli) is an economical and commonly used
expression system for the production of heterologous proteins.
However, it has the limitation of lack of posttranslational modifica-
tion of the recombinant protein. Hecolin is produced by expressing
368–606aa region of ORF2 protein, which self assembles to form
VLPs of 23 nm size. In clinical trial, this vaccine showed an efficacy
of >99% in preventing clinical hepatitis E. Immunization with
Hecolin induced antibodies against HEV and provided protection
against hepatitis E for up to 4.5 years [57–60].

1.4.2 Insect Cell Line

Expressed VLPs

The HEV capsid antigen expressed in Baculovirus-infected insect
cell system has been proposed as a candidate subunit vaccine against
the hepatitis E. Different regions of ORF2 protein have been
expressed in Sf21, Sf9, Tn5, and Spodoptera Litura Larvae insect
cell lines [19, 61]. The 56 kDa (112-608aa ORF2) vaccine candi-
date showed high immunogenicity when administered to rhesus
monkeys and protected them from hepatitis E when challenged
with a large intravenous dose of homologous or heterologous
HEV [62]. Oral administration of the baculovirus expressed

Table 1
(continued)

Pathogen Disease Antigen
Expression
strategy References

E. Tumor-associated antigen expressed in P. pastoris

Human
papillomavirus

Cervical cancer HPV16 L1 antigen Whole
recombinant
yeast

[51]

*VLP virus-like particle, *WRY whole recombinant yeast, *YSD yeast surface display
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112-660aa ORF2 VLP candidate to the cynomolgus monkeys
protected them against subsequent HEV challenge, supporting
the utility of 112-660 ORF2 VLP as an oral hepatitis E
vaccine [23].

1.4.3 P. pastoris

Expressed HEVLPs

Our group has developed a method to produce HEVLPs using
112-608aa region of ORF2 protein of g1-HEV in P. Pastoris
expression system [34]. Here, we describe the method of
112-608aa ORF2 VLP production in P. pastoris. The chapter
explains the cloning strategy of 112-608aa region of ORF2 into
pPICZαA vector and expression of protein in KM71H strain of
Pichia. The recombinant protein is secreted into the culture
medium, which is subsequently purified and characterized. We
also describe the method for evaluation of immunogenic properties
of the 112-608 ORF2 VLP. As the first approach, a simple immu-
nization protocol is recommended to analyze if the produced par-
ticles are able to trigger an antigen-specific antibody response in
mice. Different doses of antigen with or without adjuvant were
used to immunize the mice to validate the dose-dependent anti-
body response. Further, the cell proliferation response was assessed
to evaluate the memory response. The overall strategy of 112-608
ORF2 VLP expression and purification is shown in Fig. 2.

2 Materials and Reagents

2.1 Cloning

of 112-608 ORF2 into

pPICZα

2.1.1 Instruments

Required

1. Centrifuge.

2. Thermocycler.

3. 16, 37 �C water baths.

4. 30 and 37 �C shaking and non-shaking incubators.

5. Standard horizontal agarose gel electrophoresis apparatus.

6. Spectrophotometer nanodrop 2000.

2.1.2 Materials Required 1. PCR tubes.

2. 50-mL conical centrifuge tubes.

3. 15-mL polypropylene tubes.

4. 1.5-mL microcentrifuge tubes.

5. 90-mm plates.

2.1.3 Reagents

for Molecular Biology

Experiment

1. E. coli (Top’10) (Thermo scientific, USA).

2. P. pastoris KM71H (Thermo scientific, USA).

3. pPICZα vector (Thermo Fisher Scientific, USA).

4. 112-608 ORF2 Primer for PCR amplification.
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Fig. 2 Strategy of 112-608 ORF2 VLP expression and purification from P. pastoris.
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Forward Primer 50AGCCGCGGCGGCCGCGCGGTCG
CTCCGGC 30 and Reverse Primer 50 CATTGTTCTA
GAAATGCTAGCACAGAGTGG30.

5. pSKHEV2 plasmid (Genbank No. AF444002.1) [63].

6. 10 mM dNTP mixture containing 10 mM each of dATP,
dTTP, dCTP, and dGTP in nuclease-free water.

7. 5� HF buffer.

8. Phusion DNA polymerase.

9. Nuclease-free water.

10. Agarose.

11. 1� TAE buffer: 40 mM Tris (pH 7.6), 20 mM acetic acid,
1 mM EDTA.

12. NotI-HF, XbaI-HF restriction enzyme.

13. BstXI-HF restriction enzyme.

14. Cutsmart 10� buffer.

15. Plasmid isolation miniprep kit.

16. PCR purification kit.

17. 6�Gel loading dye: 0.03% bromophenol (w/v), Tris–Cl (1 M,
pH 8.0) 50 mM, EDTA (0.5 M, pH 8.0) 25 mM,
glycerol 60%.

18. Gene ruler 1 kb plus DNA ladder.

19. 10� T4 DNA ligase buffer.

20. T4 DNA ligase.

21. Luria Broth (LB).

22. Ampicillin.

2.2 Generation

of Pichia

Transformants

Expressing 112-608

ORF2 Protein

2.2.1 Instruments

Required

1. Electroporator.

2. 30 �C shaking and non-shaking incubators.

2.2.2 Materials Required 1. 0.2 cm cuvettes.

2. Baffled flask.

2.2.3 Medium

and Buffers

1. 10� YNB:
13.4% yeast nitrogen base with ammonium sulfate, without

amino acids. Dissolve 134 g of yeast nitrogen base (YNB) with
ammonium sulfate and without amino acids in 1000 mL of
water. Heat the solution to dissolve YNB completely in water.
Filter sterilize and store at 4 �C.
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2. 500� biotin (0.02% biotin):
Dissolve 20 mg biotin in 100 mL of water and filter steril-

ize. Store at 4 �C.

3. 10� dextrose (20% dextrose):
Dissolve 200 g of D-glucose in 1000 mL of water. Auto-

claves for 15 min or filter sterilize.

4. 10� methanol (5% methanol):
Mix 5 mL of methanol with 95 mL of water. Filter sterilize

and store at 4 �C.

5. 10� GY (10% glycerol):
Mix 100 mL of glycerol with 900 mL of water. Sterilize

either by filtering or autoclaving and store at room
temperature.

6. 1 M potassium phosphate buffer, pH 6.0:
Combine 132 mL of 1 M K2HPO4, 868 mL of 1 M

KH2PO4 and confirm that the pH ¼ 6.0. Sterilize by autoclav-
ing and store at room temperature.

7. YPD media (yeast extract peptone dextrose medium):
1% yeast extract, 2% peptone, 2% dextrose (glucose). Dis-

solve 10 g yeast extract, 20 g of peptone in 900 mL of water.
For making YPD plates, add 20 g (2%) of agar in media.
Autoclave for 20 min on liquid cycle. Cool solution to
~60 �C and add 100 mL of 10� Dextrose. Store YPD plates
at 4 �C.

8. YPD zeocin media:
1% yeast extract, 2% peptone, 2% dextrose (glucose), 100

μg/mL of zeocin. Dissolve 10 g yeast extract, 20 g of peptone
in 900 mL of water. Autoclave for 20 min on liquid cycle. Cool
solution to ~60 �C and add 100 mL of 10� dextrose. Add
1.0 mL of 100 mg/mL zeocin.

9. YPDSmedia agar (yeast extract peptone dextrose medium):
1% yeast extract, 2% peptone, 2% dextrose (glucose), 1 M

sorbitol, 2% agar, 100 μg/mL zeocin. Dissolve 10 g yeast
extract, 182.2 g sorbitol, 20 g of peptone. Add 20 g of agar
in 900 mL of water, autoclave for 20 min on liquid cycle. Add
100 mL of 10� dextrose. Cool solution to ~60 �C and add
1.0 mL of 100 mg/mL zeocin.

10. BMGY- and BMMY-buffered glycerol complex medium
buffered methanol complex medium (1 L):

11. 1% yeast extract, 2% peptone, 100 mM potassium phosphate,
pH 6.0, 1.34% YNB, 4 � 10�5% biotin, 1% glycerol, or 1.5%
methanol. Dissolve 10 g of yeast extract, 20 g peptone in
700 mL water. Autoclave 20 min on liquid cycle. Cool to
room temperature, and add the following and mix well:
100 mL 1 M potassium phosphate buffer, pH 6.0, 100 mL
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10� YNB, 2 mL 500� B, 100 mL 10� glycerol. For BMMY,
add 30 mL 10� methanol instead of glycerol. Store media at
4 �C.

2.3 Enzyme Linked

Immunosorbent Assay

(ELISA), SDS-PAGE,

and Western Blot

2.3.1 Instruments

Required

1. Gel documentation system.

2. Micro plate reader.

2.3.2 Materials Required 1. Mini PROTEAN 3 System glass plates.

2. PVDF (polyvinylidene fluoride) membrane.

3. Whatman filter paper.

4. Blotting paper.

5. High protein binding 96 microtiter immunoplate.

2.3.3 Reagents

and Buffers

1. Coating buffer:
(0.05 M carbonate-bicarbonate, pH 9.6)
Dissolve 3.7 g of sodium bicarbonate (NaHCO3) and

0.64 g of sodium carbonate (Na2CO3) in 1000 mL of distilled
water.

2. Wash buffer:
PBS, 0.1% Tween20, pH 7.4.

3. Blocking buffer:
PBS, 1% BSA, pH 7.4.

4. Assay buffer:
PBS, 0.1% Tween20, 0.2%BSA, pH 7.4.

5. Enzyme substrate:
TMB substrate (3,30,5,50-tetramethylbenzidine).
Stop solution:
1 M H2SO4.

6. 1� SDS-PAGE running buffer:
0.025 M Tris–HCl, pH 8.3, 0.192 M glycine, 0.1% SDS.

7. 2� Laemmli buffer:
50 mM Tris–HCl, 100 mM dithiothreitol, 4% SDS, 0.2%

bromophenol blue, and 20% glycerol.

8. Coomassie staining solution:
50 mL methanol + 40 mL AMQ + 10 mL glacial acetic

acid + 0.1 g Coomassie Brilliant Blue R250.

9. Destaining solution:
50 mL methanol: 40 mL AMQ + 10 mL glacial acetic acid.
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10. Transfer buffer:
0.025 M Tris–HCl, 0.192 M glycine.

11. Blocking solution:
5% milk in PBS.

12. Wash buffer:
PBS containing 0.05% Tween-20 (PBST).

13. Diluent solution:
5% milk in PBST.

14. Anti-ORF2 polyclonal rabbit antibody [16].

15. Anti-rabbit IgG Horseradish peroxidase(HRPO).

16. Clarity Western ECL blotting substrate.

17. 1 mM phenyl methyl sulfonyl fluoride (PMSF).

18. Buffer A:
50 mM Tris–Cl, 500 mM NaCl, pH 7.5.

19. Buffer B:
50 mM Tris–Cl, 500 mM NaCl, 500 mM imidazole,

pH 7.5.

20. Bradford assay reagent.

2.4 Protein

Purification

and Characterization

2.4.1 Instruments

Required

1. FPLC (fast protein liquid chromatography) system.

2. Ultracentrifuge and SW 55Ti rotor (Beckman Coulter, USA).

3. Tecnai F20 electron microscope (FEI, Oregon, USA).

2.4.2 Materials Required 1. HisTrap FF 1 mL column.

2. 10 kDa centrifugal filter device.

3. Formvar-coated 300-mesh copper grids for electron
microscopy.

4. Tweezers.

5. 0.22 μm filtered distilled water.

6. Filter papers.

2.4.3 Reagents

and Buffers

1. Iodixanol.

2. Endoglycosidase H and PNGase F enzymes.

3. 2.2% Uranyl acetate solution.

4. TEN Buffer (1� TE, 150 mM NaCl).
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2.5 Immunogenicity

Assessment

of 112-608 ORF2 VLP

2.5.1 Instruments

Required

1. Micro plate reader.

2. Biological safety cabinet.

3. Centrifuge.

4. Adjustable pipettors and tips (0.5–1000 μL) andmultipipettors
(50–200 μL).

5. Hemocytometer.

6. Microscope.

2.5.2 Materials Required 1. ALUM adjuvant.

2. 1-mL syringe and needles for animal injection.

3. Capillaries for blood collection.

4. Scissors.

5. Forceps.

6. Cell strainer, 70 μm pore size.

7. Petri dish, 60 mm.

2.5.3 Animals 1. Male 6–8 weeks old BALB/c mice.

2.5.4 Reagents

and Buffers

1. Ketamine/xylazine cocktail:
87.5 mg/kg ketamine and 12.5 mg/kg xylazine.
Mixing instructions: For a 10-mL vial using ketamine

100 mg/mL and xylazine 100 mg/mL, add the following:
1.75 mL ketamine (100 mg/mL), 0.25 mL xylazine
(100 mg/mL), 8 mL saline or sterile water for injection. Dos-
age: 0.1 mL/20 g IP.

2. RPMI 1640 medium:
Add 10% fetal bovine serum (FBS) prior to use the FBS is

heat inactivated for 30 min at 56 �C.

3. Antibiotic cocktail (100 U/mL penicillin, 100 μg/mL
streptomycin).

4. ACK Lysis buffer:
150 mM NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA.

5. Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation
Assay Kit.
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3 Methods

3.1 Cloning

of 112-608aa

in pPICZα Vector

3.1.1 PCR Amplification

of 112-608aa Region

of ORF2

1. Set up the reaction to amplify the 112-608aa coding region of
ORF2 of g1-HEV (see Note 1).

Component name Test sample (μL)

F/R primer (10 pmol each) 1.0

10 mM dNTP 1.0

5� Buffer 4.0

Template 10 ng (pSKHEV2 plasmid DNA) 1.0

Phusion polymerase II 0.2

Nuclease-free water 12.8

Total volume 20.0

2. The following PCR amplification cycle is used: (1) 1 cycle at
95 �C for 2 min, (2) 30 cycles at 95 �C for 30 s; 55 �C for 30 s;
and 72 �C for 1 min, (3) 1 cycle at 72 �C for10 min.

3. Verify the size (1500 bp) of gene by agarose gel
electrophoresis.

4. Purify the amplified product using PCR purification kit and
quantify the concentration by spectrophotometer, following
manufacturer’s instructions.

3.1.2 Restriction

Digestion and Ligation

of Amplified Product

Set up the reaction to digest the amplified product and pPICZα
vector with NotI and XbaI restriction enzymes [3 μL 10� buffer, 1
μg (10 μL) DNA, 1 μL NotI, 1 μL XbaI enzymes and 25 μL water].

1. Incubate the reaction mix at 37 �C for 2 h and check for
complete digestion by agarose gel electrophoresis.

2. Purify the digested product and quantify by spectrophotome-
try followed by ligation.

3. Ligate the digested PCR product into pPICZαA vector using
T4 DNA ligase enzyme in 1:3 vector:insert molar ratio. Assem-
ble the following reaction:

vector DNA (30 ng), insert DNA (37.5 ng), ligase 10�
buffer (1 μL), T4 DNA ligase (1 μL), and nuclease-free water
to final volume of 10 μL.

4. Incubate the reaction at 16 �C for 16 h.

5. Transform the ligation mixtures into competent TOP10 E. coli
strain and plate the cells on LB media with 25 μg/mL zeocin
and incubate overnight at 37 �C for 12 h.

6. Pick the zeocin-resistant transformants and inoculate into
5 mL LB medium with 25 μg/mL zeocin. Grow overnight at
37 �C with shaking.
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7. Isolate plasmid DNA by miniprep for restriction mapping anal-
ysis and confirm the resulting pPICZα 112-608aa ORF2 con-
struct by sequencing the insert containing region.

3.2 Preparation

of P. pastoris

Competent Cells

1. Streak out the P. pastoris strain KM71H on YPD plate and
incubate at 30 �C for 2–3 days.

2. Pick a single colony and grow in 5 mL of YPD broth in a
50-mL conical tube at 30 �C overnight, 270 rpm.

3. Inoculate 500 mL of fresh medium in a 2-L baffled flask using
1% primary culture and grow overnight till OD600 of ~1.3
to 1.5.

4. Centrifuge the cells at 1500 � g for 5 min at 4 �C. Resuspend
the pellet with 500 mL of ice-cold, sterile water.

5. Centrifuge the cells as in step 4, and resuspend the pellet with
250 mL of ice-cold, sterile water.

6. Centrifuge the cells as in step 4 and resuspend the pellet in
20 mL of ice-cold 1 M sorbitol.

7. Centrifuge the cells as in step 3 and resuspend the pellet in
1 mL of ice-cold 1 M sorbitol and prepare the aliquots of 50
μL.

3.3 Electroporation

and Generation

of Pichia Transformant

Containing

pPICZα-112-608 ORF2

1. Linearize 20 μg of pPICZα vector and pPICZα 112-608ORF2
plasmid using BstXI enzyme in 50 μL reaction mix (5 μL 10�
buffer, 20 μL DNA, 2.5 μL enzyme, and 22.5 μL water).

2. Purify both the linearized DNA using PCR purification kit;
verify the size and integrity of the DNA by agarose gel
electrophoresis.

3. Mix 50 μL of KM71H competent cells with 10 μg of linearized
DNA and transfer them to an ice-cold 0.2 cm electroporation
cuvette and incubate them on ice for 5 min.

4. Electroporate the cells (conditions: V ¼ 1500 V, C ¼ 25 μF,
R ¼ 200 Ω, time 5 ms/pulse) and add immediately 1 mL of
ice-cold 1 M sorbitol, followed by 1 mL of media (1:1 ratio of
YPD broth and 1 M sorbitol) and incubate the tubes at 30 �C
for 1 h at 250 rpm with shaking. Centrifuge the cells at
17,000 � g for 1 min and plate 100 μL of each on YPDS plates
containing 100 μg/mL zeocin.

5. Incubate the plate at 30 �C for 2–3 days till colonies appear.

3.4 Screening

of Transformants

and Selection

of 112-608 ORF2

Protein Expressing

P. pastoris Clones

1. Select 20–30 colonies along with 10 pPICZα vector transfor-
mants and grow in BMGY medium at 28.5 �C, 270 rpm for
48 h.

2. Measure the level of ORF2 protein in the culture medium by
ELISA using anti-ORF2 antibody, following the protocol men-
tioned below.
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3. Coat the 96-well micro-titer plate with 50 μL of culture
medium mixed with 50 μL of bicarbonate buffer (pH 9.6)
and incubate at 4 �C for 12 h.

4. Next day wash the plate thrice in 200 μL/well of wash buffer
and block with 200 μL/well of blocking buffer at 37 �C for 2 h.

5. Wash the plates with wash buffer and incubate with anti-ORF2
rabbit polyclonal antibody at a dilution of 1:1000 in assay
buffer at 37 �C for 2 h.

6. Wash the plate thrice in 200 μL/well of wash buffer and
incubate with HRP-conjugated anti-rabbit IgG in assay buffer
for 1 h at 37 �C and wash three times in wash buffer.

7. Add the TMB substrate (100 μL/well), incubate for 15 min at
25 �C. Stop the reaction by adding 1 M H2SO4 and measure
the absorbance at 450 nm using a multimode microplate
reader.

3.5 Confirmation

of 112-608 ORF2

Protein Expression

in P. pastoris Culture

Medium

3.5.1 Mini Scale

Expression of 112-608

ORF2 Protein

1. Inoculate few 112-608 ORF2 protein expression of positive
colonies from identified clones and one pPICZα transformed
colony in 40 mL of BMGY media in baffled flask and grow at
28.5 �C in shaking incubator at 270 rpm for 16–18 h till A600

reaches ~2.

2. Harvest the cells by centrifugation at 3000� g for 5 min at RT,
followed by resuspending the pellet in 8 mL of BMMYmedium
supplemented with 1% methanol for 48 h. Centrifuge the
culture medium at 10,000 � g for 2–3 min at room tempera-
ture (RT) and collect the supernatant.

3. Compare the expression of 112-608 ORF2 protein in an ali-
quot of culture medium of different clones by SDS-PAGE
Coomassie blue staining and Western blot using anti-ORF2
antibody as mentioned below.

4. Select the clone showing maximum expression of 112-608
ORF2 (illustrated in Fig. 2), and optimize the following con-
ditions to maximize protein expression: different concentration
of methanol (0–4%), duration of methanol induction
(24–98 h), pH of the culture medium (0–8), and cell density
of induced culture (A600 ¼ 0–100) (see Note 2).

3.5.2 SDS-PAGE

and Western Blot Analysis

of 112-608 ORF2 Protein

1. Mix the samples with 2� Laemmli buffer, incubate for 5 min at
95 �C, and resolve on 10% SDS-PAGE gels.

2. Stain the gel with Coomassie Brilliant Blue to visualize the
protein bands.

3. For Western blot, transfer the protein from gel to 0.45-μm
PVDF membrane.

4. Block the membrane using 5% BSA in 1� PBS for 45 min
at RT.
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5. Incubate overnight (16 h) with 1:1000 anti-ORF2 polyclonal
rabbit antibody diluted in 5% skimmed milk in 1� PBST at
4 �C.

6. Wash 3� in PBST, incubate with 1:5000 anti-rabbit IgG HRP
secondary antibody diluted in 5% skimmed milk in 1� PBST at
room temperature.

7. Wash 3� in PBST.

8. Add enhanced chemiluminescence substrate and acquire the
image using chemi doc-MP gel documentation system. A band
of approximately 56 kDa should be visible (Fig. 2, [34]).

3.6 Expression

and Purification

of 112-608 ORF2

Protein

3.6.1 Large-Scale

Expression of 112-608

ORF2 Protein

1. Inoculate single colony of 112-608 ORF2 protein expressing
transformant in 100 mL of YPDS medium in a 1-L baffled flask
and incubate in a rotatory shaker for a period of 16–18 h at
28.5 �C, 270 rpm till A600 reaches ~ 2.0.

2. Centrifuge the culture at 3000 � g for 5 min at room tempera-
ture. Remove supernatant and resuspend the cell pellet in
BMGY media (6 L) and incubate for a period of 16–18 h
under similar conditions till the A600 reaches ~6.0.

3. Harvest the cells by centrifugation at 3000 � g for 5 min at
room temperature. Remove supernatant and resuspend the cell
pellet in 500 mL of BMMY and continue to incubate till A600

reaches ~60–70.

4. Add 1.5%methanol at 24 h interval for 72 h, 270 rpm, 28.5 �C.

5. Centrifuge the culture at 10,000 � g and collect the
supernatant.

6. Use an aliquot of culture media to confirm the 112-608 ORF2
protein expression and store the remaining medium at –80 �C.

7. Confirm the presence of 112-608 ORF2 protein by
SDS-PAGE Coomassie blue staining and Western blot using
anti-ORF2 antibody, as mentioned above.

3.6.2 112-608 ORF2

Protein Purification by

Immobilized Metal Ion

Affinity Chromatography

1. Filter the above stored culture media and buffers using a 0.45-μ
m filter unit.

2. Equilibrate the 500 mL culture medium in buffer A containing
1 mM PMSF and 5 mM imidazole.

3. Connect 1 mL HisTrap FF Global Ni-Sepharose column to an
AKTA purifier FPLC and equilibrate the column with 5 mL
buffer A. Run at a flow rate of 1 mL/min, and maintain
pressure below 0.5 psi.

4. Load the sample on to the column at 0.5 mL/min flow rate.

5. Wash the unbound protein by washing in 5–50 mM gradient of
imidazole.
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6. Elute the bound protein in a gradient of 50–500 mM
imidazole.

7. Monitor the purification procedure by UV absorption of the
protein at 280 nm, solution pH, and conductivity. Data are
collected using Unicorn software.

8. Collect the fractions showing protein peaks.

9. Analyze aliquots of different fractions by SDS-PAGE and
Western blot.

10. Pool the fractions containing 112-608 ORF2 protein and
exchange the imidazole buffer to PBS (pH 7.4) using 10 kDa
centrifugal filter device.

11. Estimate protein concentration by serial dilutions by Bradford
assay.

3.6.3 Purification

of 112-608 ORF2 Protein

by Iodixanol Density

Gradient

1. Prepare 10–40% iodixanol gradient in 5 mL SW 55Ti ultracen-
trifuge tube, diluted in 1� TEN buffer.

2. Layer 112-608 ORF2 protein (from Subheading 3.6.2) over
the density gradient and centrifuge in SW 55Ti rotor in an
ultracentrifuge (Beckman Coulter, Indianapolis, USA) for
16 h at 100,000 � g without braking.

3. Collect equal fractions from top and analyze aliquots by
SDS-PAGE and Western blot.

4. Pool the fractions containing VLPs and buffer exchange to PBS
using 10 kDa centrifugal filter device.

3.7 Characterization

of 112-608 ORF2 VLP

3.7.1 Glycosylation

Status Verification (See

Note 3)

1. Mix the purified protein with 10� glycoprotein denaturation
buffer and incubate at 95 �C for 5 min, chill on ice and
centrifuge for 10 s.

2. Prepare the reaction mixture 2 (2 μL of 10� glycobuffer + 2 μL
10% NP40 + 6 μL H2O) and incubate at 37 �C.

3. Incubate the denatured protein sample with reaction mixture
2 and add 1 μL endoglycosidase H or PNGase F enzymes.

4. Incubate the mixture for 4 h at 37 �C. Analyze the aliquots of
the enzyme treated and mock samples on SDS-PAGE by Coo-
massie Brilliant Blue staining and Western blot using anti-
ORF2 antibody (Fig. 3a).

3.7.2 Transmission

Electron Microscopy (TEM)

1. Filter the purified VLPs and buffer through 0.45 μm filter.

2. Adsorb 5 μL of purified VLP in suspension, at a concentration
of 0.5 mg/mL on to a glow discharged formvar-coated
300-mesh copper grid for 2 min.

3. Wash the grid with PBS three times, followed by staining with
2% uranyl acetate.

4. Air-dry the grid and examine in a Tecnai F20 electron micro-
scope (FEI, Oregon, USA) operating at 200 kV (Fig. 3b).
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Fig. 3 Characterization of 112-608 ORF2 VLP: (a) Functional sites of glycosidase enzymes are indicated by
arrow and the respective Coomassie Brilliant Blue-stained image of the glycosidase-treated purified ORF2
protein. (b) Transmission electron micrograph of the purified ORF2 protein (scale: 50 nm, magnification:
100k�). Arrow indicates VLPs
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3.8 Immunogenicity

Assessment

of 112-608 ORF2 VLP

3.8.1 Immunization

of Mice

1. Divide 6- to 8-week-old male mice (n ¼ 5) into 8 groups.

2. Collect blood sample to obtain pre-immune sera.

3. Mix 1, 3, and 5 μg of 112-608 ORF2 VLP in PBS; as well as
with ALUM adjuvant (1:1 volumetric ratio) to a volume of 100
μL/mouse and intraperitoneally inject into mice on day 1.

4. Give two booster doses with the same dose of immunogen at
2 weeks.

5. Collect blood sample before each immunization, separate sera
and store at –80 �C (see Note 4).

3.8.2 Antibody Titration 1. Calculate the titer of antibodies in mice sera by indirect ELISA.

2. For ELISA, coat the 96-well microtiter plates with 100 ng of
purified VLP in 100 μL of bicarbonate buffer (pH 9.6) and
incubate at 4 �C overnight.

3. Block the plate as described in Subheading 3.4.

4. Wash the plate with wash buffer and incubate with twofold
serially diluted sera obtained from each mouse at indicated time
points starting from 1:100 dilutions.

5. Next, wash the plate thrice in 200 μL/well of wash buffer and
incubate with HRP conjugated anti-mouse IgG in assay buffer
for 1 h at 37 �C and wash three times in wash buffer as
described in Subheading 3.4.

6. Measure A450 in microplate reader.

7. Calculate the end-point dilution of each sample and the final
titer value as given below:

Antibody titer ¼ log 2 (reciprocal of highest dilution
showing two times absorbance of control mice) (see Note 5).

3.8.3 Splenocyte

Proliferation Assay

Preparation of Splenocyte

Suspension

The following protocol describes the preparation of spleen cells to
be used in proliferation assay. Post-dissection procedures should be
performed under sterile conditions in a biosafety cabinet.

1. Sacrifice the mouse on day 43 of immunization by asphyxiation
and excise the spleen using scissors and forceps.

2. Immediately put the spleen in a 1.5-mL centrifuge tube con-
taining 1 mL of RPMI medium.

3. Make single-cell suspension by teasing the spleen with the
plunger of a 1-mL syringe in 70 μM cell strainer placed in a
petri-dish.

4. Transfer the cell suspension to a new 15-mL Falcon tube, wash
the cell strainer with 5 mL of complete RPMI medium and
collect the wash in the same tube.

5. Centrifuge for 5 min at 450 � g at 4 �C.
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6. Discard the supernatant and resuspend the pellet in the remain-
ing medium.

7. Add 1 mL of ACK lysis buffer and incubate at room tempera-
ture for 1 min (see Note 6).

8. Add 10 mL of PBS to the Falcon tube to inactivate the ACK
lysis buffer and proceed immediately with centrifugation for
5 min at 450 � g, 4 �C.

9. Discard the supernatant and resuspend the cell pellet in 2 mL of
complete medium.

10. Prepare cells for counting by mixing 10 μL cell suspension
+ 90 μL trypan blue stains 0.4%.

11. Count cells in a Hemocytometer.

Splenocyte

Proliferation Assay

1. Plate 1 � 106 splenocytes/well isolated from the immunized
and control mice and culture in 96-well plates for 24 h, fol-
lowed by stimulation with 5 μg of purified 112-608 ORF2
VLPs.

2. After 24 h of stimulation, perform the cell proliferation assay by
using Cell Titer 96 Aqueous Non-Radioactive Cell Prolifera-
tion Assay Kit.

3. Add 20 μL MTS dye in each well and incubated for 4 h,
followed by measurement of the absorbance at A490 nm.

4. Assess the proliferation by the stimulation index (SI), calcu-
lated according to the formula:

SI ¼ experimental OD� control ODð Þ=control OD:

4 Notes

1. The gene-specific primers having Not I and XbaI restriction
enzyme sites in forward and reverse primers, respectively, were
synthesized to clone in pPICZαA vector.

2. To get the optimum protein expression, the conditions of
protein expression must be optimized. In the present study,
clone D1 was selected for the optimization and the highest
ORF2 yield was obtained by 72-h incubation with 1.5% meth-
anol. pH analysis of the culture medium demonstrated that pH
3.0 is optimal for the maximum yield of the ORF2 and cell
density of 80 (A600 ¼ 80) favors maximum yield [34].

3. ORF2 protein contains three N-linked glycosylation sites. Sus-
ceptibility to glycosidase enzymes, endoglycosidase H (endo
H), and PNGase F is used to determine the glycosylation status
of the purified protein. Endo H cleaves the N-linked glycans
between the two N-acetylglucosamine (GlcNAc) residues in
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the core region of the glycan chain on high mannose glycans,
leaving one GlcNAc still bound to the protein while PNGase F
is a glycoamidase that cleaves the bond between the innermost
GlcNAc and asparagine residues, releasing the entire sugar
chain.

4. To collect the blood sample, mice are injected with 100 μL
ketamine/xylazine cocktail by intraperitoneal route and blood
is taken by puncturing the retro-orbital plexus using glass
capillary.

5. The reciprocal of the highest dilution which has two times
absorbance value of control mice is considered as positive titer
and negative titer value is set as log value 2.0 for statistical
analysis. Data is represented as log 2 transformed antibody
titers.

6. Shorter incubation time will result in insufficient lysis of the red
blood cells. Longer incubation time will affect the viability of
the splenocytes and may results in low cell yield.
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Chapter 8

Developments in Vaccine Adjuvants

Farrhana Ziana Firdaus, Mariusz Skwarczynski, and Istvan Toth

Abstract

Vaccines, including subunit, recombinant, and conjugate vaccines, require the use of an immunostimula-
tor/adjuvant for maximum efficacy. Adjuvants not only enhance the strength and longevity of immune
responses but may also influence the type of response. In this chapter, we review the adjuvants that are
available for use in human vaccines, such as alum, MF59, AS03, and AS01. We extensively discuss their
composition, characteristics, mechanism of action, and effects on the immune system. Additionally, we
summarize recent trends in adjuvant discovery, providing a brief overview of saponins, TLRs agonists,
polysaccharides, nanoparticles, cytokines, and mucosal adjuvants.

Key words Vaccination, Adjuvants, Immune stimulators, Delivery systems, Innate and adaptive
immunity, Subunit vaccines, Nanoparticles

1 Introduction

Vaccination has been the most efficient medical invention to
counter infectious diseases to date. The strategy has reduced mor-
tality, with estimates suggesting that vaccines save approximately
three million lives across the globe each year [1, 2]. Generally,
vaccines are biological substances that resembles a disease-causing
microorganism [2]. They work by stimulating the body to produce
memory immune responses against a pathogen, allowing for rapid
pathogen elimination if the body is exposed to it again in the future
[3]. Over the years, vaccines have become increasingly popular,
with over 20 licensed vaccines against infectious diseases widely
used in mass vaccinations and approximately 24 new vaccines in
the pipeline, as reported by the World Health Organization
(WHO) in 2019. Vaccines have been able to prevent the spread of
many infectious diseases, including smallpox, pertussis, poliomyeli-
tis, measles, mumps, rubella, and influenza [1, 4].

Despite the success of vaccination for some diseases, numerous
other infectious diseases and cancers could potentially be managed
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and controlled by vaccines, but effective composition has remained
elusive [5]. Diseases such as malaria, AIDS, and COVID-19 are
caused by microorganisms with highly variable structure and com-
plex pathogenesis, and they often have the ability to evade the
human immune system, resulting in high mortality rates
[6, 7]. Novel vaccine designs are required to induce a strong and
suitable immune response against such challenging pathogens,
emerging infections, and cancers [8].

Traditional vaccines are prepared based on whole
live-attenuated, weakened, inactivated, or killed pathogens
[9]. Pathogens prepared in these ways maintain most of their
immunogenicity, mimicking natural infection and inducing long-
lasting immunity [10]. However, the use of whole pathogens has
significant drawbacks, including the risk of inducing undesirable
side effects, such as autoimmune, reactogenic, and allergic
responses [11]. These adverse effects result from the administration
of unnecessary and potentially harmful microorganism components
and the presence of contamination from the pathogen culturing
medium [12, 13]. Other disadvantages of traditional vaccines
include: (1) the possibility of the attenuated pathogen to revert
back to its virulent state, especially in immunocompromised indi-
viduals [14]; (2) the pathogen can shed to the environment during
production or infect production personnel [13]; (3) difficulties in
culturing certain pathogens in large quantities; and (4) the require-
ment for cold chain transport, which affects the cost of immuniza-
tion programs [7]. The shortcomings of conventional vaccines have
led to the emergence of subunit vaccines. These are often known as
modern-day or non-living vaccines [2].

Subunit vaccines contain selected, purified fragments of a path-
ogen (used as an antigen) with preservatives and stabilizers
[15]. Proteins, toxoids, peptides, polysaccharides, and virus sec-
tions may all be included as antigen in subunit vaccines [2]. There
are many benefits to using purified antigens as vaccines compo-
nents, including (1) low to no adverse reactions observed, even in
immunocompromised individuals, due to the removal of the path-
ogenic features of the microorganism [15]; (2) high vaccine viabil-
ity [11]; (3) relatively easy large-scale manufacturing and
production; and (4) less demanding transport and storage condi-
tions [5]. Nevertheless, subunit vaccines have disadvantages; one of
which is that typical antigens are poorly immunogenic due to their
lack of pathogenic components, which are needed to activate innate
immunity [13]. Therefore, these vaccines require the use of an
adjuvant (immune stimulator) and multiple immunizations
(boosts) in order to induce strong, long-lasting immune
responses [16].
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2 Introduction to Adjuvants

The word adjuvant comes from the Latin word ad (“towards”) and
juvo (“help”). Adjuvants have been incorporated into almost all
recently developed vaccines (Table 1). The aims of adding adjuvant
to a vaccine system are: (1) to enhance vaccine efficiency by increas-
ing seroconversion rate in both the general and hyporesponsive
populations (infants, immunocompromised, and elderly) [17];
(2) to reduce the amount of antigen/vaccine dosage and the num-
ber of immunizations needed to elicit a protective immune
response [18]; and (3) to improve vaccine stability by making the
vaccine less susceptible to degradation [17]. However, many of the
adjuvants tested have limited potency, issues with formulation sta-
bility, are non-biodegradable, expensive to produce, and/or are not
well-tolerated in the general population [8, 19]. They may also
present safety issues and cause adverse side effects (local and sys-
temic), especially those built from bacterial components
[19, 20]. Additionally, adjuvants can present manufacturing diffi-
culties in terms of formulation reproducibility (due to their com-
plexity) and stability [21]. As a result, unfortunately, only a limited
number of adjuvants have been approved, or even tested in clinical
trials, for human vaccines (Fig. 1) [22].

Adjuvants were first discovered in the 1920s by Gaston Ramon,
a veterinarian who was able to increase antibody production against
diphtheria and tetanus. He injected a combination of lecithin,
starch, and tapioca with inactivated diphtheria toxin, and achieved
more effective antibody production [23]. Then, in 1926, Alexander
Glenny and colleagues revealed that diphtheria toxoid precipitated
with aluminum salts showed an improved immune response against
the toxoid [24]. A few years later, aluminum salts were introduced
as the first human adjuvant, and they were incorporated into vac-
cines against diphtheria, tetanus, and pertussis [23]. Convention-
ally, adjuvants were designed to form a depot of antigen at the
injection site to allow its controlled release, mimicking local infec-
tion [25]. However, it is now known that they are able to trigger
innate immunity by interaction with antigen-presenting cells
(APCs) in order to direct the adaptive immune system to produce
specific and effective immune responses against the antigen. There-
fore, besides the depot effect, a variety of other adjuvanting
mechanisms have been discovered and utilized to maximize adju-
vant efficacy and reduce adverse effects [26–28].
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Table 1
Approved adjuvants in human vaccines

Adjuvant Vaccine for disease
Vaccine trade
name Vaccine type

Aluminum hydroxide Anthrax Biothrax Subunit
Diphtheria, tetanus toxoid, and acellular
pertussis

Infanrix Toxoid and
inactivated

Diphtheria, tetanus toxoid, and acellular
Pertussis

KINRIX Toxoid

Hepatitis A Havrix Inactivated
Meningococcal group C Menjugate Conjugate
Meningococcal group C and tetanus toxoid Neisvac-C Conjugate
Meningococcal group C CRM-197 Menjugate Conjugate
Neisseria meningitidis serogroup B Bexsero Recombinant
Hepatitis A Avaxim Inactivated
Hepatitis B Engerix-B Subunit
Diphtheria, tetanus toxoids, acellular pertussis,
hepatitis B (recombinant), Poliomyelitis
(inactivated) andHaemophilus influenzae type
b (adsorbed conjugated)

Infanrix-hexa Subunit and
inactivated

Purified Vi polysaccharide typhoid and
inactivated hepatitis A

ViVaxim Subunit and
inactivated

Hepatitis B GeneVac-B Recombinant
Hepatitis B Shanvac-B Recombinant
Japanese encephalitis IXIARO Inactivated

Aluminum potassium
sulfate

Anthrax Anthrax
vaccine
precipitated

N/A

Diphtheria and tetanus toxoid (DT) No tradename Toxoid and
inactivated

Diphtheria, tetanus toxoid, and acellular
pertussis (DTaP)

Tripedia Toxoid

Tetanus and diphtheria toxoids (adsorbed) Decavac Toxoid
Tetanus toxoid (adsorbed) No tradename Toxoid

Aluminum phosphate Diphtheria, tetanus toxoid, and acellular
pertussis (DTaP)

DAPTACEL Toxoid

Diphtheria, tetanus toxoids, acellular pertussis
(adsorbed), poliovirus (inactivated) and
Haemophilus influenzae type b (conjugate)

Pentacel Subunit and
inactivated

Diphtheria, tetanus toxoids and acellular
pertussis (adsorbed) combined with
poliomyelitis (inactivated)

Quadracel Subunit and
inactivated

Diphtheria, tetanus toxoids, acellular pertussis
(adsorbed) andHaemophilus influenzae type b
(conjugate)

Actacel Subunit

Tetanus toxoid, diphtheria toxoid (reduced) and
acellular pertussis (adsorbed)

Adacel Toxoid

Tetanus toxoid, diphtheria toxoid (reduced) and
acellular pertussis vaccine (adsorbed)
combined with poliomyelitis (inactivated)

Adacel-Polio Toxoid,
subunit,
and
inactivated

(continued)
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Table 1
(continued)

Adjuvant Vaccine for disease
Vaccine trade
name Vaccine type

Tetanus toxoid, diphtheria toxoid (reduced) and
acellular pertussis (adsorbed)

Boostrix Toxoid

Diphtheria, tetanus and polio (adsorbed) DT Polio
(Adsorbed)

Subunit and
inactivated

Tetanus and diphtheria toxoids (adsorbed) Td
(Adsorbed)

Toxoid

Tetanus and diphtheria toxoids (adsorbed) and
poliomyelitis (inactivated)

Td Polio
(Adsorbed)

Subunit and
inactivated

Tetanus toxoid (adsorbed) No
Tradename

Toxoid

Pneumococcal 13-valent Prevnar 13 Conjugate
Meningococcal group B TRUMENBA Recombinant
Tetanus toxoid and diphtheria (adsorbed) TdVax Toxoid
Tetanus toxoid and diphtheria (adsorbed) TENIVAC Toxoid

Aluminum hydroxide
and aluminum
phosphate

Diphtheria, tetanus toxoid, acellular pertussis
(adsorbed) and poliomyelitis (inactivated)

Boostrix-
Polio

Toxoid,
subunit,
and
inactivated

Diphtheria, tetanus toxoid and acellular
pertussis (adsorbed), hepatitis B
(recombinant) and poliovirus (inactivated)

Pediarix Toxoid and
inactivated

Hepatitis A and B Twinrix Inactivated

Amorphous
aluminium
hydroxyphosphate
sulfate

Haemophilus influenzae type b PedvaxHIB Conjugate
Haemophilus influenzae type b (meningococcal
protein conjugate) and hepatitis B
(recombinant)

COMVAX Conjugate

Hepatitis B Recombivax
HB

Subunit

Hepatitis A VAQTA Inactivated
Human papillomavirus quadrivalent (type 6, 11,
16, and 18)

Gardasil Subunit

Human papillomavirus 9-valent (type 6, 11,
16, 18, 31, 33, 45, 52, and 58)

Gardasil 9 Subunit

MF59 Influenza H5N1 (pre-pandemic) Aflunov Inactivated
Influenza (trivalent) Fluad Inactivated
Influenza H1N1v Focetria Inactivated

AS04 Human papillomavirus bivalent (type 16 and 18) Cervarix Recombinant

AS03 Influenza H1N1 (pandemic) AREPANRIX
H1N1

Inactivated

Influenza H1N1 (pandemic) Pandemrix Inactivated

CpG1018 Hepatitis B HEPLISAV-B Recombinant

AS01B Varicella zoster SHINGRIX Recombinant
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3 Adjuvants Used in Licensed Vaccines

3.1 Mineral

Salt-Based Adjuvants

3.1.1 Aluminum Salts

Aluminum salt-based adjuvants (alum) were the first, and only
adjuvants approved for use in human vaccines for over 90 years
[29]. They have been used in vaccines containing inactivated,
weakened, or killed pathogens to induce stronger immune
responses [30]. Currently, alum is included in vaccines against
diphtheria, tetanus, pertussis, hepatitis A and B, Japanese encepha-
litis, human papillomavirus (HPV), and many more [31]. Despite
the singular term, “alum,” many versions of this adjuvant system
exist [32]. Aluminum hydroxide was the first vaccine adjuvant
introduced, followed by aluminum phosphate; incidentally, these
still remain as the major forms of alum used for human
vaccines [33].

Two methods are employed for alum preparation: (1) in situ
precipitation of aluminum compounds in the presence of antigens,
and (2) adsorption of antigens onto preformed aluminum gel/par-
ticles; the latter is the preferred method as it provides a more
reproducible formulation [32, 34]. Adsorption of antigen to alum
forms nanoparticles. Aluminum hydroxide adjuvant (AH) has elon-
gated nanoparticles (4 � 2 � 10 nm), while aluminum phosphate
adjuvant (AP) forms plate-like particles with a diameter of 50 nm
[35]. The adsorption of antigens to alum salt occurs through
electrostatic, hydrophobic, or ligand exchange mechanisms, to
name a few, depending on the physicochemical properties of the
antigen [32, 36]. Manufacturing alum adjuvant is not a simple
process; therefore, a standard was created, Alhydrogel®, to prevent
the production of batch disparities and non-reproducibility from

Fig. 1 Timeline of licensed adjuvants discovery
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using different aluminum compounds [37]. In addition, Rehydra-
gel® and Adju-Phos® were created to match differences in the
charge of antigens [38]. Among all of the different alum forms,
three have been clinically approved: (1) aluminum oxyhydroxide-
based Alhydrogel®, (2) aluminum hydroxyphosphate-based Adju-
Phos®, and (3) amorphous aluminum hydroxyphosphate sulfate
adjuvant, which is used in the vaccine against HPV [39, 40].

The mechanism of alum adjuvanticity was first described in
1926 by Alexander Glenny and colleagues, who suggested that
alum forms a “depot” effect [16, 24]. They observed higher anti-
body production in guinea pigs injected with precipitate of the
toxoid and aluminum potassium sulfate compared to those admi-
nistered with just the toxoid [41]. Adjuvants’ mechanisms of action
of are often explained by their interactions with APCs [41]. It has
been found that alum functions through intracellular pattern rec-
ognition receptors present on APCs and NOD-like receptors
(NLRs). NLRs increase pro-inflammatory cytokine production
(interleukin-1β (IL-1β) and interleukin-18 (IL-18)) [42, 43],
induce the recruitment of immune cells (neutrophils, eosinophils,
monocytes, and dendritic cells (DCs)) to the injection site, increase
the expression of MHC class II (major histocompatibility class II)
[44], and increase the production of antigen-specific IgG1
[42, 45]. Alum also interacts with cell membrane lipids, which
activates signaling pathways, such as PI3-K (phosphoinositide
3-kinase) [46] and calcineurin-NFAT (nuclear factor of activated
T-cells) [47], and leads to the secretion of cytokine, IL-2 (interleu-
kin-2) [33, 48]. Furthermore, alum triggers the release of DAMPs
(danger-associated molecular patterns), such as uric acid [49], and
host DNA by producing necrotic cells at the site of injection
[50, 51].

Alum can activate humoral and (rather weak) cellular immune
responses [52–54]. It is inexpensive and effective and has been
incorporated into many licensed vaccines that are administered to
millions of people annually. However, it also induces side effects,
which include skin irritation (formation of granulomas) at the site
of injection and allergic reactions (increased production of immu-
noglobulin E responses (IgE)) [19, 55]. Alum’s high efficacy is
limited to whole pathogen-based vaccines, as it is a relatively weak
immune stimulator for subunit vaccines [29]. Unsurprisingly,
therefore, the development of modern vaccines built based on
pathogen fragments has triggered the search for stronger alterna-
tive adjuvants.

3.1.2 Calcium Phosphate Calcium phosphate (CAP) was developed by the Pasteur Institute
in the hydroxyapatite form (Ca10(PO4)6(OH)2), but was initially
described as tricalcium phosphate (Ca3(PO4)2) in the patent filed in
1975 [56]. The formulation was used as an adjuvant for diphtheria,
pertussis, tetanus, and polio vaccines, but was later substituted by
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alum in the 1980s. However, CAP still remains as an approved
adjuvant by WHO for human vaccines [56, 57]. Like with alum,
there are two methods for preparing CAP: (1) in situ
co-precipitation of disodium hydrogen phosphate, calcium chlo-
ride, and antigen to form a gel or (2) direct absorption of antigen
onto preformed gel [58]. Commercial CAP has a mean particle size
distribution of 40 nm to 5 μm, but in fact particles between
100 and 400 nm are responsible for the main immune-stimulating
properties [59]. There are many other forms of CAP, depending on
the ratio of calcium and phosphate ions (Ca:P ratio) [58, 60]. Addi-
tionally, the quality of the gel depends on the concentration and
mixing rate of the reactants, which in turn affects the physicochem-
ical characteristics and adsorption of the antigen onto the gel
[56]. The adsorption capacity of the antigen can be affected by
charge, the presence of a hydroxyl group [61], and surface area
[62]. The adsorption of antigen onto CAP can occur through
electrostatic interaction, ligand exchange, or hydrophobic attrac-
tive forces, similar to alum salts [61, 63].

Calcium phosphate was initially developed as a substitution for
alum-based adjuvants, mostly due to the safety concerns with using
alum salts in vaccines. However, it failed to replace popular alum-
based adjuvants, and therefore, no intensive mechanistic studies
were performed on CAP [56]. However, it was demonstrated that
(1) CAP forms a depot effect and triggers a balanced Th1/Th2
immune response [64]; (2) CAP particles of 100–400 nm elicited
higher antibody production than larger particles [62]; and (3) CAP
can activate NLRP-3 inflammasomes, which are protein complexes
responsible for initiating cell death and the release of
pro-inflammatory cytokines (e.g., IL-1β) by macrophages [65, 66].

3.1.3 AS04 AS04 is considered to be an adjuvant system, as it contains more
than one adjuvant. It consists of 3-O-desacyl-40-monophosphoryl
lipid A (MPLA) adsorbed on aluminum hydroxide or aluminum
phosphate. The clinical grade form of AS04 is known as MPL
adjuvant™ [67]. MPLA is a mixture of monophosphorylated lipo-
polysaccharides derived from Salmonella minnesota endotoxin—
particularly its lipid A fragment [68]. In the 1970s, Edgar Ribi
modified lipid A chemically to form MPLA by removing one phos-
phoryl moiety to retain most of the immunomodulatory properties
while reducing the toxicity by 1000-fold [68, 69]. MPLA is recog-
nized by toll-like receptor 4 (TLR-4) and has the ability to induce
both humoral and cellular immune responses and promote the
stimulation of Th-1-type T-helper cells [70]. AS04 has been
approved for use as an adjuvant for human papillomavirus (HPV)
(Cervarix™) and hepatitis B virus (HBV) (FENDrix™), both
developed by GlaxoSmithKline [67].
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FENDrix™, which contains HBV surface antigen produced in
Saccharomyces cerevisiae (HBsAg), was created to improve the effi-
cacy of HBV alum-based vaccine (Engerix-B™) in immunocom-
promised populations [71]. The vaccine, adjuvanted with AS04,
induced the production of long-term protective antibodies and
enhanced cell-mediated immune responses after fewer vaccinations
than the alum-adjuvanted HBV vaccine [71, 72]. Cervarix™ con-
tains HPV-type 16 and 18major capsid protein, L1, as antigen with
AS04 as the adjuvant [67]. The vaccine elicits a long-term immune
response and high levels of functional antibodies in female subjects
10–55 years old. It has been shown to provide 100% protection
against persistent HPV infections (type 16 and 18) [73, 74] and
was also 100% effective in preventing the manifestation of
HPV-related precancerous lesions [75]. Additionally, AS04 was
used as an adjuvant for vaccines against herpes simplex virus
(HSV), respiratory syncytial virus (RSV), and Epstein–Barr virus
(EBV) [67].

3.2 Emulsion-Based

Adjuvants

The word emulsion describes the dispersions of immiscible phases
of two liquids (usually oil and water). There are two types of
emulsion, water in oil (W/O) and oil in water (O/W). Emulsions
are unstable; they require the use of a surfactant to stabilize the
mixture by forming a more rigid film at the interface [76]. There
are two commonly used surfactants, polysorbates (e.g., Tween 20),
used for O/W emulsions, and sorbitan esters (e.g., Span 20), used
for W/O emulsions [77]. The physicochemical characteristics of
emulsions rely on droplet size and the viscosity of the mixture,
which is controlled by the type and concentration of surfactant
used, the ratio of the dispersed phases, and the method of emulsion
preparation. Stability, sterility, and viscosity are important para-
meters to consider for the use of emulsions as adjuvant [78].

An emulsion was used for the first time as an adjuvant in the
1930s; Jules Freund developed Freund’s complete adjuvant (CFA),
which is a W/O emulsion [79]. CFA consists of paraffin oil com-
bined with heat-killed Mycobacterium tuberculosis. It is a highly
effective “gold standard” adjuvant, but it is also highly toxic and
reactive as it commonly induces the formation of granulomas,
abscesses, and necrosis at the site of immunization [80]. Therefore,
CFA was never approved for general human use. Freund’s incom-
plete adjuvant (IFA) was subsequently developed in an effort to
reduce the toxicity through the omission of bacterial material
[80]. IFA was first used in influenza vaccines tested in animals in
1950s. It triggered higher and long-lasting antibody production in
comparison to non-adjuvanted vaccine formulation [81]. However,
IFA still produced severe side effects when used in human vaccines,
so ultimately was approved only for veterinary purposes [80].

IFA further evolved into Montanide ISAs, a class of well-
tolerated adjuvants that enhance antigen-specific cytotoxic
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T-lymphocyte (CTL) responses. They convey relatively minor side
effects of local discomfort at the site of immunization, fever, head-
ache, and flu-like symptoms [82]. Montanide ISA™ 51 is a mixture
of mineral oil and mannide monooleate surfactant [83]. The min-
eral oil causes the vaccine to stay at the injection site, with approxi-
mately just 30% of the oil dissolving during the first month after
immunization [84]. It has been used in clinical trials for vaccines
against malaria [83], human immunodeficiency virus (HIV), and
influenza [84]. It has also been licensed for lung cancer therapeutic
vaccine in Cuba [85]. Montanide ISA™ 720 comprises
non-mineral vegetable oil and mannide monooleate surfactant.
The oil is well-tolerated and can be easily metabolized and elimi-
nated from the injection site; however, it induces weak and tran-
sient inflammation [82]. It has been used in vaccine trials for
malaria [86] and AIDS [84].

3.2.1 MF59 MF59 is an O/Wemulsion that consists of squalene oil (a naturally
occurring component of certain plants and animals), two surfac-
tants (Tween 80 and Span 85, commonly sourced from plants), and
citrate buffer (trisodium citrate and citric acid). Therefore, it is
biodegradable and biocompatible [77, 78]. MF59 is an altered
version of IFA and CFA emulsions. There are two generations of
MF59, which differ by the presence of citrate emulsion stabilizer.
The individual components of MF59 do not induce an immune
response, but combined, the emulsion is immunostimulatory [87].

Initially, antigen depot at the site of injection was considered to
be the MF59 mechanism of action [88, 89]. However, similar to
alum, this was recently refined. First, at the site of injection, MF59
activates resident immune cells (monocytes, macrophages, and
DCs), which results in the production of a gradient of chemokines
(CCL4, CCL2, CCL5, CXCL8). More phagocytic immune cells
are then recruited, increasing antigen uptake to the lymph nodes.
MF59 also upregulates the differentiation of monocytes to DCs
and facilitates the migration of naı̈ve T cells to draining lymph
nodes [76, 82, 90].

MF59 was introduced in 1977; it was the first approved novel
adjuvant since alum, 70 years earlier [87]. In preclinical mouse
trials, influenza vaccine adjuvanted with MF59 showed full protec-
tion against intranasal influenza challenge at a lower antigen dose
[76]. It was approved as an adjuvant for influenza vaccine for the
elderly (�65 years), and marketed as FLUAD® (Novartis Vaccines
and Diagnostics Inc., MA, USA). While first licensed in Italy, it is
now available in 30 countries [76]. MF59 is used as an adjuvant for
seasonal trivalent influenza vaccines (TIVs) based on clinical trials
composed of 20,000 elderly subjects. These showed that MF59-
adjuvanted vaccine was more immunogenic and better-tolerated
than non-adjuvanted vaccine. MF59 was also approved for use in
individuals as young as 6 months during the H1N1 pandemic [91].
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MF59 has an excellent safety profile; it has shown no sign of
inducing autoimmune syndromes, chronic diseases, neurological
conditions, or death [92]. Furthermore, vaccines adjuvanted with
MF59 reduced the incidence of hospitalization for elderly indivi-
duals with pneumonia, acute coronary syndrome, or cerebrovascu-
lar syndrome at the peak of virus circulation [93]. A more recent
large, randomized study (n ¼ ~170,000 individuals) on MF59-
adjuvanted flu vaccine demonstrated a 23% reduction in influenza-
and pneumonia-related hospitalization rates in individuals 65 years
and older [94].

In addition to influenza, MF59 has been tested in preclinical
trials for a range of other vaccines, including HIV, HSV, and HBV
[95]. However, Phase III trials on MF59-adjuvanted vaccine
against HSV-2 infection failed to demonstrate protective efficacy
of the vaccine [96]. MF59-adjuvanted HIV and HBV vaccines
induced the production of high levels of antigen-specific antibody
titers; however, no vaccine emerged from these studies [97, 98].

3.2.2 AS03 AS03 is an O/Wemulsion-based adjuvant (�200 nm) composed of
two biodegradable oils, squalene and D,L-α-tocopherol (a form of
vitamin E), and polysorbate 80 surfactant [99]. Thus, AS03 differs
from MF59 by the presence of D,L-α-tocopherol. The addition of
the novel oil to the emulsion resulted in the generation of higher
antibody responses [82]. D,L-α-Tocopherol also modulated the
expression of cytokines (CCL2, CCL3, CSF3, CXCL1) and
enhanced antigen loading by monocytes [100]. AS03 is used as
an adjuvant for monovalent influenza vaccines, H1N1 vaccines
(Pandemrix™ and Arepanrix™), and H5N1 vaccines (Q-Pan
H5N1 and Prepandrix™, or Pandemic Influenza Vaccine) devel-
oped by GlaxoSmithKline Biologicals. It was licensed in Europe in
2009 and also used for the pre-pandemic H5N1 influenza vaccine
developed for the pandemic preparedness effort. When the H1N1
pandemic was declared in 2009, AS03 was chosen as an adjuvant for
the H1N1 vaccine [101, 102].

The pre-pandemic influenza vaccine (Prepandrix™) contained
H5 hemagglutinin (surface glycoprotein) with the flu strain
A/VietNam/1194/2004 (H5N1)-like strain (NIBRG-14) adju-
vanted with AS03 [103]. A randomized trial administered two
doses of the vaccine to volunteers (18–60 years) 21 days apart.
The adjuvanted vaccine was more immunogenic than the
non-adjuvanted vaccine, and lower H5N1 antigen doses were
able to induce significant antibody titers against the virus, and
these titers exceeded immunogenicity licensing criteria
[104, 105]. Similar results were observed in nonclinical models,
such as mice and ferrets [99, 106]. AS03-adjuvanted H5N1 vac-
cines were also assessed in elderly populations (61–88 years) and
showed higher seroprotection rates in individuals immunized with
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adjuvanted vaccines compared to nonadjuvanted vaccines
[107]. Similar studies were performed with the H1N1 version of
the vaccines Pandemrix™ and Arepanrix™, which showed high
efficacy in adults and children. As of 2018, only Q-Pan H5N1,
Prepandrix™, and AS03-adjuvanted influenza vaccines are still in
use, while other flu vaccines are nonadjuvanted or use alum [108].

AS03 has also been used in malaria and HIV vaccines. In a
challenge trial with malaria-naı̈ve individuals, AS03-adjuvanted vac-
cine was able to postpone the onset of malaria after the challenge
[109, 110]. When the adjuvant was tested with HIV vaccine, it was
able to elicit potent neutralizing antibodies. However, further
observation indicated that other adjuvants (e.g., AS02 and AS01,
discussed in detail below) elicited greater cellular immune
responses than AS03; therefore, AS03 was not chosen for further
development [111–113].

3.3 Liposome-Based

Adjuvants

Liposomes were discovered in the 1960s by Alec Bangham and
have been intensively researched as a drug delivery system ever since
[114]. They were first described as a lamella of swollen lipids with
the ability to act as a model membrane system [115]. Liposomes are
spherically shaped amphiphilic lipid bilayer vesicles (20 nm to
10 μm) with an aqueous core. They possess a unique ability to
entrap a range of compounds, allowing them to act as a carrier
system [116, 117]. Hydrophobic compounds can be implanted
within the lipid bilayer, while hydrophilic compounds are
encapsulated within the core of the vesicles [118]. The physico-
chemical properties of liposome vesicles—shape, size, surface
charge, permeability, and stability—rely on the lipids used in prep-
aration. These properties, in turn, affect antigen loading and
release, biological behavior, and the ability to act as a drug/vaccine
delivery system [119, 120]. Delivery systems based on liposomes
can significantly increase a formulation’s therapeutic index, stabil-
ity, and absorption, while reducing toxicity and prolonging the
biological half-life of the encapsulated compound [117, 118].

Liposomes are one of the most widely investigated self-
adjuvanting vaccine delivery systems [121]. Antigens encapsulated
within the liposomes are protected against degradation in vivo and
are preferably taken up by APCs. Following liposome endocytosis,
antigen is accumulated, processed, and presented on MHC class II
molecules. This results in the activation of CD4+ T-cells, B-cells,
and the production of antigen-specific antibodies. However, cer-
tain types of liposomes allow antigen to escape from endosomes to
the cytoplasm, or they deliver antigen directly to the cytoplasm.
This results in the presentation of processed antigen toMHC class I
molecules, and the stimulation of CTLs. Thus, liposomes have the
capacity to induce both humoral and cellular immune responses
[119, 122, 123].
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3.3.1 Virosomes Virosomes were first described by Almeida and colleagues in 1975
as liposomes modified with influenza surface proteins (haemagglu-
tinin and neuraminidase) [124]. Influenza virus was the first virus
used in the preparation of a virosome formulation, but over the
years, other enveloped viruses have been utilized, including sendai
virus, vesicular stomatitis virus, Epstein–Barr virus, HIV, respira-
tory syncytial virus, and HSV [125–127]. Virosomes, in the same
manner as classical liposomes, have the ability to encapsulate a wide
range of antigens, which includes peptides, protein, carbohydrates,
and nucleic acids [128, 129]. Virosome vesicles possess similar
structure and versatility to liposomes, but can fuse with cellular
membranes far more effectively due to the presence of viral mem-
brane proteins. Virosomes can be prepared in vitro in three steps:
(1) dissolving the inactivated and purified virus in detergent;
(2) separation of the envelope fraction of the virus (containing
the membrane viral proteins) from the internal proteins and genetic
materials; and (3) removal of the detergent, which triggers the
formation of the empty membrane vesicles [125, 130]. Phospholi-
pids are often added to the solubilized envelope fraction of the virus
to produce robust and scalable particles and minimize the loss of
the viral proteins during step 3 [124, 131]. Virosomes were found
to be stable when stored at 2–8 �C. They can maintain their fusion
activity at a broad range of temperatures, and lyophilization of the
particles has been shown to stabilize the encapsulated antigens
[129, 132]. The physicochemical properties of virosomes can be
moderated by the amount and type of phospholipids used in the
formulation [123, 133, 134]. Like in liposomes, antigen placement
affects the immune response produced. When the antigen of inter-
est is (1) displayed on the surface of the vesicle (anchored to the
lipid bilayer), the antigen is presented to B-cells inducing antibody
production, or (2) encapsulated in the core/lumen, it is delivered
to APC cytoplasm and presented on MHC class I, resulting in the
activation of CTLs [132, 135, 136]. In both cases, antigen is also
processed through the endosomal pathway and presented by
T-helper cells. Despite the use of different enveloped viruses in
the formulation of virosome vesicles, only influenza virosomes are
approved for use in human vaccines (Epaxal™ for hepatitis A virus
(HAV), and Inflexal™ V and Nasalflu™ for influenza virus)
[119, 130].

Historically, vaccines against HAV, including Havrix™,
Vaqta™, and Avaxim™, used inactivated HAV adsorbed onto
alum adjuvant (aluminum hydroxide) [137]. In 1994, a new strat-
egy was introduced by Crucell, in which HAV antigen (formalin-
inactivated and purified HAV virions) was adsorbed to the surface
of the virosome producing Epaxal™ [138]. A single dose of
Epaxal™ displayed 98–100% seroprotection rates in adults (�50
years) [139]. Lower immune responses were observed in older
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individuals (60–73 years) [140, 141]. In children and infants,
2 doses of the vaccine provided 100% seroprotection against HAV
[142, 143].

A similar vaccine was created against influenza. Inflexal™ V
contains a virosomal preparation of three virus strains (H1N1,
H3N2, and B) and is delivered with the help of virosomes
[131]. The vaccine was shown to be effective, safe, and well-
tolerated in children [144, 145], adults [144], the elderly [146–
148], and immunocompromised individuals [149,150].Nasalflu™,
marketed in 2000 by Berna Biotech, was also developed as a vir-
osomal influenza vaccine. The vaccine contained two strains of
influenza A and B (inactivated and purified), grown individually in
fertilized hen eggs, and heat labile toxin derived from Escherichia
coli as an additional mucosal adjuvant [130, 151]. However, the
vaccine was withdrawn from use due to the association of the heat
labile toxin with Bell’s palsy [152].

3.3.2 AS01 AS01 is a liposome-based adjuvant containing two immunostimu-
lants (MPLA and QS-21). The standardized form of AS01 consists
of liposomes (containing dioleoyl phosphatidylcholine (DOPC)
and cholesterol), MPLA, and QS-21 with vesicle size ranging
between 50 and 100 nm [153, 154]. QS-21 is a derivative of the
saponin, QuilA (isolated from the bark of Quillaja saponaria
Molina, a tree found in South America) [155]. QS-21 alone
induced high antigen-specific antibodies [156], CD8+ T-cell
responses [157, 158], cytotoxic T-lymphocytes (CTLs), Th1 cyto-
kines, the production of cytokines (IL-2 and IFN-γ), and equal
production of IgG1 and IgG2a [158–160] when tested in mice. As
an adjuvant, AS01 induces the activation of APCs, especially DCs
and monocytes; the presence of MPLA and QS-21 results in
increased antigen-specific responses. AS01 showed increased cellu-
lar immune responses and induced antibody isotype switching
through the activation of the interferon (IFN) cell signaling path-
way [156, 161, 162]. Furthermore, it was observed that AS01-
adjuvanted vaccines increased the production of antigen-specific
antibodies and CD4+ T-cell responses [163]. AS01 is used as an
adjuvant vaccines against malaria (RTS, S/AS01 or Mosquirix™)
and shingles (HZ/su or SHINGRIX™) [102].

RTS,S/AS01 vaccine contains fused antigen: a fragment of
Plasmodium falciparum protein fused to HBsAg, encapsulated in
AS01E (containing 25 μg of MPLA and 25 μg of QS-21) as the
adjuvant [102]. In a study with rhesus monkeys, AS01-adjuvanted
vaccine was able to elicit higher levels of RTS,S-specific antibodies
and high levels of IFN-γ-producing cells compared to AS02 adju-
vant (O/W emulsion with MPL and QS-21), indicating improved
T-cell response [164]. In Phase III clinical trials, three doses of
RTS,S/AS01 reduced infection and increased CD4+ T-cell
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responses in infants (6–12 weeks old) and toddlers (5–17 months)
from seven sub-Saharan African countries [165]. When AS01 was
tested with a specific merozoite stage surface protein (MSP1), it
induced high levels of Th1-biased antibody responses [166].

In 2006, Zostavax™ (live-attenuated vaccine) was made avail-
able to prevent varicella-zoster virus (VZV) infections in adults
(�50 years), but its protective efficacy decreases with age
[167]. SHINGRIX™ was developed as a result. It consists of
glycoprotein E (gE) from VZV and AS01B (containing 50 μg of
MPLA and 50 μg of QS-21) [168]. The vaccine was able to prevent
the reactivation of shingles for up to 4 years post-vaccination (vac-
cine efficacy: 97% in �50 years and 90% in �70 years) in clinical
trials [169]. It induced strong and long-lasting IgE-specific anti-
bodies (humoral immune responses) and the production of CD4+
T-cells expressing pro-inflammatory cytokines (IFN-γ, IL-2,
TNF-α) [169, 170].

3.4 Virus-Like

Particles (VLP)

as Adjuvants

Virus-like particles (VLPs) are viral structural proteins that self-
assemble into particles. These particles (20–200 nm) mimic the
geometric arrangement of the native virus, but do not contain any
of the viral genetic material and, therefore, cannot be infectious
[172]. VLPs have the ability to encapsulate and deliver many
different molecules, including siRNA, RNA, proteins, and peptides
[173]. Alternatively, VLP structural proteins can be modified with
desired antigen sequences. VLPs are produced through gene
expression systems (e.g., bacteria, yeast, mammalian cells, plant
cell culture) via recombinant DNA technology [174, 175]. The
structure resembles microbial (especially viral) antigen presenta-
tion, with repetitive displays of the antigen, which is easy detected
by the mammalian immune system. Strong B- and T-cell responses
are produced as a result [176, 177]. VLPs trigger immune
responses in a similar manner to virosomes.

The first VLP-based vaccine was produced in 1981 by Kleid
and colleagues by cloning the polypeptide (VP3) from foot-and-
mouth disease virus in Escherichia coli as a vaccine for animals
[178]. VLP-based vaccines have been acknowledged as highly
effective, safe, and scalable for mass production [175]. Today,
there are several licensed VLP-based vaccines for HBV (Engerix-
B™, Recombivax HB™, GenHevac B™, FENDrix™), HPV (Gar-
dasil™, Gervarix™), hepatitis E virus (HEV) (Heclin™), and influ-
enza (Inflexal™, Epaxal™) [179]. VLPs can be considered as a
delivery system, carrier, or adjuvant and are often administered
with an additional adjuvant (e.g., Engerix-B™ with alum, Cer-
varix™ and FENDrix™ with AS04, and Inflexal™ and Epaxal™
as virosomes).

Developments in Vaccine Adjuvants 159



3.5 Toll-Like

Receptors Agonists

as Adjuvants

Toll-like receptors (TLR) were first identified in the 1990s as a type
of pattern recognition receptor (PRR). PRR functions as the first
line of defense against pathogens, as they recognize the molecular
signatures found on the microbes [180]. TLRs are highly con-
served across different species, and they are closely involved in the
activation of innate immune responses. There are several human
TLRs that recognize different ligands/agonists, such as TLR3
(which recognizes double-stranded RNA), TLR4 (bacterial lipopo-
lysaccharides), TLR5 (bacterial flagellin), TLR7&8 (single-
stranded RNA), and TLR9 (CpG DNA motifs) [181]. Several
TLR agonists have been tested as vaccine adjuvants in humans.
For example, MPLA, a TLR4 agonist, has been incorporated as a
component of several of the adjuvants described above.

3.5.1 Cytosine

Phosphate Guanosine

Oligodeoxynucleotides

Cytosine phosphate guanosine (CpG) oligodeoxynucleotides
(ODN) are short, single-stranded synthetic DNA molecules. CpG
motifs are often observed in bacterial and viral DNA, and recog-
nized by TLR9 [182]. TLR9 is localized in the cytoplasm, and,
therefore, is associated with cellular immune responses and the
MHC I/Th1 activation pathway [183]. Moreover, CpG ODNs
directly activate B-cells and plasmacytoid dendritic cells due to
their interaction with TLR9 [184]. CpG ODN triggers the expres-
sion of proteins (MHC, CD40, CD86, pDCs), in turn increasing
antigen presentation and processing [185], induces the production
of IFN-γ, and strongly activates CTLs [186], but also induces
antigen-specific humoral immune responses [183, 187].

CpG ODN 1018 (50-TGACTGTGAACGTTCGAGATGA-30)
was the first TLR agonists-based adjuvant approved for HBV. The
product, HEPLISAV-B™, is comprised of HBsAG and CpG ODN
1018 in liquid form (20 μg HBsAG and 3 mg CpG1018)
[183]. This vaccine was compared with the older alternative,
Engerix-B™, in clinical trials. All (100%) of the HEPLISAV-B
recipients produced protective antibodies against HBV antigens
1 week after the second dose and long-lasting seroprotection
against HBV, regardless of age [188, 189]. Meanwhile, individuals
that received Engerix-B™ required a third dose to show protective
antibody responses [190]. HEPLISAV-B™ was also able to induce
high seroprotective rates in smokers, obese individuals, and indivi-
duals vulnerable to HBV infection (chronic kidney disease
patients), who are known to be hyporesponsive to Engerix-B™
[191–193]. However, there is some concern that CpG motifs
could promote autoimmune reactions, which was highlighted in a
clinical trial for HBV vaccine when one of the participants devel-
oped Wegener’s granulomatosis, an autoimmune disease caused by
inflammation of the blood vessels [194].
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4 Other Adjuvants

In addition to the adjuvants detailed above, a large number of other
adjuvants are being developed or are undergoing preclinical inves-
tigation (Fig. 2). This is the result of the high demand for new
adjuvants that are nontoxic, well-tolerated in the general popula-
tion, have high potency and provide long-lasting immune
responses, preferably after a single dose.

Saponins are natural glycosides of the steroid triterpene with a
diverse range of pharmacological effects. These include anti-
inflammatory, antitumor, immunomodulatory, and antiviral activ-
ity, among others [159]. QuilA, a well-known saponin, is a hetero-
geneous mixture of saponins with 23 different saponin peaks
detectable on RP-HPLC. QuilA can stimulate both humoral and
cellular immunity, but is mostly used for veterinary vaccines and in
preclinical trials because it is highly toxic and, therefore, not suit-
able for human vaccines. However, QuilA has been used in
co-formulation with aluminum salts, liposomes, emulsions, and
immunostimulatory complex (ISCOMS), which has reduced its

Fig. 2 Examples of adjuvants in preclinical developments
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toxicity [153]. ISCOMATRIX® is a particulate antigen delivery
system (40 nm) composed of phospholipids, cholesterol, and sapo-
nin (QuilA); upon antigen incorporation, it is known as ISCOM
[195]. ISCOM produces strong antigen-specific humoral and cel-
lular immune responses in animals and is typically more immuno-
genic than liposomes and micelle-based systems [196]. These
delivery systems have been used in vaccines against bacteria (Heli-
cobacter pylori, Mycobacterium tuberculosis, Streptococcus pyogenes),
parasites (Neospora caninum, Toxoplasma gondii), and in cancer
immunotherapeutics [197]. Matrix M™, a system derived from
ISCOM, is a homogenous mixture of stable nanoparticles consist-
ing of semi-purified and fractionated saponins [82]. Matrix M has
been used in clinical trials for pandemic influenza vaccine [198] and
seasonal influenza vaccines for older populations (65–75-year-
olds) [199].

Many other TLR-based adjuvants exist (than mentioned in
previous section), but have not been applied in human applications.
For example, CpG 7909 (PF-3512676 or ODN2006), a
24-mer-B-Class CpG ODN and known TLR9 agonists, can induce
the production of TNF-α and stimulate and proliferate B-cells to
induce the production of IgM [180]. It has been used in vaccines
for anthrax, influenza [201], HBV [200], and cancer immunother-
apeutics (melanoma) [202]. Imidazoquinolines are structures that
mimic single-stranded RNAs (ssRNAs) and are recognized by
TLR7/8. They can activate Th1 cellular responses to aid in viral
clearance and stimulate the proliferation of B-cells to induce the
production of antibodies and pro-inflammatory cytokines
[80]. Imiquimod (R837) has been approved in experimental vac-
cines against influenza, HBV, and varicella zoster [80]. Additionally,
Resiquimod (R848) was examined in clinical trials to treat lesions
formed from herpes simplex virus (HSV) infections [203] and in
prophylactic vaccines against allergic rhinitis, HBV, and influenza
[80]. Flagellin, the main component of bacterial flagella, which is
recognized by TLR5, was incorporated into a vaccine against Yer-
sinia pestis, a bacterium that causes the plague, and influenza vac-
cines [204]. Poly (I:C) (polyinosinic-polycytidylic acid) is a
synthetic double-stranded RNA (dsRNA) recognized by TLR3
[80]. It has been used in clinical trials for vaccines against HIV
[205], dengue [206], and malaria [207]. Poly-IC12U, a derivative
of Poly (I:C), was developed to overcome the toxicity issues related
to Poly (I:C) [80]. It has been used in clinical trials for HIV
vaccines [208], chronic fatigue syndrome (CFS) [209], and cancer
immunotherapeutics [210]. TLR2 agonists Pam2Cys (dipalmitoyl-
S-glyceryl cysteine) and Pam3Cys (tripalmitoyl-S-glyceryl cysteine)
stimulated both humoral and cellular immune responses [7]. They
have been used in preclinical trials for vaccines against tuberculosis
(TB) [211] and group A streptococcus (GAS) [212]. Lipid core
peptide (LCP), a system that mimics Pam2Cys/Pam3Cys and is
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recognized by TLR2 [213], has been extensively studied in experi-
mental vaccines against GAS [214], hookworm [215], Chlamydia
trachomatis [216], and Schistosoma [217]. Glucopyranosyl lipid
adjuvant (GLA), the analog of Lipid A, a TLR4 agonist, can encap-
sulate various biologically active agents, such as DNA and fatty
acids, and can increase both humoral and cellular immune
responses [82]. GLA was included in vaccine formulations against
pandemic influenza (H5N1) [218], HIV [219], TB, schistosomia-
sis, and leishmaniasis [220].

Polysaccharides are naturally occurring polymers consisting of
carbohydrate monomers that are glycosidically linked. They can be
recognized by carbohydrate receptors (C-type lectins) present on
APCs. As an adjuvant, they activate B- and T-lymphocytes, macro-
phages, and natural killer (NK) cells, and elicit antigen-specific
immune responses [21]. For example, dextran sulfate derived
from Saccharomyces cerevisiae was reported to induce lymphocyte
proliferation, increase the production of IL-2 and IFN- γ, and
enhance antibody titers in the serum against Newcastle disease
[221]. β-Glucan, a biologically active compound with antitumor
and anti-infection activity, can be recognized by TLRs, dectin-1,
and complement receptor 3 (CR3) [222]. It has been used experi-
mentally, where it helped to provide protection against infection
with Candida albicans [223], Staphylococcus aureus [224], E. coli
[225], and Bacillus anthracis [226]. Acetal dextran (Ac-DEX) was
used as a delivery system to encapsulate imiquimod. It increased the
potency of the TLR agonist and induced the production of
pro-inflammatory cytokines (IL-1B, Il-6, TNF-α) [227]. Delta
inulin (Advax™), a polysaccharide found in fruits and vegetables
[228], increased antigen presentation, stimulated a balanced Th1
and Th2 immune response, increased the production of antibody
titers against influenza [229], Japanese encephalitis virus [230],
Mycobacterium tuberculosis [231], HIV [232], HBV [233], and
West Nile virus [234]. Muramyl dipeptide (MDP), a component
of peptidoglycan, which can activate nucleotide-binding oligomer-
ization domain-containing protein 2 (NOD2), and increased the
production of pro-inflammatory cytokines and the secretion of
nitric acid [235]. It was used in a clinical trial as a part of a HIV
vaccine [236]. Mannose monosaccharide can be used as a conjugate
with antigen, or as part of a delivery system (liposomes and nano-
particles). It effectively activates innate immunity and stimulates
Th1 and Th2 immune responses [222]. It has been used in experi-
mental studies for vaccine candidates against malaria [237], TB
[238], HIV [239], group B streptococci (GBS), leishmaniasis,
N. meningitidis, and cancer [240]. The linear mucopolysaccharide,
hyaluronic acid (hyaluronan, HA), has mainly been used for trans-
dermal immunization, as it can bind to HA receptors, dermal DCs,
and TLR 2 and 4 [241]. It has been used in vaccines against HBV
[242], Yersinia pestis [243], and as transdermal immunotherapy for
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Duchenne’s muscular dystrophy [244]. Upon conjugation with
antigen, nontoxic and biocompatible polyacrylates, which have
often been used in biomedical applications [245], can self-assemble
into nanoparticles. These constructs have been utilized for vaccine
delivery against influenza [246], HIV [247], GAS [248], and
HPV [249].

Nanoparticles are structures composed of polymers, lipids, and
peptides. They can be pre-formed or self-assembled, and act as
delivery systems for subunit vaccines [250, 251]. Extensive investi-
gation has shown that the immune responses resulting from nano-
particle vaccination are particle-size-dependent [252]. For
example, it has been shown that small nanoparticles (<100 nm)
can travel in the lymphatic system and are preferably taken up by
APCs. Thus, many self-adjuvanting delivery systems have been
developed based on nanocarriers. For example, poly-lactic-co-gly-
colic-acid (PLGA) and its derivatives have often been used to form
nanoparticles [253]. They are currently used in several marketed
non-vaccine products, such as Atridox®, which is a periodontal
treatment, and Sandostin® and Lupron Depot, which are cancer
treatments [254]. PLGA has been used to deliver a variety of
antigens, producing vaccine candidates against GAS [255], Chla-
mydia trachomatis [256], HIV, leishmaniasis, brucellosis, and
dengue [254].

Poly-hydrophobic amino acids, which can form fully biode-
gradable nanoparticles, were tested as vaccine carriers in mice,
where they successfully cleared GAS infection [257]. Polyglutamic
acid has been included in experimental vaccine candidates against
HIV [258], Japanese encephalitis virus [259], influenza [260],
HBV [261], GAS [262], and antitumor vaccines [263].

Cholic acid, a human bile salt, was reported to form nanopar-
ticles upon conjugation to peptide antigen and triggered strong
humoral immune responses [264]. Polyphosphazene polyelectro-
lyte increased the secretion of pro-inflammatory cytokines and
chemokines at the injection site and increased the production of
IgG and IgA antibodies [265]. It was used in vaccines to deliver
antigens from influenza [266], tetanus toxoid, HBV, HSV, HIV,
and cholera [267]. Cochleates, which are lipid-based cylindrical
structures [268], have been utilized in a HIV vaccine [269].

Most adjuvants can induce a wide range of cytokines, such as
type 1 IFNs, IFN-γ, IL-2, IL-12, and IL-18. These cytokines are
essential to the induction of innate immune responses and promote
adaptive immunity [270]. Therefore, cytokines have also been
tested as potential adjuvants. Interleukin 2 (IL-2), a T-cell growth
factor responsible for the clonal expansion of T-cells and one that is
required for the survival of FoxP3+ regulatory T-cells [270], has
been used as an adjuvant for HIV vaccines [271], HSV type-1
(HSV-1) [272], influenza [273], and metastatic solid tumors
[274]. Interleukin 5 (IL-5), which is essential in the activation of
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T-cells and NK cells and the proliferation of CD8+ T-cells [270],
has been included in experimental vaccine candidates against HIV
[275], Staphylococcus enterotoxin B [276], HBV [277], influenza
[278], foot-and-mouth disease virus [279], and HSV [280]. Gran-
ulocyte macrophage colony-stimulating factor (GM-CSF), known
to recruit and induce the maturation of DCs and enhance antigen-
specific CD8+ T-cell responses, has been included as an adjuvant in
a DNA vaccine against pseudorabies virus [281].

While most pathogens enter the body through mucosal sur-
faces, most vaccines are delivered systematically, and therefore,
mucosal immune responses are not generated and hosts are not
protected from the initial infection [282]. In addition to providing
first-line protection, mucosal vaccination (e.g., intranasal, oral) is
also beneficial due to the elimination of needle-associated risks,
improved patient compliance, and importantly, because it elicits
both systemic (i.e., IgG, and/or CTL) and mucosal (i.e., IgA)
immune responses. However, many “systemic” vaccine adjuvants
are not compatible with mucosal delivery. As such, several adjuvants
have been evaluated primarily to enable mucosal vaccine adminis-
tration [283]. The most widely used experimental mucosal adju-
vant is cholera toxin subunit B (CTB), which is the nontoxic
subunit of cholera toxin (CT). CTB has shown affinity to mono-
sialotetrahexosylganglioside (GM1), which is distributed in epithe-
lial cells and APCs [284]. As an adjuvant, it can induce the
activation of DCs, stimulate the production of long-lived CD4+
T-cells, and enhance B- and T-cell responses [285]. It has been used
in experimental vaccines against influenza [286],Helicobacter pylori
[287], Bordetella pertussis [288], and Streptococcus pneumoniae
[289]. It has also been approved for human use in a killed whole-
cell monovalent vaccine (WC-rBS) against cholera (Dukoral®) first
licensed in Sweden in 1991 [290]. It needs to be noted that cholera
bacterium is a naturally secreting cholera toxin; therefore, CTB is
not exactly an external adjuvant in this vaccine formulation.

Heat-labile toxin (LT) expressed by enterotoxigenic Escheri-
chia coli strains, which are homologous to CT, was also examined
[180]. It promoted multifaceted antigen-specific responses,
induced antigen-specific IgA antibodies and long-lasting immune
responses [291]. LT has been used in influenza vaccine [292] and
in a vaccine trial against gastroenteritis-causing enterotoxigenic
E. coli [293]. Chitosan, a polysaccharide polymer obtained through
the deacetylation of chitin [294], has been tested for vaccines
against HBV, Mycobacterium tuberculosis, influenza A, Helicobac-
ter pylori, and poliovirus [295]. Despite its advantages, chitosan is
limited by poor solubility [296]. Therefore, chitosan derivatives
were developed. The derivative trimethyl chitosan (TMC) has
improved solubility and can form nanoparticles. It has been tested
for intranasal delivery of vaccines against influenza [297], TB
[298], and GAS [262]. TMC has also been used for orally delivered
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vaccines against Brucella melitensis [299] and HBV [300], and
dermally delivered vaccines for diphtheria toxoid [301] and inacti-
vated poliovirus [302].

Alginate (algin or alginic acid), a water-soluble polymer, has
been used for the delivery of antigens to mucosal tissues in conju-
gate- and nanogel forms. Intranasally delivered alginate has been
used in vaccines against rotavirus [303], HBV [304], and HAV
[305]. It has also been used as a hydrogel for subcutaneous vaccine
delivery for Helicobacter pylori [306]. Polyelectrolytes are macro-
molecules consisting of electrolyte groups (e.g., chitosan, heparin,
sodium alginate) with polymers made of opposing charges
[307]. They have been used in a variety of experimental vaccines,
including GAS [308] and Yersinia pestis [243].

A variety of other classes of adjuvants have also been tested in
animal models, including: (1) cell-penetrating peptides (CPP),
short peptides with the ability to cross cell membranes to deliver
antigens via both endocytic and non-endocytic pathways [309];
(2) inorganic nanoadjuvants (e.g., mesoporous silica, zinc oxide,
gold), which can stabilize vaccine formulations, enhance the quality
and longevity of induced immune responses and prolong the effects
of the vaccine [310]; (3) nanobeads, which can efficiently deliver
antigen to APCs and stimulate potent humoral and CD8+ T-cell
immunity [311]; (4) self-assembled peptide (e.g., Q11), which
upon conjugation to antigen can form nanoparticles [312]; and
(5) immunostimulatory peptides [5]. Unfortunately, many of these
will not reach clinical trials, due to limited efficacy, toxicity, poor
cost-effectiveness, or even limited availability or lack of funding for
further development.

5 Conclusion

Adjuvants have been an essential component of modern-day vac-
cines for more than a century. While only a few adjuvants are
currently available for human vaccines, many others are under
clinical investigation, as highlighted in this chapter. Ideal adjuvants
have a broad range of effects on the immune system so that they can
effectively activate both humoral and cellular immune responses
but remain safe and well-tolerated for use within the general popu-
lation. Problematically, strong adjuvanting activity, which is
required especially for single-dose vaccines, often infects some
degree of toxicity. Thus, further understanding of how adjuvants
act and their effects on the immune system and normal tissues is
required. Structure–activity relationship studies need to be per-
formed more often to develop safe and efficient adjuvant formula-
tions for the future. Screening of natural product libraries, often
performed for the exploration of new drugs, could present alterna-
tive strategies for adjuvant discovery. For over 60 years, essentially
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only one adjuvant was employed in vaccine constructs for human
use. The addition of several new human-use-approved adjuvants in
just the last two decades, and the huge leap in knowledge relating
to others, therefore, provides reason for excitement for future
advances in the field.
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Chapter 9

Adjuvants: Engineering Protective Immune Responses
in Human and Veterinary Vaccines

Bassel Akache, Felicity C. Stark, Gerard Agbayani, Tyler M. Renner,
and Michael J. McCluskie

Abstract

Adjuvants are key components of many vaccines, used to enhance the level and breadth of the immune
response to a target antigen, thereby enhancing protection from the associated disease. In recent years,
advances in our understanding of the innate and adaptive immune systems have allowed for the develop-
ment of a number of novel adjuvants with differing mechanisms of action. Herein, we review adjuvants
currently approved for human and veterinary use, describing their use and proposed mechanisms of action.
In addition, we will discuss additional promising adjuvants currently undergoing preclinical and/or clinical
testing.

Key words Vaccine, Adjuvant, Immunomodulatory, Human, Veterinary

1 Introduction

Since the advent of the first successful vaccine against smallpox by
Edward Jenner in 1796 [1], vaccines have become our principal
weapon in the battle against infectious disease (e.g., smallpox,
polio, hepatitis). Their ability to prevent disease and protect the
most vulnerable segments of the population (i.e., infants, elderly) is
a major cause for the decrease in mortality and the increase in life
expectancy worldwide in the past century [2, 3]. As our under-
standing of microbial pathogenesis and the immune system has
evolved, so have methods to develop safer and more effective
vaccines. While generally highly efficacious, many of the early vac-
cines based on whole-killed or live attenuated pathogens had safety
concerns, and therefore protein subunit vaccines rose to promi-
nence in the twentieth century as a safer alternative [4]. Subunit
vaccines were shown to mediate protection against many diseases
while eliminating the risk of major side effects (e.g., viral reversion
to an infectious state as with the polio vaccine) [5]. Whereas live
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vaccines rely on the original pathogen’s characteristics (e.g., infec-
tious cycle, molecular patterns) to provoke an immune response,
subunit vaccines based on a single or few types of protein/sugar
molecules may be unable to independently induce sufficient pro-
tective immunity from infection by the target pathogen. As such,
adjuvants (from the Latin word to help: “adjuvare”) have become
critical tools in the development of novel vaccines to fight disease
and improve health, for both humans and animals.

Adjuvants are components included in vaccine formulations to
augment the immune response to the vaccine antigen(s) [4, 6]. The
antigen in turn is a part or mimetic of the pathogen that has been
included to induce targeting by a recipient’s immune response. As
opposed to a live or whole killed vaccine approach, a subunit
vaccine requires some rational design to select the optimal antigen
[7]. The selection of a specific antigen to include in a vaccine
formulation is based not only on its ability to induce an immune
response but also on its biology. In considering whether an immune
response to a particular antigen would prevent infection, the vac-
cine developer may also consider its role in infection (e.g., mediat-
ing internalization by binding to receptor molecule), accessibility
to circulating antibodies, ability to generate T-cell responses,
and/or ability to prevent infection in preclinical challenge models.
The same rational approach must be taken for the adjuvant.

Adjuvants can serve many functions, such as (a) enhancement
of an immune response; (b) dose sparing (generation of sufficient
immunity through a lower antigen dose, increasing vaccine accessi-
bility and/or reducing production costs); (c) orientation toward a
humoral (antibody-based) and/or cellular immune response. As
discussed below, there are different classes of vaccine adjuvants
with different safety profiles and capabilities to induce antigen-
specific antibodies and/or T cells. For example, mineral salts (e.g.,
aluminum phosphate, aluminum hydroxide, calcium phosphate) or
emulsions (e.g., oil-in-water, water-in-oil, or multiphasic water-in-
oil-in-water) are generally more proficient in stimulating an
increase in the antigen-specific antibody response and accompany-
ing T-helper (Th) type 2 response, whereas toll-like receptor (TLR)
agonists (e.g., 3-deacylated monophosphoryl Lipid A (MPL), CpG
oligodeoxynucleotides (ODN)) are more capable of inducing a
Th1 and cytotoxic CD8+ T-cell response [4, 6]. Combination adju-
vant formulations, where adjuvants of different classes are com-
bined (e.g., aluminum salts with MPL), have also been employed
to generate a more balanced Th1/Th2 response.

When selecting an adjuvant for a specific application, many
factors must be considered such as the nature of the pathogen
and whether the vaccine is to be used for a prophylactic/therapeu-
tic application. Certain applications may require the generation of
neutralizing antibodies capable of binding pathogens or toxins to
prevent infection or disease, while others might require a cellular
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response to eliminate the cells within which the infection is persist-
ing. In addition, the safety profile and track record of a particular
adjuvant in the target population (e.g., infant, elderly, pregnant)
will need to be taken into account [8]. Considering the impact of
the disease on a patient or the population at large, there may be
different degrees of tolerance to side effects. While many vaccine
adjuvants have utility in both humans and animals, for veterinary
use cost also becomes a critical factor. This review discusses the
different types of adjuvants already approved for human/veterinary
use, as well as some promising research being conducted preclini-
cally/clinically to develop novel adjuvants.

2 Adjuvants in Approved Human Vaccines

Considering the long history of vaccine use, relatively few adjuvants
have been incorporated into commercialized human vaccines, and
most of these have been in recent years. While the primary objective
of any vaccine adjuvant is to enhance protection from disease,
factors such as (a) compatibility with antigen, (b) safety/reacto-
genicity, and (c) feasibility of large-scale production are important
criteria when selecting an adjuvant at the commercial scale. In this
section, we will describe the qualities of commercialized vaccine
adjuvants, their mechanisms of action, and the vaccines they are
included in (summarized in Table 1).

2.1 Aluminum Salts Aluminum salts (alum) have a long history of use in vaccine for-
mulations; they were the first-approved vaccine adjuvant in humans
and have been in use for over 80 years. Most notably, alum was the
only licensed vaccine adjuvant in use up until 1997 when the oil-in-
water emulsion MF-59 (see below) was also approved for use in the
Fluad® influenza vaccine [4]. From their use in tetanus and diph-
theria toxoid vaccines in the 1930s to modern day vaccines that
protect against influenza, human papillomavirus (HPV), pneumo-
coccus and meningococcus, hepatitis A and B, tetanus, diphtheria,
pertussis, and polio [4, 9], aluminum salts have been a reliable, safe,
easy to produce, and common vaccine ingredient. While early
aluminum containing vaccines were made by precipitating antigen
with insoluble aluminum salts [11], alum containing vaccine for-
mulations have been refined over time for better reproducibility
and are now typically prepared by the adsorption of antigen to
preformed aluminum gels [12, 13]. While the term “alum” is
often used without further description, there are multiple types of
aluminum salts used in vaccine formulations, the most common of
which are aluminum hydroxide (AlHy) and aluminum phosphate
(AlP) [14]. Less common formats such as aluminum hydroxypho-
sphate sulfate are also found in approved vaccines (e.g., Gardasil)
[15]. Several important physicochemical differences between AlHy
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Table 1
Adjuvants approved for use in licensed vaccines

Adjuvant Components

Mechanism of action
and effect on
immunity

Approved for use
against

Select brand names
[9, 10]

Alum Aluminum
hydroxide,
aluminum
phosphate,
aluminum
hydroxyphosphate
sulfate

Provides antigen
depot effect.
Promotes release of
DAMPs. Promotes
Th2 type immune
responses and
enhances antibody
responses

Diphtheria, tetanus,
pertusis, polio,
Hemophilus
influenza type B,
hepatitis A,
hepatitis B,
meningococcal
type B,
pneumococcal
disease, anthrax,
human
papillomavirus
(HPV), influenza

Td Adsorbed®,
Boostrix®,
Adacel®, Adacel-
polio®, Kinrix®,
Havrix®,
Infanrix® hexa or
IPV/HiB,
Quadracel®,
Bexsero®,
Prevnar®

13, Avaxim®,
Vivaxim®,
Pediacil®,
Pentacel®,
Menjugate®,
Vaqta®, Engerix®

- B, Recombivax
HB®, Gardasil®,
Ixiaro®

CpG Synthetic
unmethylated
cytosine-guanine
oligonucleotides

TLR9 agonist.
Plasmacytoid DC
(pDC) maturation,
B- and T-cell
activation.
Promotes mixed
Th1/Th2
responses

Hepatitis B Heplisav-B®

MF59 Squalene-based oil-
in-water
nanoemulsion

Emulsion causes the
activation of
macrophages and
DCs. Activation of
B and effector
CD8+ T cells

Influenza Fluad®

AS04 MPL adsorbed onto
aluminum
hydroxide or
aluminum
phosphate

Enhances antigen
uptake and immune
activation through
TLR4 signaling.
Activation of T- and
B-cell responses,
mixed Th1/Th2
responses

Hepatitis B, human
papillomavirus

Fendrix®

Cervarix®

(continued)
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and AlP must be considered when deciding how to pair a particular
vaccine antigen with alum. First, AlHy and AlP have differing
points of zero charge: 11 and 4.0–5.5, respectively. As such, at
neutral pH (typical of commercial formulations), they have differ-
ent surface charges (positive and negative, respectively); since mole-
cules typically bind better to oppositely charged salts, a vaccine
protein antigen would likely have a stronger affinity to one or the
other based on its own charge [14, 16]. Second, the choice of
buffer can also reduce the adsorptive surface of alum. For example,
AlHy has a strong affinity for phosphate and fluoride, a moderate
affinity to sulfate, and a low affinity for chloride and nitrate
[13, 17]; therefore, buffers containing these could affect protein
adsorption. In the case of AlP, using a non-phosphate solution will
reduce the number of surface phosphate groups and increase the
point of zero charge [13, 18], reducing the adsorptive rate of
positively charged protein antigens. Finally, differing
manufacturing conditions can impact the degree of alum crystallin-
ity affecting antigen adsorption and downstream immunogenicity

Table 1
(continued)

Adjuvant Components

Mechanism of action
and effect on
immunity

Approved for use
against

Select brand names
[9, 10]

AS03 Squalene oil-in-water
emulsion with
Tween 80 and
vitamin E

Enhances antigen
uptake, increases
cytokine and
chemokine
expression.

Enhances antibody
responses, supports
Th2 CD4+ T cells

Pandemic influenza
strains

Pandemrix®

Arepanrix®

AS01 QS-21, MPL, and
cholesterol-based
DOPC liposomes

Activation of APCs,
costimulation of T
cells.
Pro-inflammatory,
mixed Th1/Th2
immune responses

Herpes zoster, malaria Shingrix®

Mosquirix™

Virosomes Reconstituted
influenza
virosomes

Enhances APC
activation and
uptake. Stimulates
antibody responses,
CD8+ T-cell
responses and a
balanced Th1/Th2
CD4+ T-cell
response

Hepatitis A Epaxal®

APC antigen-presenting cell, DAMP damage-associated molecular pattern, DC dendritic cell, DOPC dioleoylpho-

sphatidylcholine, MPL monophosphoryl lipid A, Th T helper cell

Adjuvants for Human and Veterinary Vaccines 183



[19]; therefore, it is best to commit to one source when using
alum-based adjuvants.

Alum’s long history of use in vaccines has provided strong
evidence of a generally positive safety profile and is likely partially
responsible for the lack of initial investigation into alum’s mecha-
nism of action. More recently, there has been a renewed interest to
decipher alum’s mechanism of action, especially as alum has been
found to act synergistically with other immunostimulants and has
been included in new combinatorial adjuvant formulations, such as
in AS04 [20] and with CpG [21, 22] (see below). It was originally
thought that the adjuvant activity of alum was due simply to the
physical adsorption of antigen to alum, resulting in an antigen
depot effect where antigen was retained at the injection site and
released slowly over time. Indeed, this was supported by studies
comparing adsorbed versus nonadsorbed formulations. For exam-
ple, adsorption of three Streptococcus pneumoniae (Sp) vaccine anti-
gens to AlHy induced higher antibody concentrations than when
antigens were administered with AlP with no stable interactions
[23]. However, it also appears that there are other mechanisms
involved in the adjuvanticity of aluminum salts. Thus far, there
have been no receptors identified through which alum can directly
signal through, but recent studies have revealed that alum pro-
motes local necrosis in vaccinated muscle tissue [24]. It has been
widely reported that after vaccination an alum granuloma can form
which promotes short-term inflammation and cell death [25]. The
resulting cell death is thought to release endogenous danger sig-
nals, such as uric acid crystals [26] and host DNA [27, 28]. These
damage-associated molecular patterns (DAMPs) are known to con-
tribute to pro-inflammatory responses and immune cell recruit-
ment that can promote the induction of Th2-type responses,
typical of alum containing vaccine formulations. Nalp3 inflamma-
somes have been identified as essential to the adjuvanticity of alum
and can be activated by crystalline uric acid [29]. NALP3 inflam-
masomes regulate the release of pro-Th2 cytokines IL-1 and IL-33
which can explain why alum favors the induction of Th2 responses
[29–31]. Multiple studies demonstrate that inclusion of an alum
adjuvant will generally induce an overall improvement in humoral
responses to the antigen, resulting in an enhancement of antigen-
specific antibody responses and a skewing of CD4+ T-cell responses
toward a Th2 phenotype [32, 33]. While Th2-skewed immune
responses are proficient in protecting against extracellular infection
and parasites, they are often not sufficient to protect against intra-
cellular infections which require the activation of cellular immune
responses. Accordingly, combination adjuvant approaches, where
alum is combined with Th1-inducing molecules such as MPL or
CpG, have been employed to generate more balanced Th1/Th2
immune responses thought to be necessary for protection against
intracellular pathogens [21, 22].
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2.2 Oil-in-Water

Emulsion MF59

MF59 is a squalene-based oil-in-water nanoemulsion vaccine adju-
vant originally developed by Chiron Corporation and then acquired
by Novartis in 2006. It was first approved in Europe in 1997 as part
of the influenza vaccine, Fluad®. Generally considered to be the
second vaccine adjuvant (after alum) approved for use in humans
and the first approved oil-in-water human vaccine adjuvant; the
successful use of MF59 during the 2009 influenza pandemic (Foce-
tria® by Novartis) solidified its good safety profile, and as such, it is
now approved and licensed for use in influenza vaccines in
38 countries [34, 35]. In the US and Canada, Fluad® is currently
licensed for those over the age of 65 years who are most at risk of
morbidity and mortality due to influenza and has been found to be
51% effective in reducing influenza-related hospital admissions in
this age group [36]. In some countries including Canada, MF59-
adjuvanted influenza vaccines (e.g., Fluad Pediatric®) are also avail-
able to another high risk cohort: children aged 6 months to 2 years.
While not currently approved for use in Canada and the US for
those aged 2–65 years, a meta-analysis by Yang et al. suggests there
is evidence that the MF59-adjuvanted flu vaccine confers better
immunogenicity compared to non-adjuvanted inactivated flu vac-
cines in those aged 7–64 years [37]. MF59 is an oil-in-water
formulation containing the biodegradable oil squalene and the
nonionic surfactants Tween 80 and Span 85, as well as trisodium
citrate dihydrate [34, 38]. It was initially developed as a safe alter-
native to the highly reactogenic Freund’s complete/incomplete
adjuvants, through the use of the naturally occurring biodegradable
oil squalene, as well as less toxic nonionic surfactants. By opting for
an oil-in-water formulation, the designers were also able to reduce
the amount of oil in the formulation compared to the water-in-oil
emulsion found in Freund’s adjuvants. In addition, the use of small
droplets in the formulation reduced viscosity and improved stability
[38]. Squalene is a triterpene hydrocarbon (C30H50) with a com-
plex structure that is found to be naturally occurring in humans as
part of the steroid hormone biosynthetic pathway as a direct pre-
cursor for cholesterol [34]. It is also a common component of the
human diet and thus can be readily metabolized. MF59 is made by
dispersing Span 85 in squalene and Tween 80 in aqueous buffer.
The oil and water solutions are then mixed and passed through a
microfluidizer to form an oil-in-water emulsion with uniform dro-
plets of 160 nm [34]. Since the individual components of MF59 do
not have adjuvant activity, it is the resulting oil-in-water emulsion
that confers the adjuvant effect of MF59 [34]. MF59 enhances the
immune response through the activation of tissue resident macro-
phages and dendritic cells (DCs) at the injection site. Following the
release of chemokines, there is enhanced immune cell (including
monocytes/macrophages) recruitment to the injection site, that in
turn increases the transport of antigen to the draining lymph nodes
leading to the activation of T and B cells [39]. MF59 allows for dose
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sparing [40], enhances protective immunity against antigenically
drifted viruses [41], and is also proven to drive strong and broad
memory B- and T-cell responses [42, 43]. In 2000, there were
reports that MF59 containing vaccines may be linked to “Gulf
War syndrome,” through the induction of anti-squalene responses
[44]. These reports have since been disproven; while many people
naturally have low levels of anti-squalene antibodies, MF59 was
found to neither enhance nor induce anti-squalene titers
[45]. MF59 is also currently being investigated in clinical trials as
a vaccine adjuvant for the prevention of HIV [46], Pandemic
H5N1 [47], and SARS-CoV-2 [48].

2.3 CpG

Oligodeoxynucleotides

With the approval of the second-generation hepatitis B vaccine,
Heplisav-B®, in 2017, synthetic CpG ODN became the latest
adjuvant class to be approved by the FDA. Heplisav-B® utilizes
the CpG-based ISS 1018 adjuvant to augment responses to hepati-
tis B surface antigen and was shown to be more immunogenic
following two immunizations than the previously approved alum-
adjuvanted vaccine formulation Engerix®-B following a three-dose
vaccination regimen [49]. Despite only recently gaining approval
for use in a vaccine, CpG ODNs have long been demonstrated to
induce potent immunostimulatory responses as they have been
designed to mimic bacterial DNA through the inclusion of
unmethylated C-G dinucleotides [50, 51]. Unlike eukaryotic
DNA, prokaryotic DNA is known to contain substantial amounts
of unmethylated C-G dinucleotides, which is recognized as a
pathogen-associated molecular pattern (PAMP) in humans and
other mammals. When bacterial DNA is released during an infec-
tion, the unmethylated CpG motifs bind the TLR9 protein found
in the endosome of certain innate immune cells triggering a cas-
cading protective immune response [52]. Synthetic CpG oligo-
deoxynucleotides (ODNs) consisting of 20–30 bases of single-
stranded DNA containing unmethylated C-G dinucleotides were
developed for use as single agents for cancer immunotherapy or as
vaccine adjuvants. Four classes have been described thus far: A,
B, C, and P. Each type differs structurally and triggers disparate
immune responses. A-type CpG ODNs (also known as D-type)
possess a mixed phosphodiester/phosphorothioate backbone and
contain a single CpG motif flanked by palindromic sequences and
poly G tails at both the 30 and 50 ends [53]. The phosphorothioate
backbone helps to protect the ODNs from degradation by
nucleases. A-type ODNs trigger the maturation of plasmacytoid
dendritic cells (pDCs) and secretion of IFN-α but do not have an
effect on B cells [54]. B-type CpG ODNs (also known as K-type)
include ISS 1018 (found in Heplisav-B®) and CPG 7909 (included
in the third-generation anthrax vaccine, NuThrax™ currently in
phase 3 clinical trials). B-type CpG ODNs contain multiple CpG
motifs on a phosphorothioate backbone and have been shown to
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trigger the production of TNF-α by pDCs, the proliferation of B
cells and the production of IgM [52, 55]. C-type CpG ODNs
resemble B-type in that the backbone is composed entirely of
phosphorothioate nucleotides, but they also contain the palin-
dromic CpG motifs present in A-type CpG ODNs. As such, the
activation profile of C-type CpGs includes the stimulation of B cells
to produce IL-6 (similar to B-type CpG) and pDCs to produce
IFN-α (similar to A-type CpG) [52, 56, 57]. The fourth class of
CpG, P class, with two palindromic sequences and a propensity to
formmultimeric units, has also been described. Partially combining
the effects of the other three CpG ODN types, P class ODNs
activate both B cells and pDCs and stimulate more IFN-α than
C-Class ODNs [58]. CpG ODNs are also being investigated as
therapeutic agents against multiple cancer indications [59, 60], and
in vaccines against malaria [61], hookworm [62], and SARS-CoV-
2 [22, 63, 64]. The combination of CpG and alum has been shown
in multiple preclinical studies to have potent synergistic activity
[65–67], as a result this combination was chosen by Valneva SE
[22], Sichuan Clover Biopharmaceuticals Inc. [63], and Medigen
Inc. [64] for evaluation in their vaccine formulations against SARS-
CoV-2.

2.4 Adjuvant

Systems by

GlaxoSmithKline (GSK)

With the discovery of new immunostimulants and a better under-
standing of their mechanism of action, it became possible to
develop combination adjuvants that achieve additive and even syn-
ergistic responses not possible with a single adjuvant. The Adjuvant
Systems concept was pioneered in the 1990s by GlaxoSmithKline
(GSK) when classical adjuvants such as alum, liposomes, and oil-in-
water emulsions were combined with relatively newer immune-
modulators such as MPL, QS-21 (a saponin derived from the
soap bark tree Quillaja saponaria), or CpG [68]. During their
development, these Adjuvant Systems were evaluated based on
their (a) ability to induce stronger immune responses compared
to antigen alone or alum-adjuvanted formulations; (b) safety profile
and local reactogenicity; and (c) ease to manufacture in a highly
reproducible manner [68]. Ten Adjuvant System families were
created over 5 years through combining adjuvants and establishing
stable formulations; it was noted early on that the formulation
method was just as important as choice of adjuvant for the creation
of an effective Adjuvant System [68]. Of the ten adjuvant families,
three have been licensed for use in human vaccines, thus far includ-
ing AS01, AS03, and AS04.

2.4.1 AS04 AS04 was the first Adjuvant System candidate approved for use in
humans by the European Medicine Agency in 2005 as part of the
Hepatitis B vaccine, Fendrix®. In the US and Canada, AS04-
adjuvanted vaccine formulations were first approved in
2009–2010 with the HPV vaccine, Cervarix®. AS04 is formulated
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by adsorbing the water-insoluble MPL onto either AlHy as is found
in Cervarix® or onto AlP in the case of Fendrix®. MPL is a detox-
ified derivative of bacterial lipopolysaccharide (LPS), isolated from
Salmonella minnesota R595 strain [69–71]. During
manufacturing, the MPL is first adsorbed onto alum before addi-
tion of the antigen. This overcomes MPL’s insolubility in water and
also enhances the manufacturing reproducibility by ensuring that
similar amounts ofMPL are bound to each alum particle. AsMPL is
a derivative of LPS, it retains some of the latter’s ability to signal
through the pattern recognition receptor (PRR) TLR4 [72–76],
albeit to a weaker degree (likely due to the absence of the
1-phosphate molecule on MPL) [77]. MPL is the main driver of
AS04’s ability to enhance immune responses by inducing local
inflammation, enhanced antigen uptake by antigen-presenting
cells (APCs) and activation of T- and B-cell responses [20]. While
alum-adjuvanted vaccines induce a predominant Th2 response, the
addition of MPL shifts the response to more of a Th1 bias [38],
which supports the activation of the CD4+ and CD8+ T-cell
responses involved in efficacious anti-viral immune responses. In
addition to addressing MPL’s solubility issues, alum helps provide
an antigen depot effect thought to prolong immune responses as
described above.

2.4.2 AS03 AS03 gained widespread approval in influenza vaccines due to their
successful use as part of the response to the 2009H1N1 and H5N1
influenza pandemic as a component of the Pandemrix® and Are-
panrix® vaccines [78]. Similar to MF59, AS03 is a squalene-based
oil-in-water emulsion made with Tween 80 and also the immune-
enhancer alpha-tocopherol (vitamin E). AS03 was selected among
many tested oil-in-water emulsion-based formulations based on its
strong adjuvanting properties as well as its stability profile and
manufacturing reproducibility [68]. Vitamin E was included in
AS03 because of its known immune-stimulating properties, which
include increased antigen uptake by monocytes and induction of
cytokine/chemokine expression [79, 80]. AS03 is a good option
for antigen dose sparing as it enhances antibody responses by
activating Th2 cells that in turn support B-cell responses
[80]. AS03’s use in the 2009 influenza pandemic vaccines was
due to (a) its ability to induce high antibody responses, considered
a correlate of protection for influenza; and (b) its relative ease to
produce using components that are readily sourced. After the mass
vaccinations campaigns of this pandemic, it was reported that nar-
colepsy was associated with one of the vaccine formulations, Pan-
dremix®, but not Arepanrix®. Further investigation by the Swedish
Medical Products Agency and the Finnish National Institute for
Health and Welfare determined that the association between Pan-
dremix® vaccination and narcolepsy was valid with a 12.7-fold

188 Bassel Akache et al.



increase in cases of narcolepsy among vaccinated children
[81, 82]. Multiple factors were considered to help better under-
stand the link between the increased incidence of narcolepsy and
the vaccine, in addition to the difference in safety profiles between
the two AS03-adjvuanted formulations. As the Pandremix® vaccine
was approved for use in Europe while the wild-type H1N1 virus
was still in circulation; it was possible that recently infected persons
received that vaccine. In contrast, the Arepanrix® vaccine, which
was approved for use and manufactured in Canada, was deployed
later when the wild-type virus was no longer circulating as exten-
sively. It was theorized that antigen mimicry (due to similarity in
H1N1 and hypocretin-derived peptides) may have played a role in
the induction of narcolepsy. Specifically, H1N1-specific CD8+ T
cells induced from natural infection may have become reactivated
during vaccination and attacked the hypocretin producing neurons,
leading to symptoms similar to narcolepsy [81]. While the
European Medicines Agency concluded there was still a favorable
benefit–risk profile for the continued use of Pandremix®, it has
since been withdrawn by GSK [78]. It should be noted that AS03
was not found to be the direct cause of the observed narcolepsy,
rather its intrinsic ability to induce antigen-specific immune
responses that could have led to a recall of hypocretin-reactive
memory CD8+ T cells. As such, AS03 is still considered a useful
adjuvant in particular for vaccines that require strong antibody
responses; as such, it is currently under investigation in multiple
active phase 2/3 clinical trials for SARS-CoV-2 vaccines [63, 83,
84].

2.4.3 AS01 The AS01-based adjuvant system was approved for use in Europe in
2015 as part of a malaria vaccine, Mosquirix® (AS01). It was first
approved in the US and Canada in 2017 as a component of the first
non-live shingles vaccines, Shingrix® (AS01B). AS01 and AS01B are
made by combining QS-21, MPL (as in AS04), and cholesterol-
based dioleoyl phosphatidylcholine (DOPC) liposomes. QS-21 is a
highly complex triterpene glycoside (saponin) with branched sugar
chains and is acylated at the 4-hydroxyl position on fucose with two
ester-linked 3,5-dihydroxy-6-methyl-octanoic acids [85]. AS01
and AS01B contain identical components (MPL, QS-21, DOPC,
and cholesterol), only the amount of each differs in the final adju-
vant formulations [86]. QS-21 is known to induce
pro-inflammatory Th1/Th2 immune responses, yet its mechanism
of action is complex and has not been fully elucidated. QS-21 is
thought to activate macrophages and DCs via the NLRP3 inflam-
masome. However, QS-21 still induced high antigen-specific T-cell
and antibody responses in NLRP3-deficient mice [87], suggesting
another mechanism of action for its adjuvanticity must be present.
QS-21 does not cause an antigen depot effect, and it does migrate
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from the injection site independently of antigen. It can be found at
draining lymph nodes, where it may provide direct co-stimulation
for T-cell activation [88, 89]. It was once thought that the
immune-stimulating properties of QS-21 were mediated through
its lytic ability to form pores in the cell membrane. As these lytic
properties were also shown to induce hemolysis, there was concern
that they could contribute to severe reactogenicity at the injection
site. As such, AS01 was formulated with cholesterol-based lipo-
somes that quenched the lytic function of QS-21, while maintain-
ing its adjuvant effect. The quenched QS-21 was also found to be
more stable at higher pH and at temperatures above 37 �C when
compared to the unquenched version [68]. While AS01 is a rela-
tively new addition to the approved adjuvant arsenal, it was one of
the first Adjuvant Systems created, initially for use in a potential
HIV vaccine. It is now currently being assessed in numerous Phase
2/3 clinical trials for various indications, including Mycobacterium
tuberculosis [90], malaria [91–94], and glioblastoma
multiforme [95].

2.5 Virosomes Virosomes were first approved for use as a vaccine adjuvant in 1996
as part of a hepatitis A vaccine Epaxal® [4, 96] which was registered
for use in most countries of the EU, the Americas, and Asia.
Notably, it was the first adjuvanted vaccine to be approved that
did not contain alum. Epaxal® is made with a whole-virus prepara-
tion of formalin-inactivated hepatitis A virus (HAV) (strain RG-SB)
adsorbed to reconstituted influenza virosomes (IRIVs) isolated
from the influenza A/Singapore H1N1 strain [97]. Epaxal®

induces potent anti-HAV immune responses within 10 days of
immunization [98] and is considered more tolerable than conven-
tional alum adsorbed vaccine formulations [99, 100]. Recently, a
20-year follow-up study of healthy vaccinated participants revealed
that two doses of Epaxal® provided protection against hepatitis A
infection for at least 30 years [101]. While still recommended for
use by the WHO and approved for use in many countries, the
production of Epaxal®, now owned by Janssen-Cilag, has been
discontinued [102].

3 Adjuvants in Approved Veterinary Vaccines

As with humans, vaccination is an effective and widely used
approach to control and prevent disease in multiple animal species.
While adjuvants may work equally well in animals and humans due
to similarities in our immune systems, they may be employed to
different degrees in human vs. veterinary vaccines. This is due to
many factors, but in general, different tolerances for cost and safety
will influence whether an adjuvant is suitable for human and/or
veterinary vaccines. Human vaccine candidates are generally
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required to go through formal toxicity studies in animals followed
by several phases of clinical trials (I, II, III) involving increasingly
larger numbers of human participants to properly demonstrate
vaccine safety and efficacy in the target population. In contrast,
licensure of veterinary vaccines is routinely granted upon providing
more limited safety and vaccine efficacy data, typically generated
through challenge studies involving much smaller cohorts
[103]. Due at least in part to cost constraints but also to a lower
concern for rare side effects, cohort sizes in animal vaccination
studies are typically much smaller than those seen in human trials.
As there are frequently lower ethical concerns with regard to con-
ducting infectious challenge studies in veterinary applications, it is
possible to demonstrate vaccine efficacy more efficiently by directly
administering the target pathogen to the animal trial test subjects.
As the development costs of human vaccines are higher, it is not
surprising that the marketed product would generally need to be
more expensive if the developer is looking to recuperate these costs
and generate a profit. In fact, the cost of human and animal vaccines
can vary by several orders of magnitude [103]. Another factor
influencing veterinary vaccine pricing is the inherent value to the
end user. For example, the nature of the animal (e.g., companion
animal vs. livestock) will influence the amount the owner is willing
to spend on a vaccine. In the case of livestock, if the cost of a
prospective vaccine was found to be higher than the expected profit
to be gained from the particular animal, it would be a non-starter in
the marketing/deployment of the vaccine [103]. As such, there is
more focus on the use of relatively inexpensive and stable ingredi-
ents, including adjuvants, when developing many veterinary vac-
cines. With regard to vaccine safety, short-term impacts on overall
animal health may be more acceptable with veterinary vaccines and
adjuvants. In addition, other parameters, such as the impact of
vaccine formulations on the quality of meat, may be important to
consider when developing vaccines for livestock [104]. If the value
of the animals to the owner (i.e., pets) or impact of the disease
(necessitating a mass culling of infected or exposed livestock) is
more substantial, more expensive formulations may be viable
[105]. A recent example of high commercial cost of an infectious
disease outbreak is the culling of mink farms to minimize the spread
of new mutant strains of SARS-CoV-2 [106]. Another conse-
quence of veterinary vaccines’ lower price/profit margin is a lower
level of investment in the characterization of veterinary vaccines.
Generally, there is more focus on simply demonstrating efficacy
(e.g., mortality/abortion rates of a vaccinated vs. unvaccinated
herd, etc.) than, for example, on defining specific correlates of
protection [103]. Overall, this results in less available information
on veterinary vaccines and/or adjuvants, which may be reflected in
some of the sections below.
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3.1 Mineral Salts As with human vaccines above, aluminum salts have been used
extensively in veterinary vaccines for many years. Their relatively
low cost and immunostimulatory properties have led to their use in
many commercially licensed vaccines either alone or in combination
with oil/polymers (Table 2). In addition, calcium phosphate and
uric salts have also been used as effective adjuvants in vaccine
models of relevant diseases, such as equine, swine, and highly
pathogenic avian influenza virus strains [107–109].

3.2 Emulsions Emulsion-based adjuvants have been used extensively within veter-
inary vaccines due to their ability to induce robust immune activa-
tion, while requiring relatively simple and low-cost production
methods. As discussed above withMF59 and AS03, adjuvant emul-
sions are typically formed by the mixing of immiscible solvents (i.e.,
oil and water) with the assistance of a surfactant, usually a gentle
detergent. Owing to the amphipathic nature of a surfactant, it will
generate a micellar solution to stabilize the emulsion. This will
result in differing effects depending on the formulation of the
emulsion.

Water-in-oil emulsions are composed of a majority oil and
minority water components. Emulsifying this type of solution will
result in water droplets surrounded by an oil phase. Given the
aqueous solubility of vaccine components (i.e., nucleic acids, pro-
teins, inactivated pathogens, etc.), most antigens will be entrapped
within these water droplets. Consequently, the mechanism of
action of water-in-oil emulsions is hypothesized to be a depot
effect, where antigen is slowly released from the injection site over
time [111]. The water-in-oil emulsion-based Freund’s adjuvant has
been used for decades in research, but is not in any approved human
or veterinary vaccines due to its high reactogenicity and potential to
generate lesions and granulomas [112]. The company Seppic SA
offers alternative water-in-oil emulsions under the Montanide™
brand, which display lower reactogenicity, while maintaining
some of the potency of Freund’s adjuvants [113]. There are a
multitude of these Montanide™ formulations that are either
being tested clinically for human use (see Subheading 4.1) or mar-
keted specifically as veterinary adjuvants. The latter includes the
more synthetic water-in-lipophilic polymer emulsions, such as
Montanide™ ISA 760VG. These adjuvants have been successfully
employed in the field in a variety of animals and pathogens
[108, 114, 115].

As their namesake suggests, oil-in-water emulsions are a major-
ity aqueous solution with a minority oil component that results in
the micellar component being oil-based. Consequently, the sur-
rounding water phase contains the water-soluble immunostimula-
tory materials that are released immediately post-administration of
the vaccine. As mentioned above, studies with the MF59 adjuvant
suggest that their adjuvant activity relies on the rapid attraction of
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Table 2
Licensed veterinary vaccines that contain aluminum salt-based adjuvantsa

Adjuvant Vaccine Type Pathogen (# of species) Animal

Aluminum hydroxide Bar Somnus 2P™ Inactivated
bacteria

Haemophilus, Mannheimia,
Pasteurella

Cattle

Biocom®-P Killed virus and
inactivated
bacteria/
toxoid

Mink enteritis virus,
Clostridium and
Pseuodomonas

Mink

Biovac® Killed virus Mink enteritis virus Mink
Botumink® Inactivated

bacteria/
toxoid

Clostridium Mink

Bovib-Lepto 5 Inactivated
bacteria

Campylobacter, Leptospira (5) Cattle

Campylobacter
Fetus-Jejuni
Bacterin-Ovine

Inactivated
bacteria

Campylobacter (2) Sheep

CattleMaster®

4+VL5
Modified live
and killed
virus,
inactivated
bacteria

Bovine rhinotracheitis/
diarrhea virus,
parainfluenza-3-respiratory
syncytial virus,
Campylobacter, Leptospira

Cattle

Durvac Past HM Inactivated
bacteria

Mannheimia, Pasteurella Cattle/
sheep/
goats

Essential 1,
2(+P), 4

Inactivated
bacteria

Clostridium (4), Mannheimia,
Pasteurella

Cattle/
sheep/
goats

Haemo Shield® P Inactivated
bacteria

Actinobacillus, Pasteurella Swine

Mannheimia
Haemolytica-
Pasteurella
Multocida
Bacterin

Inactivated
bacteria

Mannheimia, Pasteurella Cattle/
sheep/
goats

Para Shield™ Inactivated
bacteria

Haemophilus Swine

Parapleuro
Shield® P

Inactivated
bacteria

Actinobacillus, Haemophilus,
Pasteurella

Swine

Parvo Shield™
L5E

Killed virus and
inactivated
bacteria

Parvovirus, Erysipelothrix, and
Leptospira (5)

Swine

Porcine Pili
Shield™

Inactivated
Escherichia
coli

Escherichia (4) Swine

Resvac®

4/Somubac®
Modified live
and killed
virus,
inactivated
bacteria

Bovine rhinotracheitis/
diarrhea virus,
parainfluenza-3-respiratory
syncytial virus, Haemophilus

Cattle

Swine

(continued)
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monocytes and macrophages, leading to differentiation and matu-
ration toward antigen-presenting cell functions [116, 117]. Multi-
ple manufacturers have developed their own versions of oil-in-water
emulsions for veterinary applications including Seppic, which also
has a variety of oil-in-water emulsions (similarly under the Mon-
tanide™ brand). MVP adjuvants has several versions of Emulsigen®

Table 2
(continued)

Adjuvant Vaccine Type Pathogen (# of species) Animal

Rhini Shield™
TX4

Inactivated
bacteria/
toxoid

Bordetella, Erysipelothrix,
Pasteurella

Salmonella
Dublin-
Typhimurium
Bacterin

Inactivated
bacteria

Salmonella (2) Cattle

Scourmune®-C Inactivated
bacteria/
toxoid

Clostridium, Escherichia Swine

Serpens Species
Bacterin

Inactivated
bacteria

Aquaspirillum Cattle

Somnu Shield™ Inactivated
bacteria

Haemophilus Cattle

Somubac® Inactivated
bacteria

Haemophilus Cattle

Strepvax® II Streptococcus
equi extract

Streptococcus Horses

Potassium alum Bar Vac®

7/Somnus
Inactivated
bacteria/
toxoid

Clostridium (6), Haemophilus Cattle

Tasvax® 8 Inactivated
bacteria/
toxoid

Clostridium (8) Cattle/
sheep

Emunade® (oil-in-
water emulsion and
aluminum
hydroxide
combination)

M+PAC® Inactivated
bacteria

Mycoplasma Swine

MaxiVac Excell®

5.0
Killed virus Swine influenza virus (2) Swine

Aluminum hydroxide
and DEAE-dextran
combination
(polymer)

Vepured® Escherichia coli
subunit

Escherichia Swine

Aluminum hydroxide
and oil combination

Endovac-Porci®

with
Immuneplus®

Inactivated
bacteria/
toxoid

Salmonella Swine

aDerived from compendium for veterinary products approved for use in Canada and USA [110]. This may be a partial list

as the majority of licensed veterinary vaccines did not disclose the nature of the adjuvant used
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adjuvants, while Amphigen® (mineral oil/soy lecithin) and MetaS-
tim® (squalene) are used within licensed Zoetis vaccines such as
FluSure® Pandemic, RespiSure-One® and FarrowSure® Gold
which immunize pigs against pandemic H1N1 influenza, Myco-
plasma hyopneumoniae, and a combinatorial vaccine against porcine
parvovirus and bacterial leptospirosis and erysipelas, respectively. It
is unclear how the specific ingredients of these various adjuvant
compositions differ due to the proprietary and/or undisclosed
nature of these patented formulations. Some of the different types
of emulsions used in commercially licensed veterinary vaccines are
listed in Table 3. While most of these vaccines utilize a single
emulsion-based adjuvant, there are examples of emulsions being
combined successfully with other adjuvant types.

A more complex preparation method was investigated to create
water-in-oil-in-water emulsions that may combine the immunosti-
mulatory effects of both water-in-oil and oil-in-water emulsions. In
this preparation, water droplets exist within oil droplets which are
surrounded by a phase of aqueous solution, allowing for immediate
and slow release of antigen. This type of adjuvant was identified to
reduce the adverse effects of water-in-oil emulsions, while main-
taining a robust immune response [118]. There are several of these
emulsions offered by Seppic that are commercially available for
veterinary vaccine research: both Montanide™ ISA 201 and
206 water-in-oil-in-water emulsions have been used in multiple
studies, displaying different degrees of effectiveness [115, 119–
121]. The more limited use of these types of adjuvants in commer-
cial vaccines may be indicative of the lower stability of the multi-
emulsion system.

3.3 Liposomes The generation of liposomes in solution is similar to the principle of
generating an oil-in-water emulsion. The main structural difference
being that the emulsion contains micelles with a lipid monolayer,
whereas a liposome will be composed of droplets with lipid bilayers,
not unlike that of a cellular membrane. Depending on the nature of
the lipid, the polar head group can be either positively or negatively
charged, which allows for the potential of electrostatic attraction or
repulsion of liposomes with cell membranes, respectively. Further-
more, liposomes can be generated to include nucleic acid, lipid, or
protein molecules in the interior or on the surface of the vesicle
[122]. This allows for liposomes to be used as both an adjuvant
and/or a delivery tool, which has been shown to elicit an effective
immune response with subunit and DNA vaccines in livestock
[123, 124]. The effective use of liposomes is illustrated by the use
of cationic lipids to deliver live Newcastle disease virus of a com-
mercial vaccine (La Sota®), leading to an enhanced immune
response in chickens when compared to the liposome free vaccine
[125]. Additionally, Victrio™ and Zelnate® are liposomal
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Table 3
Licensed veterinary vaccines that contain emulsion-based adjuvantsa

Adjuvant Vaccine Type Pathogen (# of species) Species

Amphigen® ER Bac Plus® Inactivated
bacteria

Erysipelothrix Swine

FluSure® XP™ Inactivated virus Swine influenza virus Swine
Respisure
(-One®/ER
Bac Plus®)

Inactivated
bacteria

Erysipelothrix, Mycoplasma Swine

DD-2™ Alpha-7/MB-1® Inactivated
bacteria/
toxoid

Clostridium (6), Moraxella Cattle

Alpha-CD™ Toxoid Clostridium (2) Cattle

Emulsigen® Emulsibac® APP Inactivated
bacteria

Actinobacillus (3) Swine

Emulsigen® D Nuplura™ PH Inactivated
bacteria/
toxoid

Mannheimia Cattle

MetaStim® Core EQ
Innovator®+ V

Killed virus and
inactivated
bacteria/
toxoid

Encephalomyelitis virus,
rabies virus/West Nile
virus, Clostridium

Horse

Equivac®

Innovator
EHV-1/4

Killed virus Equine herpes virus 1/4 Horse

Fluvac Innovator®

(1-6)
Killed virus and
inactivated
bacteria/
toxoid

Encephalomyelitis virus,
rhinopneumonitis-influenza
viruses, Clostridium

Horse

Fostera® PCV
MetaStim®

Killed virus Porcine circovirus Swine

Lepto EQ
Innovator®

Inactivated
bacteria

Leptospira Horse

Pyramid® 3/5
(+ Presponse®

SQ)

Modified live
virus (/
toxoid)

Bovine rhinotracheitis/
diarrhea virus,
parainfluenza-3-respiratory
syncytial virus, Mannheimia

Cattle

Tetanus Toxoid Inactivated
bacteria/
toxoid

Clostridium Horse,
Sheep,
Swine

West Nile-
Innovator®

(VEWT)

Killed virus (and
inactivated
bacteria/
toxoid)

Encephalomyelitis virus, West
Nile virus, Clostridium

Horse

Mineral oil Campylobacter
Fetus Bacterin-
Bovine

Inactivated
bacteria

Campylobacter Cattle

Chlamydia
Abortus
Bacterin

Inactivated
bacteria

Chlamydia Sheep

(continued)
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Table 3
(continued)

Adjuvant Vaccine Type Pathogen (# of species) Species

Oil-based emulsion Avian Influenza
Vaccine

Killed virus Avian influenza virus Chicken

Bovilis® J-5 Inactivated
bacteria

Escherichia Cattle

Breedervac-(IV®/
Reo)-Plus

Killed virus Infectious bursal disease virus,
Newcastle disease virus,
infectious bronchitis disease
virus and reovirus

Chicken

Bron-
Newcavac™-SE

Killed virus and
inactivated
bacteria

Newcastle disease virus,
infectious bronchitis virus,
Salmonella

Chicken

Bursa Guard
(Reo/N-B-R)

Killed virus Infectious bursal disease virus,
Newcastle disease virus,
infectious bronchitis disease
virus and reovirus

Chicken

Circovac® Killed virus Porcine circovirus Swine
Circumvent®

PCV (-M G2)
Killed virus (and
inactivated
bacteria)

Porcine circovirus,
Mycoplasma

Swine

Corvac-3® Inactivated
bacteria

Haemophilus (3) Chicken

Endovac-(Beef®/
Dairy®) with
ImmunePlus®

Inactivated
bacteria

Salmonella Cattle

Forte Micro™ Inactivated
bacteria

Aeromonas, Vibrio (3) Salmonid

Forte V II™ Killed virus and
inactivated
bacteria

Infectious salmon anemia
virus, Aeromonas, Vibrio (3)

Salmonid

Gallimune®

NC-BR
Killed virus Newcastle disease virus,

bronchitis virus
Chicken

J-5 Escherichia coli
Bacterin

Inactivated
bacteria

Escherichia Cattle

Layermune®

(SE/3/5/ND)
Inactivated
bacteria
(and/or
killed virus)

Salmonella, infectious bursal
disease virus, Newcastle
disease virus, infectious
bronchitis disease

Chicken

MG-Bac® Inactivated
bacteria

Mycoplasma Chicken/
turkey

Multimune® K5 Inactivated
bacteria

Pasteurella (4) Chickens/
turkeys

Piliguard®

Pinkeye
TriView®

Inactivated
bacteria

Moraxella Cattle

Piliguard®

Pinkeye-1
Trivalent

Inactivated
bacteria

Moraxella (3) Cattle

Poulvac® Pabac®

IV
Inactivated
bacteria

Pasteurella Chicken/
turkey

SE Guard™ Inactivated
bacteria

Salmonella Chicken

(continued)
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Table 3
(continued)

Adjuvant Vaccine Type Pathogen (# of species) Species

Staybred™ VL5 Inactivated
bacteria

Campylobacter, Leptospira (5) Cattle

Streptococcus
Uberis Bacterin

Inactivated
bacteria

Streptococcus Cattle

Paraffin oil Emulsibac® APP Inactivated
bacteria

Actinobacillus (3) Swine

Hiprabovis®

Somni/Lkt
Inactivated
bacteria/
toxoid

Histophilus, Mannheimia Cattle

SuprImm™ Fusogard™ Inactivated
bacteria

Fusobacterium Cattle

Unspecified
emulsion

Salmonella
Vetovax™
SRP®

Bacterial extract Salmonella Cattle

Water-in-oil-in-
water

Cevac® Salmune
TEK

Inactivated
bacteria

Salmonella (3) Chicken

Emunade® (oil-in-
water emulsion
and aluminum
hydroxide
combination)

M+Pac® Inactivated
bacteria

Mycoplasma Swine

MaxiVac Excell®

5.0
Killed virus Swine influenza virus Swine

Aluminum
hydroxide and oil
combination

Endovac-Porci®

WITH
Immuneplus®

Inactivated
bacteria/
toxoid

Salmonella Swine

Combination of
Amphigen® and
undisclosed
ingredient

Cattlemaster®

Gold FP®

5 (L5)

Modified live
and killed
virus (and
inactivated
bacteria)

Bovine rhinotracheitis/
diarrhea virus,
parainfluenza-3-respiratory
syncytial virus, Leptospira
(5)

Cattle

ER Bac® Plus/
Leptoferm-5®

Inactivated
bacteria

Erysipelothrix, Leptospira (5) Swine

ER Bac®/L5
Gold

Inactivated
bacteria

Erysipelothrix, Leptospira (5) Swine

Farrowsure®

(Plus/Gold)
(B)

Killed virus and
inactivated
bacteria

Parvovirus, Erysipelothrix,
Leptospira (6)

Swine

Montanide ISA
907.1 mg and
MPL combination

Top-Ubac® Streptococcus
uberis subunit

Streptococcus Cattle

Paraffin oil and LPS
combination

Hyogen® Inactivated
bacteria

Mycoplasma Swine

aDerived from compendium for veterinary products approved for use in Canada andUSA. [110]. This may be a partial list

as the majority of licensed veterinary vaccines did not disclose the nature of the adjuvant used
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formulations containing DNA immunostimulants that have been
licensed to prevent bacterial infection in chicken and cattle,
respectively.

3.4 Polymers Polymers are another class of adjuvants characterized by large
molecules with repeating subunits that have been used within
veterinary medicine. These compounds are generally recognized
to induce minimal adverse events, are readily biodegradable, and
can be customized to react to specific biological stimuli, such as pH
or oxidative stress [126]. Similar to the lipids mentioned previously,
natural or synthetic polymers can be amphiphilic, which allows
them to encapsulate antigen. This feature allows for a targeted
delivery of antigen, while enhancing vaccine stability [127]. Some
polymers have been recognized as biologically inert, precipitating
around delivered antigen to create a depot effect [128]. The use of
polymers continues to be investigated within the veterinary vaccine
field due to their ability to enhance immune responses and protec-
tion rates within livestock species [108, 129–131]. A number of
polyacrylate-based polymer adjuvants are available for veterinary
applications: Carbigen® (carbomer-based, Carbopol 934P) and
Polygen® (low molecular weight co-polymer) fromMVP adjuvants
and several compounds are available from Seppic under the Mon-
tanide™ (i.e., Gel 01 PR and Gel 02 PR). As an example of a
licensed product, VEPURED® uses a dextran polymer adjuvant in
its E. coli subunit vaccine for pigs.

Polymers based on a repeating polyphosphazene structure have
also been demonstrated to have adjuvant activity in multiple animal
species. Poly-dicarboxylato-phenoxy-phosphazene (PCPP) and
poly-disodiumcarboxylatoethyl-phenoxy-phosphazene (PCEP)
induce immune cell recruitment and secretion of cytokines/che-
mokines at the injection site, leading to enhancement of adaptive
immune responses [132]. While increasing antigen stability and
half-life, polyposphazene polymers have been shown to enhance
antigen-specific antibody titers, leading to dose-sparing and protec-
tion from influenza when administered intramuscularly or intrader-
mally in ferrets and pigs, respectively [133–135]. Interestingly,
phosphazene polymers are also compatible with combinatorial
adjuvant approaches, with PCEP displaying enhanced immune
responses when combined with TLR agonists such as CpG
ODNs [136].

3.5 Saponins and

Immunostimulatory

Complexes (ISCOMs)

The immunostimulatory activity of saponins has been known for
nearly a century, though the initially impure compounds, isolated
from Quillaja Saponaria bark extracts, were shown to cause loca-
lized toxicities [137]. Quillaic acid, or Quil-A, is a commonly used
heterogenous saponin mixture, while QS-21 is a purified saponin
from within this extract that is used in the human adjuvant system
AS01 (see above). While the direct mechanism of action of saponin
compounds is not entirely known, one hypothesis is that their
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affinity for cholesterol allows them to integrate within the mem-
branes of APCs, thereby delivering antigen [138]. It is this activity
that is also thought to mediate some of the adverse effects of
saponin such as cell lytic activity, although more recently, the
amphipathic structures of these compounds have been linked with
their adjuvanticity [139]. Vaccine formulations with more homog-
enous saponin extracts have been successfully used in veterinary
vaccines for decades with fewer adverse reactions [140]. For exam-
ple, the feline leukemia virus vaccine (FELOCELL® FeLV, Zoetis)
includes a saponin-based compound, marketed as Gentle Safe-
Quil™, while the livestock anthrax vaccine (Anthrax Spore Vaccine,
Colorado Serum) and swine pneumonia vaccine (Myco Shield™)
contain saponin and Quil-A, respectively.

Immunostimulatory complexes (ISCOMs) are liposomes that
contain saponin, which along with cholesterol and phospholipid
moieties act as structural components [141]. As with traditional
liposomes, antigen can be internalized within the ISCOM lipo-
somes. An antigen-free preparation is commercially available as IS
COMATRIX ®, enabling custom vaccine formulations for any
subunit antigen [142]. Simply mixing this adjuvant preparation
with soluble antigen provides immunostimulation without the
necessity of antigen internalization; however, depending on the
antigen, there may be direct interactions or even aggregate forma-
tion with ISCOMATRIX® [142–144]. The exact mechanism of
these complexes remains unclear, though these complexes are sig-
nificantly more potent adjuvants than the saponin monomers
[145]. It is believed that the affinity of this adjuvant for cellular
membranes enables an efficient delivery of antigen to the internal
compartments of cells, allowing for both MHC class I and class II
processing [146]. As with AS01 above, the cholesterol quenching
of saponin within these complexes seems to drastically reduce its
cell lytic activity and observed side effects [147]. The ability to
stimulate both the innate and adaptive arms of the immune
response has proven effective at protecting animals from viral infec-
tions, such as equine influenza [148]. This particular vaccine was
commercialized and is available fromZoetis as Equip FT®. In cattle,
efficacious vaccines against bovine viral diarrhea virus also contain
ISCOMs [149, 150]. Altogether, ISCOMs act as an effective anti-
gen delivery tool with strong immunostimulatory effects and fewer
side effects than earlier generations of saponin compounds.

3.6 Pathogen-

Associated Molecular

Patterns (PAMPs)

As discussed above, MPL and CpG are PAMPs that mimic bacterial
components to stimulate the immune system through TLRs 4 and
9, respectively. Several vaccines listed in Table 3 include TLR4
agonists (MPL or LPS) along with an emulsion-based adjuvants.
There are other TLRs and several classes of PRRs capable of detect-
ing PAMPs (i.e., Nod-like receptors, intracellular sensors, etc.),
which have been utilized to activate the immune response by adju-
vants. For example, Pam3CSK4 is a synthetic lipopeptide that
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mimics similar compounds found within bacterial membranes. It
functions as a TLR1/2 agonist and has been used in pigs in an
inactivated vaccine against porcine reproductive and respiratory
syndrome virus [151]. Similarly, a lipoprotein isolated from Pseu-
domonas aeruginosa, OprI, stimulates both TLR2 and TLR4 and
was shown to have adjuvanting properties in a subunit vaccine
against classical swine fever virus [152]. A synthetic ligand for
TLR2, TLR4, TLR6, and a NOD2-like receptor, referred to as
CVC1302, showed strong immune stimulating effects in a pig
vaccine for foot-and-mouth disease virus [153]. CpG ODNs have
also been widely used in veterinary applications in a variety of
animals [52].

3.7 Chemokines

and Cytokines

Administration of an effective adjuvant will generally result in a
measurable increase in the production cytokines and chemokines,
the messenger proteins used by immune cells to communicate. For
several decades now, researchers have been investigating the possi-
bility of bypassing the production step and supplying chemokines
or cytokines directly within a vaccine [154]. As of yet, no commer-
cially available vaccine has disclosed use of these compounds as an
adjuvant. However, their activity within experimental veterinary
vaccines has been demonstrated. For example, in fish, the chemo-
kines CK6 and CXCL12 have been shown to enhance responses
against infectious pancreatic necrosis virus and viral hemorrhagic
septicemia virus, respectively [155, 156]. There are other examples
of cytokines being used as vaccine adjuvants in a variety of hosts,
mainly for viral vaccines [157]. One major drawback of these
biologic-type molecules is their increased production costs, when
compared to other effective adjuvants.

3.8 Combinations As with the adjuvant systems described above for human vaccines,
combinatorial approaches have been evaluated in veterinary vaccine
development (see examples in Tables 2 and 3). A more natural
example of this is highlighted by the generation of bacterial ghosts,
which are nonliving cells with preserved surface PAMPs and mem-
brane antigens, cleared of the cytosolic components, and any
potential pathogenicity [158]. These cells are easily modifiable for
drug or antigen delivery and their effectiveness has already been
illustrated with a variety of experimental vaccines in livestock spe-
cies [159]. There are numerous examples of other combinatorial
approaches that take advantage of some of the aforementioned
adjuvants in the previous sections [160]. The combination of emul-
sions or liposomes with a direct immune stimulant, such as cyto-
kines or TLR ligands, are commonly used in experimental vaccines.
Notably, Emulsigen® combined with CpG illustrated synergistic
protective effects in cattle against a bovine herpesvirus 1 challenge
[161]. Other combinations, such as saponins mixed with emulsions
or aluminum salts have also shown promise [162, 163].
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4 Adjuvants in Clinical/Preclinical Testing

While major advances in adjuvant development have been made in
recent years with a number of clinically approved adjuvants, there is
still an ongoing need for novel adjuvants. The use/availability of a
number of adjuvants, especially the more novel formulations, is
restricted due to their proprietary nature. In addition, the main
correlate of protection for many of the vaccines mentioned above is
antigen-specific antibodies. While many approved adjuvants are
quite proficient at inducing antigen-specific antibodies, novel adju-
vants capable of inducing strong CD8+ T-cell responses may be
required for vaccines targeting certain viral diseases or used thera-
peutically for cancer. Herein, we review some vaccine adjuvants that
are currently being evaluated in clinical trials, as well as others that
have been evaluated in a pre-clinical setting. Due to the large
number of experimental adjuvants, our selection below was based
on their advanced clinical use or the novelty of their structure/
mechanism of action (as compared to adjuvant types described
above).

4.1 Water-in-Oil

Emulsion Montanide™
ISA 51

Montanide™ ISA 51 is a water-in-oil emulsion developed by Sep-
pic for human indications. It has been used extensively (alone or in
combination with other adjuvants) in various human clinical trials
of different types of cancer vaccines (see below). It was approved by
Cuba in 2013 as a component of the CIMAvax-EGF vaccine [164]
for the treatment of lung cancer [165]. Similar to incomplete
Freund’s adjuvant, Montanide™ ISA 51 is one of a set of incom-
plete Seppic adjuvants (ISAs) and contains highly purified Drakeol
6 VR light mineral oil and the surfactant mannide monooleate
[166, 167]. The emulsion is made at the time of immunization
by blending via either two-syringe mixing, vortexing, or homoge-
nizing [168]; the two-syringe mixing method was shown to be the
most efficacious to create stable emulsions and, in comparison to
vortexing, caused less local adverse events after immunization
[165]. Montanide™ ISA 51 has been shown to increase both
antigen-specific antibody titers as well as CD8+ T-cell responses
[169]. In providing an antigen depot effect as well as causing
local inflammation at the site of immunization, Montanide™ ISA
51 has been shown to cause the activation and recruitment of APCs
to the injection site and is considered a strong inducer of long-
lasting cell-mediated immune responses. It is currently being
heavily investigated in numerous active Phase 2/3 clinical trials
for multiple indications including breast cancer [170, 171], mela-
noma [170, 172, 173], lung cancer [174, 175], multiple myeloma
[176], leukemia [177], prostate cancer [178], glioblastoma [179–
181], multiple sclerosis [182], and other cancer types [183–187].
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4.2 Adjuvant System

15 (AS15)

AS15 is an experimental adjuvant system developed by GSK that is
comprised of the main components of AS01 (QS-21 and MPL
immunostimulants with liposomes) and a TLR9 agonist
(CPG7909). When compared to the other Adjuvant Systems
from GSK, AS15 is unique in its inclusion of CpG. CPG7909 is a
B class CpG and has been shown to promote antigen-specific
antibody production, human B-cell proliferation, IFN-α/IL-10
expression, and NK cell activity [188]. The immunostimulatory
activity of AS15 has been evaluated in combination with the
MAGE-A3 protein in melanoma and non-small-cell lung cancer
therapies [189–192]. MAGE-A3 is a cancer-testis antigen that is
overexpressed in a wide range of tumors and can be presented by
both HLA class I and class II [193]. AS15 has been shown to
induce higher anti-MAGE-A3 antibody titers and CD4+ T-cell
responses compared to AS02B (QS-21, MPL in an oil-in-water
emulsion) [194]. However, MAGE-A3-AS15 treatment did not
significantly improve survival of patients with MAGE-A3-positive
surgically resected NSCLC or melanoma [191, 192, 195]. Induc-
tion therapy with MAGE-A3-AS15 plus high-dose interleukin-
2 (HDIL-2), followed by maintenance therapy with MAGE-A3-
AS15 has shown encouraging antitumor responses in patients exhi-
biting disease control [190]. Currently, AS15 is being evaluated in a
therapeutic vaccine for patients with non-metastatic, HER2-nega-
tive localized breast cancer at high-risk of relapse [196].

4.3 Matrix-M™ Matrix-M™ (developed by Isconova AB, Uppsala, Sweden) is an
ISCOM technology-based nanoparticle formulation comprised of
cholesterol, phospholipids, and a mixture of purified fractions of
Quillaja saponins (Matrix-A™ and Matrix-C™ at 85:15 ratio)
[197, 198]. It promotes potent immunostimulatory properties in
the absence of antigen, including immune cell recruitment to local
and distant tissues, activation of APCs and inflammatory cytokine
production [198]. Vaccines adjuvanted withMatrix-M™ have been
shown to induce potent cellular and humoral responses in various
preclinical and clinical models of viral infection [199–204]. Recent
focus has been given to the adjuvant potential of Matrix-M™ in a
recombinant SARS-CoV-2 nanoparticle vaccine, being developed
by Novavax, comprised of the trimeric full-length SARS-CoV-
2 spike glycoproteins (NVX-CoV2373). Preclinical evaluation of
this vaccine formulation in mouse and nonhuman primate models
showed robust induction of antigen-specific T cells, and antibodies
that blocked spike protein receptor binding and neutralized the
virus [205]. Phase I–II trials of the NVX-CoV2373 showed a
similar immunogenicity profile to the preclinical studies, particu-
larly a Th1-biased cellular response [206]. Viral-vectored malaria
vaccine formulations adjuvanted with Matrix-M™ have also been
evaluated in a recent phase I trial, where they were shown to
significantly improve vaccine-specific T-cell responses compared
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to unadjuvanted formulations [207, 208]. Several other clinical
trials evaluating malaria vaccines using the Matrix-M™ platform
are also ongoing/being planned [209–212].

4.4 Imidazoquinoline

TLR7/8 Agonists

Agonists of TLR7/TLR8 have also been investigated for use as
vaccine adjuvants due to their differential and wide-ranging induc-
tion of inflammatory responses. TLR7 stimulation promotes the
expression of IFN-α and other inflammatory cytokines by pDCs,
antibody production by B cells and Th1-polarizing responses [213–
216]. In contrast, TLR8 activation leads to the production of
NF-κB-dependent inflammatory cytokines primarily by myeloid
immune cells [213]. While TLR7/8 are PRRs for single-stranded
RNA, a class of synthetic small molecules, imidazoquinolines, have
also been shown to exhibit strong TLR7- or TLR8-specific or 7/8
bispecific activity. Major types of imidazoquinolines include imi-
quimod (R-837) and resiquimod (R-848). The adjuvant and
immunotherapeutic activities of imidazoquinolines against cancer
are well-documented, with imiquimod approved for use as a mono-
therapy immunomodulator when applied topically for genital warts
[217]. As with many other novel adjuvants, imidazoquinolines are
also being evaluated as adjuvants in SARS-CoV-2 vaccine formula-
tions. The BBV152 vaccine is composed of a whole-virion inacti-
vated SARS-CoV-2 adjuvanted with Algel-IMDG, a TLR7/
8 agonist molecule adsorbed to alum [218]. It has been shown to
induce antigen-specific antibodies as well as Th1-biased cellular
responses with mild to moderate reactogenicity in a recent Phase
I trial [218]. In mouse models, a recombinant spike protein vaccine
formulation with a novel amphiphilic imidazoquinoline (IMDQ-
PEG-CHOL) has been demonstrated to enhance immune cell
recruitment and activation in the draining lymph node, induce
neutralizing antibody titers and provide protective immunity
[219]. Novel lipidated imidazoquinoline adjuvants (i.e.,
UM-3003, -3004, and -3005) have also been shown to induce
influenza-virus specific antibody and Th1-and Th17-polarized cel-
lular responses [220].

4.5 TLR3 Agonist

Poly(I:C)

and Derivatives

Poly(I:C) is a double-stranded RNA composed of polyinosinic:
polycytidylic acid with strong immunostimulatory properties
exerted through activation of TLR3 and MDA5. It has been eval-
uated not only as a vaccine adjuvant but also as a monotherapy for
cancer or viral disease indications [221, 222]. It has been suggested
that the potent ability of Poly(I:C) to increase MHC class I expres-
sion in both immune and nonimmune cells and, consequently,
promote self-antigen presentation could lead to tolerance
impairment and autoimmunity [223, 224]; however, additional
studies are needed to verify this. Poly(I:C) is also susceptible to
nuclease degradation which can result in lowered cellular uptake
in vivo, possibly limiting its use as a vaccine adjuvant [225]. Two
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promising Poly(I:C) derivatives, Poly-ICLC (Hiltonol®, Oncovir,
Inc.) and Poly-IC12U (Ampligen®, Hemispherx), are currently
being evaluated for clinical use. Poly-ICLC similarly targets
MDA-5 and TLR3 receptors as conventional Poly(I:C), but is
more stable in vivo due to increased resistance to nucleolytic hydro-
lysis [226, 227]. In contrast, Poly-IC12U signals exclusively
through TLR3 and exhibits reduced toxicity due to a shortened
half-life in vivo [226, 228]. Both Poly(I:C) derivatives promote
enhanced antibody and Th1-biased cellular responses in multiple
preclinical and/or clinical models [226, 229]. Poly-ICLC has been
shown to induce robust tumor antigen-specific antibody and CD8+

T-cell responses in combination with synthetic overlapping long
peptides (OLP) from a human tumor self-antigen and Montanide
ISA 51 in a phase I clinical trial [230]. Poly-IC12U can also
promote human DC maturation in vitro, which may prove benefi-
cial in the induction of tumor-specific T-cell responses in cancer
patients [231, 232]. While Poly(I:C) derivatives are interesting
vaccine adjuvant candidates, recent clinical trials have also focused
on their therapeutic potential as non-antigen- and antigen-specific
immunotherapies against various solid (i.e., glioma, colon, breast,
prostate head and neck) and hematologic (i.e., leukemia, lym-
phoma) tumors [233–237].

4.6 TLR4 Agonist

Glucopyranosyl Lipid

Adjuvant

Glucopyranosyl lipid adjuvant (GLA) is a synthetic TLR4 agonist
with immunostimulatory activity similar to MPL. It promotes an
increase in cytokine/chemokine production, DC activation and
maturation, and Th1-mediated cellular responses, without the
associated physiologic toxicity of classic LPS [238]. In contrast to
MPL, GLA can be synthesized in pure form and is highly modifi-
able, providing enhanced ease of production and characterization
[238, 239]. GLA is being licensed by Avanti Polar Lipids as Phos-
phorylated HexaAcyl Disaccharide (PHAD®) for use as an adjuvant
in human vaccines. Variants of PHAD® include 3D-PHAD® and
3D(6-acyl) PHAD®. 3D-PHAD® is a highly pure, homogeneous
equivalent of 3-deacylated MPL with reduced pyrogenicity
[240, 241]. 3D(6-acyl) PHAD® shares structural similarities with
MPL found in the GSK adjuvant systems AS01 and AS04
[242]. Despite differences in composition, both variants exhibit
equivalent adjuvant activity as the original PHAD® [243]. They
have also been shown to promote synergistic effects on antibody
responses in mice when formulated in human papillomaviruses
(HPV) and hepatitis B virus (HBV) vaccine formulations with
alum [244]. A second-generation GLA-based adjuvant (referred
to as SLA-TLR4 in this review) has also been developed with
enhanced affinity/activity potential for the human receptor
[245]. The safety and immunogenicity of GLA or SLA-TLR4
alone and in vaccine formulations against infectious diseases,
including influenza, malaria, leishmania, and schistosomiasis have
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been evaluated in multiple clinical trials in the past decade [246–
249]. Recent results from the first in-human trial of a tuberculosis
vaccine formulation with GLA in squalene emulsion (ID93 +
GLA-SE) showed an acceptable safety profile and the robust induc-
tion of vaccine-specific humoral (IgG1 and IgG3) and Th1-biased
cellular responses [250, 251]. A phase 2a clinical trial is also cur-
rently evaluating the safety, immunogenicity, and efficacy of ID93 +
GLA-SE in BCG-vaccinated healthy healthcare workers [252]. As a
cancer immunotherapeutic, GLA-SE in combination with a recom-
binant NY-ESO-1 protein (G305) has been shown to induce tumor
protein-specific antibody and T-cell responses in patients with
advanced NY-ESO-1-expressing solid tumors [253, 254].

4.7 Army Liposome

Formulations

Army liposome formulations (ALFs) are liposome-based adjuvants
comprised of a synthetic version of MPL/GLA (e.g., 3D-PHAD®),
cholesterol, and saturated phospholipids. ALF in combination with
other common adjuvants such as aluminum hydroxide (ALFA),
QS-21 (ALFQ), and ALFQ + aluminum hydroxide (ALFQA)
have also been developed to improve immunogenicity and address
the limited availability of adjuvants approved for human use
[255]. These formulations exhibit little to no detectable adjuvant
activity in the absence of MPL, indicating a central role for TLR4
signaling in their mechanism of action [255]. While the ALFQ and
AS01 are similar in that they both contain QS-21 and a TLR4
agonist, each features a distinct liposome composition. ALFQ is
comprised of saturated dimyristoyl fatty acids with a 55% choles-
terol/phospholipid molar ratio, in contrast to the unsaturated
dioleoyl fatty acids, and 33.7% cholesterol/phospholipid ratio in
AS01 [255]. In addition, the doses of QS-21 and MPL are two- to
fourfold higher in ALFQ than in AS01B. ALF saw its early use in
malaria vaccines, inducing potent antigen-specific antibody
responses [256–258]. ALF-based formulations have also been
shown to promote enhanced HIV-1 antigen-specific antibody and
cellular responses compared to alum or MPL alone [259]. While
ALF formulations initially involved liposome encapsulation of anti-
gen, it was later discovered that simply mixing the antigen with
liposomes could provide equivalent or enhanced responses
[255]. A novel malaria vaccine formulation containing ALFQ and
the P. falciparum protein 013 (FMP013) is currently being evalu-
ated in a Phase I clinical trial [260]. Recent preclinical evaluation of
this vaccine formulation showed high reactivity of serum antibodies
against the malaria circumsporozoite protein (CSP) and a
Th1-biased cytokine response with minimal adverse reactions in
rhesus macaques [261]. A Phase I clinical trial evaluating the impact
of delayed boosting with a HIV vaccine adjuvanted with ALFQ on
antibody production by healthy, HIV-uninfected participants is
also set to begin in 2021 [262].
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4.8 Polyacrylates Polyacrylates (PAAs) are a class of adjuvant-active polymers that can
be formulated in a wide range of polymer sizes, formulations, and
doses with a favorable safety profile [263]. Major types of PAAs that
have been evaluated in various experimental and commercial veter-
inary vaccines include: (1) simple, non-crosslinked polymers;
(2) dendrimers; (3) alkyl esters; and (4) crosslinked polymers
(e.g., Carbomers™ and Carbopols™) [263–268]. Currently, the
adenovirus-based cocaine vaccine dAd5GNE co-delivered with the
Adjuplex™ (Advanced BioAdjuvants LLC) platform, which is
based on purified lecithin and carbomer homopolymer, is being
evaluated in a Phase I clinical study [269–272]. SPA09, a novel
vaccine adjuvant based on high molecular weight straight PAA, is
also being developed by Sanofi Pasteur for evaluation in clinical
trials [263, 273, 274]. It provides the key advantages of ease of
synthesis and quality control, as well as cost-effectiveness over other
PAA-based formulations due to its simple structure and the com-
mercial availability of straight PAAs [263]. SPA09 has been shown
to induce robust Th1-biased cellular and humoral responses in
combination with various antigens, particularly the recombinant
cytomegalovirus glycoprotein B (CMV-gB) and a Staphylococcus
aureus polysaccharide conjugate in mice [274]. A similar effect
was recently observed in cynomolgus macaques upon immuniza-
tion with SPA09 in combination with respiratory syncytial virus
(RSV) nanoparticulate prefusion F model antigen [273].

4.9 Heat-Labile

Toxins

Heat-labile toxins (LTs) are a family of enterotoxins derived from
Escherichia coli and Vibrio cholerae. They have been shown to
induce strong antigen-specific immune responses, in particular
when administered via mucosal routes [275]. LTs can be classified
into types I and II subfamilies, according to biochemical properties
and antigenic capacity [276, 277]. Type I LTs consist of E. coli
heat-labile enterotoxin (LT-I) and cholera toxin (CT), which typi-
cally promote a mixed Th1/Th2/Th17 response, and IgG1 and
IgG2a antibody responses when administered with antigen to mice
[278–280]. In contrast, type II LTs such as LT-IIa, LT-IIb and
LT-IIc predominantly induce Th1 and IgG2a responses
[278, 281]. Both LT types share a similar AB5 oligomeric structure
but differ in B subunit amino acid sequences, leading to distinct
target specificities [281]. Despite exhibiting potent immunostimu-
latory properties, LT-based adjuvants have not been approved from
human use due to inherent toxicity linked to their
ADP-ribosylating enzymatic activity [278]. Oral and intranasal
administration of LT-based formulations have also been linked to
adverse effects such as diarrhea and Bell’s palsy (temporary facial
paralysis or weakness), respectively [282, 283]. Modified LTs such
as mLT (R192G: glycine to arginine at position 192), which exhi-
bits reduced toxicity but equivalent adjuvanticity as native LT, also
saw limited success in clinical trials. Oral mLT at 25μg dose was
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well-tolerated but induced self-limited, mild diarrhea when com-
bined with killed whole-cell bacterial vaccines [284]. The double-
mutant dmLT (R192G and L211A: leucine 211 to alanine in the
A1-A2 activation loop on the A2 domain) was shown to have
further reduced toxicity and has been/is being currently evaluated
in several human clinical trials [285]. Recent Phase I studies have
examined the adjuvant potential of dmLT when administered orally
or intradermally with inactivated polio vaccine formulations
[286, 287].

The CT-based CTA-1DD is also being developed for use as a
vaccine adjuvant. It is comprised of the CTA1-subunit of cholera
toxin (CT) linked to a dimer of the D-domain from S. aureus
protein A, effectively reducing physiologic toxicity associated with
CT [288]. CTA-1DD specifically targets B cells and promotes
germinal center reactions, leading to enhanced development of
long-lived plasma cells and memory B cells [289, 290]. It also
exhibits equivalent adjuvant properties as native CT, including
potent induction of systemic and mucosal antibody and CD4+

T-cell responses when co-administered with various antigens in
mice and nonhuman primates [288, 289, 291, 292]. Mucosal
immunization of adult mice with a CTA1-DD-adjuvanted influ-
enza vaccine formulation was shown to confer protection from
lethal viral challenge [293]. Recently, CTA1-DDwas demonstrated
to induce follicular DC maturation and germinal center formation
upon systemic or mucosal immunization of neonatal mice
[294]. Oral prime and intranasal boost immunizations with a
novel CTA1-DD-adjuvanted influenza vaccine increased antigen-
specific antibody responses and CD4+ T-cell proliferation, leading
to enhanced protection from infection.

4.10 Archaeosomes Archaeosomes are liposomes formed with archaeal-derived lipids
(i.e., total polar lipids (TPLs) from Archaea, or semi-synthetic
archaeal-derived glycolipids). Archaeal-based lipids have unique
adaptations when compared to their bacterial/eukaryotic counter-
parts, namely the presence of (a) ether instead of the ester linkages
between the glycerol backbone and the lipid tails and (b) lipid tails
named phytanyl chains, which are composed of branched 5-carbon
repeating units [295]. Traditional archaeosome formulations pos-
sess key advantages over conventional liposomes, including
enhanced immunostimulatory properties, decreased proton perme-
ability, and high thermal and pH stability [296]. When used to
entrap/encapsulate antigen, traditional archaeosome formulations
induce robust antigen-specific humoral and cell-mediated
responses [296]. The enhanced immunogenicity of these formula-
tions as compared to traditional liposomes was thought to be due
to their increased stability and their promotion of endocytosis/
MHC class I cross-presentation through the phosphatidylserine
receptor [297]. TPL formulations based on the lipids from
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Methanobrevibacter smithii were particularly immunogenic in pre-
clinical models of infectious disease and cancer [298–304]. How-
ever, the complex and diverse lipid composition of traditional
archaeosome formulations presented challenges in formulation
characterization. Variations in antigen entrapment efficiency
(5–40%) could also lead to antigen loss and increased production
costs [304–306]. These challenges have been addressed through
the development of an archaeosome formulation comprised of a
single semi-synthetic archaeal lipid (SLA, sulfated lactosyl
archaeol). SLA archaeosomes retain the robust adjuvant activity of
traditional archaeosome formulations in various animal models of
infection and cancer [307–310]. They also offer equivalent or
enhanced immunostimulatory and antigen-specific responses as
established adjuvants such as aluminum hydroxide, TLR3/4/9
agonists, oil-in-water, and water-in-oil emulsions [65]. Recently,
SLA was shown to generate equivalent/superior antigen-specific
responses when antigen was simply admixed with, instead of
encapsulated within the archaeosomes [305, 307, 310]. This has
provided a simplified vaccine formulation with minimal antigen
loss. As these adjuvants seem to retain their immunostimulatory
potential with non-encapsulated antigen, their mechanism of
action may differ than that observed with the TPL formulations.
Admixed SLA does increase antigen retention at the injection site,
while inducing increased cytokine/chemokine expression and
immune cell recruitment/antigen uptake [310]. In addition, SLA
has been shown to synergize with certain TLR agonists (e.g., Poly
(I:C), CpG) in mice, inducing superior antigen-specific responses
than those obtained with either adjuvant alone [311]. The specific
molecular pathways responsible for immunostimulation by SLA
remain to be elucidated.

4.11 α-Galacto-
sylceramide

α-Galactosylceramide (α-GalCer), originally identified in extracts
from the marine sponge Agelas mauritianus, is a glycolipid that is
able to activate natural killer T cells with invariant T-cell receptors
(iNKT cells) via the CD1d receptor found on APCs [312]. CD1d-
restricted iNKT activation promotes the induction and prolifera-
tion of various immune cells, including NK cells, DCs, and T cells
[313–316]. Deficiencies in the number and function of iNKT cells
are associated with poor responses against solid (i.e., prostate, head
and neck) and hematologic (i.e., acute myeloid leukemia) cancers
[317]. A synthetic analog, KRN7000, has been developed for use
as an immunotherapy/adjuvant. KRN7000 alone or in combina-
tion with other immunomodulators (i.e., TLR agonist, cytokine)
has been shown to enhance antitumor and antimicrobial responses
when co-administered with antigen in various murine models of
infection and cancer [315, 318, 319]. Several clinical trials have also
evaluated the impact of KRN7000 when administered alone or
pulsed into various APC platforms on tumor immunity within the
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last two decades [320–330]. Recently, a Phase II clinical study
demonstrated the safety and survival benefit of KRN7000-pulsed
APCs comprised primarily of immature and mature HLA-DR+ and
CD86+ monocyte-derived DCs (MoDCs) as a second-line treat-
ment for advanced non-small-cell lung cancer (NSCLC) [331].

4.12 Polysaccha-

rides

Chitosan is a polysaccharide derivative of chitin, a major compo-
nent of arthropod exoskeletons and fungal cell walls [332]. Due to
its nontoxic and biocompatible properties, it has been used in a
wide range of medical and pharmacological applications such as
drug delivery, vaccines, wound healing, and antimicrobial proce-
dures [333–335]. Chitosan exhibits various immunostimulatory
properties, including DC maturation via type I IFN induction
and Th1-mediated cellular responses in a type I IFN receptor-
dependent manner [336]. While chitosan is not currently being
evaluated as a vaccine adjuvant in clinical trials, it has shown
promising safety profiles and immunostimulatory activities in mul-
tiple preclinical and clinical studies in the past. A Norwalk VLP
vaccine containing chitosan and MPL has been shown to induce
VLP-specific antibodies and antibody-secreting cells (ASCs) that
express mucosal and peripheral lymphoid tissue homing molecules
in Phase I clinical studies [337, 338]. Influenza vaccine formula-
tions with chitosan are also well-tolerated and effective in promot-
ing high antibody titers in both humans and mice [339, 340].

Advax™ (Vaxine Pty Ltd) is a plant-based adjuvant platform
developed from delta inulin polysaccharides. While inulin is not
immunologically active in its native soluble form, its crystallization
into delta inulin particles confers adjuvant activity [341]. Advax™
formulations that have been evaluated in preclinical and/or clinical
studies include: Advax-1 (delta inulin alone); Advax-2 (delta inulin
and a TLR9 agonist); Advax-3 (TLR9 agonist CpG55.2 and alumi-
num hydroxide); Advax-4 (delta inulin and a TLR7/8 agonist); and
Advax-5 (delta inulin and a TLR4 agonist) [342–344]. Vaccine
formulations containing Advax™ have been shown to promote
potent humoral and/or cellular immune responses against multiple
models of murine infection, including severe acute respiratory syn-
drome (SARS) coronavirus, hepatitis B, influenza, RSV, and
M. tuberculosis [341, 344, 345]. Recently, VLP-based malaria vac-
cines adjuvanted with Advax™ formulations have been shown to be
highly immunogenic and promote long-lasting, antigen-specific
(P. falciparum CSP) antibodies in murine and nonhuman primate
models [342]. In clinical studies, Phase I trials evaluating the safety
and immunogenicity of Advax™-adjuvanted vaccine formulations
against hepatitis B and influenza have been recently completed
[346–348]. A SARS-CoV-2 recombinant protein vaccine adju-
vanted with Advax-2 is also currently being evaluated in a Phase I
trial in response to the current COVID-19 pandemic [349].
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5 Concluding Remarks

Our ability to harness the power of the immune system through
vaccines has allowed us to directly improve our quality of life, either
directly through prevention of human disease or indirectly by pre-
serving the health of our companion animals and livestock on which
we rely. As our understanding of the innate and adaptive immune
systems has increased, so have the number of different adjuvants
available for scientists to generate novel vaccines capable of induc-
ing protective and/or therapeutic immune responses. This has
been highlighted in the recent SARS-CoV-2 pandemic, where
many different adjuvants and antigen platforms are being evaluated
to offer us a broader range of potential vaccine candidates. Surely,
established as well as novel experimental adjuvants will be integral
parts of future vaccines, helping us address existing health chal-
lenges or new diseases as they arise.

References

1. Jenner E (1799) History of the inoculation of
the cow-pox: further observations on the vari-
olæ vaccinæ, or cow-pox. Med Phys J
1:313–318

2. Pollard AJ, Bijker EM (2021) A guide to
vaccinology: from basic principles to new
developments. Nat Rev Immunol
21:83–100. https://doi.org/10.1038/
s41577-020-00479-7

3. Doherty M, Buchy P, Standaert B,
Giaquinto C, Prado-Cohrs D (2016) Vaccine
impact: benefits for human health. Vaccine
34:6707–6714. https://doi.org/10.1016/j.
vaccine.2016.10.025

4. Pasquale D, Alberta SP, Da Silva FT, Garçon
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Barbeau X et al (2018) Membrane permeabi-
lizing amphiphilic peptide delivers recombi-
nant transcription factor and CRISPR-Cas9/

212 Bassel Akache et al.

https://doi.org/10.1016/j.vaccine.2007.01.013
https://doi.org/10.1016/j.vaccine.2007.01.013
https://doi.org/10.1016/0264-410x(91)90154-x
https://doi.org/10.1016/0264-410x(91)90154-x
https://doi.org/10.2136/sssabookser1.2ed.c7
https://doi.org/10.2136/sssabookser1.2ed.c7
https://doi.org/10.1006/jcis.1995.1020
https://doi.org/10.1006/jcis.1995.1020
https://doi.org/10.1016/j.vaccine.2012.11.044
https://doi.org/10.1016/j.vaccine.2012.11.044
https://doi.org/10.4049/jimmunol.0901474
https://doi.org/10.4049/jimmunol.0901474
https://doi.org/10.1016/S0140-6736(21)00241-5
https://doi.org/10.1016/S0140-6736(21)00241-5
http://clinicaltrials.gov
https://doi.org/10.4161/hv.2.2.2645
https://doi.org/10.4161/hv.2.2.2645
https://doi.org/10.1016/s0264-410x(97)00054-6
https://doi.org/10.1016/s0264-410x(97)00054-6
https://doi.org/10.1186/s40064-015-0972-0
https://doi.org/10.1186/s40064-015-0972-0
https://doi.org/10.1084/jem.20071087
https://doi.org/10.1084/jem.20071087
https://doi.org/10.1038/nm.2403
https://doi.org/10.1038/nm.2403
https://doi.org/10.1016/j.coi.2013.12.007
https://doi.org/10.1016/j.coi.2013.12.007
https://doi.org/10.1038/nature06939
https://doi.org/10.1038/nature06939
https://doi.org/10.1126/stke.2003.171.re3
https://doi.org/10.1126/stke.2003.171.re3
https://doi.org/10.1016/0008-8749(89)90011-7
https://doi.org/10.1016/0008-8749(89)90011-7


Cpf1 ribonucleoproteins in hard-to-modify
cells. PLoS One 13:e0195558. https://doi.
org/10.1371/journal.pone.0195558

34. O’Hagan DT, Ott GS, Van Nest G,
Rappuoli R, Del Giudice G (2013) The his-
tory of MF59® adjuvant: a phoenix that arose
from the ashes. Expert Rev Vaccines
12:13–30. https://doi.org/10.1586/erv.12.
140

35. Adjuvanted Flu Vaccine | CDC (2020)

36. Domnich A, Arata L, Amicizia D, Puig-
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Löwenadler B, Fernandez C, Lycke N (2000)
The ADP-ribosylating CTA1-DD adjuvant
enhances T cell-dependent and independent
responses by direct action on B cells involving
anti-apoptotic Bcl-2- and germinal center-
promoting effects. J Immunol
164:6276–6286. https://doi.org/10.4049/
jimmunol.164.12.6276

290. Bemark M, Bergqvist P, Stensson A,
Holmberg A, Mattsson J, Lycke NY (2011)
A unique role of the cholera toxin A1-DD
adjuvant for long-term plasma and memory
B cell development. J Immunol
186:1399–1410. https://doi.org/10.4049/
jimmunol.1002881

291. Helgeby A, Robson NC, Donachie AM,
Beackock-Sharp H, Lövgren K, Schön K,
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Chapter 10

Cationic Nanostructures as Adjuvants for Vaccines

Ana Maria Carmona-Ribeiro, Beatriz Ideriha Mathiazzi,
and Yunys Pérez-Betancourt

Abstract

Spherical or discoidal lipid polymer nanostructures bearing cationic charges successfully adsorb a variety of
oppositely charged antigens (Ag) such as proteins, peptides, nucleic acids, or oligonucleotides. This report
provides instructions for the preparation and physical characterization of four different cationic nanos-
tructures able to combine and deliver antigens to the immune system: (1) dioctadecyl dimethylammonium
bromide (DODAB) bilayer fragments (DODAB BF); (2) polystyrene sulfate (PSS) nanoparticles (NPs)
covered with one cationic dioctadecyl dimethylammonium bromide bilayer (DODAB) named (PSS/DO-
DAB); (3) cationic NPs of biocompatible polymer poly(methyl methacrylate) (PMMA) prepared by
emulsion polymerization of the methyl methacrylate (MMA) monomer in the presence of DODAB BF
(PMMA/DODAB NPs); (4) antigen NPs (NPs) where the cationic polymer poly(diallyl dimethyl ammo-
nium chloride) (PDDA) directly combined at nontoxic and low dose with the antigen (Ag); when the
oppositely charged model antigen is ovalbumin (OVA), NPs are named PDDA/OVA. These nanostruc-
tures provide adequate microenvironments for carrying and delivering antigens to the antigen-presenting
cells of the immune system.

Key words Polymeric NPs, Cationic lipid, Bilayer fragments or nanodisks, Cationic polymer, Model
antigen ovalbumin, Poly(diallyl dimethyl ammonium) chloride, Poly(methylmethacrylate), Dioctade-
cyl dimethylammonium bromide, Immunoadjuvants

1 Introduction

Cationic structures of nanometric size are especially suitable to
carry and deliver antigens directly to antigen-presenting cells
(APC) in the lymph nodes easily overcoming anatomical barriers
from the injection site [1, 2]. They can be obtained from a variety of
lipids, polymers, or lipids and polymers mostly as bilayer vesicles
[3], open bilayer disks [4–6], or hybrid nanoparticles (NPs) [5, 7–
14]. Cationic nanostructures applied to vaccine design were
recently reviewed [15].

In particular, the cationic and synthetic lipid dioctadecyldi-
methylammonium bromide (DODAB) self-assembles as both
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closed and large bilayer vesicles [16, 17] or as open and cationic
bilayer fragments or nanodisks (DODAB BF). The sizes of
DODAB BF are below 100 nm, they are stabilized by the electro-
static repulsion, and they fuse to yield large vesicles upon addition
of monovalent salt and screening of the surface potential
[18]. DODAB bilayers can combine with a broad variety of anti-
gens or enhancers of the immune response such as proteins [3, 19,
20], peptides [11, 21, 22], oligonucleotides [6, 23], mononucleo-
tides [24, 25], or nucleic acids [26, 27] driving an enhanced cell-
mediated immune response but a poor humoral response in several
instances [3, 5–7]. The preparation and characterization of DODAB
BF dispersions in water (Fig. 1) is stated in Subheading 3.1.

The versatile DODAB assemblies also interact with oppositely
charged particles such as polystyrene sulfate (PSS) latexes [7, 11,
29–31] or silica [32–35]. Optimal deposition of DODAB bilayers
on PSS NPs [7, 11, 31] or silica was achieved [34, 35] paving the
way for their use as suitable immunoadjuvants and antigen carriers.
Subheading 3.2 describes the preparation and characterization of
PSS/DODAB NPs (Fig. 2), where a single DODAB bilayer sur-
rounds each PSS NP [11].

The good miscibility of DODAB with the biocompatible poly-
mer poly(methylmethacrylate) (PMMA) [8, 36] led to the

Fig. 1 (a) Bilayer fragments of dioctadecyldimethylammonium bromide (DODAB
BF) visualized face-on and edge-on by cryo-transmission electron microscopy
where the bar denotes 100 nm and the scheme shows a cross section of DODAB
BF. The micrograph was adapted with permission from [28]. (b) Schematic
representation of a DODAB BF cross section
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synthesis of polymeric PMMA/DODAB NPs by emulsion poly-
merization of methylmethacrylate (MMA) in the presence of
DODAB BF [14]. Subheading 3.3 describes this synthesis yielding
the hybrid, cationic, and nanometric PMMA/DODAB NPs
(Fig. 3). The cationic, hydrophilic, and antimicrobial polymer
PDDA [10, 37, 38] combined by electrostatic attraction with
oppositely charged biopolymers such as bovine serum albumin
(BSA) [39] and ovalbumin (OVA) also yielded cationic NPs
[13]. This led to the proposition of PDDA as a suitable immunoad-
juvant combined with antigens; at low PDDA doses, its toxicity was
nondetectable. Furthermore, PDDA/antigen NPs (Fig. 4)
enhanced the humoral response to levels even higher than those
elicited by the classical adjuvant alum [13]. Subheading 3.4 of the
protocol details the PDDA/ovalbumin (OVA) NP preparation.

2 Materials

Prepare all solutions using analytical grade reagents and ultrapure
water (prepared by purifying deionized water to attain a sensitivity
of 18 M Ω cm at 25 �C). All reagents should be prepared at room
temperature unless indicated otherwise. DODAB dispersions
should be freshly prepared and used within 1–2 days after disper-
sion. Polymeric microspheres should be stored refrigerated at 4 �C
to avoid microbial growth.

2.1 Preparation and

Characterization of

DODAB BF

1. 1 mM NaCl solution in water.

2. DODAB BF: add 32.0 mg of the DODAB powder in 25 mL of
a 1 mM NaCl solution in water. Make fresh on the day of the
experiment (see Notes 1 and 2).

3. 10 mM Hg(NO3)2/0.04 M HNO3 stock solution. Store in a
dark vessel to protect this solution from light.

4. 0.01N HCl solution: prepare by diluting standard solution of
0.1N HCl tenfold (see Note 3).

Fig. 2 Scheme of a cross section of a polystyrene sulfate nanoparticle (PSS) supporting a cationic bilayer of
dioctadecyldimethylammonium bromide (DODAB). The mean hydrodynamic diameter (Dz), the zeta-potential
(ζ) and the polydispersity of the dispersion in 1 mM NaCl were from ref. 11
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Fig. 3 (a) Scheme illustrating the polymerization of methyl methacrylate (MMA) in the presence of DODAB BF
using AIBN as initiator. (b) The PMMA/DODAB hybrid NPs in 1 mM NaCl are shown in the scanning electron
micrograph. From DLS, in 1 mM NaCl aqueous solution, these NPs exhibited Dz¼ 75� 1 nm, ζ ¼ 49� 4 mV,
and P ¼ 0.037 � 0.005 [14]

Fig. 4 Scanning electron micrographs of PDDA/OVA NPs under low and high
magnification. NPs were obtained at 0.01 mg/mL PDDA and 0.1 mg/mL OVA in
pure water. The mean diameter (D) of dry NPs evaluated from the micrographs
using the ImageJ software was 234 � 42 nm. The same NPs dispersion
evaluated by DLS in pure water yielded Dz ¼ 170 � 4 nm, ζ ¼ 30 � 2 mV,
and P ¼ 0.11 � 0.01 [13]
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5. 1 mM Hg(NO3)2 in 0.04 M HNO3: make 1:10 dilution of
10 mM Hg(NO3)2 in 0.04 M HNO3 (see Note 4).

6. 0.01 mg/mL diphenylcarbazone ethanolic solution: dissolve
50 μg of diphenylcarbazone in 5 mL ethanol (see Note 5).

7. Macrotip probe powered by an ultrasound source at a nominal
output of 90 W (see Note 6).

8. High speed refrigerated centrifuge capable of 20,000 � g, e.g.,
Model SCR20B.

(Hitachi) equipped with a RPR20-2-3079 rotor (see Note
7).

9. DLS and Zeta-potential Analyzer for particle sizing, zeta-
potential analysis, and determination of polydispersity (see
Notes 8 and 9). Cuvettes with four transparent faces for DLS
instrument.

2.2 Preparation and

Characterization of

PSS/DODAB NPs

1. 5.97� 1013 particles/mL PSS dispersion of polymeric particles
(Interfacial Dynamics Corporation) with nominal diameters
around 140 nm (see Note 10).

2. DODAB BF at 2 mMDODAB prepared as in the protocol 3.1
coming in Methods.

3. Combine PSS NPs and DODAB BF in the following order:

(i) 0.2 mL of the stock PSS dispersion.

(ii) 2.5 mL of the 2 mM DODAB BF dispersion.

(iii) 2.3 mL of 1 mM NaCl solution.

Allow the components to interact for 1 h at 25 �C (seeNote
11).

4. DLS and Zeta-potential Analyzer for particle sizing, zeta-
potential analysis, and determination of polydispersity (see
again Notes 8 and 9). Cuvettes with four transparent faces
for DLS instrument.

5. High-speed refrigerated centrifuge capable of 20,000� g, e.g.,
Model SCR20B.

(Hitachi) equipped with a RPR20-2-3079 rotor.

6. Sonicator macroprobe (1 cm diameter).

2.3 Preparation and

Characterization of

PMMA/DODAB NPs

2.3.1 Preparation of

DODAB BF Dispersion at

10 mM in 1 mM NaCl

1. 1 mM NaCl solution in water.

2. 10 mMDODAB BF dispersion: add 160.0 mg of the DODAB
powder in 25mL of a 1 mMNaCl solution in water. Make fresh
on the day of the experiment (see again Notes 1 and 2).

3. 10 mM Hg(NO3)2/0.04 M HNO3 stock solution. Store in a
dark vessel to protect this solution from light.

4. 0.01N HCl solution: Prepare by diluting standard solution of
0.1N HCl tenfold (see again Note 3).
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5. 1 mM Hg(NO3)2 in 0.04 M HNO3: make 1:10 dilution of
10 mM Hg(NO3)2 in 0.04 M HNO3 (see again Note 4).

6. 0.01 mg/mL diphenylcarbazone ethanolic solution: dissolve
50 μg of diphenylcarbazone in 5 mL ethanol (see again Note
5).

7. Macrotip probe powered by an ultrasound source at a nominal
output of 90 W (see again Note 6).

8. High-speed refrigerated centrifuge capable of 20,000� g, e.g.,
Model SCR20B.

(Hitachi) equipped with a RPR20-2-3079 rotor (see again
Note 7).

9. DLS and Zeta-potential Analyzer for particle sizing, zeta-
potential analysis and determination of polydispersity (see
again Notes 8 and 9). Cuvettes with four transparent faces
for DLS instrument.

2.3.2 Synthesis of

PMMA/DODAB NPs by

Emulsion Polymerization

1. 1 mM NaCl solution in water.

2. MMA at least 99% pure.

3. Initiator AIBN powder.

4. Glass assay tube of 28 mL closed with a cap.

5. Vortex.

6. Magnetic stirrer with a hot plate.

7. Water bath at 80 �C suitable for using with the magnetic stirrer.

8. Cellulose acetate dialysis membranes with a molecular weight
cut-off around 12,400 g/mol.

9. DLS and Zeta-potential Analyzer for particle sizing, zeta-
potential analysis and determination of polydispersity (see
Notes 8 and 9). Cuvettes with four transparent faces for DLS
instrument.

10. High-speed refrigerated centrifuge capable of 20,000� g, e.g.,
Model SCR20B.

(Hitachi) equipped with a RPR20-2-3079 rotor (see again
Note 7).

11. 10 mM Hg(NO3)2/0.04 M HNO3 stock solution. Store in a
dark vessel to protect this solution from light.

12. 0.01N HCl solution: Prepare by diluting standard solution of
0.1N HCl tenfold (see again Note 3).

13. 1 mM Hg(NO3)2 in 0.04 M HNO3: make 1:10 dilution of
10 mM Hg(NO3)2 in 0.04 M HNO3 (see again Note 4).

14. 0.01 mg/mL diphenylcarbazone ethanolic solution: dissolve
50 μg of diphenylcarbazone in 5 mL ethanol (see again Note
5).
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2.4 Preparation and

Characterization of

PDDA/OVA NPs.

1. Stock solution of PDDA 10 mg/mL: Dilute 0.262 mL of
PDDA and complete up to 10 mL of Milli Q water, mix
thoroughly on vortex. Store solution at room temperature.

2. Stock solution of OVA 10 mg/mL: Dissolve 10 mg of OVA in
1 mL of Milli Q water, stir the mixture at low rpm and room
temperature during 30 min. OVA stock solution must be
prepared on the day of the experiment.

3. Vortex.

4. DLS and Zeta-potential Analyzer for particle sizing, zeta-
potential analysis and determination of polydispersity (see
Notes 8 and 9). Cuvettes for DLS instrument.

5. Stirrer.

3 Methods

3.1 Preparation and

Characterization of

DODAB BF

1. To make a dispersion of DODAB BF, sonicate the freshly
prepared DODAB/1 mM NaCl solution with a macrotip
probe at a nominal output of 90 W for 20 min. Maintain the
temperature at 60 �C.

2. Centrifuge the dispersion for 60 min at 10,000 � g and 4 �C in
order to eliminate residual titanium particles ejected from the
macrotip probe. Discard the dark titanium pellet by withdraw-
ing the supernatant of DODAB BF with a Pasteur pipette.

3. Determine DODAB analytical concentrations in the dispersion
by halide microtitration using the analytical solution of Hg
(NO3)2 and two or three droplets of the ethanol diphenyl
carbazone solution as indicator of endpoint.

4. Adjust DODAB concentration in the DODAB BF dispersion
to 2 mM. Aliquots of this dispersion will be used for combina-
tion with antigen.

3.2 Preparation and

Characterization of

PSS/DODAB NPs

1. To prepare the DODAB BF dispersions, sonicate DODAB
powder in the 1 mM NaCl water solution with a macrotip for
15 min (80–90 mW).

2. To precipitate titanium residues ejected from the macrotip,
centrifuge the sonicated DODAB dispersion at 10,000 � g in
a refrigerated centrifuge for 40 min at 15 �C.

3. Determine DODAB and NaCl analytical concentrations in the
dispersion by halide microtitration using the analytical solution
of Hg(NO3)2 and two or three droplets of the ethanolic diphe-
nylcarbazone solution as indicator of endpoint.

4. Combine PSS NPs and DODAB BF in the following order:
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(i) 0.2 mL of the stock PSS dispersion.

(ii) 2.5 mL of the 2 mM DODAB BF dispersion.

(iii) 2.3 mL of 1 mM NaCl solution.

5. Allow the components to interact for 1 h at 25 �C (see Note
11).

6. Determine zeta-average diameters, zeta-potentials and polydis-
persities for all dispersions using DLS instrument. Follow man-
ufacturer procedures to conduct DLS measurements. Results
should be very similar to those in Table 1 (see Note 12).

3.3 Preparation and

Characterization of

PMMA/DODAB NPs

3.3.1 Preparation of

DODAB BF Dispersion at

10 mM in 1 mM NaCl

1. To make a dispersion of DODAB BF, sonicate the freshly
prepared DODAB/1 mM NaCl solution with a macrotip
probe at a nominal output of 90 W for 20 min. Maintain the
temperature at 60 �C.

2. Centrifuge the dispersion for 60 min at 10,000 � g and 4 �C in
order to eliminate residual titanium particles ejected from the
macrotip probe. Discard the dark titanium pellet by withdraw-
ing the supernatant of DODAB BF with a Pasteur pipette.

3. Determine DODAB analytical concentrations in the dispersion
by halide microtitration using the analytical solution of Hg
(NO3)2 and two or three droplets of the ethanol diphenyl
carbazone solution as indicator of endpoint.

3.3.2 Synthesis of

PMMA/DODAB NPs by

Emulsion Polymerization

1. Prepare a heating system using the magnetic stirrer with a hot
plate and a magnet into the water bath at 80 �C.

2. In the glass assay tube of 28 mL with a cap, transfer 2 mL of
10 mM DODAB BF dispersion and 7.57 mL of 1 mM NaCl
solution in water.

3. Apply a flow of nitrogen gas for 1 min to the contents of the
tube in order to eliminate oxygen.

Table 1
Physical properties of cationic nanostructured adjuvants dispersed in water as determined by DLS.
Mean hydrodynamic diameter (Dz), zeta-potential (ζ), and polydispersity (P) of the adjuvant
dispersions were determined by DLS following Subheading 3.1–3.4

Subheading Adjuvant Dz (nm) ζ (mV) P References

3.1 DODAB BF 73 � 4 41 � 3 0.29 � 0.03 [5]

3.2 PSS/DODAB 149 � 1 30 � 2 0.05 � 0.01 [11]

3.3 PMMA/DODAB 75 � 1 49 � 5 0.04 � 0.01 [14]

3.4 PDDA/OVA 170 � 4 30 � 2 0.11 � 0.01 [13]
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4. Add 0.43 mL of MMA 99%, close the tube with a cap and mix
using vortex for 30 s.

5. Add 3.6 mg of AIBN powder and vortex again.

6. Place the assay tube containing the reaction mixture in the
water bath and keep it at 80 �C for 1 h, vortexing every 2 min.

7. Withdraw the assay tube containing the reaction mixture from
the water bath and allow the reaction system to reach room
temperature.

8. Transfer the contents of the tube in the dialysis bag and purify
by dialysis against 2 L of ultrapure water (3�) for 24 h.

9. For particle characterization after dialysis, use dilutions of
20–30 times of the original dispersions.

10. Transfer 2 mL of the diluted PMMA/DODAB dispersion into
a DLS cuvette for determining its zeta-average diameter and
zeta-potential. Follow manufacturer procedures to conduct
DLS measurements. These should yield small cationic particles
with zeta-potential around +49 mV and the diameter around
75 nm.

11. Centrifuge the original dispersion for 60 min at 10,000 � g
and 4 �C before the analytical determination of the DODAB
concentration in the supernatant by halide microtitration.
Withdraw the supernatant with a Pasteur pipette for determin-
ing DODAB concentration.

12. Determine DODAB concentration in the PMMA/DODAB
NPs by halide microtitration of the supernatant, using the
analytical solution of Hg(NO3)2 and two or three droplets of
the ethanol diphenyl carbazone solution as indicator of
endpoint.

3.4 Preparation and

Characterization of

PDDA/OVA NPs

1. To prepare 10 mL of PDDA/OVA NPs, combine the stock
solutions as follows:

(i) In a tube containing 9.89 mL of Milli Q water, add 0.01 mL
of PDDA stock solution and vortex thoroughly.

(ii) Into the solution obtained in (i), add 0.1 mL of stock
solution of OVA and vortex for 30 s (see Note 13).

2. Transfer 2 mL of the PDDA/OVA dispersion into a DLS
cuvette for determining zeta-average diameter and zeta-
potential of the dispersion. Follow manufacturer procedures
to conduct DLS measurements. These should yield small cat-
ionic particles with zeta-potential around 30 mVand the diam-
eter around 170 nm.
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4 Notes

1. This should yield 2 mM DODAB final concentration.

2. DODAB dispersions should be always prepared above the
mean gel-to-liquid crystalline phase transition temperature of
the DODAB bilayer that is around 45 �C [40]. Thus, DODAB
should be dispersed in 1 mM NaCl aqueous solution always at
temperatures above 50 �C. Sonication will raise the tempera-
ture above 50 �C, so further heating the sample is not required.
Other important property to note is the low stability of the BFs
in moderate to high ionic strength solutions. Above 10 mM
concentrations of monovalent salts, DODAB BFs will fuse to
yield larger assemblies [18].

3. This solution will be used for titrating the previous solution
and determining its analytical Hg(NO3)2 concentration.

4. This solution will be used to microtitrate bromide (in DODAB
dispersions) or chloride (in 1 mM NaCl solution). Details on
the microtitration procedure where the mercury caption forms
a complex with halides can be found on refs. 41–43.

5. This solution allows determining the endpoint of the halide
microtitration where the indicator changes color at the end
point.

6. This will disperse the DODAB powder in the 1 mM NaCl
solution for 20 min to yield the BFs dispersion.

7. This will centrifuge the sonicated DODAB dispersion aiming at
precipitation of titanium microparticles ejected from the tip of
the macro-probe.

8. We used a ZetaPlus Zeta-potential Analyzer (Brookhaven
Instruments Corporation, Holtsville, NY) equipped with a
677-nm laser and dynamic light scattering at 90�.

9. Mean hydrodynamic diameters should be obtained by fitting
intensity of light scattered to log-normal size distributions
which do not discriminate between one, two, or more different
populations and consider all scattering particles as belonging to
one single Gaussian population. On the other hand, for the size
distribution data, fitting should be done using the
non-negatively constrained least squares (NNLS) algorithm
available from the light scattering apparatus, which is a
model-independent technique allowing to achieve multimodal
distributions [44]. ζ is usually determined from electrophoretic
mobility μ in 1 mM NaCl and the Smoluchowski’s equation:
ζ ¼ μη/ε, where η is the medium viscosity and ε the medium
dielectric constant: this is also provided by the apparatus soft-
ware. The electrode of the apparatus should be used only over a
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low range of ionic strength (0–5 mM monovalent salt). High
conductivities can damage the electrode.

10. The PSS original particles purchased from Interfacial Dynamics
Corporation have their particle number density, size, surface
charge density, and polydispersity specified in a specifications
sheet provided by the supplier. In this protocol, the stock
dispersion of anionic PSS NPs, nominal mean diameter from
scanning electron micrographs of 0.137 � 0.003 μm,
415,124 cm2/g of specific surface area (SSA), surface charge
density of 0.79 μC/cm2, and �43 � 3 mV of zeta-potential
were obtained from the stock dispersion containing
5.97� 1013 particles/mL. This stock dispersion can be further
diluted in 1 mM NaCl solution in order to obtain the final
desired NP concentration. PSS and DODAB BF should be
prepared in 1 mM NaCl because this represents an adequate
ionic strength to assemble DODAB BFs as a single bilayer onto
PSS particles by fusion of adsorbed and adjacent BFs [31].

11. The knowledge of the accurate concentrations of DODAB in
dispersion should allow calculation of the DODAB amount
required to cover all particles with one bilayer:

The final concentrations are 2.4 � 1012 particles/mL and
1 mMDODAB. This DODAB concentration is approximately
the concentration required to allow coverage of each particle
with a DODAB bilayer [11].

12. Note that upon coverage of each particle with a bilayer, the
zeta-average diameter should increase by the equivalent of two
bilayer thicknesses (one bilayer thickness is 4–5 nm).

13. Upon mixing PDDA and OVA in solution, formation of NPs is
associated with the appearance of turbidity in the dispersion
due to the light scattered by them.
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Chapter 11

Emulsion Adjuvants for Use in Veterinary Vaccines

Rachel Madera, Yulia Burakova, and Jishu Shi

Abstract

The use of emulsion as adjuvants is widely used in veterinary vaccines. Emulsion adjuvants are inexpensive,
stable, and relatively easy to prepare into vaccine formulations. Here we describe the preparation of oil-in-
water emulsion adjuvant that has been shown to enhance immune responses and protect against diseases in
pigs. This emulsion adjuvant and its variations could potentially be used alone or in combination with other
adjuvants in veterinary vaccine formulations.

Key words Adjuvants, Antigen, Emulsion adjuvants, Oil-in-water emulsion, Surfactant, Tricho-
santhin, Saponins

1 Introduction

Emulsions are generated when two immiscible liquids are com-
bined with the use of emulsifiers such as surfactants. Two of com-
monly used veterinary emulsion adjuvants are water-in-oil
(WO) and oil-in-water (OW) emulsions (Fig. 1) [1, 2]. WO adju-
vants tend to be more potent than OW adjuvants by inducing
robust and long-lasting antibody responses. However, the latter
has a better safety profile [3] with lower oil phase ratio (between
15% and 25%). OW emulsions are very fluid and well tolerated and
induce strong short-term immune responses and therefore can be
safely used for market animals such as pigs. Other important aspects
in veterinary vaccines include cost effectiveness, stability, ease of
use, storage convenience, and minimal impact on animal growth.
Emulsion-based adjuvants embodies these criteria as a major frac-
tion of these vaccines are used each year for livestock protection
against infectious diseases. Here we describe the preparation of an
OW emulsion adjuvant and its variations. The combination of OW
emulsion adjuvant with another adjuvant could potentiate vaccine
immunostimulatory effect. We have observed OW emulsion adju-
vant to work synergistically with adjuvant Trichosanthin (TCS) [4],
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and they lead to increased antibody responses to classical swine
fever virus (CSFV), E2 glycoprotein in mice and pigs (Fig. 3a, b).
A modified version of this OW emulsion adjuvant prepared with
food-grade Quillaja saponin extract emulsifier [5] produced high
levels of E2-specific antibodies (Fig. 3b) [6].

In novel vaccine formulations, it is imperative to screen for
antigen and adjuvant compatibility and its efficacy in animal
model systems. New vaccine technologies often get initial applica-
tion within veterinary medicine [7]. The OW emulsion adjuvant
preparations described in this chapter have been successfully tested
in mouse and pig models. OW emulsion adjuvanted inactivated
swine influenza viruses, and Mycoplasma hyopneumoniae vaccines
could be safely administered in pigs without adverse reactions
[8]. Vaccination and CSFV challenge studies of OW emulsion-
based E2 subunit vaccines in pigs have provided safe and effective
protection against classical swine fever disease even after single-dose
vaccination [9–11].

2 Materials

The use of sterile, single-use or disposable materials such as sero-
logical pipettes and conical tubes are needed in vaccine preparation.
Laboratory instrument, non-disposable containers, and other
materials should be sterilized by autoclave or steam sterilizer
(121 �C, 15 psi for at least 15 min). This would ensure the safety
of the final product by minimizing the presence of contaminants
that could cause adverse reactions. Prepare solutions using ultra-
pure water (�18 MΩ·cm resistivity at 25 �C) and use reagents of
high quality. Store all reagents at room temperature unless indi-
cated otherwise.

Fig. 1 Microscopic images of water-in-oil (a) and oil-in-water emulsion (b)
adjuvants. Vaccines containing water-in-oil emulsion adjuvants entrap antigen
(Ag) in the water phase and slowly release the Ag upon breakdown of oil, forming
antigen depot at the injection site. On the other hand, oil-in-water emulsion
adjuvant do not form Ag depot at the injection site. The oil droplets in aqueous
phase of the emulsion induce local inflammatory responses that recruit and
activate immune cells
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2.1 Materials 1. Sterile glass containers.

2. Ultrapure water.

3. 70% ethanol.

4. Magnetic stir bar (see Note 1).

2.2 Emulsion

Components

1. Emulsifier: Ticamulsion A-2010 (see Note 2) and Quillaja
extract Sapnov emulsifier (see Note 3).

2. Oil component: Light mineral oil (NF grade) (see Note 4).

3. Gentamicin.

4. Combination adjuvant/vaccine additive: Trichosanthin (see
Note 5).

2.3 Equipment 1. Magnetic stir plate with magnetic stir bar.

2. High-shear laboratory mixer (see Note 6).

3. Microfluidizer (see Note 7).

4. Vortex mixer.

3 Methods

Perform all procedures at room temperature, in aseptic or hygienic
manner to maintain cleanliness of adjuvant preparations.

3.1 Oil-in-Water

Emulsion

1. Dissolve Ticamulsion emulsifier in ultrapure water to a final
concentration of 7.5 (w/v)% in a sterile glass container. Use a
container that is at least three times the total adjuvant volume.
This is to ensure enough space for mixing in the succeeding
steps (see Note 8).

2. Stir mixture using magnetic stir plate. Stirring velocity is not
crucial at this point. Depending on container used and volume
to be prepared, set the magnetic stir plate at a speed that would
optimally dissolve the emulsifier. Cover with parafilm or alumi-
num foil and let stand stirring overnight.

3. Add light mineral oil to a final concentration of 15 (v/v)%.

4. Mix coarse emulsion at 1062 � g for 15 min using high-shear
laboratory mixer (Fig. 2a, see Note 9).

5. Run emulsion through microfluidizer for five times at
10,000 psi (Fig. 2b, see Note 10).

6. Add 30μg/ml gentamicin. Mix thoroughly using vortex mixer.

7. Store oil-in-water emulsion at 4 �C until use (see Note 11).

8. Prepare vaccine formulations by simple hand mixing at 1:1 to
3:1 antigen to adjuvant ratio. The vaccine could also be mixed
using vortex mixer for 2–3 min (see Note 12).
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9. Follow recommended dose volumes for common laboratory
animals [12].

3.2 Oil-in-Water

Emulsion Adjuvant

in Combination

with Another

Adjuvant/Vaccine

Additive

1. Prepare oil-in-water emulsion adjuvant as described in Sub-
heading 3.1

2. Add TCS (5–25μg per dose) (seeNote 13) to antigen adjuvant
mixture.

3. Continue as described in Subheading 3.1, steps 8 and 9.

Fig. 2 Equipment for emulsion adjuvant preparation. The high-shear in-line mixer (a) is used to mix coarse oil
and water emulsion at 10,000 rpm for 15 min before passing through the microfluidizer (b) for five times with
continuous operating pressure at 10,000 psi
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Fig. 3 Adjuvant evaluation in mice (a) and in pigs (b). Animals were immunized with classical swine fever virus
E2 glycoprotein (E2) and phosphate-buffered saline (PBS) as negative control. Oil-in-water-based adjuvant
(OW) elicited robust E2-specific antibodies as determined by enzyme-linked immunosorbent assay (ELISA).
The combination adjuvant (OWt) composed of OW and Trichosanthin (TCS) elicited higher levels of E2-specific
antibodies than single adjuvant in mice (a) and then further tested in pigs (b) in single dose (1D) and double
vaccine doses (2D). The OW variant with saponin (Owq) also elicited high levels of E2-specific antibodies in
pigs (b)
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3.3 Oil-in-Water

Emulsion Adjuvant

with Food-Grade

Saponins

1. Preparation is like as described in Subheading 3.1 with compo-
nent variations.

2. Dissolve Ticamulsion emulsifier in ultrapure water to a final
concentration of 5 (w/v)% in a sterile glass container.

3. Stir overnight with magnetic bar.

4. Add Quillaja extract Sapnov emulsifier (see Note 14) to a final
concentration of 0.5 (v/v)% and invert several times to ensure
complete mixing of both emulsifiers in water.

5. Add light mineral oil to a final concentration of 15 (v/v)%.

6. Continue as described in Subheading 3.1, steps 4–8.

4 Notes

1. Sterilize magnetic stir bar by placing it in glass container that
will be used for adjuvant preparation before autoclaving.

2. Ticamulsion A-2010 (TICGums, WhiteMarsh, MD,USA) is a
Gum Arabic plant-derived emulsifier that is commonly used in
food processing including beverage, sauces, dressing, ice
cream, and frozen desserts.

3. Saponins are naturally occurring triterpene glucoside com-
pounds commonly used in animal and human vaccine research
studies [13].Quillaja saponariaMolina tree is a main source of
saponins for vaccine adjuvants. Saponin molecules contain
both hydrophobic and hydrophilic domains that can stabilize
oil-in-water food emulsions [6, 14].

4. Oils commonly used in adjuvants include light mineral oil such
as Drakeol V (Penreco, Karns City, PA, USA). Oil can trigger
depot generation and allow the reduction of vaccine dose.
Light mineral oil also stimulates local inflammation at the
injection site that effectively enhance immune response.

5. Trichosanthin (TCS) is from the root tuber of Trichosanthes
kirilowii used in traditional Chinese medicine. The gene for
TCS is cloned into expression vector and protein expressed in
commercial E. coli expression system [15, 16]. The endotoxin
in the purified protein is removed using endotoxin removal
spin columns from Pierce Biotechnology, Rockford, IL, USA.

6. We use high-shear laboratory mixer (L5MA Silverson Inc., East
Longmeadow, MA, USA) that is suitable for mixing, emulsify-
ing, homogenizing, disintegrating, and dissolving. It is capable
to mix in-line with flow rates up to 20 l/min.

7. Microfluidization is an established technique for producing
emulsion adjuvant formulations for use in vaccines. The micro-
fluidizer (M110P, Microfluidics, Westwood, MA, USA) we use
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could achieve continuous operating pressures up to 30,000 psi
for the production of stable nano-dispersions and nano-
emulsions.

8. Clean glass beaker or glass Erlenmeyer flask could be used. We
find Erlenmeyer flask more adequate when preparing emulsion
adjuvants. Care should be taken to avoid spillage during
mixing.

9. Clean the high-shear laboratory mixer by running in ultrapure
water for at least 5000 rpm for 2–3 min. Wipe with clean paper
towel and then run in 70% ethanol at same stirring conditions.
Wipe dry and run again in ultrapure water before using the
equipment to mix the coarse oil and water emulsion.

10. Prepare the microfluidizer by passing through 2 l of 70%
ethanol and 2 l of ultrapure water before use. Add ice to the
product heat exchanger cooling coil chamber to cool down
sample during processing.

11. The oil-in-water emulsion can be stored at 4 �C for 1 month.
Before using in vaccine formulation, visually check for presence
of contaminants. It is advisable to use the prepared emulsion
adjuvant as fresh as possible.

12. We find 1:1 and 2:1 antigen to adjuvant ratio more effective in
pigs [10]. Higher antigen to adjuvant ratio should be used
when testing in mice.

13. TCS (~27 kD) should be as purified and concentrated as
possible to minimally affect the total volume of prepared vac-
cine formulation. We have used 10–30 mg/ml concentration
of purified TCS in our vaccine preparations. The final concen-
tration of TCS in vaccine formulation should be determined in
preliminary studies.

14. We use 65% saponin content Quillaja water extract Sapnov
emulsifier (Naturex Inc., Chicago, IL, USA). Sapnov emulsifier
is employed for emulsion stabilization as it is used as foaming
agent in beverages and emulsifier in food.
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Chapter 12

Generation of a Liposomal Vaccine Adjuvant Based on
Sulfated S-Lactosylarchaeol (SLA) Glycolipids

Bassel Akache, Yimei Jia, Vandana Chandan, Lise Deschatelets,
and Michael J. McCluskie

Abstract

Vaccine formulations utilize adjuvants to enhance the level and breadth of the immune response to a target
antigen. Liposomes composed of sulfated S-lactosylarchaeol (SLA) glycolipids can induce strong humoral
and cell-mediated antigen-specific immune responses to co-administered antigens in mice. This has been
demonstrated with a variety of protein antigens, where the protein is either encapsulated within or simply
admixed with the archaeal liposomes (archaeosomes). In this process, a dried film of SLA glycolipid is
hydrated in water or antigen solution to generate a large multilamellar (ML) liposomal suspension which is
then size reduced by sonication to form unilamellar vesicles (UL) with a narrower size distribution. Herein,
we describe the generation of liposomes based on the archaeal-based lipid SLA for use as an adjuvant in
vaccine formulations.

Key words Vaccine, Liposome, Archaeosome, Glycolipid, Sulfated lactosyl archaeol

1 Introduction

In efforts to increase vaccine safety, most novel vaccine formula-
tions no longer rely on the use of live attenuated disease pathogens.
Instead, most novel vaccines consist of pathogen subunits (target
protein or carbohydrate) formulated with an adjuvant designed to
enhance the immune response to the vaccine antigen [1, 2]. While
multiple vaccine adjuvants (e.g., aluminum salts, squalene-based
lipid oil-in-water emulsions) are being used in licensed vaccines,
they may not be suitable for novel candidate vaccines due to their
inability to generate sufficiently strong or balanced
(cellular vs. humoral immunity) immune responses when formu-
lated with antigens of interest. Safety profile of a vaccine adjuvant in
the target population (e.g., infant vs. adult) is also an important
factor to consider when developing a novel vaccine
formulation [3].
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Liposomes have been utilized as delivery vehicles due to their
ability to incorporate various types of payloads, including vaccine
antigens, and deliver them efficiently to the interior of cells.
Archaeosomes are liposomes composed of archaeal type ether
lipids, which are thought to offer advantages over conventional
ester lipid-based liposomes such as increased stability/lower per-
meability [4, 5]. This is due to adaptations found uniquely in
archaeal lipids, namely the presence of (1) ether instead of the
ester linkages found in eukaryotic and bacterial cells between the
glycerol backbone and the lipid tails and (2) lipid tails named
phytanyl chains which are composed of repeating branched
5-carbon repeating units [6]. These characteristics are thought to
allow archaea to survive in the harsh environments (i.e., high
temperature, high salt) where they are found.

Archaeosomes, whether constituted of total polar lipids
isolated directly from archaea or semi-synthetic glycolipids, where
an archaeol core is first isolated from total polar lipids and then a
synthetic polar head group added, are able to induce strong
immune responses specific to an entrapped antigen [5, 7–9]. How-
ever, the antigen entrapment efficiency can be low (e.g., 5–10%),
the formulation process is cumbersome, and there can be variations
in lipid content depending on the chemical nature of the antigen
used. We have recently developed an archaeosome formulation
based on a single charged glycolipid, sulfated lactosyl archaeol,
which can be simply admixed with antigen, thereby greatly simpli-
fying the formulation process, reducing antigen loss during formu-
lation, normalizing the administered SLA dose while giving
equivalent immune responses to an encapsulated antigen formula-
tion [10]. SLA-based formulations when paired with the proper
antigen, whether entrapped or admixed, have also been shown to
be efficacious in various challenge models including viral influenza
and tumor challenge [11, 12]. Herein, using ovalbumin as a model
antigen, we describe methods to prepare SLA-based archaeosome
vaccine formulations to be used with either entrapped or admixed
antigen (Fig. 1). Dried lipid films are hydrated in solution in the
absence or presence of antigen to generate empty and antigen-
containing liposomes, respectively. Sonication is then used to gen-
erate smaller, unilamellar and more homogenous archaeosomal
vesicles. This method can be adapted for the preparation of other
liposome-based formulations.

2 Materials

Ultrapure water and analytical grade reagents should be used to
prepare all necessary buffers/solutions. All reagents should be
prepared at room temperature and stored as indicated. All glassware
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should be pyrogen-free, i.e., pre-baked at 250 �C for 2 h, sterilized
by autoclaving at 121 �C for 30 min on gravity cycle and then dried
for 30 min.

2.1 Reagents and

Solutions

1. Sulfated lactosyl archaeol (SLA; 6-sulfate-β-D-Galp-(1,4)-β-D-
Glcp-(1,1)-archaeol): SLA was synthesized as described
[13]. SLA lipid is dissolved in analytical grade chloroform and
methanol mixture (2:1 v/v) at room temperature and stored at
�20 �C until use (see Note 1).

2. 10� Phosphate-buffered saline (PBS pH: 7.4) without Ca2+

and Mg2+ (Dulbecco’s phosphate-buffered saline).

3. Ovalbumin protein powder (OVA; type VI) (see Note 2).

4. Milli-Q™ water (Synergy UV Ultrapure (Type 1) Water sys-
tem, Millipore Sigma).

Water and PBS can be sterilized by membrane filtration
using 0.22-μm filter unit and stored at 4 �C until use.

2.2 Equipment and

Plasticware

1. Glass borosilicate vial with screw cap (autoclavable) (see Note
3).

2. 0.22-μm PVDF sterile syringe-driven filter units (13 mm
diameter).

3. 1-mL sterile disposable syringes.

Fig. 1 Schematic overview of experimental procedures
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4. 1.5-mL pyrogen-free sterile microcentrifuge tubes.

5. Ultracentrifuge with fixed rotor.

6. Ultracentrifuge plastic tubes with screw top lids.

7. P20, P200, and P1000 pipettes and sterile pipette tips.

8. Sterile Pasteur pipettes.

9. Sonic bath (e.g., Elmasonic P, Elma, Germany).

10. Sonic Dismembrator 550 (ThermoFisher Scientific, Waltham,
MA, USA) (see Note 4).

11. Freeze Dry system (e.g., FreeZone-Plus, 4.5 liters, Labconco,
Kansas City, MO, USA).

12. Magnetic stir plate.

13. Dynamic light scattering Nano ZS apparatus (Malvern Panaly-
tical, Malvern, UK).

14. Polystyrene cuvette (10 � 10 � 45 mm) (see Note 5).

15. Disposable folded capillary cell DTS1070 (for Nano
ZS-Malvern).

16. Vortex.

17. 37 �C Shaker incubator.

18. Positive displacement pipette.

19. Dry oven (set at 75 �C).

20. Heating blocks (capable of holding 20 mL vials) with gas
manifold evaporator (e.g., Reacti-Therm1#TS18821 &
Reacti-Vap1#TS-18825, ThermoFisher Scientific).

21. Nitrogen gas (in-house source or via cylinder).

22. Transmitted light microscope with up to�1000magnification,
microscope slides, and cover slips (see Note 6).

23. Micro-analytical balance.

24. SDS-PAGE mini gel system.

25. Pre-stained protein molecular weight standards.

3 Methods

3.1 Preparation of

Antigen Solution for

Empty Preformed

Archaeosomes (to Be

Used in Subheading

3.5)

1. Prepare antigen solution depending on dose/amount
required. For example, to prepare a 10 mg/mL ovalbumin
solution, add 1 mL of sterile 1� PBS (prepared from diluting
10� PBS tenfold in water) to 10 mg of ovalbumin powder to
make a 10 mg/mL solution.

2. Insert a magnetic stir bar in solution and stir the mixture on a
magnetic stir plate for 2–3 h at 300 rpm at room temperature
to ensure antigen is completely dissolved and solution is clear.
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3. Filter sterilize the antigen stock solution by loading into a
1-mL syringe and passing through a 0.22-μm syringe-driven
13-mm PVDF filter unit into a sterile microcentrifuge tube (see
Note 7).

3.2 Preparation of

Antigen Solution for

Encapsulation in

Archaeosomes (to Be

Used in Subheading

3.6)

1. Prepare antigen solution depending on dose/amount
required. For example, to prepare a 10 mg/mL ovalbumin
solution, add 1 mL of pyrogen-free water to 10 mg of ovalbu-
min powder to make a 10 mg/mL solution (see Note 8).

2. Follow the same procedures as Subheading 3.1, steps 2 and 3.

3.3 Preparation of

Dried Lipid Thin Film

1. Prepare desired amount of lipid solution using lipid stock
solution. For example, for SLA lipid film, bring SLA lipid
solution (see Subheading 2.1, item 1) to room temperature
and transfer an aliquot from the SLA stock solution containing
the desired amount (e.g., 20 mg) of lipid to 20-mL glass vial
using positive displacement pipette (see Notes 9–11).

2. Place vial containing SLA solution in the 20-mL vial compart-
ment of heating block (temperature set at ~50 �C) with Reacti-
vap evaporator equipped with Teflon needles.

3. Dry SLA lipids under a gentle stream of nitrogen gas (see Note
12), until a thin uniform lipid film is formed and no visible
solvent remains in the vial (typically this can take from 3 to 6 h)
(see Note 13).

4. Place dried lipid under vacuum on a freeze dry system or
lyophilizer for at least 12 h to remove any traces of organic
solvent.

3.4 Preparation of

Pre-formed Empty

Archaeosome

Formulation

1. Hydrate dried lipid film from Subheading 3.3 by adding sterile
endotoxin-free water (e.g., 500 μL for 20 mg SLA) and five to
ten glass beads (3 mm diameter). Vortex the lipid suspension
until a turbid, viscous, and opaque solution is formed (~5 min),
indicating liposome formation.

2. Leave liposome solution at room temperature for 2 h and then
incubate in a shaker incubator, at 37 � 3 �C, with constant
shaking at 300 rpm for 5 h. At regular intervals (e.g., every
1 h), vortex at high speed (up to 2000 rpm) to ensure complete
hydration, break apart possible aggregates, and ensure a more
homogenous solution.

3. Monitor the formation of liposomes, i.e., multilamellar or large
unilamellar vesicles, their shape and size, under microscope
under oil immersion at 1000� magnification to ensure hydra-
tion is complete (Fig. 2; see Subheading 3.7, step 1 and Note
14).
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4. Measure particle size by using Malvern Zetasizer Nano ZS
(Malvern Instruments) (see Subheading 3.7, step 2) before
proceeding to size reduction. At this point, a broad range of
particle size distribution is expected with vesicle size (Z-avg) of
300 nm or more (Fig. 3). To reduce the size to small unilamel-
lar vesicles (Z-avg 100 nm � 25 nm) bath sonication with low

Fig. 2 Liposome appearance under oil immersion microscopy. Images of empty pre-formed archaeosomes
acquired under 1000� magnification either following hydration prior to size reduction (a) or following size
reduction as described in Subheading 3.4, step 4 (b). Once target average particle size of ~100 nm is
achieved, it will be difficult to observe liposomes using microscopy at this magnification
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Fig. 3 Liposome particle size and size distribution. Profiles of empty pre-formed archaeosomes as determined
by Malvern Zetasizer (Subheading 3.7, step 2) either following hydration prior to size reduction (a) or following
size reduction as described in Subheading 3.4, step 4 (b)
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intensity and/or Sonic Dismembrator 550 in bath sonication
mode equipped with adjustable intensity can be used. Typically,
we use setting #4 for two cycles of 3 min at room temperature
with a minimum of 1 min resting between sonication cycles.
Sonication is repeated until the desired Z-avg is reached (see
Note 15). The liposome solution can then be placed at 4 �C
overnight in order to allow the lipid bilayer to equilibrate and
stabilize.

5. Sterilize the liposome solution by filtering through a 0.22-μm
PVDF filter (syringe-driven 13 mm diameter) into a pyrogen-
free sterile glass vial (seeNote 16). Once the lipids have passed,
rinse the filter with 250 μL of sterile pyrogen-free water and
combine into same container. Measure the total volume of
sterile filtrate.

6. Quantify SLA lipid in collected filtrate using dry-weight
method described in Subheading 3.7, step 5.

7. Add one volume of 10� sterile PBS to nine volumes of the
liposome solution (already in sterile water) in order to reach a
final buffer solution to 1� PBS. The final concentration of SLA
liposomes is 9/10 of the dry weight obtained above in water.

8. Characterize sterile pre-formed empty archaeosomes for their
particle size (Z-avg), surface charge (zeta potential), and parti-
cle size distribution (polydispersity index, PDI) values using
Malvern Nano ZS (see Subheading 3.7, steps 2 and 3 for
details).

9. Store glass vial containing sterile SLA empty pre-formed
archaeosome suspension at 4 �C.

3.5 Preparation of

Vaccine Formulation

by Admixing

Transfer aliquot of SLA empty archaeosomes prepared above into
1.5-mL pyrogen-free sterile Eppendorf tube, followed by the addi-
tion of previously prepared antigen solution (e.g., 10 mg/mL in
1� PBS) to reach desired antigen and archaeosome ratio (see Note
17). Mix well by vortexing or pipetting up and down for a few
times immediately before immunization.

3.6 Preparation of

Antigen-Encapsulated

Archaeosome

Formulation

1. Hydrate a known amount (e.g., 20 mg) of dried lipids from
Subheading 3.3 by adding 1 mL of antigen solution (e.g.,
10 mg/mL ovalbumin, see Subheading 3.2 and Note 18).
Add five to ten glass beads to aid lipid hydration and archaeo-
some formation.

2. Vortex and incubate the lipid/antigen solution in a shaker
incubator, at 37 � 3 �C, with constant shaking at 300 rpm
for 5 h (see Subheading 3.4, step 2 for details).

3. Monitor the formation of liposomes (i.e., multilamellar/large
unilamellar vesicles and their shape/size) under microscope
under oil immersion at 1000� magnification to ensure
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hydration is complete as outlined in Subheading 3.4, step 3.
Reduce the size of the liposomes as outlined in Subheading
3.4, step 4. The liposome/antigen solution can then be placed
at 4 �C overnight in order to allow the lipid bilayer to equili-
brate and stabilize.

4. To remove unentrapped antigen, carefully transfer the lipo-
some suspension (1 mL) into 8-mL plastic ultracentrifuge
tubes (pre-soaked in 70% ethanol, and then followed by air
drying). Fill tube by addition of 7 mL of pyrogen-free sterile
water and ultracentrifuge at 223,000 � g for 2 h at 4 �C.
Remove the supernatant using a sterile Pasteur pipette taking
care not to disturb the pellet. Resuspend the pellet thoroughly
in 7 mL of sterile pyrogen-free water by vortexing. Wash the
pellet two times and finally resuspend the pellet in (400 μL) of
sterile pyrogen-free water (see Note 19).

5. Sterilize antigen-encapsulated archaeosome solution by filter-
ing through a 0.22-μm PVDF syringe-driven 13-mm filter unit
with 1-mL syringe. Using same syringe, rinse the filter with an
additional 100 μL of sterile pyrogen-free water and combine
filtrates. Measure the total volume of sterile filtrate.

6. Quantify the amounts of SLA lipid and antigen-encapsulated in
the collected filtrate using dry-weight and SDS-PAGE as
described in Subheading 3.7, steps 4 and 5, respectively. Cal-
culate lipid (SLA) to antigen (OVA-encapsulated) ratio.

7. Add 1 volume of 10� concentrated PBS to 9 volumes of the
final formulation in order to bring the final concentration of
archaeosome solution to 1� PBS (see Note 20).

8. Based on antigen concentration determined in step 6, adjust
volume with 1� PBS to enable delivery of the desired antigen
dose in the required volume (e.g., dilute to 400 μg/mL OVA
final concentration to allow immunization with 20 μg OVA in
50 μL volume; see Note 21). Store the sterile antigen-
encapsulated archaeosome suspension at 4 �C (see Note 22).

3.7 Archaeosome

Characterization and

Analytics

1. Archaeosome morphology: Archaeosome morphology should be
monitored by transmitted light microscopy (see Note 23).

2. Particle size and size distribution: Dilute 10 μL of empty or
antigen-entrapped archaeosome suspension in 1000 μL of
pyrogen-free water in a disposable folded capillary cell
DTS1070 (for Nano ZS-Malvern) (see Note 24). Measure
particle size and size distribution using Malvern Zetasizer or
equivalent alternative.

3. Surface charge: Using the same sample and capillary cell, next
measure zeta potential using Malvern Zetasizer instrument
settings.
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4. Quantification of encapsulated antigen (WAg): For antigen-
entrapped formulation only, entrapped antigen is quantified
using densitometry on gel electrophoresis developed bands.
Perform sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on antigen-encapsulated
archaeosomes (see Subheading 3.6, step 6) together with anti-
gen calibration standards (e.g., OVA antigen alone). Prepare
samples by heating known amounts of antigen (from Subhead-
ing 3.2) and a known volume of antigen-encapsulated archaeo-
some solution from Subheading 3.6, step 6 in SDS reducing
buffer, respectively, at 100 �C for 7 min. Load samples and
molecular weight standards on 12% pre-cast mini gel. Run gel
in Laemmli’s buffer system pH 8.3 at 200 V constant voltage at
room temperature. Stain gels with Coomassie brilliant blue
G250 staining solution [refer to “A Guide to polyacrylamide
Gel electrophoresis” from Bio-Rad laboratories (Richmond,
CA) for details]. Compare average density of bands from
known amount to unknown amount of antigen (OVA) using
densitometer. Calculate the final amount of antigen (OVA)
present in the encapsulated archaeosome (WAg) (see Note 25).

5. Lipid quantification by dry-weight method: Label empty alumi-
num weighing boats and heat dry them for 12 h in the oven at
70 �C. Cool the boats for 2 min and weigh them (W1) using a
micro-analytical balance. Carefully transfer 10–50 μL of SLA
archaeosome suspension previously prepared in either Sub-
heading 3.4 (W2) or Subheading 3.6 (W3) into pre-weighed
empty aluminum weighing boats (W1). Leave the samples to
heat-dry for 12 h in the oven at 70 �C. Cool for 2 min and
measure the final weight (seeNotes 26 and 27). All samples are
done in triplicates and average calculated.

Average weight of SLA in empty archaeosomes:

W EmptyArch ¼ W 2 �W 1

Average weight of SLA and OVA-encapsulated in archaeo-
somes: W EncArch ¼ W 3 �W 1

Average lipid weightWSLA ¼WAgEncArch �WAg (from step
4)

Antigen to lipid ratio ¼ WAg : WSLA

4 Notes

1. We have selected SLA as a single glycolipid for the production
of archaeosomes based on previous studies in our laboratory.
Archaeosomes can also be formed using one or multiple glyco-
lipids or using total polar lipids isolated from archaea. We
typically use Halobacterium salinarum to generate archaeol
since it can be grown aerobically and is easier to characterize.
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2. We have selected ovalbumin as model antigen for this method;
however, method is also appropriate for other protein antigens.
Note that the current method is not suitable for DNA or RNA
formulations due to the anionic nature of the SLA archaeo-
somes it produces. This method would need to be modified
(e.g., by addition of cationic components) to effectively deliver
nucleic acids.

3. We typically use a 20-mL glass vial to ensure formation of a thin
lipid film. If too small a vial is used for a large amount of lipid,
the lipid film will be thicker and harder to hydrate.

4. Sonic dismembrator should be used in bath sonication mode
instead of with the probe sonicator.

5. Other cuvette types can also be used. For example, the capillary
cell DTS 1070 can be used for both zeta potential and sizing.

6. We use an Olympus BX51 microscope equipped with camera
and imaging software (Q-Imaging) although other micro-
scopes could also be appropriate.

7. Concentration of antigen solution should be measured after
filter sterilization to confirm the precise amount of antigen
recovered. Antigen solution can either be used immediately
or aliquoted and stored for later use depending on stability of
individual antigens (e.g., we routinely aliquot ovalbumin solu-
tion in 100 μL aliquots and store at �20 �C for up to
6 months).

8. The hydration of lipids in water (empty archaeosome) or water-
based ovalbumin solution (archaeosome with encapsulated
antigen) instead of a buffer such as PBS allows for more and
more precise determination of lipid concentration using
dry-weight method (Subheading 3.7, step 5). PBS is added
afterwards to make them more suitable for administration
in vivo. For the admixed vaccine formulations, the preparation
of antigen in PBS ensures the administered solution maintains
vehicle balance once antigen and empty archaeosomes are
mixed together.

9. For a large amount of lipid, a round-bottom flask and a rotary
evaporator can be used to form lipid thin film.

10. Always bring stock solution of SLA to room temperature
before transferring to glass vial for drying, as this will help
ensure SLA is completely in solution.

11. To ensure that we have sufficient amounts of lipid at the end of
the manufacturing process, we normally include an additional
5 mg of lipid on top of what is required for our experiment
[i.e., # of subjects to be immunized * # of immunizations per
subject * dose (usually 1 mg/immunization in mice)] to the
vial. The additional material will account for loss during
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formulation/filtration and allow the user to have sufficient
material for analytics. We have previously demonstrated that
pre-formed empty archaeosomes are very stable (for up to
6 months at either 4 �C or 37 �C) [14], therefore quantity
needed for whole experiment (e.g., prime and boost immuni-
zations) can be prepared in advance and stored until needed.

12. A nitrogen cylinder or continuous nitrogen gas line with sec-
ondary pressure regulator attached to the evaporator in a fume
hood. Nitrogen gas flow should be very gentle in order to
avoid solvents from splashing and leading to an increased risk
of lipid loss.

13. The amount of time required for the solvent to evaporate will
depend on the quantity and nature of lipid/solvent. If using
other lipid/solvent combinations, different conditions may be
necessary to ensure proper removal of solvent (e.g., solvent
with higher boiling point).

14. Aggregates are nonhydrated lipids or clustered large liposomes
that are not spherical in shape and are usually bigger than
hydrated single liposomes. If aggregates are observed under
microscope, sonicate liposome suspension and reassess under
microscope until hydration is complete, and uniform lipo-
somes are observed. At this stage, it is helpful to take a picture
using the camera attached to the microscope/Q-Imaging soft-
ware to document the liposome appearance. Make sure water
temperature stays under 40 �C during sonication.

15. When using SLA archaeosomes as a vaccine adjuvant, we typi-
cally target an average size of ~100 nm. One advantage of using
particles of this size is that they are compatible with filter
sterilization. Liposome particle size can influence in vivo distri-
bution and size can be adjusted to suit individual project goals.

16. The size of the liposomes may impact the ease with which the
solution can be put through the filter. Filters can be pre-flushed
with sterile water to facilitate filtration. After filtration of the
archaeosome solution, filters are rinsed with water and filtrate
collected to increase yield.

17. For the preparation of vaccine formulations with empty
archaeosomes, solutions containing antigen and SLA lipo-
somes are simply admixed to obtain desired volume and con-
centration. For example, to dose five mice, we usually mix
150 μL of 40 mg/mL empty SLA archaeosomes with 150 μL
of 800 μg/mL OVA solution to obtain a final formulation
ready for injection into mice (50 μL injection volume contain-
ing 1 mg SLA and 20 μg OVA). Additional solution on top of
the minimum 250 μL required for injection is prepared to
account for any loss during transfer and the syringe’s dead
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volume. For more immunogenic antigens such as influenza
hemagglutinin (HA), we usually immunize with 2 μg of anti-
gen and would therefore prepare an 80 μg/mLHA solution to
mix at a 1:1 ratio with 40 mg/mL empty SLA archaeosomes.

18. In the case of ovalbumin, we use a ratio of 2:1 (w/w) of lipid to
antigen to achieve higher entrapment of antigen in archaeo-
somes. This ratio can vary depending on the chemical nature of
antigen being used and its availability.

19. After ultracentrifugation to remove non-entrapped antigen
(OVA), make sure pellet gets thoroughly suspended into the
water before every step. Supernatants and washes can be col-
lected and re-centrifuged to increase yield.

20. The dilution effect of the archaeosome/antigen dry weight
should also be considered as done with the empty archaeosome
formulation in Subheading 3.4, step 7.

21. Depending on the entrapment efficiency, the lipid to antigen
ratio can differ from batch-to-batch. As such, different
amounts of lipid may be administered when basing dosing
amounts on antigen concentration. While we have seen strong
adjuvant activity with formulations containing 0.1–1 mg of
archaeal lipid per dose, it is best to use the same batch of
archaeosomes for a particular study or to use batches with
similar antigen to lipid ratios.

22. Make sure liposomes are kept sterile. Storage vial should only
be opened in laminar flow Bio-hood to maintain sterility of the
sample. Lid should be kept tight and sealed with para-film
when stored at 4 �C. Both empty and encapsulated archaeo-
somes can be used for up to 6 months after preparation if
stored at 4 �C under sterile conditions.

23. Standard microscopy techniques can be used. Using a P20
pipette, transfer 5 μL of archaeosome suspension onto a micro-
scope slide and carefully slide a cover slip avoiding formation of
bubbles. First focus the vesicles using high dry (400�) lens.
Add a drop of immersion oil on the cover slip and carefully
move oil immersion lens on the cover slip into drop of immer-
sion oil, to get higher magnification. If possible, image should
be captured at this stage using camera mounted on microscope
and Q-Imaging software or suitable alternative.

24. Avoid any bubble formation when adding archaeosome solu-
tion to the cuvette/cell. Tap cuvette/cell lightly on the bench
to get rid of bubbles.

25. While Coomassie Blue staining is compatible with most appli-
cations, other staining techniques can also be used (e.g., gels
can be stained using SyproRed).
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26. To help improve accuracy and consistency of final dry weight
measurements of SLA archaeosomes, it is important to keep
drying and cooling times constant.

27. The use of other analytical methods to characterize the formu-
lations may be useful. For example, when delivering these
formulations in vivo in a vaccine setting, it may be important
to identify the levels of endotoxin in the solutions. The pres-
ence of high levels of endotoxin in the vaccine solutions could
impact animal health and the magnitude of the immune
response, complicating interpretation of study results. Multiple
methods are available based on limulus amebocyte lysate (LAL)
test. Treating archaeosomes with detergent (e.g., <1.5%
octaethylene glycol monododecyl ether) prior to conducting
the test reduces interference and exposes any potential endo-
toxins encapsulated within the liposome.
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Chapter 13

Glucan Particles: Choosing the Appropriate Size to Use
as a Vaccine Adjuvant

Mariana Colaço, João Panão Costa, and Olga Borges

Abstract

Beta-glucans are a group of polysaccharides with intrinsic immunostimulatory properties which makes the
design of new particulate vaccine adjuvants based on β-glucans very promising. The size of the particles and
the antigen loading method, encapsulated into particles or adsorbed on its surface, will influence the
toxicological and adjuvanticity properties of the particulate adjuvant. Herein we describe the production
of glucan nanoparticles (NPs) with three different sizes, approximately 150 nm, 350 nm, andmicroparticles
as shells (GPs) with approximately 3 μm. The association of the antigen to the particulate adjuvant is
described using model protein antigens. The method can be easily adapted for real protein antigens.

Key words Glucan, Nanoparticles, Microparticles, Antigen loading, Adjuvants, Particle size

1 Introduction

Beta-glucans are found in certain organisms, such as barley, oat,
fungi, and yeasts [1]. These group of polysaccharides are recog-
nized by dectin-1, a cell receptor with high levels of expression in
certain cells, including macrophages, B-lymphocytes, and dendritic
cells. Dectin-1 is a pattern recognition transmembrane signaling
receptor involved in innate immune responses against fungal patho-
gens [2]. Recently, a more complete set of receptors have been
revealed to recognize β-glucans, which include complement recep-
tor 3 (CR3) or CD5 as reviewed by Jin et al. [3]. Thus, the effects of
glucans on the immune system are mainly derived from the binding
to these receptors and depend on the source of the glucan used in
the experiments. Some of the observed effects include the induc-
tion of production of diverse proinflammatory cytokines including
IL-1 β, IL-6, and TNF-α or the least described IL-12. In addition,
it is also reported to change immune cells function and shift of
Th1/Th2 response bias [3], which explains the interest of these
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polymers for the development of particulate vaccine adjuvants. The
need to develop new adjuvants is not only for the design of pro-
phylactic vaccines but also for therapeutic vaccines to treat infec-
tions, like chronic hepatitis B infection (CHB). In this case, CHB
patients might benefit from having a therapeutic vaccine capable of
inducing not only the production of interferons (IFNs), but also
the IL-12, since it may reverse the induced liver immune
tolerance [4].

Gary R. Ostroff’s research group has been working for a long
time with the porous micrometer-sized shells derived from baker’s
yeast (Saccharomyces cerevisiae) cell walls constituted mainly by
β-1,3-D-glucan [5]. After obtaining glucan shells, the antigen is
loaded into these microparticles by a process described by the
same group [6]. Notwithstanding, in vaccinology, it is often chosen
to adsorb the antigen on the surface of the nanoparticulate adju-
vants. In this way, it is intended to mimic the microorganism
structure, whose more immunogenic proteins are generally found
on its surface. The size of particulate adjuvants is certainly an
important quality attribute. Hence, our hypothesis is that if the
size of glucan nanoparticles is similar to the size of the viruses, the
immune system will be more easily deceived and stimulated. We
must also be aware that size matters, not only for the adjuvant effect
of the particles, but also for its toxicity. So, the cytotoxicity must
always be evaluated. Concerning the particles described in this
chapter, the immunotoxicological properties were evaluated and
reported by our group elsewhere [7].

Our group developed a method to produce glucan particles,
smaller than glucan shells, intended to adsorb antigen on its sur-
face. This chapter describes the preparation of the micro size glucan
shells (GPS has a size of approximately 3 μm), a procedure similar
to the one described by Mirza [6] with two nanometer glucan
nanoparticles, 130 nm and 350 nm.

2 Materials

Prepare all solutions using ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise). Diligently follow all waste disposal
regulations when disposing waste materials. Follow all safety pre-
cautions when handling hazardous reagents.
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2.1 Preparation

of Polymeric Delivery

Systems

2.1.1 Glucan

Nanoparticles of 130 nm

1. P-CURDL; Curdlan contains >99% D-glucose essentially all of
which is 1,3-β-linked (e.g., Megazyme, Bray, Ireland).

2. Curdlan solution: 0.025% (w/v) glucan solution in 2% (w/v)
sodium hydroxide with 1% (w/v) Tween® 80 in water.

3. Acetic acid solution: 8% (v/v) in water.

4. 100-mL glass beaker.

5. Magnetic stirrer and magnetic stir bar.

6. Disposable Pasteur pipette.

7. Vivaspin 20 centrifugal concentrator (MWCO 300 kDa).

8. Centrifuge.

9. pH meter.

2.1.2 Glucan

Nanoparticles of 350 nm

1. P-CURDL; Curdlan contains >99% D-glucose essentially all of
which is 1,3-β-linked (e.g., Megazyme, Bray, Ireland).

2. Curdlan solution: 0.1% (w/v) glucan solution in 2% (w/v)
sodium hydroxide with 0.1% (w/v) Tween® 80 in water.

3. Acetic acid solution: 4% (v/v) in water.

4. 50-mL glass beaker.

5. Magnetic stirrer and magnetic stir bar.

6. Disposable Pasteur pipette.

7. Vivaspin 20 centrifugal concentrator (MWCO 300 kDa).

8. Centrifuge.

9. pH meter.

2.1.3 Glucan Shell

Particle

1. Instant dried yeast—S. cerevisiae.

2. Sodium hydroxide solution: 1 M solution in water.

3. Hydrochloric acid solution: 12 M and 1 M solutions in water.

4. Isopropanol.

5. Acetone.

6. 600-mL beaker.

7. Water bath.

8. Overhead paddle stirrer.

9. 50-mL conical tubes.

10. Centrifuge.

11. pH meter

12. Vortex mixer.
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2.2 Protein Loading

2.2.1 Protein Adsorption

to Glucan Nanoparticles

1. Myoglobin from equine skeletal muscle, lysozyme chloride
from chicken egg white, and albumin from bovine serum.

2. Rotating mixer.

3. Centrifuge.

4. Bicinchoninic acid (BCA) protein assay kit or other protein
quantification kit to measure unbound protein.

2.2.2 Protein

Encapsulation into Glucan

Shell Particles

1. Myoglobin from equine skeletal muscle, lysozyme chloride
from chicken egg white, and albumin from bovine serum.

2. TEN buffer: 2 mM EDTA, 0.15 M NaCl, 50 mM Tris–HCl,
pH 8.0.

3. Ribonucleic acid from torula yeast (tRNA).

4. tRNA solution: Dissolve tRNA at 25 mg/mL in TEN buffer,
with magnetic stirring at 50 �C. Dilute tRNA 25 mg/mL
solution with TEN buffer to obtain a 10 mg/mL solution.

5. Saline solution: 0.9% in water.

6. Centrifuge.

7. Freeze-dryer.

8. Magnetic stirrer and magnetic stir bar.

3 Methods

Carry out all procedures at room temperature unless otherwise
specified.

3.1 Preparation

of Polymeric Delivery

Systems

3.1.1 Glucan

Nanoparticles of 130 nm

1. Dissolve curdlan in 2% (w/v) sodium hydroxide with 1% (w/v)
Tween® 80 to a final concentration of 0.025% (w/v) for 3 h (see
Note 1).

2. Place 20 mL of curdlan solution in a glass beaker and measure
the pH of the solution (see Note 2).

3. Add dropwise 8% (v/v) acetic acid solution until reaching
different pHs, where the mixture is kept under magnetic stir-
ring during half an hour, specifically in pH 11.0, 7.0, 6.0, and
5.0 (see Note 3) (Fig. 1).

4. Distribute the batch over two Vivaspin 20 centrifugal concen-
trator (approximately 15 mL in each tube) (see Note 4).

5. Centrifuge the particles at 3000� g, at 20 �C, until the volume
reaches 1 mL (Fig. 2).

6. Preserve the filtrate in the lower part of the Vivaspin tube, to
later quantify the polymer that did not contribute to produce
the nanoparticles, in a 50-mL centrifuge tube, at 4 �C.
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7. Add 10 mL of ultrapure water to the upper part of the Vivaspin
tube and centrifuge again at 3000 � g, at 20 �C, until the
volume reaches 0.5 mL in each tube.

8. Preserve the filtrate in the lower part of the Vivaspin tube, to
later use as a solvent control in in vitro studies, in a 50-mL
centrifuge tube, at 4 �C.

9. Transfer the volume in the Vivaspin tubes to a 15-mL pyrogen-
free tube and store the suspension at 4 �C for further steps.

10. After nanoparticle preparation, size and zeta potential should
be measured to guarantee reproducibility (see Note 5).

3.1.2 Glucan

Nanoparticles of 350 nm

1. Dissolve curdlan in 2% (w/v) sodium hydroxide with 0.1%
(w/v) Tween® 80 to a final concentration of 0.1% (w/v) for
3 h (see Note 6).

2. Place 5 mL of curdlan solution in a glass beaker and measure
the pH of the solution.

3. Add dropwise 4% (v/v) acetic acid until reaching pH 5.0,
where the mixture is kept under magnetic stirring during 1 h
to achieve maturation (Fig. 3).

Fig. 1 Representation of the production method of 130 nm glucan nanoparticles: the solution starts at an initial
pH of 13.31, then with dropwise addition of 8% (v/v) acetic acid solution the pH drops, and when it reaches pH
around 7. The particles start to be produced and the suspension becomes turbid
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4. Put the batch in the Vivaspin 20 centrifugal concentrator
(approximately 10 mL) and centrifuge the particles at
3000 � g, at 20 �C, until the volume reaches 1 mL (Fig. 4).

Fig. 2 130 nm glucan nanoparticle centrifugation using Vivaspin 20 centrifugal
concentrator (MWCO 300KD): the nanoparticle suspension is being concentrated
in the upper part of the tube (white suspension), while the bottom contains the
filtrate (with no color associated)

Fig. 3 Representation of the production method of 350 nm glucan nanoparticles:
the solution starts at an initial pH of 13.4, then with the dropwise addition of 4%
(v/v) acetic acid solution, the pH drops until 5 and the nanoparticle suspension
does not become turbid, as seen in the left figure
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5. Preserve the filtrate in the lower part of the Vivaspin tube, to
later quantify the polymer that did not contribute to produce
the nanoparticles, in a 15-mL centrifuge tube, at 4 �C.

6. Add 10 mL of ultrapure water to the upper part of the Vivaspin
tube and centrifuge again at 3000 � g, at 20 �C, until the
volume reaches 1 mL.

7. Preserve the filtrate in the lower part of the Vivaspin tube, to
later use as a solvent control in in vitro studies, in a 15-mL
centrifuge tube, at 4 �C.

8. Transfer the volume in the Vivaspin tubes to a 15-mL pyrogen-
free tube and store the suspension at 4 �C for further steps.

9. After nanoparticle preparation, size and zeta potential should
be measured to guarantee reproducibility (see Note 5).

3.1.3 Glucan Shell

Particle

1. Add 20 g of dried yeast to 200 mL of sodium hydroxide 1 M in
a 600-mL beaker.

2. Heat the suspension at 85 �C for 1 h, in water bath under
rotational stirring with an overhead paddle stirrer (seeNote 7).

3. Allow the suspension to cool down to room temperature and
transfer it to 50-mL conical tubes (see Note 8).

4. Centrifuge the conical tubes at 3000 � g for 10 min. Discard
the supernatant to recover the insoluble yeast cell wall pellet
(see Note 9).

Fig. 4 350 nm glucan nanoparticle centrifugation using Vivaspin 20 centrifugal
concentrator (MWCO 300KD): the nanoparticle suspension is being concentrated
in the upper part of the tube (transparent suspension), while the bottom contains
the filtrate
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5. Distribute 100 mL of sodium hydroxide 1 M over the conical
tubes. Shake vigorously and vortex the tubes to suspend the
pellet and transfer the suspension into a 600-mL beaker. Wash
the conical tubes with another 100 mL of sodium hydroxide
1 M to avoid loss of insoluble material and add to the beaker.

6. Repeat steps 2–5.

7. Then, repeat steps 2–4, however, the incubation in step
2 should last only 10 min (see Note 10).

8. Distribute 100 mL of ultrapure water over the conical tubes.
Shake vigorously and vortex the tubes to suspend the pellet and
transfer the suspension into a 600-mL beaker. Wash the conical
tubes with another 100 mL of ultrapure water to avoid loss of
insoluble material and add to the beaker.

11. Adjust pH with HCl to pH 4.4–4.6 (see Note 11).

12. Heat the suspension at 75 �C for 1 h, in water bath under
rotational stirring with an overhead paddle stirrer (seeNote 7).
Allow the suspension to cool down to room temperature and
transfer it to 50-mL conical tubes (see Note 8).

13. Centrifuge the conical tubes at 2000 � g for 10 min.

14. Discard the supernatant and distribute 200 mL of ultrapure
water over the conical tubes (see Note 12). Shake vigorously
and vortex the tubes to suspend the pellet and centrifuge them
at 2000 � g for 10 min. Perform this step three times.

15. Repeat step 13, three times with 40 mL of isopropanol.

16. Repeat step 13, twice with 40 mL of acetone.

17. Discard the last supernatant and allow the pellet to dry in the
conical tubes overnight, inside the laboratory fume hood.

18. After nanoparticle preparation, size and zeta potential should
be measured to guarantee reproducibility (see Note 5).

3.2 Protein Loading

3.2.1 Protein Adsorption

to Glucan Nanoparticles

1. Incubate a fixed particle concentration with different concen-
trations of proteins and keep it under rotational agitation at
20 �C for 1 h in microcentrifuge tubes.

2. After incubation, centrifuge the tubes at 21,000 � g at room
temperature (see Note 13) and collect the supernatant to mea-
sure unbound protein through bicinchoninic acid (BCA) pro-
tein assay (see Note 14).

3.2.2 Protein

Encapsulation to Glucan

Shell Particles

1. Add 100 μL of a protein solution at the desired concentration
dissolved in 0.9% saline to 10 mg of GPs (see Note 15).

2. Incubate for 2 h, at 4 �C, allowing protein diffusion into the
hollow GP cavity.

3. Freeze-dry GPs overnight.
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4. Add 100 μL of 25 mg/mL tRNA solution in TEN buffer and
incubate for 30 min, at 50 �C.

5. Add 450 μL of 10 mg/mL tRNA and incubate at 50 �C for 1 h.

6. Centrifuge for 10 min at 2000 � g.

7. Carefully collect the supernatant with a micropipette (see Note
16).

8. Wash the pellet three times with 500 μL of 0.9% saline and
centrifugations of 10 min at 2000 � g.

9. After collecting the last supernatant, add 1 mL of 0.9% saline to
the pellet of GPs to obtain a 10 mg/mL GPs suspension and
store at �20 �C.

3.3 Characterization

of Polymeric Delivery

Systems

The particles described in this chapter were characterized (Fig. 5)
regarding its size and zeta potential, as well as its capacity to adsorb
proteins. Protein adsorption by glucan nanoparticles was quantified
by the following equations:

Loading efficacy %ð Þ ¼ total amount of protein μg=mLð Þ � unbound protein μg=mLð Þð Þ½
=total amount of protein μg=mLð Þ� � 100

Loading capacity %ð Þ ¼ total amount of protein μg=mLð Þ � unbound protein μg=mLð Þð Þ½
=weight of the particles μg=mLð Þ� � 100

The determination of protein encapsulation in GPs was not
performed by BCA assay, since the presence of tRNA needed for
the imprisonment of protein within the GPs interferes with the
assay.

4 Notes

1. All the solutions must be prepared fresh. Curdlan is insoluble in
water and suffers from poor solubility in most organic solvents.
However, it is soluble in dilute alkaline solutions (>0.25 M
NaOH) [8]. To be dissolved, curdlan needs 3 h in 2% (w/v)
sodium hydroxide. Based on our experience, curdlan dissolu-
tion should not exceed 3 h because the polymer may precipitate
again.

2. To perform this procedure in pyrogen-free and sterile condi-
tions, all steps must be carried out inside a flow chamber and
the materials needed (laboratory glassware) must be immersed
in NaOH 0.5 M overnight. Remove NaOH from materials by
washing thoroughly with pyrogen-free water. Moreover,
depyrogenate the electrode of the pH meter by immersing it,
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for 1 h, in a 0.1MHCl solution. Nevertheless, in case of in vitro
studies sensitive to pyrogens, such as lipopolysaccharide (LPS),
it is necessary to pre-incubate the nanoparticles with polymyxin
B sulfate salt (e.g., Sigma-Aldrich Corporation, St Louis, MO,
USA) for 2 h, to guarantee a complete absence of these con-
taminants, which could lead to false positives [9]. Polymyxin B
is required since glucan interferes with Limulus Amebocyte
Lysate Assay (LAL endotoxin assay) [10].

3. The pH of the initial solution should be between values 13.0
and 13.5 and take into consideration that to reach pH 11.0 in
the solution, it should be added approximately 6 mL of 8%
(v/v) acetic acid. To reach pH 7.0 and 6.0, it only required a
few drops of acetic acid.

4. Add a 0.1 MHCl solution to the Vivaspin tubes to depyrogen-
ate them (for at least 2 h). Then wash the tubes with pyrogen-
free water prior to the addition of nanoparticles. This proce-
dure is only needed in pyrogen-free and sterile conditions.

Fig. 5 Glucan particles characterization: size and zeta potential (ZP) measured in water (mean � SEM, n ¼ 8)
by dynamic light scattering and electrophoretic light scattering, respectively. Protein loading efficacy and
loading capacity for Glu 130 and Glu 355 NPs, using bovine serum albumin (BSA). Data are expressed as
mean� SEM, n¼ 3; Cryo-scanning electron microscopy images of Glu 130 NPs (a) and Glu 350 NPs (b) after
being washed with Milli-Q water and concentrated using Vivaspin: scale bar, 2 μm; Transmission electron
microscopy images of GPs (c) in Milli-Q water: scale bar, 2 μm

278 Mariana Colaço et al.



5. Particle size and zeta potential should be measured to validate
the production method. Dynamic light scattering (DLS) and
electrophoretic light scattering (ELS) techniques can be used
with this aim (e.g., Zetasizer Nano ZS instrument, Malvern
Instruments, Ltd., at 25 �C and 173� angle). Nanoparticles are
suspended in water or in another suitable buffer depending on
their final use.

6. To dissolve this quantity of polymer, heat the solution to 30 �C
during the last half an hour of the 3 h needed, to achieve total
solubilization of the polymer.

7. Control the temperature inside the beaker with a thermometer.
Set the temperature in the water bath in order to reach the
indicated temperature inside the beaker. We find that following
rigorously these conditions of temperature and time is critical
to assure a good result.

8. To speed up this process, place the beaker in an ice bath.

9. The discarded supernatant should appear to be in a dark brown
color with some debris material in suspension. Following the
subsequent centrifugations, the supernatant should gradually
become yellow/transparent with no debris visible. These char-
acteristics may vary depending on the source or brand of your
initial dried yeast material.

10. Avoid carrying out more than the described number washes/
centrifugations as the increasing number of wash cycles will
damage the yeast cell wall.

11. First use concentrated 12 M HCl solution to rapidly lower the
starting pH to the required pH. Then use a 1 M HCl solution
to avoid an abrupt drop in pH below the required pH.

12. After discarding the supernatant, vortex the pellet for 30 s to
allow the pellet to better resuspend.

13. For glucan nanoparticles of 130 nm, the centrifugation time
should be 1 h, and for glucan nanoparticles of 350 nm, it
should be 30 min.

14. Do not use particle’s concentrations above 100 μg/mL to
avoid interference in the assay.

15. Drop the protein solution on top of the GP powder and let the
liquid slowly spread. Do not try to homogenize.

16. Collect and store the supernatant at 4 �C for protein visualiza-
tion by electrophoresis.
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Chapter 14

Use of Optical In Vivo Imaging to Monitor and Optimize
Delivery of Novel Plasmid-Launched Live-Attenuated
Vaccines

Sapna Sharma and Kai Dallmeier

Abstract

Plasmid-launched live-attenuated vaccines (PLLAV) are a modality of next-generation vaccines with the
promise to combine the benefits of both (1) the potency of live vaccines and (2) the ease of production,
quality control, and thermal stability of classical DNA vaccines. Using the live yellow fever 17D (YF17D)
vaccine as paradigm, we establish a bioluminescence-based in vivo imaging approach that allows to rapidly
monitor and optimize the dose and route of delivery of such PLLAV in a mouse model of YF17D
immunization. Vaccine virus replication thus launched in the skin of vaccinated mice can be quantified by
the light emitted, benchmarked to signals originating from a YF17D reporter virus and finally correlated to
the induction of humoral immune responses to the yellow fever virus.

Key words Vaccine delivery, Optical in vivo imaging, Bioluminescence, Reporter virus, Yellow fever
17D, Plasmid-launched live-attenuated vaccine

1 Introduction

1.1

Plasmid-Launched

Live-Attenuated

Vaccines

Live-attenuated vaccines (LAV) such as the yellow fever 17D
(YF17D), measles, or vaccinia vaccines are among the most effica-
cious vaccine modalities due to the vigorous, polyfunctional, and
long-lasting immunity triggered [1]. This outstanding perfor-
mance can be linked to an active replication, amplification, and
finally, self-limited spread of these vaccines following inoculation.
Likewise, these viruses have been applied for the design of novel
live-vectored recombinant vaccines [2]. Plasmid-based production
and delivery of live-attenuated vaccines, tentatively called plasmid-
launched live-attenuated vaccines (PLLAV), has been proposed as a
valid alternative to classical LAV [3], combining (1) the potency of
the latter and (2) the ease of production, quality control, and
logistics (including no need for a cold-chain) associated with
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original genetic immunization using plasmid DNA. Briefly, a
PLLAV (also dubbed infectious DNA or iDNA) comprises the
full-length cDNA of a live-attenuated RNA virus that initiates the
productive replication of the encoded vaccine after transfection into
permissive mammalian cells or tissues. The vaccine viruses thus
produced can amplify and spread like those originating from genu-
ine live vaccines produced in vitro on a suitable cell substrate [4, 5],
eventually causing a self-limiting infection and finally immunity in
the vaccinated subject (for an animated video tutorial, see https://
youtu.be/U8-f1PTamCc). As a consequence of this amplification
of the vaccine antigen, a single-dose low-dose of PLLAV vaccines
(e.g., once 1–100 μg) may be sufficient for full immunization, in
stark contrast to classical DNA vaccines that generally require
repeated shots of high amounts (mg) of plasmid DNA. Proof of
concept of the PLLAV approach was successfully provided for
yellow fever vaccination in several preclinical mouse models [6–8].

1.2 DNA Vaccine

Delivery to the Skin

and Subcutaneous

Layers

The skin is highly populated with professional antigen-presenting
cells, playing an important role in effectively inducing immune
responses [9, 10]. Vaccination via the dermal route is receiving
increased attention as an alternate route of immunization, next to
the most frequently preferred intramuscular route (see for example
refs. 11, 12), possibly also improving the immunogenicity of DNA
vaccines in general. However, since the outer skin layers represents
a significant physical barrier to the delivery of plasmid DNA [10], a
variety of other routes are explored including subcutaneous, intra-
venous, intraperitoneal, oral, intranasal, and intravaginal. Each
time, the optimal amount of DNA required to elicit vigorous
antigen-specific immune responses can vary depending on the
actual route (delivery methods) and animal model used [13]. A
significant hurdle of DNA vaccine development toward clinical use
has been translating the success of inducing protective immunity in
small animal models into potent vaccines in larger animals and
humans models [14–18]. Likewise, experimental approaches are
needed to conveniently assess which experimental parameters
(route, site of injection, dose, device, adjuvant, excipient, etc.)
may positively influence DNA delivery.

1.3 In Vivo

Bioluminescence

Imaging (IVIS)

We have previously established that PLLAV-YF17D vaccines can
readily be administered via the subcutaneous route in AG129 mice
[8], resulting in the initiation of productive YF17D replication and
leading consistently to seroconversion to yellow fever neutralizing
antibodies and virus-specific IgG. However, testing of different
dosing regimens by this means is hampered by (1) the need to use
large numbers of animals and (2) a long lead time prior to serologi-
cal readout. In vivo imaging (IVIS) is an efficient and reliable
noninvasive tool to trace the delivery, amplification, and spread of
viruses, including live viral vaccines, from the experimental
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inoculation site to their target organs (for a comprehensive review,
see ref. 19 and references therein). Here we take advantage of
bioluminescent in vivo imaging to quantify PLLAV delivery to the
mouse skin, in order to understand and optimize parameters critical
for PLLAV efficacy for further preclinical and clinical testing. For
that purpose, we used YF17D-based reporter viruses tagged with
the small bright NanoLuciferase reporter (YF17D/NLuc) and
respective PLLAV-YF17D with NanoLuciferase reporter gene
(PLLAV-YF17D/NLuc) [20]. The generation of such tools has
recently been described. A schematic representation of the respec-
tive constructs is depicted in Fig. 1a, b. A representative image of a
single mouse 6 days post subcutaneous injection of increasing
amounts of PLLAV-YF17D/NLuc is provided in Fig. 1c. The
locally confined replication of YF17D (i.e., YF17D/NLuc) at the
inoculation site allows to concomitantly assess multiple conditions
on the back of a single mouse. In the showcased example, a 2 � 3
array of in total four different doses (range 0.5–62.5 μg) has been
tested. Respective skin patches can be excised for ex vivo (in vitro)
analysis. In parallel, blood can be sampled to correlate in vivo
luminescence with yellow fever serology. By such an approach
combining (1) in situ bioluminescence, (2) ex vivo luciferase activ-
ity, and (3) detection of antigen-specific antibodies rapidly large
amounts of quantitative data (e.g., for dose–response, see Fig. 2)
can be generated with a minimal number of animals to be sacrificed.
Our approach can easily be adapted to study the delivery and
mechanism of action of other replicating and vectored vaccine
platforms, such as self-amplifying RNAs or adenovirus-vectored
vaccines. Tracking of vaccine delivery based on bioluminescence
imaging can readily be translated to other laboratory animals; when
focusing on the ex vivo analysis, even including lager animal species,
such as the pig that may better represent the human skin than small
rodent animal models.

2 Materials

1. Laboratory mice (strain of choice; we use here AG129 mice)
(see Notes 1–3).

2. Vaccine/DNA dissolved in PBS (1 mg/ml) (Fig. 1b) (seeNote
4).

3. Reporter vaccine virus generated in tissue culture (Fig. 1a) (see
Note 5).

4. Ear puncher.

5. Injectable anesthetics mix: (0.2 mg/kg atropine (Sterop),
40 mg/kg ketamine (Nimatek, EuroVet), and 16 mg/kg
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xylazine (Xyl-M, VMD) in water used for shaving (or isoflurane
depending upon the availability) (see Note 6).

6. Pet hair trimmer (Aesculap Isis trimmer cordless hair clipper
GT421).

7. Hair removal cream (Veet).

8. Heated Pad, (375 mm � 150 mm; 16 W).

9. Autoclaved water.

10. 0.5-ml insulin syringe.

Fig. 1 Bioluminescence imaging of NanoLuciferase-tagged Plasmid-Launched Live-Attenuated Vaccine
(PLLAV) delivery in mice. (a) Structure of the live-attenuated yellow fever 17D (YF17D) virus genome and its
NanoLuciferase-tagged derivative YF17D/NLuc. (b) PLLAV-YF17D/NLuc expresses the reporter vaccine virus
following transfection into permissive cells (Modified from Sharma et al. 2020). (c) In vivo imaging and ex vivo
processing of biopsies. Bioluminescence image of an AG129 mouse immunized by subcutaneous injection of
PLLAV-YF17D/NLuc in parallel at six spots (in a 2 � 3 grid) on its back, showing glowing and non-glowing
spots resulting from locally confined YF17D (i.e., YF17D/Nluc) replication 6 days after injection. Subsequently,
biopsies and blood samples are processed in vitro to quantify luciferase expression ex vivo and for serology
(seroconversion to anti-yellow fever virus IgG by means of an Indirect Immune Fluorescence Assay, IIFA)
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11. Ice bucket.

12. RAS-4 Rodent Anesthesia System.

13. IVIS spectrum, in vivo imaging system from Perkin Elmer.

14. Sodium pentobarbital (for euthanasia, 200 mg/kg of sodium
pentobarbital).

15. Disposable Biopsy Punch with Plunger (4 mm), Integra
Miltex.

16. Scissors.

17. Dry ice.

18. NanoGlo substrate and buffer (Nano-Glo, Promega).

19. ViewPlate-96, white 96-well microplate with clear bottom.

20. Biosafety cabinet.

21. Tissue homogenizer (bead mill).

22. Prepacked tubes for Precelly beadmill (Precellys® Ceramic kit
2, 8 mm, 50 � 2 ml tubes, pre-filled with ceramic beads).

23. Micro plate reader.

24. Indirect immunofluorescence assays (IIFAs) kits
(Euroimmun).

25. Alexa Fluor 488 goat anti-mouse IgG.

Fig. 2 Quantitative analysis of signals from in vivo imaging and in vitro testing of biopsies. (a) Bioluminescence
resulting from active replication of YF17D/NLuc in the skin of mice (expressed in relative light units, RLU)
increases in a dose-dependent manner for both signals originating from (1) in vivo radiance (blue) and
(2) in vitro (ex vivo) luciferase activity (red). (b) YF17D/NLuc replication as initiated from subcutaneous
injection of PLLAV-YF17D/NLuc shows an optimum at a dose of about 2.5 μg. The resulting RLU resembles
values those obtained with a dose of 1000 PFU (plaque-forming units) of YF17D/NLuc. Data acquired 6 days
(in vivo) and 8 days (ex vivo) after PLLAV injection. Means of experiments performed in triplicate with error
bars indicating SEM
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26. ProLong antifade embedding reagent with DAPI (DAPI, 40,6-
diamidino-2-phenylindole).

27. FLoid cell imaging station.

3 Methods

The methods describe the subcutaneous vaccination of AG129
mice using insulin syringe (see Note 2). The time required for the
procedure depends on the number of mice to be prepared for
vaccination.

3.1 Preparation

of Animals Prior

to Vaccination

1. Prior to vaccination, mice needs to be shaved (24–48 h before
vaccination) (see Notes 6 and 7).

2. Ear tag mice and anesthetize via intramuscular injection or
using isoflurane.

3. Keep mice on heating pad keeping the back of the mice in
upward position. Trim fur from the desired area and
completely remove residues of hair by applying small amount
of epilating cream, rub the cream over the desired part for
30–40 s, and clean it using paper towel. Use clean water to
remove the cream completely (see Note 7).

4. Put mice back in cage and monitor until animals fully recovered
from anesthesia.

5. Let animal rest for roughly 48 h after removal of the fur.

3.2 Vaccination

of Mice

1. Prepare dilutions of plasmid DNA in PBS. 2.5 μg DNA in 50 μl
of PBS can be considered a unit dose for each spot on a mouse
to be immunized (see Notes 8 and 9).

2. Thaw matching reporter virus (103 PFU in a volume of 15–50
μl per injection) and keep on ice.

3. Anesthetize mice before start of vaccination.

4. When asleep, make a grid of six spots (or depending upon the
number of conditions to be tested on one mouse) on the back
of the mouse using marker pen.

5. Inject the vaccine (50 μl) subcutaneously by gently lifting the
skin with forceps making a small tent in each spot and inject
using insulin syringe. A small bubble can be seen on the injec-
tion site to visually confirm the proper application.

6. Put animals back in cage andmonitor until fully recovered from
anesthesia.

3.3 Imaging In vivo imaging of mice is done on different days post vaccination,
depending upon the experiment. For PLLAV-YF17D/NLuc, we
start imaging from day 3, 5, 7, and 10. However, replicating virus
can further be imaged depending on the type of vaccine under
study.
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1. The IVIS spectrum in vivo imaging system should be turned on
all time.

2. Log into computer and start the Living Image Software.

3. Initiate the system (see Note 10).

4. Check the charcoal filters on top of anesthesia station (XGI-8
Gas Anesthesia System) by weighing (see Note 11).

5. Turn on the evacuation pump.

6. Turn on the oxygen supply switch.

7. Turn on the gas switch for the imaging chamber.

8. Set the vaporizer at 0% isoflurane position. Thereafter, turn on
the imaging chamber toggle valve and set at 0.25 l/min.

9. Set the vaporizer to 2.0% isoflurane (see Note 12).

10. Inject 10 μl substrate (0.15 mg/g of body weight intrave-
nously/intraperitoneally) (see Notes 13 and 14).

11. Weight for 5 min and thereafter put the animals (maximum five
mice) in the induction chamber and turn on the induction
chamber toggle valve. Keep mice in the induction chamber
for 5 min.

12. Turn on the imaging chamber toggle valve.

13. Once asleep, transfer mice from induction chamber to the
imaging chamber. Up to five mice can be imaged together
depending upon the imaging device and needs of experiment.
Put the mice in a slightly stretched prone position (on their
belly) and insert their nose in nose cone. The shaved back of
the mice should be exposed.

14. Turn off the induction chamber toggle.

15. Select the appropriate field of view (FOV) depending upon the
number of animals being imaged together (see Note 15).

16. Acquire a luminescent image using predefined protocols. The
protocol is set up in the Living Image software. Enable the auto
save function. You can select auto exposure, manual exposure
and sequence acquisition. We routinely perform auto exposure,
using a setting in which the software automatically determines
the binning and F/Stop settings (see Note 16).

17. Select bioluminescent imaging mode, check mark photograph
and choose an appropriate field of view (FOV).

18. Capture images by clicking the acquire button.

19. Enter relevant image label information.

20. Take the images at different time points (1 min, 3 min, 5 min).

21. Carefully return mice to their cage. Continuously observe mice
until they recover fully from anesthesia.
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22. Turn off the isoflurane and keep the oxygen supply on for
5 min to clear the isoflurane in induction chamber and imaging
chamber before switching off the oxygen tank.

23. Turn off toggle valves.

24. Turn off oxygen valve.

25. Turn off the evacuation pump.

26. Save your imaging data at desired folder and exit the imaging
software and logout from the computer.

27. Analyze for RLU (relative light unit) and measure the ROI
(region of interest) per spot using in vivo imaging software.

28. To quantify the amount of light emitted from glowing spots,
regions of interest (ROIs) were manually defined around the
glowing spot and photon flux (photons/second/square centi-
meter/steradian) was calculated using Living Image 4.0 soft-
ware (Caliper Life Sciences, Alameda, CA, USA).

29. We normally present data by showing images of the mice with
different conditions, e.g., doses along (Fig. 1c) with an accom-
panying graph showing quantitative data determined using
ROI tool from imaging software (Fig. 2).

3.4 Serology and Ex

Vivo Analysis

of Biopsies from

Glowing

and Non-glowing

Spots

1. Bleed mice before taking biopsies, through either heart punc-
ture or submandibular puncture. Serum/plasma is collected by
spinning the blood at 12,000 rpm (approximately 13,000 � g)
for 5 min at 4 �C.

2. To determine seroconversion of animals against YF, indirect
immunofluorescence assays (IIFAs) are performed as per man-
ufacturer’s instructions (Euroimmun), except for a slightly
modified staining procedure: Instead of using the original sec-
ondary anti-human IgG antibody and mounting agent (glyc-
erol), the latter two reagents are replaced by Alexa Fluor
488 goat anti-mouse IgG (dilution 1:500) and DAPI-
containing mounting medium, respectively. Serum from naive
non-vaccinated animals serves as negative control. Slides are
visualized using a fluorescence microscope (FLoid cell imaging
station) [21]. Generally, mice with glowing spots at vaccination
site show seroconversion against yellow fever, confirming the
functional delivery of PLLAV.

3. To analyze glowing and non-glowing spots, mark the area on
the back of the mouse after imaging and euthanize mouse by
giving intraperitoneal injection of 200 mg/kg of sodium pen-
tobarbital euthanasia solution or other anesthetics at an over-
dose. Immediately cut the skin biopsies using biopsy punch or
scissors as depicted in Fig. 1c. Collect the biopsies separately in
Eppendorf tubes and put immediately on dry ice (seeNote 17).
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4. Collect the biopsies from different spots in separate tubes and
mark properly.

5. Store the biopsies at �80 �C for short-term storage and in
liquid nitrogen for long term use until further use for analysis.

6. To analyze the biopsies, homogenize the biopsies using
homogenizer (alternatively pestle and mortar), in 500 μl lysis
buffer. Centrifuge samples after homogenization (see Note
18).

7. Collect the supernatant in a fresh tube and perform luciferase
assay by adding 100 μl of the supernatant in 96-well white plate
in triplicates. Add each 100 μl NanoGlo substrate (premixed
with luciferase buffer at the ratio of 1:50). Read the plate for
luminescence after 5 min using plate reader.

8. Plot in vitro luminescence data and compare with in vivo pho-
ton flux data (see Fig. 2).

4 Notes

1. Any animal work requires prior ethical and biosafety approval
by competent institutional and governmental authorities for
the proposed experiments.

2. Wild-type mice are poorly susceptible to infection with flavi-
viruses, including YFV-17D infection and vaccination. There-
fore, here we use AG129 mice with a combined type I and type
II interferon receptor knockout as they are more permissive as
compared to wild-type mice [8, 21].

3. Mice with a dark skin color absorbing emitted light (e.g., mice
on a C56BL/6 background) may be less suitable for optical
imaging.

4. Plasmid-launched YF17D vaccine (PLLAV-YF17D) [8] and its
NanoLuciferase expressing derivative (PLLAV-YF17D/NLuc;
see Fig. 1b) [20] have been described before. PLLAV-YF17D
and PLLAV-YF17D/NLuc are grown in E. coli strain EPI300-
T cells, purified by standard alkaline lysis using a low-endotoxin
maxiprep protocol (Machinery-Nagel), dissolved in TE buffer
(10 mM Tris, 1 mM EDTA, pH 7.5–8) to a final concentration
of 1 mg/ml, and stored frozen at �20 �C.

5. The design, construction and use of NanoLuciferase-tagged
YF17D reporter virus (YF17D/Nluc vaccine) have been
described before [20, 22]. In brief, YF17D/Nluc vaccine is
harvested as supernatant of VeroE6 (African green monkey
kidney) cells transfected with PLLAV-YF17D/Nluc. Four to
five days post transfection (when cells show a virus-induced
cytopathic effect) supernatant is collected, aliquoted, and
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stored frozen at �70 �C until use. Infectious content
(expressed in plaque forming units per ml, PFU/ml) is titrated
on BHK21/J cells as described elsewhere [21].

6. Shave animals 24–48 h before vaccination and be careful during
shaving not to cut the skin. This should be done under anes-
thesia, either a cocktail of injectable anesthetics or isoflurane
depending upon availability.

7. Use depilatory cream in small amount and remove completely,
and use again if required, also wash the skin with water after-
wards, because depilatory cream can irritate the skin if not
removed properly and can affect the experimental outcome.

8. Dissolve plasmid DNA in PBS to make a homogenous solution
and measure the DNA concentration to ensure correct concen-
tration. Always prepare some extra volume to make sure you
have sufficient material to inject, respecting syringe and vial
void volumes.

9. We used different concentrations of plasmid (0.5, 2.5, 12.5,
62.5 μg) in a unit volume of 50 μl per spot for vaccination to
assess dose-dependency on bioluminescence.

10. It takes few minutes to initiate the system, especially to cool
down the camera to �90 �C.

11. A filter weighing >50 g than the original weight should be
replaced to ensure good absorption of the anesthesia gas.

12. Mice should be completely anesthetized before transferring
them to the imaging chamber, observe for rhythmical breath-
ing. If mice are not completely anesthetized, isoflurane flow
may be increased from 2 to 2.5 or 3% to make sure animals don
not wake up during imaging.

13. Always make fresh substrate solution, by dissolving 10 μl of
luciferase substrate in 90 μl of PBS and inject 100 μl per animal
i.p.

14. Substrate is routinely injected intraperitoneally (i.p.), though
intravenous (i.v.) injection of substrate works also very well. In
latter case, animals should be anesthetized first and need to be
imaged immediately (within 5 min after i.v. substrate injection)
to avoid substrate depletion and thus rapid signal decay. If
substrate is injected i.p., biodistribution is slower and imaging
can be done after 10–12 min. Inject same amount of substrate
in all mice and use mice of almost same weight, to avoid
differences in luminescent signals resulting from the relative
amount of substrate administered to the animals.

15. Field of view (FOV) depends on number of animals to be
imaged together. FOV is the size of the stage area to be
imaged. FOV A (part of 1 mouse), B (1 mouse), C (up to
3 mice), and D (up to 5 mice)
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16. Exposure time: the length of the time that the shutter is open
during image acquisition. Binning: controls the pixel size on
the CCD camera, increasing the binning increases pixel size
and sensitivity. This will reduce the spatial resolution. F/stop:
defines the size of the camera lens aperture. A small aperture
size results in lower sensitivity since less light is collected for the
image. Small apertures produce sharp images, whereas large
apertures maximize the sensitivity

17. Image the animals just before collection of biopsies and mark
the area around the bioluminescence signals, called tentatively
“glowing spot.” Euthanize the mice before taking the biopsy
by injecting sodium pentobarbital 200 mg/kg solution intra-
peritoneally, and very quickly take the biopsies using biopsy
punch, sometime also needing scissors to cut the skin.

18. Snap freeze the biopsies until further use. Mouse skin is very
hard to homogenize. Therefore, it is better to cut in small
pieces prior to addition of lysis buffer. Furthermore, suppliers
provide extensive protocols how to optimizing homogeniza-
tion and lysis conditions.
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Chapter 15

Liposomes for the Delivery of Lipopeptide Vaccines

Jieru Yang, Armira Azuar, Istvan Toth, and Mariusz Skwarczynski

Abstract

Liposomes, which are artificial phospholipid vesicles with a bilayer membrane structure, have been devel-
oped and evaluated as a promising delivery system for vaccines. Here, we describe a procedure for the
encapsulation of lipopeptide vaccines into liposomes. A liposomal formulation of lipid-core peptide was
prepared via thin-film hydration followed by extrusion. The physicochemical properties of the liposomes,
including their size, polydispersity, surface charge, and morphology, were analyzed using dynamic light
scattering and transmission electron microscopy.

Key words Liposomes, Lipopeptides, Extrusion, Vaccine delivery

1 Introduction

Liposomes are used widely in vaccine delivery [1–4]; one example
being the liposome-based vaccine against hepatitis A infection,
commercialized as Epaxal® [5]. Vaccine delivery systems that
employ liposomes have considerable advantages, including [6]:

l Liposomes are biodegradable, biocompatible, low/nontoxic,
and nonimmunogenic.

l Liposomes are customizable: Their components, such as the
lipid composition, can be easily altered to modify charge and
fluidity/rigidity. Liposome size and vesicle layering (unilamellar
or multilamellar) can also be altered.

l The concentric lipid bilayer structure allows the entrapment of
hydrophilic compounds into the liposomal core and hydropho-
bic compounds in the membrane bilayer.

l Entrapment of antigens inside liposomes can protect against
physical and biological degradation, improving vaccine stability
and prolonging systemic circulation time.

Sunil Thomas (ed.), Vaccine Design: Methods and Protocols, Volume 3: Resources for Vaccine Development,
Methods in Molecular Biology, vol. 2412, https://doi.org/10.1007/978-1-0716-1892-9_15,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022

295

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1892-9_15&domain=pdf
https://doi.org/10.1007/978-1-0716-1892-9_15#DOI


l Multiple copies of the same or different antigens can be loaded
into liposomes.

l Liposomes promote a strong immune response by encouraging
antigen cross-presentation in antigen-presenting cell (APC) and
inducing antigen-specific cytotoxic T-cell responses (CTL).

Liposomes have been used for the delivery of peptide, protein,
and DNA-based vaccines. While an antigen can be simply
encapsulated into liposomes, bilayer surface anchoring strategies
provide higher encapsulation and loading efficacy. Thus, lipidated
compounds, such as lipopeptide antigens, can be efficiently
anchored into liposomes [7–10]. Lipopeptides, which have been
intensively studied in the field of vaccine development for more
than 30 years, have shown the ability to induce both humoral and
cellular responses [11–15]. The attachment of lipids to a peptide
antigen (lipidation) can improve peptide hydrophobicity,
bioavailability, enzymatic stability, and recognition and uptake by
antigen-presenting cells. Lipid-core peptide (LCP), a widely used
lipopeptide delivery system, is composed of (a) α-amino acid bear-
ing a long alkyl side chain (lipoamino acid, LAA) and (b) branching
lysine moiety/ies, to which (c) peptide antigens are conjugated.
This system has been used in peptide-based vaccine developments
targeting malaria [16], group A streptococcus [10, 17], human
hookworm infection [18, 19] and Schistosoma [20, 21]. An LCP
system has been incorporated into liposomal formulations to fur-
ther improve vaccine efficacy [15].

The lipopeptide LCP-1 (Fig. 1) was designed based on an LCP
system consisting of two 2-amino-D,L-hexadecanoic acid
(C16-LAA) compounds, a branching lysine moiety conjugated to
antigenic peptide bearing a universal T-helper epitope P25 (KLIP
NASLIENCTKAEL), and a conserved B-cell epitope J8 (KQAED
KVKASREAKKQVEKALEQLEDKVK ) derived from group A
streptococcus (GAS) M protein. M protein is a highly virulent
factor that resides on the surface of GAS bacteria. GAS is responsi-
ble for numerous diseases, ranging from simple pharyngitis to life-
threatening illnesses, such as rheumatic fever and rheumatic heart
disease [22]. Notably, LCP-1 has been successful in stimulating
systemic immune responses in mice [23, 24]. The incorporation of
LCP-1 into cationic liposomes induced mucosal and systemic
immunity with strong antibody titers even 5 months after intranasal
immunization [25].

This chapter describes the methodology to encapsulate/anchor
lipopeptide (LCP-1) into liposomes using film hydration. Details of
the liposomes’ physicochemical properties, including size, polydis-
persity index (PDI), surface charge, and morphology, are also
presented.
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2 Materials

2.1 Liposome

Formulation

All aqueous solutions should be prepared using endotoxin-free
Milli-Q water (sensitivity of 18.2MΩ.cm at 25 �C and total organic
content below five parts per billion); all chemicals should be analyt-
ical grade, unless stated otherwise.

1. Dipalmitoyl phosphatidylcholine (DPPC) stock solution:
10 mg DPPC in 1 mL chloroform (see Note 1).

2. Didodecyldimethylammonium bromide (DDAB) stock solu-
tion: 10 mg DDAB in 1 mL chloroform (see Note 1).

3. Cholesterol stock solution: 10 mg cholesterol in 1 mL chloro-
form (see Note 1).

4. Lipopeptide stock solution: 1 mg LCP-1 in 1 mLmethanol (see
Note 2).

5. Chloroform.

6. Methanol.

7. Water: Milli-Q reagent-grade water, distilled water, or ultra-
pure water.

8. Avanti mini-extruder set.

9. Nucleopore track-etched polycarbonate (PC) membranes:
0.1 μm, 19 mm.

10. Filter supports.

11. Membrane forceps.

12. Glass scintillation vials.

13. 5-mL round-bottom flask.

Fig. 1 The lipopeptide vaccine candidate, LCP-1, against group A streptococcus
(GAS)
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14. Kimwipes.

15. Vortex shaker.

16. Rotatory evaporator with water bath.

17. Freeze dryer.

18. Hot plate.

2.2 Liposome

Characterization

1. Malvern Zetasizer.

2. Disposable folded capillary cell.

3. Transmission electron microscope.

4. Carbon-coated copper grid.

5. Filter paper.

6. 2% Phosphotungstic acid.

3 Methods

Liposomes are produced over 2 days: thin-film formation (Sub-
heading 3.1.1, steps 1–8) on the first day, then rehydration (Sub-
heading 3.1.2, steps 9 and 10), extrusion (Subheading 3.1.3, steps
11–23), and physiochemical characterization (Subheading 3.2) on
the second day.

3.1 Liposome

Formulation

3.1.1 Preparation of Thin

Lipid Film

1. Rinse a 5-mL round-bottom flask and up to three glass syringes
(from the mini-extruder set) with Milli-Q water (3�), metha-
nol (3�), and chloroform (3�), then allow them to air-dry (see
Note 3).

2. Using separate glass syringes for each solution, transfer 0.5 mL
of DPPC solution, 0.2 mL of DDAB solution, and 0.1 mL of
cholesterol solution to the round-bottom flask (see Note 4).

3. Add 1 mL of lipopeptide solution and an extra 2 mL of chloro-
form into the flask. Gently shake the lipid mixture at room
temperature (RT) to facilitate homogenization (see Note 5).

4. Connect the 5-mL round-bottom flask to a rotary evaporator.
Heat the water bath to 40–45 �C. During the evaporation
process, keep the flask on an approximate 45� incline, with
continuous rotation at 60 rpm, and above the water level.

5. Slowly reduce the pressure to gently evaporate the organic
solvent (see Note 6).

6. Increase the pressure by 100 mbar every 30 s. The pressure
should be changed slowly to avoid solvent vapor returning and
dissolving the film formed. Elevate the flask from the water
bath and carefully disconnect it from the rotary evaporator
(Fig. 2; see Note 7).
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7. Use a piece of a kimwipe to cover the flask opening and secure
it with a rubber band to avoid the entry of contaminants.

8. Keep the flask in a freeze dryer for a few hours to remove all
traces of the solvents (see Note 8).

3.1.2 Rehydration

of the Thin Lipid Film

9. Add 1 mL of water gradually to the flask containing the lipid
film (see Note 9).

10. Transfer the rehydrated lipid suspension into a scintillation
vial (see Note 10).

3.1.3 Extrusion

of Liposomes

11. Assemble the mini-extruder based on the manufacturer
guidelines (Avanti Polar Lipids, United States). The mini-
extruder set includes the mini-extruder (extruder outer cas-
ing, two internal membrane supports, Teflon bearing, and
retainer nut), a holder, two glass syringes, PC membranes,
and filter supports (Fig. 3; see Note 11).

12. Lay the two internal membrane supports flat so that the
O-ring seal is facing upwards. Place a pre-wetted filter support
onto the surface of the internal membrane support, in the
middle of the O-ring. The filter support should stick to the
internal membrane support (see Note 12).

13. Transfer one of the internal membrane supports with filter,
into the extruder outer casing with the O-ring seal still facing
up. Using membrane forceps, carefully place one PC mem-
brane above the O-ring and ensure that the PC membrane
clings tightly to the O-ring without any air bubbles. The flat,
white surface of the internal membrane support and O-ring
should be fully covered by the PC membrane (see Note 13).

14. Gently place the other internal membrane support (with filter
support) onto the extruder outer casing with the O-ring

Fig. 2 Normal appearance of the thin lipid film
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facing down. The two internal membrane supports should
now be connected, with the PC membrane firmly held
between the two filter supports (see Note 14).

15. Place the Teflon bearing inside the retainer nut. Fasten the
retainer nut onto the threaded end of the extruder outer
casing and tighten by hand until both hex nuts align with
each other.

16. Secure the assembled extruder into the holder with the pointy
end of the hex nut facing up. Place the holder onto a hot plate
set at 50 �C. Position the thermometer in its stand on the
holder to monitor the temperature (see Note 15).

Fig. 3 The components of the mini-extruder apparatus

Fig. 4 The correct position to perform the extrusion when pushing the plunger of
the loaded syringe
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17. Before extruding the prepared liposomes, test the device for
leaks by extruding 1 mL of water through the extruder (as per
steps 18–22). Remove all of the water from the syringes
before continuing with the liposome sample.

18. Fill a gas-tight glass syringe with 1 mL of the liposome solu-
tion, leaving the second syringe empty. Ensure both syringe
needles fit tightly into the ends of the extruder and secure
them with the arm clip on the holder. Check both syringes for
air bubbles and remove any present before performing the
extrusion.

19. Wait 10 min to allow the temperature of the set-up to
equilibrate.

20. Gently push the plunger of the loaded syringe to pass the
solution through the membranes and into the second syringe.
When complete, the second syringe will be full (Fig. 4, seeNote
16).

21. Once all of the solution has been transferred into the second
syringe, push the plunger of the second syringe to transfer all of
the solution back to the first syringe (see Note 17).

22. Repeat steps 20 and 21 to allow at least 15 passes (although
21 passes are recommended) (see Note 18).

23. After extrusion is complete, remove the loaded syringe from
the extruder and transfer the lipid solution into a scintillation
vial. The final liposome solution should be more transparent
compared to the unextruded liposome solution (Fig. 5; see
Note 19).

Fig. 5 The non-extruded (red cap) liposome solution is cloudier than the extruded
solution (blue cap)
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3.2 Liposome

Characterization

3.2.1 Size, Surface

Charge, and PDI

1. Open the Zetasizer analysis software and connect it with the
Zetasizer Nano ZP instrument (Malvern Instrument, UK) half
an hour before starting measurements.

2. Add 100 μL of liposome solution in 900 μL of water (1:10
dilution).

3. Fill the folded capillary cell with diluted liposome solution
(~800 μL) and insert the capillary cell into the instrument.
The capillary cell is used for both size and charge
measurements.

4. Perform measurements (size, PDI, and surface charge) at
25 �C with a back-scattering angle of 173�. Measure each
liposome solution at least five times.

5. Calculate the mean � standard deviation for all measurements
(Table 1; see Note 20).

3.2.2 Morphology 6. Use the diluted liposome solution prepared in step 2 (seeNote
21).

7. Add 5 μL of diluted liposome solution to a glow-discharged
carbon-coated copper grid by pipette, and let it sit for 2 min (see
Note 22).

8. Gently remove the excess liposome solution from the grid
using a piece of filter paper, then air-dry the grid for 2 min
(see Note 23).

9. Add 5 μL of 2% ammoniummolybdite to the dried grid for 20 s
to negatively stain the liposomes, then remove the excess stain
solution with a piece of filter paper.

10. Air-dry the grid for 5 min before observing the liposomes
using a transmission electron microscope. Take images at an
accelerating voltage of 100 kV (Fig. 6).

4 Notes

1. Weight out 10 mg each of DPPC, DDAB, and cholesterol
powder in separate scintillation vials. Add 1 mL of chloroform
to each using a glass syringe to dissolve. Ensure the final
concentration of lipid stock solutions are 10 mg/mL and that
all of the lipid powders are fully dissolved. Leave the lipid stock
solution at RT for 10 min to facilitate homogenization. The
lipid stock solutions need to be freshly made prior to use.

2. Weight out 1 mg of lipopeptide (LCP-1 in this formulation) in
a 2-mL microcentrifuge tube. Add 1 mL of methanol, then use
the pipette to dissolve the lipopeptide. Gently vortex the lipo-
peptide solution for 2 min to ensure the lipopeptide is fully
dissolved.
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3. Clean each of the glass syringes with chloroform (3�) and
methanol (3�) after performing the thin lipid formation
steps. These syringes will be used again in the extrusion steps.

4. If three glass syringes are not available, a syringe can be re-used
to transfer subsequent lipid stock solutions after it has been
rinsed with methanol (3�) and chloroform (3�).

Table 1
Typical physicochemical characterization of the liposomal formulation of lipopeptide LCP-1

Liposome
Size by intensity
(nm)

Polydispersity index
(PDI)

Zeta potential
(mV)

Not
extruded

Blank liposomea 431 � 96
3839 � 186

0.47 � 0.04 40 � 2

LCP-1-anchored
liposome

621 � 47
4162 � 2332

0.80 � 0.11 68 � 1

Extruded Blank liposomea 172 � 2 0.06 � 0.02 45 � 1
LCP-1-anchored
liposome

171 � 1 0.03 � 0.01 43 � 2

aBlank liposome is liposome formulated without lipopeptide

Fig. 6 Particle-imaging and morphology of the liposomes captured by transmis-
sion electron microscopy (bar 500 nm)
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5. A 5:2:1:1 mass ratio of DPPC:DDAB:cholesterol:lipopeptide
is used in this formulation. However, the lipid ratio in liposome
formulations depends on the experimental design and can be
modified to regulate liposomal fluidity (cholesterol), charge
(DDAB), and antigen content (lipopeptide). Here, the final
organic solvent ratio (chloroform/methanol) can range from
9:1 to 2:1, meaning every 2 mL of chloroform can be mixed
with a maximum of 1 mL of methanol in this lipid mixture.
Less methanol improves thin film formation, but can also result
in lipopeptide insolubility in the lipid mixture.

6. Do not immediately immerse the flask in the water bath. Start
the initial pressure of the rotary evaporator at 700 mbar, then
reduce the pressure by 100 mbar every 2 min to finally reach
300 mbar. Then submerge the flask halfway into the preheated
water bath. Continue to reduce the pressure every 5 min until
the pressure reaches 100 mbar. Set the final pressure at 50 mbar
for 10 min. The slow evaporation process can produce a dry
lipid film with a glassy-clear appearance on the flask walls.
Using the preheated water bath too early can result in fast
solvent evaporation and the formation of white precipitate
dots at the bottom of the flask. If this happens, re-dissolve
the lipid with the chloroform/methanol mixture and repeat
the evaporation step.

7. If lipid film formation is disrupted, re-dissolve the lipid with the
chloroform/methanol mixture and repeat the
evaporation step.

8. A vacuum desiccator can be used instead to remove solvent
traces; however, this is less effective than the use of freeze dryer.
If using a low vacuum desiccator, ensure the flask is placed in
the desiccator for more than 12 h. It is critical to remove
solvents completely because traces of solvent can interfere
with liposome formulation, in addition to adding potential
toxicity.

9. Start the rehydration of the lipid film by pipetting 50 μL of
water onto the film, then vortex the flask on the maximum
speed setting three times with 5-s intervals. This allows the
water to be efficiently dispersed into the lipid film. Repeat the
rehydration and vortexing step to sequentially add 50, 100,
100, 200, 200, and 300 μL (total 1 mL) of water to the flask.

10. The vesicles produced are multilamellar liposomes. Extrusion is
needed to convert them into uniform-sized unilamellar
liposomes.

11. The extrusion technique produces unilamellar liposomes by
physically squeezing the multilamellar liposomes through poly-
carbonate filters (with appropriately sized pores). The structure
(concentric layers) of multilamellar liposomes is physically
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unstable under the extrusion pressure and temperature, which
is slightly above phase transition temperature (TC). This
induces membrane rupture and resealing to create uniform-
sized unilamellar liposomes.

12. Ensure all parts of the extruder are thoroughly cleaned and
dried before assembly. Wash the extruder kit (except PC mem-
brane and filter supports) with mild soap and rinse three times
each using water and methanol. Air-dry all cleaned materials.
To pre-wet the filter supports, pipette 5 μL of water into the
internal membrane support area within the O-ring before plac-
ing the dry filter supports down. Alternatively, place the filter
supports directly into water, then transfer them to the correct
position within the O-ring.

13. Carefully separate the PC membranes (thin and translucent
disk) apart (and from the blue paper, which can be disposed
of) using forceps. The PC membranes and filter supports are
intended for single-use only and should not be re-used.

14. Do not twist the internal membrane support after it comes in
contact with the PCmembrane to avoid tearing the membrane.

15. This temperature is above the TC of DPPC and DDAB and is
critical for successful extrusion. The temperature of the
extruder needs to be above the TC of the composed lipids
before the extrusion procedure begins.

16. Ensure both syringes are fully and tightly fitted into the
extruder before pushing the plunger. Do not push faster than
1 mL in 30 s. If significant resistance occurs, reduce plunging
speed to avoid breaking the membrane or syringe. Do not
obstruct or pull the second plunger. Ensure the liposome
solution temperature remains above the TC to avoid additional
plunger resistance. It is normal for the first few pushes to
present greater resistance than subsequent pushes. The smaller
the size of the filter pores, the greater the resistance will be
(e.g., a 100 nm PC membrane will produce greater resistance
than a 400 nm PC membrane). If reverse pressure is experi-
enced when pushing the syringe, check whether there is any air
trapped in the syringe. To produce very small liposomes (below
100 nm), initial pre-extrusion of the liposome solution with a
larger membrane size is advised.

17. Check how much solution has been transferred to the second
syringe after each extrusion (with the aim of 1 mL). However,
some dead volume (solution left inside the extruder) typically
occurs following the first extrusion round. Solution lost during
subsequent rounds indicates that there is a leak in the system.
In this case, take apart and re-assemble the apparatus. The PC
membrane and filter support need to be replaced when
re-assembling the extruder. If the extruder had been assembled
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correctly, then the leak likely occurred due to faulty insertion of
the syringes into the extruder. When removing the syringes,
pull the syringe straight out of the extruder to avoid damage
and take note of the position of each syringe on the extruder.
The position of these syringes cannot be switched.

18. The final pass should be made into the second syringe (the
opposite syringe to the one originally filled) to reduce contam-
ination from the original (unextruded) solution (e.g., larger
liposomes that did not pass through the membrane or foreign
materials). In general, the liposomes become more homoge-
nous with every additional pass through the membrane.

19. Disassemble and clean the extruder thoroughly after each use
and before extruding new liposome formulations.

20. In general, extruded liposomes have a uniform size distribution
with a PDI < 0.1.

21. Appropriate dilution is required before visualization; it is
recommended that visualization starts at a 1:10 dilution.
Highly concentrated solutions make the visualization of single
liposomes difficult, as the liposomes are often pushed together
or overlapping.

22. Use clean tweezers to hold the grid edge when adding the
diluted liposome solution. Do not let the tweezer tips contact
the surface of the grid.

23. Using a piece of filter paper (or kimwipe), gently touch the side
of the grid to absorb excess solution. Direct contact with the
grid surface is not recommended.
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Chapter 16

Current Prospects in Peptide-Based Subunit Nanovaccines

Prashamsa Koirala, Sahra Bashiri, Istvan Toth,
and Mariusz Skwarczynski

Abstract

Vaccination renders protection against pathogens via stimulation of the body’s natural immune responses.
Classical vaccines that utilize whole organisms or proteins have several disadvantages, such as induction of
undesired immune responses, poor stability, and manufacturing difficulties. The use of minimal immuno-
genic pathogen components as vaccine antigens, i.e., peptides, can greatly reduce these shortcomings.
However, subunit antigens require a specific delivery system and immune adjuvant to increase their efficacy.
Recently, nanotechnology has been extensively utilized to address this issue. Nanotechnology-based
formulation of peptide vaccines can boost immunogenicity and efficiently induce cellular and humoral
immune responses. This chapter outlines the recent developments and advances of nano-sized delivery
platforms for peptide antigens, including nanoparticles composed of polymers, peptides, lipids, and
inorganic materials.

Key words Vaccination, Pathogens, Subunit vaccine, Peptides, Immunogenicity, Nanotechnology,
Adjuvants, Nanoparticles

1 Introduction

A vaccine is a biological (or, as per recent advances, chemical)
preparation that provides or enhances immunity to a particular
disease in individuals. Vaccines are composed of whole pathogens
or antigens that are derived from them. Upon delivery (“vaccina-
tion”), the vaccine triggers immune responses against the patho-
gen/antigen and generates immunological memory.

The concept of vaccination was reported for the first time in
China in the tenth century [1]. It was noted that people who
recovered from smallpox were subsequently immune to future
infection [2]. As a result, healthy subjects were inoculated with
fragments collected from dried pus or scabs of an infected person.
This resulted in severe illness and a high mortality rate within the
inoculated individuals. Later, Edward Jenner observed that
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dairymaids were naturally immune to smallpox after being infected
with cowpox [3]. To further confirm this observation, he inocu-
lated a child with cowpox lesions, discovering a means of safely
conferring immunity to smallpox. Vaccines have since been devel-
oped against several life-threatening diseases, such as rabies, polio,
diphtheria, mumps, and rubella. However, vaccines are not yet
available against highly variable microorganisms that require the
stimulation of cell-mediated and mucosal immunity. Thus, an
investigation into new classes of vaccines has moved to the forefront
of medical research [4].

Traditional vaccines consist of attenuated or weakened micro-
organisms, which upon administration invoke immune responses
without causing the actual disease. Conventional vaccines are effec-
tive in inducing immune responses; however, their application is
associated with risks of infection, allergies, and autoimmune
responses. In addition, difficulties around manufacturing patho-
gens and their limited stability have led to the development of
subunit vaccines. Subunit vaccines utilize a purified antigen, such
as a toxoid, subcellular fragments, proteins, and peptides. The
likelihood of side effects is minimized as a variety of toxins and
undesired immunogens are abolished in these vaccines [5–7].

Recently, it has been shown that not only the biochemical
composition (antigen and adjuvant/immune stimulator) of the
vaccine, but morphology and particle size also play important
roles in providing desired immune responses. The small size, cus-
tomizable surface, multifunctionality, and targeting properties of
nanoparticles (NPs) can be utilized to greatly improve vaccine
immunogenicity. However, an understanding of the mechanisms
by which the immune system is activated is vital for developing
effective nanovaccines [8–10].

2 Immune Response

The human immune system is a complex and powerful defense
mechanism composed of organs, cells and molecular components
designed to fight infection [11]. The immune system can be classi-
fied into two general categories, namely the innate/general resis-
tance system and the adaptive system. The innate immune system
covers all aspects of a host’s immune defense mechanisms, which
include physical barriers, dendritic cells, macrophages, neutrophils,
and natural killer cells. Neutrophils and macrophages have the most
important role during early infection [12]. They secrete highly
destructive substances, including enzymes that digest proteins
and reactive chemicals, such as peroxide. They then engulf and
digest destructed pathogens by a process called phagocytosis. Fur-
thermore, antigen-presenting cells (APCs), such as dendritic cells
(DCs) and macrophages, recognize and bind to
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pathogen-associated molecular patterns (PAMPs), known also as
danger signals, which are produced by microbes [13]. Once the
PAMPs are recognized, pattern recognition receptors (PRRs) sig-
nal the presence of infection to the host [14]. PRRs also detect
damage-associated molecular patterns (DAMPs), which are pro-
duced by damaged or mutated host cells. After binding to their
appropriate PAMP or DAMP, APCs internalize their target by
initiating phagocytosis, pinocytosis, or endocytosis, then process
it into peptides. The peptides are presented to major histocompati-
bility complexes (MHC, class I or class II) [15–17]. MHC I recep-
tors are produced by all nucleated cells and display intracellular
antigens, for example, from a viral infection, to activate CD8+

T-cells. These T-cells, known as killer T-cells, directly kill infected
cells. In contrast, MHC II receptors are produced only by APCs
and display extracellular antigens and activate CD4+ T-cells, which
proliferate and differentiate, resulting in T-helper 1 (Th1) or Th2
cells. Th1 cells mainly activate CD8+ T-cells and deliver cell-
mediated immunity through the release of cytokines, like inter-
feron-γ (IFN-γ) and tumor necrosis factor-α (TNF-α). Th2 cells
interact with B-cells, which further differentiate into plasma cells
that secrete antibodies against specific antigens; B-cells also differ-
entiate into memory cells that are responsible for creating immu-
nological memory. An antigen can travel (by itself, or with the help
of peripheral APCs) to lymph nodes, where most of the adaptive
immune cells reside [9, 18, 19] (Fig. 1).

3 Peptide-Based Subunit Vaccines

Minimal epitopes, i.e., short peptides derived from the larger path-
ogenic component, such as B-cell receptors, and MHC class I and
II ligands, carry all of the necessary immunological information
needed to trigger adaptive immune responses when innate immu-
nity is activated with the help of an immune stimulant/adjuvant
[20, 21]. By employing such epitopes as antigens, the risk of
allergic responses and cross-reactivity with human tissue can be
essentially eliminated. Further, the peptide-based approach can be
less expensive in terms of production and handling, and these
vaccines are normally much more stable during storage and trans-
portation [5]. Peptide antigens can be synthesized as desired by
chemical synthesis and, therefore, are devoid of biological contam-
ination. Solid-phase peptide synthesis using automatic synthesizers
and the application of microwave techniques have made production
easier, faster, and cost-effective. Produced antigens are stable and
water-soluble, and their stability and properties can be monitored
via standard physicochemical characterization methods
[22, 23]. Peptide-based vaccines can consist of multiple peptide
antigens, which can target several pathogen strains, giving them
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Fig. 1 Simplified diagram illustrating the main immune response pathways
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wider scope in inducing immunity over a broad-spectrum of infec-
tions [24]. However, peptide antigens are very poor immunogens
on their own. To boost the efficacy of peptide-based subunit vac-
cines, an immunostimulatory element (adjuvant and/or delivery
system) is vital [25–27]. While immunostimulants can enhance
immunity, their use is often associated with side-toxicity
[28]. Also, some commercial adjuvants (e.g., alum) only elicit
humoral immunity and are weak cellular immunostimulants. Con-
sidering the obstacles associated with peptide-based subunit vac-
cines, the development of new immunostimulatory elements is
needed [29]. Nanoparticle-based delivery systems have recently
been developed and are very effective, particularly for peptide anti-
gens [9, 30] (Fig. 2).

4 Nanotechnology

Nanotechnology incorporates the manufacture, control, manipula-
tion, and study of structures or devices with a size on the nanome-
ter scale (NPs, nanorods, etc.) [31]. Either synthetically or
biologically derived, nano-materials have a similar size to invading
microorganisms and, therefore, can mimic some of the properties
of the pathogens. The small size, surface customizability, improved
solubility, and multifunctionality of NPs open new avenues for
vaccine design. NPs are taken up by cells, most importantly includ-
ing APCs, more efficiently than soluble molecules and large parti-
cles and, therefore, could be used as effective transport and delivery
systems for antigens [32, 33].

NPs have been widely explored for drug delivery systems.
Delivery systems, like lipid-based formulations, polymers, dendri-
mers, and inorganic NPs, are often employed in chemotherapy.
They are used to increase drug concentration at a desired site in
the body [34]. The ability of NPs to be picked up by phagocytic
cells of the immune system (e.g., macrophages) is typically consid-
ered to be an undesirable attribute for drug delivery, as this can
induce immunostimulation effects, which may promote inflamma-
tory or autoimmune disorders and the host’s susceptibility to infec-
tions and cancer. However, in contrast to drug delivery, this
outcome is highly desirable for vaccines.

NPs can be designed to elicit an immune response by either
direct immunostimulation of APCs (e.g., macrophages) or delivery
of the antigen to a specific cellular compartment (e.g., lymph
nodes). The use of NPs in vaccine formulations allows not only
improved antigen stability and immunogenicity but also targeted
delivery and slow release [35]. NP-based delivery systems can also
reduce side-effects associated with vaccine formulations (e.g., tox-
icity of adjuvant) [36]. Indeed, several prophylactic nanovaccines
have been approved for human use, for example, Mosquirix [37]

Current Prospects in Peptide-Based Subunit Nanovaccines 313



and Inflexal [38], and others, such as Novavax [39], Norwalk [40],
and various chimeric virus-like particles, are in clinical or preclinical
trials. NPs are attractive system for vaccine delivery as they can
(a) accommodate multiple peptide epitopes, adjuvants, and target-
ing moieties; (b) protect peptides from enzymatic degradation and
excretion; (c) allow them to travel in the lymphatic system;
(d) stimulate uptake by APCs; and (e) induce antigen cross-presen-
tation to cytotoxic T lymphocytes (CTL) [41].

Nanosized particles can also be used for oral administration.
They are capable of delivering a sufficient amount of an antigen to
the target site and protecting the antigen from the extreme pH of
the stomach and proteolytic degradation [42]. Nasal administra-
tion of vaccine is often desirable, though, as it increases patient
compliance and triggers both mucosal and systemic immunity. NPs
with mucoadhesive properties are especially effective for vaccine
delivery [43]. Larger NPs incorporating antigen can exert a local
depot effect, ensuring prolonged antigen presentation to immune
cells [44]. Smaller NPs can be taken up by the lymphatic system and
reach the lymph nodes, where most immune cells reside [45]. In
addition, NPs, such as carbon nanotubes, carbon black NPs, poly
(lactic-co-glycolic acid) (PLGA) and polystyrene NPs (PSNPs),
have been reported to have immunomodulatory activity
[46]. Thus, NPs are useful for the formulation and delivery of
antigens by offering improved stability, sustained release kinetics,
lower immunotoxicity, and targeting of specific immune cells
(Fig. 3).

5 Polymer-Based Nanoparticles

Polymer NPs have been a focus of interest for drug/vaccine deliv-
ery due to their customizable physicochemical properties, control-
lable stability in vivo, relative safety, and high efficacy of cargo
delivery to desired cells/tissues. These NPs can (a) have adjustable
properties (size, composition, surface characteristics); (b) allow
controlled drug/vaccine release; (c) be used for both therapy and
imaging (theranostics); and (d) protect cargo against degradation.

Fig. 2 Schematic diagram of the evolution of vaccine components, from tradi-
tional pathogens to protein-based subunits, then peptide-based subunits
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Some polymer-based nanosystems offer mucoadhesive properties
that reduce rapid mucociliary clearance and provide an increased
period of contact with the nasal mucosa, allowing efficient drug/
antigen absorption. NPs and nanocomposites are widely used for
the controlled release of active cargo at a desired time and location.
Polymer-based NPs are usually 10–500 nm in diameter, with bio-
active materials internalized through dissolving, wrapping, adsorp-
tion, and/or adhesion on the surface or inside the particles [47].

Plebanski and coworkers investigated polystyrene NPs (PSNPs)
for vaccine delivery using ovalbumin (OVA)-derived peptide epi-
topes [48]. Multiple copies of OVA were conjugated to the surface
of beads of different sizes (20, 40, 100, 500, 1000, and 2000 nm).
PSNPs (40 nm) elicited higher antibody titers and stimulated
stronger CTL responses than other nanobeads and conventional
adjuvants, including alum, MPLA, and Quil A. Moreover,
OVA-derived peptide epitopes were conjugated to narrow-sized
beads in the range of 20, 40, 50, 70, 90, 100, and 120 nm; the
40–50 nm beads induced significantly higher IFN-γ response from
CD8+ T-cells, while 90–120 nm PSNPs induced CD4+ T-cell acti-
vation and IL-4 induction [49]. The 50 nm NPs were effective in
delivering vaccines against malaria [50] and cancer [51].

Fig. 3 Examples of nanoparticle-based antigen delivery systems
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PLGA, a polymer ester of two α-hydroxyacids (lactic and gly-
colic acids), is one of the most frequently used biodegradable
polymers for drug delivery. It has an excellent safety profile and
has been FDA-approved for pharmaceutical formulations
[52]. Silva et al. formulated PLGA NPs using long synthetic anti-
genic peptides (24 amino acids) to cover a CTL epitope of ovalbu-
min (SIINFEKL) as a model antigen. The peptide-loaded PLGA
NPs were prepared by double emulsion/solvent evaporation. Six-
teen different types of PLGA NPs were prepared with sizes ranging
from 210 nm to 600 nm. PLGA-loaded NPs with an average size of
370 nm had the highest encapsulation efficiency and induced cel-
lular immunity most efficiently, as demonstrated by the enhance-
ment of CD8+ T-cell activation in vitro [53]. The same group also
compared the immune stimulatory efficacy of the PLGA-NPs with
PLGA-microparticles (MPs) [54]. PLGA NPs (average diameter
350 nm) and MPs (110 μm) co-encapsulating OVA and poly(I:C)
adjuvant, with comparable antigen release characteristics, were for-
mulated. The NPs were efficiently taken up by DCs, generated the
highest antigen-specific CTL responses, and induced balanced
Th1/Th2-type antibody responses. In contrast, MPs were not
taken up by APCs and failed to trigger IgG and CTL responses,
suggesting that particles in the nano, rather than micro, size range
are desirable for vaccine design. PLGANPs have also been found to
be effective for the delivery of anticancer vaccine [55]. STEAP326-
335 peptide ( DVSKINRTEM )-loaded PLGA NPs (370 nm)
improved survival rate and significantly reduced tumor growth
compared to STEAP peptide emulsified in incomplete Freund’s
adjuvant (IFA) following intravenous injection in mice. Tumor
inhibition was attributed to the induction of a stronger CD8+

T-cell immune response when compared with controls. Kabiri and
coworkers produced PLGA NPs encapsulating human T-cell lym-
phoma virus epitopes and Toll-like receptor (TLR)-9 agonist, CPG
oligonucleotide, as an adjuvant (170 nm, �34 mV) [56]. The NPs
elicited potent cell-mediated and mucosal immunity without
inflammatory responses when injected in mice. The titers of
IgG1, IgG2a, and sIgA antibodies, as well as IL-10 and IFN-γ
cytokines, were elevated and the amount of TGF-β1 production
was reduced in comparison to PLGA nanospheres having the same
particle size and charge, but lacking CPG. Therefore, the incor-
poration of an additional adjuvant into these NPs further improved
their efficacy.

Interestingly, the method of antigen incorporation into PLGA
NPs also plays an important role in efficacy. PLGA encapsulating or
coated with lipopeptide vaccine LCP-1 [57] consisting of B-cell
epitope derived from group A streptococcus (GAS) M protein and
universal T-helper cell epitope produced NPs (200 nm, 8 mV) or
(220 nm, �5 mV), respectively [58]. NPs encapsulating LCP-1
were taken up more efficiently by APCs and induced a higher
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expression of maturation marker CD80 compared to the coated
NPs. NPs that encapsulated antigen also induced much higher IgG
and IgA titers upon intranasal administration, despite the fact that
all particles carried the same amount of antigen. Unfortunately, the
negative charge of PLGA particles is a disadvantage for particle
uptake and the preparation process must be tailored to the proper-
ties of the antigen [59]. Further, antigen degradation may occur
during preparation, storage, and release. Therefore, a variety of
other polymers have been examined as alternatives to PLGA for
vaccine delivery.

Chitosan, a polymer of glucosamine, is a natural, biodegradable
polysaccharide with mucoadhesive properties [60]. It is usually
obtained from the deacetylation of chitin. Chitosan is recognized
by different receptors on APCs, including TLR-2, leukotriene B4,
and mannose receptors. Chitosan is a common nanocarrier used for
the delivery of therapeutic agents [61]. Chitosan NPs have been
used in numerous studies to deliver antigens to APCs and to
stimulate mucosal immunity [62]. Despite the many benefits of
chitosan, it is notably limited by its insolubility and precipitation
at physiological pH [63]. To overcome these problems, chitosan
derivatives, such as trimethyl chitosan (TMC), have been synthe-
sized. TMC, formed by the methylation of chitosan amino groups
(quaternization), has been widely investigated for vaccine delivery
because of its stronger adjuvanting activity compared to chitosan,
which is likely due to its permanent cationic charge and excellent
water-solubility [64]. Akbari et al. loaded Shigella flexneri’s recom-
binant IpaD antigen into TMCNPs (270 nm). Following both oral
[65] and intranasal [66] administration, high titers of IpaD-specific
serum IgG and IgA were observed.

Polyelectrolyte (PEC)-based platforms are often used to com-
bine positively charged chitosan derivatives with antigen [67]. Posi-
tively charged lipopeptide vaccine, LCP-1, bearing conserved
B-cell epitope (J8) derived from GAS M-protein, was mixed with
various anionic polymers, including alginate, chondroitin sulfate,
dextran, hyaluronic acid, and heparin, to form PECs [57]. These
PECs were further coated with TMC to form NPs with similar size
(~200 nm) and charge (~30mV) [68]. Among them, LCP-1 mixed
with heparin and coated with TMC induced the strongest humoral
immune responses, especially high IgA titers, in outbred mice. It
was predicted that the negatively charged polymers assisted in
eliciting immune responses, in addition to functioning as complex-
ing agents. A TMC-based delivery system has also been combined
with PLGA [69]. Four different NPs were produced by double-
emulsion solvent evaporation: LCP-1/dextran (150 nm,�38mV),
LCP-1/dextran/TMC (300 nm, 39 mV), LCP-1/dextran/PLGA
(190 nm, �31 mV), and LCP-1/dextran/PLGA/TMC (190 nm,
10mV). LCP-1/dextran and LCP-1/dextran/TMCwere taken up
more efficiently by DCs; however, of the four NPs, only
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TMC-bearing NPs, LCP-1/dextran/TMC and LCP-1/dextran/
PLGA/TMC, stimulated the maturation of DCs and induced a
high level of IgA and IgG titers following intranasal administration.
In addition, LCP-1/dextran/TMC effectively opsonized GAS clin-
ical isolates. Thus, NPs carrying mucoadhesive TMC and positive
charge were the most effective against GAS.

TMC has also been used to develop oral vaccine delivery sys-
tems [70]. LCP-1 was anchored through its lipid moieties to lipo-
somes, which were further coated by layers of alginate and TMC.
Alginate/TMC-coated positively charged liposomes (180 nm,
27 mV) were promptly taken up by APCs, compared to negatively
charged liposomes bearing alginate on the surface. Alginate/TMC
liposomes produced significantly higher, long-lasting, antigen-spe-
cific mucosal IgA, and systemic IgG titers compared to lipopeptide
antigen alone and NPs coated with negatively charged polymer.
However, multiple oral immunizations with a high dose of antigen
were required to stimulate humoral immunity.

To simplify the formulation and avoid the use of liposomes and
extensive coating, antigen itself has been modified with a negatively
charged inert polymer [71]. Cationic TMC-NPs (200 nm) were
produced by the conjugation of a short-length anionic polymer,
poly-L-glutamic acid (PGA), to GAS J8 epitope and universal
T-helper epitope, PADRE, followed by assembly of the conjugate
with TMC by ionic interactions. PGA-J8-PADRE/TMC NPs
induced significantly higher serum IgG and mucosal IgA antibody
titers against J8 antigen, compared with antigen mixed with the
commercial mucosal adjuvant, cholera toxin subunit B (CTB),
following intranasal immunization. The incorporation of PGA
was vital for immunological activity, as simply mixing epitopes
with TMC did not elicit strong immune responses. Moreover, it
was demonstrated that (a) the optimal length of PGA was 10 units;
(b) glutamic acid can be replaced with aspartic acid; (c) fungal TMC
was most effective; (d) lipidation of antigen further enhanced
humoral immune responses; and (e) rod NPs were more efficient
than spherical NPs [72, 73].

Recently, particle self-assembly has been widely applied for
vaccine delivery [74]. Self-assembled nanoarchitectures can
improve biocompatibility and provide stability against enzymatic
degradation, encapsulation of hydrophobic drugs, sustained drug
release, shear-thinning viscoelastic properties, and/or adjuvanting
properties [75]. The first example of self-assembled, self-adjuvant-
ing polymer peptide antigen conjugate was reported in 2010
[76]. Hydrophobic dendritic poly(tert-butyl acrylate) was conju-
gated with hydrophilic B-cell epitope J14 derived from GAS
M-protein. The resulting amphiphilic conjugate was self-assembled
into NPs (20 nm), which triggered the production of high levels of
opsonic J14-specific IgG antibody titers similar to those triggered
by the delivery of J14 epitope adjuvanted with CFA, following both
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subcutaneous and intranasal immunizations [77]. It was also
demonstrated that (a) single immunization was efficient to stimu-
late high antibody titers; (b) smaller particles (20 nm) were much
more effective than larger particles (400 nm) [78]; and (c) an
exchange of dendritic polymer to star, branched, or linear poly-
acrylate did not significantly reduce the immunogenicity of con-
jugates [79]. Importantly, PADRE-J8 polyacrylate conjugate
(146 nm) was able to induce the production of high levels of
opsonic antibody titers following single oral low-dose
immunization [42].

The above strategy was also applied for the design of therapeu-
tic vaccine against cervical cancer [79]. 8Qmin peptide epitope
derived from human papillomavirus (HPV)-6 E7 oncogenic pro-
tein containing CTL epitope and T-helper cell epitope was conju-
gated to a variety of poly(tert-butyl acrylate) forming
microparticles (~10 μm) [80, 81]. All conjugates stimulated thera-
peutic immunity in tumor-bearing mice. Vaccination significantly
improved mouse survival and reduced tumor growth when com-
pared with 8Qmin emulsified with commercial adjuvant, Monta-
nide (humanized version of IFA). In addition, all conjugates were
efficiently taken up by DCs and macrophages and stimulated sig-
nificant CD8+ and CD4+ T-cell activation [82]. The dendritic
polyacrylate was more effective than branched or linear versions.
Vaccine candidates lost their efficacy when used to treat more
advanced tumors; however, this efficacy was restored when the
conjugates were incorporated into liposomes [83]. The enhanced
efficacy of the liposomal formulation was most likely related to its
smaller size (~130 nm) compared to the self-assembled conjugate,
itself (~10 μm) [84].

Polyacrylates are considered to be safe polymers; however, they
are not biodegradable and have undefined stereochemistry and
number of units per polymer. To overcome these shortcomings,
fully defined and biodegradable polymers built from natural hydro-
phobic amino acids (HAAs) were synthesized using simple auto-
mated solid-phase peptide synthesis [85]. J8-PADRE was
incorporated into a polyHAA sequence built based on valine, phe-
nylalanine, and leucine. The resulting amphiphilic compounds were
self-assembled into nanoparticles (10–30 nm), which aggregated in
larger chain-like aggregates. NPs based on leucine induced the
maturation of APCs in vitro and triggered the production of high
titers of opsonic antibodies in mice. In addition, they greatly
reduced the bacterial burden in mice challenged with the M1
GAS strain without inducing potentially damaging soluble inflam-
matory mediators. Upon conjugation to hookworm epitope, the
polyleucine system (~100 nm) was also effective in inducing pro-
tective immune responses in orally vaccinated, hookworm-
challenged mice [86].
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6 Self-assembled Peptides

Self-assembled peptides offer the advantages of compatible, multi-
valent nanomaterials with lower toxicity, and the ability to adopt
desired conformations [74]. For example, valine-rich peptides, or
polyvalines, are known to adopt β-sheet conformation and aggre-
gate into fibrils. Valine-rich peptide containing serine moieties
linked with amino acids by ester bond (depsipeptide, isopeptide)
was conjugated by azide alkyne cycloaddition with B-cell peptide
epitope [87]. The conjugates were able to adopt β-sheet conforma-
tion and self-assembled to form fibrils upon pH-triggered intramo-
lecular acyl migration, while their O-acyl isoforms were stable in the
non-aggregative form. This strategy addressed potential issues
related to over-aggregation, precipitation, and changes in other
properties during storage of fibril-based vaccines.

Colliers and coworkers examined nanofibers, NPs, and gels that
were stabilized by non-covalent forces (hydrophobic interactions,
hydrogen bonding, and electrostatic interactions) for vaccine
design, to avoid the use of classical, potentially toxic adjuvants
[88]. Early secretory antigenic target (ESAT-6) peptide epitope
derived from Mycobacteria tuberculosis (TB) ESAT-6 protein or
OVA was conjugated with fibril-promoting sequence Q11 (QQK
FQFQFEQQ) [89]. Both the self-assembled peptides (ESAT-Q11
and OVA-Q11) formed fibrils (20 nm thick and>1000 nm length)
and induced elevated Ig titers and IFN-γ secretion in mice. They
also demonstrated that immunogenicity is not related to specific
Q11 peptide sequence, as the other fibrillizing peptide, KFE8
(FKFEFKFE), also induced high antibody responses [90]. Even
in the absence of adjuvant, this system resulted in comparable
antibody responses to peptide epitope delivered with CFA in
mice [91].

KFE8 was also used to deliver cocaine vaccine, which assembled
into β-sheet-rich nanofibers in aqueous buffers [92]. The vaccine
produced high titers of anticocaine antibodies in vaccinated mice,
without the need for an adjuvant. The Q11 system has also been
used to treat/prevent malaria [93], influenza [94], and cancer
[95]. A fibril system based on α-helical structure was also examined.
α-Helical peptide Coil29 was conjugated to PADRE and cancer
B-cell epitope PEPvIII to elicit durable epitope-specific antibody
responses that were higher than CFA-adjuvanted formulation [96].

7 Lipid-Based Nanoparticles

Many biological structures are lipidated. Pathogen-associated lipo-
protein and liposaccharide are often recognized as danger signals
through the activation of APC receptors, mainly TLR-2 and TLR-4
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[97]. Tripalmitoyl-S-glyceryl cysteine (Pam3Cys) is a synthetic ana-
log of the N-terminal moiety of lipoproteins of Gram-negative
bacteria. Pam3Cys is comprised of three palmitic acid groups that
are bound via glycerol ester and amide linkage to a cysteine residue
[98]. Due to its poor water solubility, Pam3Cys is usually used in
conjugation with lysine solubilizing moiety as Pam3Cys-Ser-(Lys)4
[99]. R-configured Pam3Cys-Ser-(Lys)4 was shown to be more
effective at inducing cytokine and antibody production in mice
when administered with antigen [100]. Although showing strong
adjuvanting ability, Pam3Cys and its conjugates are poorly soluble
and difficult to formulate [101]. Therefore, the hydrophilic analog
of Pam3Cys, Pam2Cys, derived from macrophage-activating lipo-
peptide-2 of Mycoplasma fermentans, was extensively investigated
[102, 103].

Pam3Cys and Pam2Cys were conjugated with eight GAS M
protein-derived epitopes yielding two lipopolypeptides
(<200 nm) [104]. Mice immunized subcutaneously with Pam2Cys
or Pam3Cys lipopolypeptides demonstrated faster increases in
serum J14-specific IgG antibody levels compared to mice immu-
nized with alum-adjuvanted polypeptide formulation. The pro-
duced antibodies recognized a variety of clinically relevant GAS
serotypes. Pam2Cys was also conjugated to peptide epitopes
derived from HPV. Only the conjugates that formed submicron
sized particles (0.3–0.8 μm) triggered antitumor immune
responses.

Other lipids have also been examined for immune stimulating
activity. Tirrell’s group showed that peptide amphiphile can form
NPs with self-adjuvanting capacity [105]. J8 epitope derived from
GAS M protein was covalently coupled to hydrophobic dipalmi-
toylglutamic acid (diC16), forming J8-diC16 amphiphilic conju-
gate, which self-assembled into nanofibers (approximately 5–15 nm
in diameter and 0.2–2 μm in length). The nanofibers induced
significantly higher IgM production compared to antigen adju-
vanted with IFA. Lipopeptide J8-diC16 was not recognized by
TLR-2, suggesting that nanostructure plays a crucial role in
immune stimulation, but not lipid recognition by TLR. J8-diC16
was also co-self-assembled with Pam2Cys-Ser-(Lys)4 to form NPs
(5�15 nm) that enhanced the delivery of antigens and adjuvant to
the lymph nodes, significantly improving systemic and mucosal
antibody responses in mice [106].

The capacity of lipopeptides, such as lipid core peptides
(LCPs), to stimulate immune responses has been known for dec-
ades; however, their ability to form self-adjuvanting nanoparticles
has only recently been recognized [25]. LCP systems contain a
non-microbial lipopeptide adjuvant based on lipoamino acids
(α-amino acids with a long alkyl side-chain) and a polylysine
branching scaffold, which provides conjugation sites for the pep-
tide epitopes [107]. LCP has been used for the delivery of a variety
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of peptide-based vaccines against malaria [108], GAS [58], Schis-
tosoma [109], and hookworm [110]. When the three different
hookworm APR-1 protein-derived peptides covering the same
B-cell epitope were incorporated into LCP, they self-assembled
into NPs (<100 nm) [111]. These NPs induced the production
of high levels of peptide-specific IgG antibodies, similar to those
induced by CFA-adjuvanted peptide antigens. Importantly, only
long peptides that adopted β-sheet conformation upon conjugation
to LCP (<30 nm) stimulated the production of antibodies that
recognized parent APR-1 protein. Thus, it was suggested that
B-cell epitope conformation is crucial to stimulating proper
immune responses.

The size and orientation of LCP components in nanoparticle
formation and immunogenicity were also examined. LCP vaccine
candidates were designed to incorporate J14 B-cell and P25 Th-cell
epitopes with varying lengths of lipoamino acid C16 (2-amino-D,L-
hexadecanoic acid) and C20 (2-amino-D,L-eicosanoic acid), and
their spatial orientation [112]. While neither the length of lipoa-
mino acid side chains nor their position in the conjugate influenced
the size of the NPs formed (~10 nm), C20-bearing LCP induced
stronger antibody responses than other LCPs and CTB-adjuvanted
antigen following intranasal immunization. This enhanced adju-
vanting activity may be correlated to TLR recognition of longer
lipids, instead of nanoparticle size. On the other hand, the size of
lipopeptide nanoparticles was reported to be crucial for the induc-
tion of strong immune responses [113]. Three lipopeptide vaccine
delivery systems incorporating 88/30 and J14 GAS peptide epi-
topes were produced with varying particle size. The smallest NPs
(10 nm) induced significantly higher antigen uptake by APCs, APC
maturation, and higher J14 and 88/30 antibody titers compared to
its larger analog (100 nm). In addition, these NPs induced anti-
body responses without the need for additional adjuvant.

LCP conjugates bearing respiratory syncytial virus F-protein-
derived B-cell epitope formed nanoparticles (<200 nm) and
induced strong humoral immune responses [114]. However, the
antibodies produced did not neutralize the virus, reinforcing that
the formation of NPs does not always correlate with vaccine effi-
cacy. Interestingly, when LCP was replaced with the human bile
salt, cholic acid (CA), to form conjugated CA-PADRE-J8 (130 nm,
21 mV), the conjugate was able to self-assemble into NPs and
induced high titers of antibodies, which were opsonic against sev-
eral GAS clinical isolates [115].

While lipidation is a popular strategy for inducing stronger
immune responses against peptide-based antigens, liposomes are
an even more popular system to deliver any type of vaccines,
including peptide-, protein-, and also whole pathogen-based vac-
cines (e.g., malaria parasites) [116–119]. These lipid-based parti-
cles are biocompatible and biodegradable and can be recognized by
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TLRs (TLR-2 or -4 recognizing lipidic ligands) [120]. The first use
of liposomes to raise the immune response to loaded antigen was
reported by Allison in 1974 [121]. Liposomes and liposome-
derived nanovesicles, such as archaeosomes and virosomes, have
become important carrier systems for antigen delivery because
they can (a) protect antigen from enzymatic degradation; (b) are
preferentially taken up by APCs due to their size, charge, and
presence of anchoring targeting moieties/proteins; (c) carry anti-
gen on their surface or encapsulate it; (d) incorporate adjuvants in
the same particle as the antigen; (e) form a depot effect or travel in
the lymphatic system; (f) form stable formulations due to lipid
bilayers; and (g) overcome biological barriers, such as skin and
mucosa [119].

Jaafri and coworkers demonstrated the importance of liposo-
mal formulations in antitumor therapy for breast cancer. They
conjugated [122] or encapsulated [123] the CD8+ epitope, P5,
derived fromHER2/neu protein into liposomes. HER2/neu is the
growth factor receptor 2 overexpressed in 20–40% of primary
breast cancers. Liposomes were composed of dimyristoylphospha-
tidylcholine (DMPC), dimyristoylphosphoglycerol (DMPG), and
cholesterol. The liposomal formulation containing conjugated P5
and MPLA adjuvant (130 nm, �45 mV) induced higher levels of
IFN-γ and higher CTL responses than liposomal formulations
without MPLA. The immune responses were further enhanced
when more stable liposomes were applied (built from lipids with
higher phase transition temperature) [124].

To further improve the efficacy of liposomes for vaccine deliv-
ery, another delivery system was developed [125]. CAF01 is a
two-component liposomal delivery system composed of a cationic
liposome vehicle (dimethyldioctadecyl-ammonium bromide,
DDAB) formulated with glycolipid adjuvant (trehalose
6,6-dibehenate), which is a synthetic variant of cord factor located
in the mycobacterial cell wall. Mycobacterial antigens (ESAT-6 and
Antigen 85B (Ag85B)) were adsorbed on CAF01. The formulation
(500 nm, 60 mV) induced strong Th1-type immune responses
(high levels of INF-γ and IgG2b). In clinical trials, CAF01-based
vaccine induced a strong, long-lasting cellular immune response
confirmed by the broad induction of Th1-associated cytokines
(IFN-γ, IL-2, TNF-α, GM-CSF), and chemokines (MIG, IP-10
and MIP-1β) [126].

Army liposome formulation (ALF) was designed following a
similar strategy [127], i.e., MPLA was incorporated into liposomal
membrane as an inbuilt adjuvant. Tetanus toxoid and HIV-1-
derived peptides were adsorbed to aluminum hydroxide, which
was then co-adsorbed to ALF (30–100 nm, respectively). The
formulation induced more balanced Th1/Th2 responses, eliminat-
ing the side effects of excessive Th2 responses triggered by alumi-
num salt alone. ALF has been tested as a delivery system for
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vaccines against shingles caused by herpes zoster, malaria, HIV-1,
and Campylobacter jejuni causing diarrhea [128].

ISCOMATRIX is a liposome-like immunostimulatory complex
formulated with saponins, cholesterol, and phospholipids under
controlled conditions to construct spherical cage-like structures
40–60 nm in size (once the antigen is incorporated, it is named
ISCOM). It delivers antigen to DCs and stimulates both Th1 and
Th2 cytokine production, as well as antigen-specific antibody
responses and long-lasting immunity [129]. A chimeric peptide
vaccine was constructed bearing Tax, gp21, gp46, and gag (p19)
epitopes that were connected by flexible linker, in the absence or
presence of MPLA and ISCOMATRIX adjuvants for immunization
against human T-cell lymphotropic virus type 1 [130]. ISCOMA
TRIX loaded with the antigen stimulated a higher level of IgG
antibodies, especially IgG2a, compared to MPLA-adjuvanted vac-
cine. A higher level of IFN-γ and IL-10 cytokines were produced
following subcutaneous immunization, rather than nasal. Human
cancer testis antigen NY-ESO-1 (derived from New York esopha-
geal squamous cell carcinoma-1) adjuvanted with ISCOMATRIX
was tested in Phase I clinical trials [131]. The vaccine was well-
tolerated and induced strong humoral and cellular immune
responses. Antibody responses were observed in 100% of the vac-
cine recipients and CD4+ and CD8+ T-cell responses in 69% and
38%, respectively. Importantly, CD8+ T-cell responses were
observed in individuals with and without preexisting antibodies to
NY-ESO-1. Recently, a double-blind Phase II clinical trial of
NY-ESO-1 vaccine with ISCOMATRIX adjuvant versus ISCOMA
TRIX alone in participants with high-risk resected melanoma was
conducted [132]. Vaccine recipients developed strong humoral and
cellular immune responses against NY-ESO-1. The vaccine was
well-tolerated; however, despite inducing antigen-specific immu-
nity, it did not affect survival endpoints.

8 Inorganic Nanoparticles

Particles including gold, aluminum, calcium phosphate, silica, and
pure carbon have been intensively tested as adjuvants and antigen
delivery vehicles over the last decade. They can be easily and eco-
nomically produced, their modification with antigen is straight-
forward, and their surface can be further modified to achieve
desired immune properties [133].

Aluminum salts (alum) have been used in human vaccines as
adjuvants and are known to accelerate antigen-specific immune
responses [134]. Alum has been included in vaccines for polio,
hepatitis A and B, anthrax, pneumococcus, diphtheria, tetanus,
pertussis, and others [135]. However, it is structurally complex
and heterogeneous, making it difficult to characterize for quality
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control, especially after being mixed with vaccine antigens. The
adjuvanting capacity of aluminum salt-based materials is signifi-
cantly influenced by the materials’ physicochemical properties
(e.g., size, shape, and crystallinity) [136]. Antigen may be adsorbed
in alum-containing adjuvant through electrostatic attraction and
ligand exchange [27].

One of the proposed mechanisms of alum-based adjuvants is
depot formation at the injection site [137]. This allows the slow
release of antigens, which are trapped in the porous spaces of alum
adjuvant, over time, and efficient presentation of the antigen to the
APCs and lymphocytes. Another hypothesized mechanism of alum
is activation of the complement cascade and recruitment of cells
from blood to create an inflammatory environment at the site of
injection [138]. Recent studies have highlighted that the activation
of NLRP3 inflammasomes is vital in inducing adjuvant effects that
are controlled by the inherent shape and hydroxyl content of alu-
minum oxyhydroxide particles [139]. Another hypothesis suggests
that alum triggers cytotoxicity and the release of DNA, which acts
as an immune stimulator, from dying cells or damaged
mitochondria [140].

However, alum is a relatively weak adjuvant, especially against
poorly immunogenic antigens (proteins and peptides), does not
induce strong cellular immunity, and is not free from adverse
effects, such as macrophagic myofasciitis [141]. To overcome
some of these problems, Orr and coworkers developed a
lipid-based nanosuspension of synthetic TLR-7/8 ligand, imidazo-
quinoline (3M-052), which facilitated the adsorption of vaccine
antigen (ID93 for tuberculosis and FLSC for HIV) to aluminum
oxyhydroxide NPs (<200 nm) [142]. Mice immunized with these
vaccines (the aluminum oxyhydroxide-adsorbed formulation of
3M-052 and peptide) produced enhanced antibody levels in com-
parison to peptide adjuvanted with Alhydrogel, and a Th1-type
cellular immune response. Similarly, nanoalum (75–110 nm) was
derived from the clinical adjuvant Alhydrogel (0.5–10 μm) by
incorporation of polyacrylic acid polymer as a stabilizing agent
[143]. The nanoalum elicited a robust Th1 immune response
characterized by antigen-specific CD4+ T-cells expressing IFN-γ
and TNF, as well as higher IgG2 titers when compared to
Alhydrogel.

In another study, aluminum oxyhydroxide nanosticks were
produced to determine alum adjuvanting activity
[144]. OVA-bearing nanosticks (~200 nm length and ~8 nm
thick) were more effective in delivering antigens to APCs, activat-
ing inflammasomes, and potentiating OVA-specific antibody
responses in mice compared to Alhydrogel-formulated OVA
(~1.2 μm). Despite the advantages of using alum NPs, they are
reported to adsorb antigen so tightly that they can alter antigen
structure, which limits efficacy and utility [145, 146]. Thus, other
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inorganic particles have been intensively investigated as replace-
ments for alum.

Calcium phosphate (CP) has been approved by the World
Health Organization as an adjuvant [147] and is the only
non-aluminum mineral salt adjuvant used in human vaccines.
Relvveld et al. demonstrated that CP-induced similar neutralizing
antibodies to alum after single injection of tetanus toxoid or diph-
theria tetanus in humans and animals [148]; stronger neutralizing
antibody production was achieved after a booster dose with tetanus
toxoid. CP NPs are bioresorbable and nontoxic and have adjuvant-
ing properties, high antigen loading capacity, a simple preparation
method, excellent biodegradation, and low cytotoxicity, making
them suitable as adjuvant [149]. Preformed CP gel, to which
antigen is absorbed, is available in the market, supplied by compa-
nies like Superfos Biosector, Vedbaek, Denmark. Similar to alum,
CP generates a depot effect. However, unlike alum, CP is incapable
of eliciting IgE [150, 151]. Knuschke and coworkers recently used
CP as an adjuvant in a therapeutic anti-retroviral vaccine
[152]. Immunization with CP NPs functionalized with Friend
retrovirus (FV)-derived T-cell epitopes and the TLR-9 ligand,
CpG, strongly activated CD4+ and CD8+ T-cells, leading to the
eradication of infected cells in chronic FV infection in mice. CP
NPs loaded with TLR-3 agonist, poly(I:C), coated with a silica shell
and functionalized by silanization led to the presence of a thiol-
terminated surface. This allowed subsequent conjugation of anti-
bodies to CP. The NPs had a hydrodynamic diameter of 280 nm
and zeta potential of +20 mV [153]. After intravenous injection,
in vivo uptake was especially prominent in the lungs and liver in
comparison to the spleen. Pronounced immunostimulatory effects
of the NPs were found in vitro with primary liver cells. The activa-
tion of TLR-3 via poly(I:C) led to antiviral effects in a type I
INF-dependent manner, so the CP NPs were speculated to be
useful for the treatment of viral infections, neoplastic diseases, and
other diseases that can be treated by type I interferon in the liver
and lungs. Furthermore, murine xenograft colorectal cancer model
mice were vaccinated with CP NPs functionalized with CpG and
tumor model antigens (influenza-derived peptides: HA110–120,
SVSSFERFERFEIFPKESS; HA512-520, YQILAIYSTVASSLVLL)
[154]. Tumor-bearing mice were vaccinated subcutaneously on day
3, 5, and 7 posttumor transplantation. The frequency of cytotoxic
CD8+ T-cells was elevated in an IFN I-dependent manner. Tumor
growth was significantly suppressed in CP NP-treated mice com-
pared to untreated mice. However, tumor eradication was not
observed.

Gold NPs have also been used for vaccine delivery. Gold NPs
are biologically inert, non-toxic, and their size and shape can be
easily controlled [155]. Chen et al. conjugated foot and mouth
virus-associated peptide to gold NPs (2, 5, 8, 12, 17, 37, and
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50 nm) [156]. Gold NPs of 8 and 12 nm were more selectively
accumulating in spleen and triggered the highest antibody titers in
immunized mice. Similarly, small gold NPs (10, 22 nm) have been
shown to be taken up more efficiently by DCs compared to larger
particles (33 nm) [157]. Spherical gold NPs (15 nm) coupled to
swine transmissible gastroenteritis virus antigen activated APCs and
increased the proliferative activity of splenic lymphoid (antibody-
forming) cells following immunization in mice [158]. Tao and
coworkers also demonstrated that small gold NPs (10 nm diameter)
conjugated to M2e, the 23 amino acid extracellular domain of the
influenza A virus surface, and ion channel membrane matrix protein
2, can induce strong immune responses [159]. Intranasal delivery
of these NPs with soluble CpG as an adjuvant completely protected
mice from lethal challenge against a broad spectrum of influenza A
subtypes [160].

Mesoporous silica NPs (MSNPs) were first developed in the
1990s and have become one of the most studied nanomaterials for
controlled drug delivery and release [161]. They are a promising
material for vaccine delivery due to their pore structure and capacity
to carry antigen, easy surface modification, and intrinsic biocom-
patibility. Cationic silica NPs efficiently co-loaded negatively
charged oligonucleotide adjuvant (CpG) and OVA antigen
through electrostatic interactions [162]. The CpG-loaded silica
NPs (30–80 nm) enhanced the cellular uptake of antigen, TLR
activation, and immune response against antigen in vitro and
in vivo. Immunization with silica NPs potentiated the in vivo gen-
eration of antigen-specific cytotoxic T-cells and humoral response,
which, in turn, lead to enhanced antitumor efficacy. Kim and cow-
orkers were able to produce MSNPs in a controlled manner with
NP size ranging from 100 to 200 nm, and pore size of 20–30 nm.
The large pore size of MSNPs allowed enhanced loading of OVA,
and CpG, as compared with conventional small-pore MSNPs
(3 nm) [163]. Vaccination with MSNPs/OVA/CpG stimulated
adaptive immune responses, including antigen-specific cytotoxic
T-cells, and subsequently suppressed tumor growth in a prophylac-
tic tumor model. Additionally, MSNPs stimulated the activation of
CD4+ and CD8+ T-cells in the splenocytes of mice [164]. However,
it must be noted that accumulation of silica in macrophages has
been reported, as MSNPs are not biodegradable, causing potential
long-term toxicity issues [165].

Carbon nanotubes (CNTs) are carbon sheet(s) rolled into a
cylinder. These are the most extensively studied cylindrical-shaped
delivery systems in the biomedical field. These nanostructures can
be found in two classes: single-walled carbon nanotubes (SWNT),
which are formed by a single cylindrical graphene layer; and multi-
walled carbon nanotubes (MWNT) comprising several concentric
layers of graphene [166]. CNTs have been designed as antigen
delivery systems for enhancing immune responses against infectious
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agents and cancers [167]. For example, four types of MWNT-OVA
conjugates were produced: long MWNT-OVA (~390 nm, 6 mV),
and three short MWNT-OVAs (~120 nm,�23, �35, or �40 mV).
Short MWNT-OVA with the lowest negative charge had the high-
est cellular uptake and generated the strongest immune response
among all other short MWNT-OVAs in vitro and in vivo. Long,
positively charged MWNT-OVAs showed limited cellular uptake
and OVA-specific immune responses. MWNTs were also used to
co-deliver two immunoadjuvants, CpG and anti-CD40 Ig
[168]. MWNTs improved the ability of co-loaded peptide with
CpG to inhibit the growth of OVA-expressing B16F10 melanoma
cells in subcutaneous or lung pseudo-metastatic tumor models.
Likewise, recombinant subunit fish vaccine (pET32a-G) was con-
jugated to SWNTs [169]. The produced SWCNT-subunit vaccine
induced enhanced protective immunity against spring viremia of
carp virus infection in fish. Unfortunately, apart from the advan-
tages, several challenges of CNTs, including toxicity, need to be
addressed. It has been evidenced that CNTs can be toxic both
in vitro and in vivo, through the production of cytotoxic reactive
oxygen species, cell apoptosis, and necrosis [170].

9 Conclusion

Nanotechnology has provided a range of very promising delivery
platforms for vaccines. Highly defined nanocarriers can overcome
the limits and drawbacks associated with traditional vaccine formu-
lations, which are mainly based on simple co-administration of
antigen/pathogen with adjuvants. NP properties can be tuned to
such an extent that the use of toxic immune stimulants/adjuvants
can be omitted in vaccine formulations. NPs can be modified with
respect to their size, charge, stability, biodegradation, mucoadhe-
sion and APC-targeting properties. While particle properties often
play crucial roles in nanovaccine efficacy, the other factors that also
influence immune responses should not be neglected. For example,
lipidic components of nanoparticles can be recognized by TLRs
and play a crucial role in immune stimulation, independent of
particle size or charge. Antigen loading efficiency, antigen release
profile, and stability may all influence the efficacy of delivery sys-
tems. Furthermore, the route of administration also has significant
influence on vaccine pharmacokinetics.

The use of suitable NPs should ultimately replace the need for
adjuvants. However, surprisingly, adjuvant use is still the prevailing
strategy, and in many cases, adjuvants are still added to NP-based
vaccine formulations. Moreover, a large number of studies have not
even used adjuvant-free nanosystems as a control. Therefore, the
efficacy of adjuvant-free nanosystem is often not investigated.
Instead, using a mixture of several adjuvants is often reported,
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even if this creates a risk of stimulating toxic side effects. Fortu-
nately, some nanosystems have been tested without
co-administration of classical adjuvants and they still induced
strong immune responses.

While several self-assembled NPs can induce protective
immune responses without the need for an adjuvant, these nano-
vaccines still have some limitations, including potential toxicity,
nonbiodegradable carriers, difficulties in scaling-up the production
process, and a lack of standard regulatory guidelines. The acute and
chronic toxicities of nano-sized particles have been evidenced in
various clinical reports, including the toxicity of metallic NPs after
prolonged exposure. Similarly, carbon-based NPs induced size-
dependent toxicity. Thus, the choice of nanocarrier material is
crucial.

Some nanovaccines are already approved for human use (e.g.,
Mosquirix, Inflexal). However, overall, nanovaccines are still at a
rather early stage of development and require much more intensive
research, especially in clinical trials. We can easily expect that the
popularity of nano approaches in vaccine development will grow,
and new nanovaccines will reach the market soon.
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Chapter 17

Design and Synthesis of Protein-Based Nanocapsule
Vaccines

Ivana Skakic, Jasmine E. Francis, and Peter M. Smooker

Abstract

Increasing emergence of infectious diseases is driving demand for new vaccine technologies capable of
improving antigen delivery and protective efficacy. Nanoparticle technology is a modern approach to
antigen delivery, capable of stabilizing and increasing the amount of antigen delivered to immune cells.
Protein-based nanoparticles are a biodegradable alternative to existing nanomaterials, offering a versatile
and biocompatible approach to nanoparticle vaccine delivery. In this chapter, the methods for the synthesis
and characterization of protein-based nanocapsule vaccines are discussed. Initially, the requirements for a
suitable nanoparticle vaccine are outlined, and finally, methods for the design and synthesis of protein-based
nanocapsule vaccines are explained.

Key words Nanocapsule vaccine, Nanoparticle, Protein nanoparticle, Vaccine delivery system, Silica
template

1 Introduction

Traditional vaccines have thus far been unsuccessful in preventing
some significant infections. Although many approaches to vaccina-
tion have been developed, the inability of conventional delivery
methods to elicit appropriate immune responses is a major barrier
to protection against some pathogens.

Despite the development of a range of effective vaccine strate-
gies, infectious disease remains a significant global health burden.
The emergence and evolution of deadly infectious diseases such as
Ebola, Zika, dengue, Middle East respiratory syndrome (MERS),
and more recently SARS-CoV-2 demonstrate the growing need for
new vaccine technologies [1]. There are several key properties that
an ideal vaccine should exhibit: it should be easy to administer, and
it must be safe, stable, and preferably cheap to produce. An efficient
antigen delivery system also needs to be able to deliver the required
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antigen to immune cells and elicit a strong and appropriate immune
response [2].

Due to the concerns associated with inactivated and attenuated
vaccines and the reduced immunogenicity of subunit vaccines,
there is a need for more efficient antigen delivery systems. Particu-
lates in the range of 1–1000 nm, known as nanoparticles, may be
the key to increasing the efficacy of subunit vaccines. They have
been shown to stabilize vaccine antigens and more efficiently
deliver antigen to intracellular compartments, increasing immuno-
genicity [3]. The field of vaccine development is increasingly look-
ing toward nanotechnology for the development of delivery
systems with increased antigen effectiveness, in terms of both
increased immunogenicity and targeted delivery.

To date, nanoparticles synthesized from a range of materials,
such as gold, silver, iron oxides, and synthetic polymers, have
shown great promise as new vaccine and drug delivery systems
[3, 4]. As these nanoparticles are in the size range of pathogens
such as viruses and bacteria, dendritic cells readily take up particles
of this size. However, the use of nonbiodegradable materials raises
concerns regarding toxicity and bodily clearance. The use of biode-
gradable nanoparticles in vaccine formulations may allow for
reduced toxicity and sustained antigen release [4–6].

The use of protein-based nanoparticles is an approach in which
nanoparticles are synthesized from cross-linked antigen, without
the use of nonbiodegradable materials. This method reduces con-
cerns associated with bodily clearance of potentially toxic nanoma-
terials and offers some protection and stability to vaccine antigens.
The fabrication of protein-based nanocapsules relies on a silica
templating system in which antigen is infiltrated and cross-linked
into mesoporous shell silica nanoparticles which are subsequently
dissolved, leaving a hollow protein nanocapsule (Fig. 1).

The advantage of silica-based nanoparticle templates is that
their fabrication, size, and structure are adaptable. Solid core meso-
porous shell (SC/MS) silica nanoparticles can be prepared using
existing preparation methods [7–10]. The shape, pore size, and
surface functionalization of silica nanoparticles are controllable,
allowing for modification as desired for infiltration of proteins of
different size, structure, and isoelectric point.

Previous studies utilizing the SC/MS nanoparticle templating
system have demonstrated the successful synthesis of protein-based
nanocapsules which were readily internalized and cross-presented
by murine dendritic cells [10]. This templating approach allows the
use of any antigen to form protein nanocapsules against a desired
target, which can be tested in vitro, or in an animal model. The
experimental steps involved in the design and preparation of a
protein-based nanocapsule vaccine is described in Fig. 2.
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In this chapter, methods for preparing protein nanocapsules,
including silica template synthesis and characterization techniques
are detailed. In vitro experiments to determine cellular uptake and
cytotoxicity of particles are discussed.

Fig. 1 Schematic diagram of synthesis of protein-based nanocapsules

Fig. 2 Flowchart for experimental nanocapsule synthesis and vaccine delivery
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2 Materials

2.1 Recombinant

Protein Expression

Vector

2.1.1 Bioinformatics

Analysis and Optimization

of Encoded Antigen

1. Target antigen gene sequence to be extracted from
Genbank, NCBI.

2. Cloning software (such as SnapGene) for visualization of clon-
ing strategy and final vaccine vector construct.

2.1.2 Cloning of Vector 1. Synthetic gene in standard cloning vector.

2. Empty DNA vaccine vector.

3. Restriction ligases (such as EcoRI and HindIII) and 10�
buffers.

4. Chemically competent Escherichia coli DH5-α strain.

5. Standard cloning vector (pRSET-a) carrying ampicillin resis-
tance marker for positive selection.

6. Agarose, nucleic acid stain (such as Sybr Red), loading dye, and
1� TAE for agarose gel electrophoresis.

7. Agarose gel electrophoresis system: for 100mL of 1.5% agarose
gel, add 1.5 g agarose powder to 100 mL 1� TAE buffer.
Prepare 1 L of 10� TAE buffer by adding 48.4 g Tris base,
3.72 g di-sodium EDTA, to 1 L of ddH2O, and adjust final pH
to 8.5 with glacial acetic acid.

8. Gel imaging system.

9. QIAquick PCR Purification and Gel Extraction kits (Qiagen)
for gel extraction.

10. Nanodrop or spectrophotometer for DNA quantification.

11. T4 DNA ligase and 10� buffer.

12. Working stock solution of ampicillin (100 μg/mL). To prepare
10 mL stock solution, add 1 g ampicillin to 10 mL ddH2O and
sterilize by filtering through a 0.2-μm syringe.

13. Heat block and water bath for incubation of transformed cells.

14. Mg2+ (2 M) buffer.

15. LB broth supplemented with 100 μg/mL ampicillin. To 1 L of
ddH2O, add 10 g NaCl, 10 g tryptone, and 5 g yeast extract.
Autoclave and allow to cool to below 50 �C before adding
1 mL of ampicillin stock solution.

16. LB agar supplemented with a final concentration of 100 μg/
mL ampicillin: To 1 L ddH2O, add 10 g NaCl, 10 g tryptone,
and 5 g yeast extract, followed by 15 g bacteriological agar.
Autoclave and cool to below 50 �C before adding 1 mL of
ampicillin stock solution. Pour into sterile petri dishes and
store for up to 3 months at 4 �C.
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17. Shaking incubator for broth cultures.

18. Incubator for plate cultures.

2.1.3 Confirmation

of Recombinant Protein

Expression in Escherichia

coli BL21 Cells

1. Electrocompetent Escherichia coli BL21 cell line.

2. Vector containing inserted target gene.

3. Digital electroporator.

4. LB broth supplemented with 100 μg/mL ampicillin. To 1 L of
ddH2O, add 10 g NaCl, 10 g tryptone, and 5 g yeast extract.
Autoclave and allow to cool to below 50 �C before adding
1 mL of ampicillin stock solution.

5. Shaking incubator for broth cultures.

6. Digital sonicator.

7. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) system: for 1 L of 1� running buffer, add
14.4 g glycine, 3.02 g Tris base, and 1 g sodium dodecyl-
sulfate to 1 L ddH2O. To prepare 4 mL of 6% stacking gel, to
2.7 mL H2O, add 500 μL of 1 M Tris (pH 6.8), 20 μL sodium
dodecyl-sulfate (20%), 40 μL ammonium persulfate (10%), 800
μL acrylamide (30%), 4 μL TEMED. To prepare 10 mL of 10%
resolving gel, to 4.1 mL H2O, add 2.5 mL of 1.5 M tris
(pH 8.8), 50 μL sodium dodecyl-sulfate (20%), 100 μL ammo-
nium persulfate (10%), 3.3 mL acrylamide (30%), 10 μL
TEMED.

8. SDS loading dye.

9. Protein standards.

10. Western blot system.

11. Fluorescently tagged antibody.

12. Tris base saline (TBS) 1�.

13. Centrifuge.

2.2 Recombinant

Protein Expression

and Purification

Materials

2.2.1 Protein Expression

1. Ten milliliter overnight LB culture of Escherichia coli BL21
cells electrotransformed with selected vector.

2. LB broth supplemented with 100 μg/mL ampicillin.

3. Working stock solution of Isopropyl Thio-beta-D-Galactoside
(IPTG) (1 M). To prepare 10 mL stock solution, add 2.383 g
IPTG to 10mL ddH2O and sterilize by filtering through a 0.2-
μm syringe. Aliquot and store at �20 �C.

4. Shaking incubator for broth cultures.

5. Digital sonicator.

2.2.2 Protein Purification 1. Bacterial cell lysate.

2. Imidazole stock solution (5 M). To prepare 10 mL of stock
solution, add 3.403 g imidazole to 10mL ddH2O, dissolve and
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filter through 0.45 μm filter. Store at 4 �C protected from light.
Imidazole stock solution is used for preparation of equilibra-
tion and wash buffers.

3. Phosphate buffered saline (PBS) 1�.

4. Nickel sulfate (NiSO4) solution (0.2 M). To prepare 10 mL of
stock solution, add 0.309 g of NiSO4 to 10 mL ddH2O,
dissolve and filter through 0.45 μm filter.

5. Iminodiacetic acid Sepharose® resin packed into a 1 mL
gravity-flow column. To prepare resin column, pack 1 mL
Iminodiacetic acid Sepharose® resin into column and wash
with 10 mL ddH2O. Charge resin with 500 μL of NiSO4

working solution and wash with 10 mL ddH2O. To prepare
10 mL of 10 mM imidazole equilibration buffer, add 20 μL of
imidazole stock solution to 10 mL of 1� PBS. To prepare wash
buffers, add required volume of imidazole working stock solu-
tion to 1� PBS, to obtain desired concentration.

6. Amicon ultrafiltration unit.

7. Centrifuge.

2.3 Nanoparticle

Template Fabrication

1. Template stock solutions as desired; ddH2O, ethanol, ammo-
nia hydroxide, tetraethoxysilane (TEOS), n-octadecyltri-
methoxysilane (TMS).

2. Vortex.

3. Magnetic stirrer.

4. Centrifuge.

5. Furnace oven, capable of heating to 550 �C.

2.4 Nanocapsule

Synthesis

1. Purified protein.

2. Nanoparticle template.

3. Phosphate-buffered saline (PBS) 1�, pH adjusted to
requirements.

4. End-over-end suspension mixer.

5. Glutaraldehyde solution, 5% (w/v) working solution.

6. Hydrofluoric acid (HF) template removal buffer: To prepare
10 mL of template removal buffer, add 2.963 g of ammonium
fluoride to 10 mL of 1� PBS, allowing to dissolve. To the
dissolved solution, add 846 μL of hydrofluoric acid (49%) (see
Note 1).

7. Microcentrifuge.

2.5 Nanoparticle

and Nanocapsule

Characterization

1. Phosphotungstic acid, 1% (w/v) working solution.

2. Holey carbon grids.
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2.6 In Vitro

Characterization

2.6.1 Cell Uptake

1. HEK293 cell line and complete RPMI media.

2. Sterile six-well tissue culture plates.

3. Incubator with 5% CO2 injection.

4. Fluorescent microscope.

2.6.2 Cell Viability 1. HEK293 cell line and complete media.

2. Sterile 96-well tissue culture plates.

3. Incubator with 5% CO2 injection.

4. PrestoBlue cell viability reagent.

5. Microplate reader.

2.7 Mouse

Vaccination

1. Female C57BL/6 mice.

2. 27 gauge needles and syringes.

3. 1� PBS (pH 7.4).

3 Methods

3.1 Recombinant

Protein Vector

3.1.1 Bioinformatics

Analysis and Optimization

of Encoded Antigen

1. Select the antigen of interest and download the gene sequence
from Genbank, NCBI (see Note 2).

2. Add restriction enzyme digestion sites at both ends of the
sequence, ensuring the gene will insert in the correct orienta-
tion into the desired vector.

3. Using a cloning program or software such as SnapGene, insert
the antigen sequence into the insertion site of the DNA vector.

4. Ensure insertion is in frame and in the correct orientation and
use the sequence for gene synthesis (see Note 3).

5. Order your desired gene sequence in a cloning vector from a
gene synthesis service (see Note 4).

3.1.2 Cloning of Vector 1. Using appropriate restriction enzymes digests 1 μg of the clon-
ing vector carrying the gene of interest and 1 μg DNA recipient
vector.

2. Heat inactivate the restriction enzymes at 65 �C for 15 min.

3. Run samples on a 1.5% agarose gel and excise the fragments of
the gene and vector.

4. Purify these excised fragments from the gel using the ISO-
LATE II PCR and Gel Kit, following manufacturer’s
instructions.

5. Measure the concentration of both gene and vector, then ligate
the samples at a vector to insert molar ratio of 1:5 with T4
DNA Ligase enzyme.
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6. Thaw chemically competent E. coli DH5-α cells on ice for
5 min.

7. Add 1 μg of ligation product to the cells and incubate on ice for
10 min.

8. Transform cells by heat shocking the cells at 42 �C for 50 s.

9. Keep mixture on ice for 2 min.

10. Aliquot and spread 50 μL of the mixture onto an agar plate
supplemented with 100 μg/mL ampicillin.

11. After 24 h, isolate a colony from the plate and subculture in LB
broth by incubation at 200 rpm, 37 �C for 18 h.

12. Purify plasmid DNA using the ISOLATE II plasmid mini kit.

13. Confirm the presence of the antigen gene by sequencing and
restriction enzyme digestion.

14. Store a glycerol stock of your sequence verified plasmid con-
struct in E. coli DH5-α in 20% glycerol at �80 �C.

3.1.3 Confirmation

of Recombinant Protein

Expression in Escherichia

coli BL21 Cells

1. Electrotransform the sequence-verified plasmid into electro-
competent Escherichia coli BL21 cells, and culture in LB
broth without ampicillin for 2 h at 200 rpm, 37 �C in a shaking
incubator.

2. Subculture the electrotransformed cells in LB broth supple-
mented with 100 μg/mL ampicillin at 200 rpm, 37 �C, until
OD600 reaches 0.4–0.6. Induce expression by the addition of
IPTG to a working concentration of 1 mM. Allow expression
to proceed for at 200 rpm, 37 �C in a shaking incubator for 5 h.

3. Centrifuge the culture at 4000 � g for 10 min. Collect the cell
pellet, discarding the supernatant. Wash cell pellet with 1�
PBS, centrifuging at 4000 � g for 10 min. Discard the
supernatant.

4. Resuspend cell pellet in 1� PBS.

5. Lyse cells with a digital sonicator, at 27% power for three
intervals of 15 s power with 15 s rest (see Note 5).

6. Collect cell lysate samples and combine with SDS loading
buffer as follows: combine 20 μL of protein sample with 5 μL
of SDS loading buffer and denature at 100 �C for 5 min.

7. Prepare stacking gel and loading gel, unless using pre-cast
SDS-PAGE gels.

8. Assemble the gel cassette and place inside the SDS-PAGE
electrophoresis unit. Fill the gel tank with SDS-PAGE running
buffer. Load prepared samples onto SDS-PAGE gel. Load
protein standard onto gel. Run gel for 30 min at 60 V, followed
by a further 60 min at 180 V.

9. Remove the gel from the gel cassette.
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10. For SDS-PAGE protein staining, place gel into SDS-PAGE
protein gel stain as per manufacturer’s instructions.

11. For antibody probing, transfer the protein gel onto a nitrocel-
lulose membrane using a Western blot system, according to
manufacturer’s instructions.

12. Following protein transfer, block the nitrocellulose membrane
with 5% blocking buffer for 2 h at room temperature, 40 rpm
on a platform shaker.

13. Remove blocking buffer and wash membrane three times
with TBS.

14. Add diluted fluorescently tagged antibody against the antigen
and incubate for 2 h at room temperature, 40 rpm on a plat-
form shaker.

15. Remove antibody and wash membrane three times with TBS.

16. Add detection buffer and visualize, as per manufacturer’s
instructions.

3.2 Recombinant

Protein Expression

and Purification

Materials

3.2.1 Protein Expression

1. Subculture the sequence verified plasmid from�80 �C glycerol
stock in LB broth supplemented with 100 μg/mL ampicillin at
200 rpm, 37 �C in a shaking incubator.

2. Induce expression by addition of IPTG to a working concen-
tration of 1 mM when culture reaches OD600 0.4–0.6. Allow
expression to proceed for at 200 rpm, 37 �C in a shaking
incubator for time duration as per optimized expression
protocol.

3.2.2 Protein Purification 1. Following bacterial protein expression, centrifuge the culture
at 4000 � g for 10 min. Collect the cell pellet, discarding the
supernatant. Wash cell pellet with 1� PBS, centrifuging at
4000 � g for 10 min. Discard the supernatant.

2. Resuspend cell pellet in 1� PBS.

3. Lyse cells with a digital sonicator, at 27% power for three
intervals of 15 s power with 15 s rest.

4. Centrifuge the cell lysate at 4000 � g for 20 min (see Note 6).

5. Reserve the supernatant and discard cell pellet (see Note 7).

6. Pack and wash the nickel-charged resin column as follows: pack
1 mL Iminodiacetic acid Sepharose® resin into column and
wash with 10 mL ddH2O. Charge resin with 500 μL of
NiSO4 working solution and wash with 10 mL ddH2O.

7. Equilibrate column with 10 mL equilibration buffer.

8. Load clarified sample lysate onto column.

9. Following sample lysate loading onto the column, wash the
column with a wash buffer containing the lowest concentration
of imidazole.
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10. Proceed to wash the column with wash buffers of increasing
concentrations of imidazole, as per optimized imidazole gradi-
ent protocol (see Note 8).

11. Collect final eluate and load onto an Amicon Ultrafiltration
unit with a membrane cut-off suitable for the target protein.

12. Centrifuge at 4000 � g until the remaining volume in the
reservoir is 1 mL, discard the flow-through.

13. Top up the reservoir with 1� PBS and centrifuge at 4000 � g
until the remaining volume in the reservoir is 1 mL, discarding
the flow-through.

14. Repeat the above step until the sample concentration of imid-
azole is less than 0.1 mM.

15. Store the concentrated protein sample at �20 �C until use.

3.3 Nanoparticle

Template Fabrication

3.3.1 Fabrication of Solid

Silica Particle Core

1. In a flask combine 37 mL of ethanol, 5 mL ddH2O, and
4.2 mL of 32% ammonium hydroxide at room temperature.

2. Stir vigorously until the temperature of the solution has
stabilized.

3. Add 2.8 mL of TEOS and vortex for 10 s.

4. Allow solution to sit still for 1 h for the reaction to proceed, at
room temperature.

3.3.2 Overlay

of Mesoporous Outer Shell

onto Solid Silica

Particle Core

1. To a solution containing solid silica particle core, add 2.35 mL
TEOS and 0.5 mL 91.6% TMS slowly over a 20 min period
while stirring.

2. Incubate the solution for 2.5 h at room temperature.

3. Following incubation, wash the solution three times with etha-
nol at 5000 � g for 2 min.

4. Dry the particles on a Petri dish overnight at room temperature
to completely remove the ethanol.

5. Heat the particles at 550 �C for 6 h to remove the
porogen TMS.

6. Store the particles in a dry polypropylene tube or resuspended
in 96% ethanol at the required concentration until use.

3.4 Nanocapsule

Synthesis

1. Prepare 3 mg of template by washing three times with PBS at
5000 � g for 5 min.

2. Combine the washed template with purified protein in a 1.5-
mL microfuge tube (see Note 9), resuspending the template in
the solution.

3. Incubate the solution for 20 h at 4 �C, on an end-over-end
suspension mixer to allow the infiltration of the protein into
the template.
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4. Following incubation, centrifuge at 5000 � g for 5 min to
remove excess protein. Wash the particles with PBS two times.

5. To the washed particles, add 1 mL of 5%(w/v) glutaraldehyde
solution and incubate for 2 h at 4 �C, on an end-over-end
suspension mixer in the dark (see Note 10).

6. Following incubation, centrifuge at 5000 � g for 5 min, resus-
pend the particles in 200 μL 1� PBS in a microtube.

7. Store the infiltrated particles at 4 �C for up to 2 weeks, prior to
template removal.

8. For template removal, add 800 μL of hydrofluoric acid
(HF) template removal buffer to the infiltrated particles, care-
fully inverting the tube 2–3 every 15 s for 1 min allowing the
HF to dissolve the silica particle template (see Note 1).

9. Centrifuge at 5000 � g for 5 min. Carefully remove the super-
natant and discard into an appropriate HF waste receptacle.

10. Wash the nanocapsules with 1 mL 1/4� PBS, resuspended the
pellet in the solution. Centrifuge at 5000 � g for 5 min,
carefully remove the supernatant and discard into an appropri-
ate HF receptacle. Repeat wash three times.

11. Resuspend nanocapsules in 200 μL 1� PBS. Store at 4 �C
until use.

3.5 Nanoparticle

and Nanocapsule

Characterization

3.5.1 Dynamic Light

Scattering

1. Measure size distribution, zetapotential, and polydispersity of
template and nanocapsules by dynamic light scattering (see
Note 11).

2. Dilute particles to a concentration of 10 μg/mL in PBS and
transfer to a DT1070 folded capillary cell and measure at 4 �C.

3.5.2 Transmission

Electron Microscopy (TEM)

1. Visualize particles by transmission electron microscopy (TEM)
for size and structural properties (see Note 12).

2. Load 10 μg of template or nanocapsules onto a holey carbon
grid and allow to air dry for 10 min.

3. Add 10 μL of 1% phosphotungstic acid to the loaded grid and
allow to air dry.

4. Once dry, loaded copper grids can be imaged on a transmission
electron microscope at an accelerating voltage of 80 kV.

3.6 In Vitro

Characterization

3.6.1 Cell Uptake

1. Seed HEK293 cells at 1 � 105 cells per well in a six-well plate,
onto a sterile coverslip, and add 100 μg of GA-cross-linked
nanocapsules.

2. Incubate for 6 h to allow cell uptake of the nanocapsules.

3. Remove nanocapsules and wash coverslips three times with
cold PBS.
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4. Add 50 μL per coverslip of DAPI nuclear counterstain and
incubate for 15 min, in the dark.

5. Fix cells by adding 1 mL of 4% PFA for 10 min, followed by
washing cells three times with cold PBS.

6. Mount coverslip onto a slide and visualize nanocapsule uptake
by imaging with a fluorescent microscope (see Note 13).

3.6.2 Cell Viability 1. Seed HEK293 cells at a density of 1 � 104 cells per well in a
sterile 96-well tissue culture plate overnight.

2. Treat cells with increasing concentrations of nanocapsules
(5–100 μg/mL) for 24, 48, or 72 h in a final well volume of
100 μL in complete RPMI media.

3. Incubate cells with PrestoBlue reagent for 45 min prior to
measuring absorbance at 570 and 600 nm in a plate reader.

4. Analyze the data by subtracting the reference wavelength
absorbance values (600 nm) from the 570 nm absorbance
data and normalize all data to the average of the blank wells.

5. Determine cytotoxic effects (LC50) of nanocapsules prior to
proceeding to animal vaccinations.

3.7 Mouse

Vaccinations

1. For intraperitoneal injection, prepare 100 μL of 20 μg/mL
nanocapsule vaccine in sterile 1� PBS (see Note 14).

2. Vaccinate 6- to 8-week old C57BL/6 mice. Analyze immune
responses at appropriate times.

4 Notes

1. Hydrofluoric acid is extremely corrosive and toxic. Skin contact
with hydrofluoric acid may cause severe burns and death.
Hydrofluoric acid work should only be undertaken by trained
persons.

2. It is important to assess suitability of the target protein for
template infiltration purposes, as template pore size (diameter)
may be a limiting factor in the ability of the target protein to
infiltrate into the nanoparticle template. Therefore, the size as
well as structure of the protein is important to consider in
designing a nanocapsule vaccine.

3. Performing bioinformatics analysis of the construct is impor-
tant as it confirms that the gene will be translated in frame.

4. Commercial gene synthesis services may offer the option of
cloning the gene of interest into common bacterial expression
vectors, such as pRSET-a. Selecting this option may allow the
user to avoid the cloning steps described in this chapter. Stan-
dard gene synthesis will provide the desired gene in a standard
cloning vector such as pRSET-a shown in Fig. 3.
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5. Sonication is a fast and effective method to lyse cells by ultra-
sound waves which transfer energy into the sample, shearing
the cell wall. The process can result in a temperature increase of
the sample, whichmay lead to denaturation of the proteins. It is
recommended to place the tube containing the bacterial cul-
ture on ice during the sonication process to help keep the
sample cold.

6. The cell lysate may contain small particle debris following
centrifugation that may block the resin upon addition to the
column. Passing the sample through a 0.45 μm membrane
filter following centrifugation will eliminate most cellular
debris particles.

7. Expressed proteins that are soluble will be contained within the
supernatant following cell lyses. However, expressed proteins
may be insoluble if they are membrane proteins, misfolding,
due to overexpression, or other factors resulting in exposure of
hydrophobic regions. If the target protein expresses insoluble
additional steps following lysis will need to be undertaken.

8. Washes of increasing imidazole concentration are designed to
eliminate most contaminants and competitive proteins without
dislodging the target protein prior to elution. It is recom-
mended to optimize wash concentrations using an imidazole
gradient, 20 mM imidazole concentration increments, to
establish a most suitable purification protocol for the target
protein.

9. Protein infiltration efficiency should be determined before pre-
paring nanocapsule vaccines. Infiltration at a high ratio of
template to protein may result in decreased loading efficiency
of protein, requiring additional infiltrations to achieve the
desired amount of nanocapsules. It is recommended to use
ratios between 1:1 and 1:3 of protein to template for nanocap-
sule synthesis.

10. Glutaraldehyde is autofluorescent when exposed to light,
which may interfere with fluorescence microscopy analysis of
nanocapsules. Samples should be wrapped in aluminum foil to
protect from light during incubation with glutaraldehyde.

11. Dynamic light scattering is a useful technique for quick analysis
of nanoparticle size, surface zeta potential, and polydispersity
index (PDI). Brunauer–Emmett–Teller (BET) and Barrett–
Joyner–Halenda (BJH) analysis may also be used to determine
specific surface area evaluation, as well as pore area and specific
pore volume, which would help guide in the selection of
appropriate target proteins for template infiltration.

12. TEM analysis is a useful technique for characterizing morpho-
logical features of particles. Analysis shows protein
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nanocapsules are homogenous in size and shape, with visible
creasing and overlapping of particles indicating a hollow core
structure (Fig. 4).

13. The uptake and delivery of antigen by antigen-presenting cells
(APCs) is crucial to triggering the cellular immune response.
Therefore, the confirmation of nanocapsule cell uptake is an
important step in nanocapsule vaccine design.

14. Antigen nanocapsule vaccines can be delivered by several
routes depending on the application and type of formulation
used. The most common routes of nanoparticle vaccine admin-
istration include intramuscular, intradermal, subcutaneous,
and mucosal. The route of administration may affect vaccine
efficacy and should be considered when planning an animal
trial.
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Chapter 18

Design and Preparation of Solid Lipid Nanoparticle
(SLN)-Mediated DNA Vaccines

Jasmine E. Francis, Ivana Skakic, and Peter M. Smooker

Abstract

Increasing application of nucleic acid vaccines is driving demand for new delivery systems to improve
stability and efficacy of DNA vaccines. Solid lipid nanoparticles (SLN) are a particulate carrier system
composed of a solid lipid core and a cationic lipid surface suitable for binding negatively chargedDNA. SLN
delivery systems can be used to bind DNA resulting in an SLN/DNA complex (termed “lipoplex”) which
can be used as a potential vaccine.
In this chapter, the methodologies associated with the use of SLNs as a DNA vaccine nanocarrier are

discussed. First, requirements for an effective experimental lipoplex vaccine are discussed along with current
and historical examples. Then, flowcharts for design and synthesis of lipoplex vaccines are outlined,
followed by detailed materials and methods for synthesis and characterization of lipoplex vaccines.

Key words DNA vaccine, Solid lipid nanoparticle, SLN, Lipoplex, Particulate carrier systems

1 Introduction

Innovations in vaccine design have led to the development of a
range of modern vaccine models, such as nucleic acid vaccines.
DNA vaccines are a nucleic acid vaccine involving the transfection
of mammalian cells in vivo with a plasmid encoding an antigenic
protein, which triggers an immune response and allows the genera-
tion of immune memory against the original pathogen. This vac-
cine model has been found to be effective in several species, with
four veterinary DNA vaccines currently licensed for use. DNA
vaccines offer several advantages over traditional recombinant or
whole cell vaccines in that they are easily manipulated, cheap to
produce, and can be synthesized at scale with relative ease. The
basic steps for experimental development of a DNA vaccine are
detailed in Fig. 1.

Despite some obvious advantages to this approach, nucleic acid
vaccine formulations are vulnerable to degradation by nucleases
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and suffer rapid clearance from the body by the reticulo-endothelial
system which reduces vaccine immunogenicity. Two key issues
preventing the broad application of DNA vaccines are the vulnera-
bility of naked plasmid DNA in vivo and the delivery of plasmid
DNA to the cytoplasm of target cells [1].

One proposed solution is the application of nanoparticle tech-
nology for vaccine delivery. In terms of vaccine delivery, nanopar-
ticles offer protection from extracellular protease degradation,
increased payload stability, potential adjuvant activity, increased
uptake by antigen-presenting cells (APCs), and potential cross-
presentation of exogenous antigens [2–5].

Particulate carrier systems have been developed from a wide
range of materials, including synthetic or organic polymers, poly-
saccharides, silica, iron-oxide, and lipid [6]. The ideal nanoparticle
delivery system is highly effective at protecting and delivering a
payload, low-cost and easy to manufacture, and highly
biocompatible [7].

Solid lipid nanoparticles (SLNs) are a class of sub-micron par-
ticles composed of dense lipid and are commonly fabricated by
solvent emulsification or homogenization [8]. SLNs may be
synthesized from one or more lipid species with a modifiable sur-
face for conjugation of stimulatory molecules or binding of nucleic
acids [9]. SLNs typically have a solid phospholipid core and a
cationic surface, capable of binding negatively charged nucleic
acids, making them ideal candidates for DNA vaccine delivery [10].

SLNs offer many advantages over other nanoparticle carriers
for vaccine delivery in that they are easily modifiable to include
immunostimulatory lipids as a structural component of the particle
itself, rather than a competing payload [11]. SLNs further offer
advantages over polymeric nanoparticles due to their biocompati-
bility and low toxicity, and as such are the subject of interest for
their potential as a DNA vaccine delivery system [12, 13].

Fig. 1 Flowchart for design and synthesis of experimental DNA vaccines
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The ability of SLNs to bind plasmid DNA and transfect mam-
malian cells in vitro has been well documented [5, 10, 13, 14], and
there are a growing number of studies describing the use of lipid
nanomaterials as vectors for nucleic acid vaccine delivery in mice
and higher mammals [15–18]. The experimental process for the
development of an SLN-mediated DNA vaccine (or “lipoplex”
vaccine) is described in Fig. 2.

In this chapter, methods for synthesis and characterization of
solid lipid nanoparticle lipoplex vaccines are detailed. In vitro
experiments to determine rate and pathway of cellular uptake of
the particles as well as their cytotoxic and immunostimulatory
properties are discussed.

2 Materials

2.1 DNA Vaccine

2.1.1 Bioinformatics

Analysis and Optimization

of Encoded Antigen

1. Target antigen gene sequence to be extracted from
Genbank, NCBI.

2. Cloning software (such as SnapGene) for visualization of clon-
ing strategy and final vaccine vector construct.

2.1.2 Cloning of DNA

Vaccine

1. Synthetic gene in standard cloning vector.

2. Empty DNA vaccine vector.

3. Restriction ligases (such as EcoRI and HindIII) and 10�
buffers.

4. Chemically competent Escherichia coli DH5-α strain.

5. Standard cloning vector (pUC19) and final vaccine vector carry
ampicillin resistance marker for positive selection.

6. Agarose, nucleic acid stain (such as Sybr Red), loading dye, and
1� TAE for agarose gel electrophoresis.

Fig. 2 Flowchart for experimental SLN synthesis and lipoplex vaccine formation
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7. Agarose gel electrophoresis system: For 100 mL of 1.5% aga-
rose gel, add 1.5 g agarose powder to 100 mL 1� TAE buffer.
Prepare 1 L of 10� TAE buffer by adding 48.4 g Tris base,
3.72 g di-sodium EDTA, to 1 L of ddH2O, and adjust final pH
to 8.5 with glacial acetic acid.

8. Gel imaging system.

9. QIAquick PCR Purification and Gel Extraction kits (Qiagen)
for gel extraction.

10. Nanodrop or spectrophotometer for DNA quantification.

11. T4 DNA ligase and 10� buffer.

12. Working stock solution of ampicillin (100 μg/mL). To prepare
10 mL stock solution, add 1 g ampicillin to 10 mL ddH2O and
sterilize by filtering through a 0.2-μm syringe.

13. Heat block and water bath for incubation of transformed cells.

14. Mg2+ (2 M) buffer.

15. LB broth supplemented with 100 μg/mL ampicillin. To 1 L of
ddH2O add 10 g NaCl, 10 g tryptone, and 5 g yeast extract.
Autoclave and allow to cool to below 50 �C before adding
1 mL of ampicillin stock solution.

16. LB agar supplemented with a final concentration of 100 μg/
mL ampicillin: To 1 L ddH2O add 10 g NaCl, 10 g tryptone,
and 5 g yeast extract, followed by 15 g bacteriological agar.
Autoclave and cool to below 50 �C before adding 1 mL of
ampicillin stock solution. Pour into sterile petri dishes and
store for up to 3 months at 4 �C.

17. Shaking incubator for broth cultures.

18. Incubator for plate cultures.

2.1.3 Confirmation

of DNA Vaccine Expression

in HEK293 Cells

1. HEK293 cell line.

2. Lipofectamine 3000™ reagent.

3. Dulbecco’s Modified Eagle Medium (DMEM) media.

4. Penicillin-streptomycin antibiotic.

5. Heat-inactivated newborn calf serum (NCS).

6. Sterile six-well tissue culture plates.

7. Amicon ultrafiltration unit.

8. Western blot system.

9. 1� DAPI nuclear counterstain.

10. Fluorescently tagged antibody.

11. Slides and coverslips.

12. Fluorescent microscope.
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2.2 Lipid Materials

2.2.1 SLN Synthesis

1. Lipid stock solutions as desired.

2. Solvents; methanol and chloroform.

3. Digital sonicator.

4. Rotary evaporator.

2.2.2 DNA Loading

and Lipoplex Synthesis

1. Agarose gel equipment for confirmation of DNA loading.

2. Nanodrop or spectrophotometer.

3. Plate reader and SYBR™ Green DNA binding dye.

2.3 In Vitro

Characterization

2.3.1 Cell Uptake

1. HEK293 cell line and complete RPMI media.

2. Sterile six-well tissue culture plates.

3. Incubator with 5% CO2 injection.

4. Fluorescent microscope.

2.3.2 Cell Viability 1. HEK293 cell line and complete media.

2. Sterile 96-well tissue culture plates.

3. Incubator with 5% CO2 injection.

4. PrestoBlue cell viability reagent.

5. Microplate reader.

2.4 Mouse

Vaccination

1. Female C57BL/6 mice.

2. 27 gauge needles and syringes.

3. 1� PBS (pH 7.4).

3 Methods

3.1 DNA Vaccine

Design

3.1.1 Bioinformatics

Analysis and Optimization

of Encoded Antigen (See

Note 1)

1. Select the antigen of interest and download the gene sequence
from Genbank, NCBI.

2. Add restriction enzyme digestion sites at both ends of the
sequence, ensuring the gene will insert in the correct orienta-
tion into the desired vector.

3. Using a cloning program or software such as SnapGene, insert
the antigen sequence into the insertion site of the DNA vector.

4. Ensure insertion is in frame and in the correct orientation and
use the sequence for gene synthesis (see Note 2).

5. Order your desired gene sequence in a cloning vector from a
gene synthesis service (see Note 3).

3.1.2 Cloning of DNA

Vaccine

1. Using appropriate restriction enzymes, digest 1 μg of the clon-
ing vector carrying the gene of interest and 1 μg DNA vaccine
recipient vector.
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2. Heat inactivate the restriction enzymes at 65 �C for 15 min.

3. Run samples on a 1.5% agarose gel and excise the fragments of
the gene and vector.

4. Purify these excised fragments from the gel using the ISO-
LATE II PCR and Gel Kit, following manufacturer’s
instructions.

5. Measure the concentration of both gene and vector, then ligate
the samples at a vector to insert molar ratio of 1:5 with T4
DNA ligase enzyme.

6. Thaw chemically competent E. coli DH5-α cells on ice for
5 min.

7. Add 1 μg of ligation product to the cells and incubate on ice for
10 min.

8. Transform cells by heat shocking the cells at 42 �C for 50 s.

9. Keep mixture on ice for 2 min.

10. Aliquot and spread 50 μL of the mixture onto an agar plate
supplemented with 100 μg/mL ampicillin.

11. After 24 h, isolate a colony from the plate and subculture in LB
broth by incubation at 200 rpm, 37 �C for 18 h.

12. Purify plasmid DNA using the ISOLATE II plasmid mini kit.

13. Confirm the presence of the antigen gene by sequencing and
restriction enzyme digestion.

14. Store a glycerol stock of your sequence verified plasmid con-
struct in E. coli DH5-α in 20% glycerol at �80 �C.

3.1.3 Purification

of Plasmid DNA for Vaccine

Preparation

1. Subculture the sequence verified vaccine plasmid from �80 �C
glycerol stock in LB broth overnight at 200 rpm, 37 �C.

2. Purify plasmid using an endotoxin-free plasmid prep kit.

3. Dilute the purified DNA in sterile endotoxin free 1� PBS.

3.1.4 Confirmation

of DNA Vaccine Expression

in HEK293 Cells

1. Revive HEK293 cells in complete RPMI media containing 10%
NCS and 1% penicillin-streptomycin.

2. Seed cells at 1 � 105 cells per well in a six-well plate, onto a
sterile coverslip, and add 1 mL sterile OptiMEM media.

3. In a separate tube, incubate 2.5 μg plasmid DNA with diluted
Lipofectamine 2000 reagent for 5 min, before further diluting
in RPMI and adding to well. Use one well of untreated cells as a
negative control for expression.

4. After 6 h, change media to complete RPMI and further incu-
bate for 72 h.

5. Remove media and wash three times with cold, sterile PBS.
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6. Fix and permeabilize cells by adding 1 mL of 4% PFA and 1 mL
0.01% TritonX-100.

7. Remove solution and wash three times with cold, sterile PBS.

8. Add diluted fluorescently tagged antibody against the antigen
and incubate for 2 h on ice in the dark (see Note 4).

9. Remove antibody and wash three times with cold, sterile PBS.

10. Mount the coverslip onto a slide and image with a fluorescent
microscope to visualize expression of the encoded antigen (see
Note 5).

3.2 Lipid

Nanomaterials

3.2.1 SLN Synthesis

1. Prepare SLNs following a standard solvent-emulsification
method by dissolving desired lipid components in a chloro-
form/methanol mixture at a ratio of 2:1 (v/v).

2. Add molecular grade H2O to desired dilution and vortex thor-
oughly for 5 min.

3. Sonicate 2 mL lipid stock suspension using a digital sonicator
for 3 min, 40% duty cycle and 35% power output (see Note 6).

4. Remove solvent from the microemulsion at 55 �C (above the
melting temperature of cholesterol) using a vacuum
concentrator.

5. Store at 4 �C until use.

3.2.2 SLN

Characterization

Dynamic Light Scattering

1. Measure size distribution, zeta potential, and polydispersity of
SLN by dynamic light scattering (see Note 7).

2. Dilute SLN to a concentration of 10 μg/mL in PBS and
transfer to a DT1070 folded capillary cell and measure at 4 �C.

Transmission Electron

Microscopy (TEM)

1. Visualize particles by transmission electron microscopy (TEM)
for size and structural properties.

2. Load 10 μg SLN onto a holey carbon grid and allow to air dry
for 10 min.

3. Add 10 μL of 2% ammoniummolybdate to the loaded grid and
allow to air dry.

4. Once dry, loaded copper grids can be imaged on a transmission
electron microscope at an accelerating voltage of 80 kV.

3.2.3 DNA Loading

and Lipoplex Synthesis

1. To synthesize lipoplexes, add 100 μg DNA 10 1 mg SLN for a
1:10 ratio.

2. Incubate mixture for 24 h at 4 �C.

3. Confirm DNA loading by running samples on a 1.5% agarose
gel at 100 V for 60 min, by visualizing the amount of unbound
DNA. If a significant amount of unbound DNA is present, use
a higher ratio of SLN:DNA (see Note 8).
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3.3 In Vitro

Characterization

3.3.1 Cell Uptake

1. Stain or tag SLN with a fluorescent dye or lipid-conjugated
fluorophore.

2. Seed HEK293 cells at 1 � 105 cells per well in a six-well plate,
onto a sterile coverslip, and add 100 μg of fluorescently tagged
SLN.

3. Incubate for 6 h to allow cell uptake of the SLN.

4. Remove particles and wash three times with cold, sterile PBS.

5. Add 50 μL of DAPI nuclear counterstain per coverslip and
incubate in the dark for 15 min.

6. Fix cells by adding 1 mL of 4% PFA for 10 min before washing
three times with cold, sterile PBS.

7. Mount coverslip onto a slide and visualize SLN uptake by
imaging with a fluorescent microscope (see Note 9).

3.3.2 Cell Viability 1. Seed HEK293 cells at a density of 1 � 104 cells per well in a
sterile 96-well tissue culture plate overnight.

2. Treat cells with increasing concentrations of SLN or lipoplexes
(1–100 μg/mL) for 24, 48, or 72 h to a final well volume of
100 μL in complete RPMI media.

3. At each timepoint, remove 10 μL of media and add 10 μL
PrestoBlue cell viability reagent.

4. Incubate cells with PrestoBlue reagent for 30 min before mea-
suring absorbance at 570 and 600 nm in a plate reader (see
Note 10).

5. Analyze the data by subtracting the reference wavelength
absorbance values (600 nm) from the 570 nm absorbance
data and normalizing all data to the average blank wells.

6. Determine cytotoxic effects (LC50) of SLN and lipoplexes
before proceeding to animal vaccinations.

3.4 Mouse

Vaccinations

1. For subcutaneous injection, prepare 100 μL of 100 μg/mL
lipoplex vaccine in sterile 1� PBS (see Note 11).

2. 6–8 week old C57BL/6 mice.

4 Notes

1. Although DNA vaccines can elicit both cellular and humoral
immune responses, such responses are typically less potent than
those generated by protein vaccines. There are several strategies
commonly applied to increase DNA vaccine immunogenicity
including the use of secretory or cytoplasmic vectors, chemo-
kines for targeting antigen to antigen presenting cells via
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chemokine receptors, encoded introns, and encoded molecular
adjuvants such as the introduction of CpG motifs into the
vector backbone as a Toll-like receptor 9 ligand.

2. It is important to perform bioinformatics analysis of the con-
struct to ensure the gene will be translated in frame.

3. Commercial gene synthesis services may offer the option of
cloning the gene of interest into common mammalian expres-
sion vectors such as pcDNA3.1 which can serve as a functional
DNA vaccine vector. Selecting this option may allow the user
to avoid the cloning steps described in this chapter. Standard
gene synthesis will provide the desired gene in a standard
cloning vector such as pUC19 shown in Fig. 3.

4. The antibody dilution factor is antibody dependent and should
be listed on the manufacturer’s website. This dilution factor
occasionally requires optimization by the user and may be
higher or lower than described by the manufacturer. If a tagged
primary antibody is not available, an untagged primary anti-
body will need to be used in conjunction with a tagged second-
ary antibody.

5. Fluorescence microscopy is a powerful tool which can allow
detection of transgene expression in real-time if live-cell imag-
ing assays are performed. If a fluorescent microscope is not
available, a Western blot is a basic and reliable method for
confirming transgene expression which can be performed by
probing cell lysate and supernatant form transfected cells.

6. Lipid nanoparticle synthesis parameters are dependent on sev-
eral parameters (lipid species, concentration, volume of stock,
vessel used for synthesis) and should be determined
experimentally.

7. Dynamic light scattering is a useful technique for quick analysis
of nanoparticle size, surface zeta potential, and polydispersity
index (PDI). Particle size and surface charge vary significantly
depending on particle composition and synthesis, but generally
lipid nanocarriers fall within the range of 100–1000 nm
depending on individual application. SLN designed to surface
load DNA should have a positive surface charge of at least
15–30 mV to generate sufficient DNA interaction. Polydisper-
sity is a term used to describe heterogeneity in size distribution
of particles. Generally, a PDI of <0.1 indicates a monodisperse
sample, while >0.7 indicates a highly polydisperse sample. For
lipid nanoparticles, a PDI of <0.3 is usually considered
acceptable [19].

8. Lipoplexes can be synthesized at different ratios of DNA:SLN
depending on the loading capacity of the SLNs. Loading capac-
ity is affected by surface charge of the SLNs, as the positively
charged particle surface binds to negatively charged plasmid
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DNA (Fig. 4). Loading capacity can be determined by making
samples at increasing DNA:SLN ratio and running samples on
an agarose gel to visualize unbound DNA and determine the
best ratio for complete DNA loading.

Fig. 3 Schematic representation of a standard pUC19 cloning construct. The
antigen gene is cloned into the 54-base multiple cloning site (MCS) which has
13 different hexanucleotide-specific restriction enzyme sites available for selec-
tion. Other features of the construct include a high copy-number origin of
replication (ori) for replication in E. coli, an AmpR gene conferring resistance
to ampicillin, M13 sequencing primer sites, and an inducible LacZ operon

Fig. 4 Schematic representation of a lipoplex. Negatively charged plasmid DNA
binds to the positively charged lipid nanoparticle surface to form a stable
DNA-SLN complex
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9. Confirmation of particle uptake by cells is an important step in
lipoplex vaccine design. For antigen expression to occur, plas-
mid DNA to reach the nucleus for transcription and
subsequent translation; therefore internalization of lipoplexes
is essential for antigen expression and DNA vaccine efficacy.
For quantitative analysis of particle uptake, flow cytometry can
also be used to quantify the population of cells with interna-
lized particles allowing for further statistical analysis.

10. PrestoBlue and some other cell viability reagents are reduced
by live cells under standard conditions. Cells treated with Pre-
stoBlue can be stored in the refrigerator in the dark for a
further 24 h without further development of dye.

11. DNA vaccines can be delivered by several routes depending on
the application and type of formulation used. The most com-
mon routes of DNA vaccine administration include intramus-
cular, intradermal, subcutaneous, and mucosal; however, the
route of administration can affect vaccine efficacy and should
be considered prior to planning an animal trial. Again, the
pathogen being vaccinated against can inform this.
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Chapter 19

Nano-Particulate Platforms for Vaccine Delivery to Enhance
Antigen-Specific CD8+ T-Cell Response

Jhanvi Sharma, Carcia S. Carson, Trevor Douglas, John T. Wilson,
and Sebastian Joyce

Abstract

Vaccines remain the most effective way to protect populations against deathly infectious diseases. Several
disadvantages associated with the traditional vaccines that use whole pathogens have led to the development
of alternative strategies including the use of recombinant subunit vaccines. Subunit vaccines are, in general,
safer than whole pathogens but tend to be less immunogenic due to the lack of molecular cues that are
typically found on whole pathogens. To enhance immunogenicity, the subunit antigen can be adminis-
tered with adjuvants that stimulate the innate immune system as a means to steer the quality and magnitude
of the adaptive immune response. Novel classes of adjuvants are formulated using particle-based plat-
forms such as virus-like particles, liposomes, and polymeric nanoparticles. These particle-based systems pres-
ent antigens in ways reminiscent of whole pathogens. Such platforms offer several advantages that include
co-delivery of antigen along with innate immune stimulators in a highly immunogenic format. Here we
describe our recent efforts to synthesize, characterize, and validate two promising nanoparticle-based
delivery systems and demonstrate their potential to induce antigen-specific CD8+ T cell responses, essential
in clearing infection with intracellular pathogens, such as viruses and bacteria, and eradicating tumors.

Key words Nanoparticles, Virus-like particles, pH-sensitive polymeric nanoparticles, Vaccine, Anti-
gen-specific CD8+ T cells, Cross-presentation

1 Introduction

Vaccine induction of a CD8+ T-cell response is critical for immune
control and eradication of diseases caused by viruses, intracellular
bacterial, and parasitic pathogens as well as cancer. Protein and
peptide antigens (i.e., subunit vaccines) are attractive vaccine can-
didates due to their excellent safety profile, ease of manufacturabil-
ity, and well-defined antigenic specificity [1]. However, peptide and
protein antigens are typically weakly immunogenic when
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administered alone and are particularly poor at generating CD8+ T
cells [2, 3]. In order to generate a robust CD8+ T-cell response,
antigens must either be endocytosed by specialized cross-
presenting dendritic cells (DCs) or delivered to the classical cyto-
solic major histocompatibility complex class I (MHC-I) antigen
processing pathway in the presence of additional molecular cues
(i.e., type I interferons, other proinflammatory cytokines, and
co-stimulation) that drive CD8+ T-cell expansion and differentia-
tion [4]. However, the predominant fate of peptide and protein
antigen that is endocytosed by antigen-presenting cells (APCs) is
lysosomal degradation and presentation of antigen on MHC-II,
with minimal presentation on MHC-I, resulting in low CD8+

T-cell responses. Despite this limited capacity for CD8+ T-cell
generation, the superior safety profile of subunit vaccines continues
to motivate strategies for improving their efficacy [5, 6].

The immunogenicity of subunit vaccines can be significantly
enhanced by supplementing them with adjuvants.

Adjuvants can be categorized into two classes, i.e., nonspecific
immunostimulatory molecules and particulate antigen delivery
vehicles that present a subunit antigen in a multivalent array format
reminiscent of the way in which they are naturally presented on the
surface of pathogens [7]. In some cases, such as hepatitis B virus
(HBV) and human papilloma virus (HPV) subunit vaccines, the
target subunit antigen retains the ability to self-assemble into a
noninfectious, multivalent protein cage called a virus-like particle
(VLP) [8]. Because they are noninfectious and present antigens in a
conformation matching that of the native virus, VLPs can serve as a
safe and effective prophylactic vaccine [9]. To provide the same
enhancement in immunogenicity for antigens that do not self-
assemble, non-pathogen-associated VLPs can be used as a platform
to display antigens at high density on their exterior interface in a
multivalent fashion [10, 11]. Further, interior of the non-
pathogen-associated VLPs can be used to encapsulate additional
molecular cues essential for co-stimulation of antigen-specific lym-
phocytes [12–14].

VLPs, in addition to eliciting humoral immunity, also stimulate
cell-mediated immunity and aid in eliciting a robust antigen-
specific CD8+ T-cell response [15–20]. VLPs, although act as an
exogenous antigen carrier, can feed antigen to MHC class I
(MHC-I) pathway for cross-presentation [9, 12, 14]. Cross-pre-
sentation of the cargo can occur through either vacuolar or cyto-
solic pathway whereby antigen escapes from endosomal-lysosomal
degradation pathway into the cytosol where it is processed for
MHC-I antigen presentation in a proteasome-dependent pathway
[21]. In this regard, VLPs closely mimic viruses that have naturally
evolved to deliver genetic materials into the cytosol of host cells.

Several synthetic nanoparticle technologies are explored for
efficient antigen delivery to the cytoplasm and antigen
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cross-presentation [22, 23]. The majority of nanoparticle delivery
systems are internalized into the endocytic pathway [24]; hence,
escape from the endosomes becomes crucial and rate-limiting as
endosomal entrapment results in the potential targeting of the
antigen into the lysosomes for degradation. Certain particulate
antigens are shown to have enhanced escape capabilities and,
thus, better cross-present the cargo in comparison to their soluble
counterparts [25]. Nonetheless, diverse strategies such as integra-
tion of endosome-disruptive peptides, pH sensitive polymers, fuso-
genic lipids into the nanoparticles have been devised to overcome
entrapment and to facilitate endosomal escape and cargo delivery
into the cytosol [26].

Here, we first describe the synthesis and characterization of
in vitro assembled P22 VLPs encapsulating streptavidin as a cargo
(P22-StAv), which can be utilized as a potential antigen and/or
co-stimulant carrier for the induction of antigen-specific T cell
response [15, 27, 28]. In second part, we describe the synthesis
and characterization of pH-sensitive polymeric particles designed
to enhance endosomal escape and thus antigen presentation on
MHC-I for efficient induction of CD8+ T-cell responses [29].

2 Synthesis of P22-StAV VLP

Encapsulation of guest molecules (or cargoes) in VLP can be
accomplished through in vivo or in vitro assembly. For encapsula-
tion of cargoes in P22 VLPs, a protein-based cargo is typically fused
at the N-terminus of wild-type (wtSP) or truncated Scaffold Pro-
tein (SPt) that electrostatically interacts with P22 Coat Protein
(CP) through its C-terminal helix-turn-helix domain to template
assembly [30, 31]. About 100–300 SP subunits come together to
assemble 420 copies of CP into P22 VLPs of ~58 nm diameter in
size. Fused cargo in such a construct is directed to the interior
during self-assembly [32], leading to sequestration of the guest
molecule. For in vivo cargo encapsulation, the CP and cargo-
fused SP are either co-expressed or sequentially expressed in a
host bacterial cell. Once assembly is completed, particles are
isolated from cells and analyzed for the right product. The protocol
for cargo encapsulation using in vivo assembly has been covered
elsewhere [33]. For in vitro cargo encapsulation, the CP subunits
and cargo-fused SP subunits are individually purified, correctly
folded, and activity ascertained, and then mixed together in equal
molar amounts in the presence of low concentration of a chaotropic
agent. The chaotrope is dialyzed out slowly to favor folding and to
ensure assembly (Fig. 1) [27]. Besides remarkable physical homo-
geneity of the assembled particles, in vitro encapsulation provides
certain advantages over in vivo encapsulation. For example, host-
associated contaminants, especially endotoxins, are potentially
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reduced or are removed from the VLP preparation. The low-to-no
endotoxin content of in vitro assembled VLPs make them suitable
for animal studies. As well, in vitro assembly provides better control
over the composition of VLPs produced because the assembly is
independent of host cell machinery. The control over host cell
machinery is challenging because of the uncertainty of the amount
of the cargo poised to encapsulate during in vivo assembly. Further-
more, the modular nature of the in vitro approach allows encapsu-
lation of a cargo whose folding may go awry prior to encapsulation
and requires external refolding to exhibit desired activity [27]. This
approach can now be extended to a variety of other cargos includ-
ing cages, such as ferritin, to create hierarchical multi-compartment
structures [34, 35]. Encapsulation of StAv generates a
non-covalent conjugation site to which biotin-tagged molecules
are easily attached for interior or exterior loading. Dependent on
the size of the cargo and the size-exclusion limit of the pore
(~2.5 nm), VLPs can load cargo on the inside and outside of the
particle shell. Combined with a targeting feature, this StAv-biotin-
based coupling strategy makes VLPs a versatile delivery vehicle for
controlled intracellular drug delivery or antigen delivery.

2.1 Materials Prepare all solutions with Milli-Q water and analytical grade
reagents. Media are autoclaved at 121 �C for 20 min, and buffers
are filter-sterilized through 0.2 μm filter. Materials utilized herein
can be replaced with analogous materials manufactured by different
vendors.

Fig. 1 Packaging of StAv in P22 VLPs using in vitro assembly. CP subunits, prepared from the disassembly of
empty shells in 3 M GuHCl (the chaotrope), are mixed with refolded and independently purified SP-fused cargo
(StAv-SP), such that the final concentration of GuHCl is 1.5 M. Removal of the chaotrope by dialysis results in
the formation of particles with StAv directed in the interior
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2.1.1 Expression Vectors 1. pRSF Duet™-1 (Novagen) vector encoding the P22 CP gene
(NCBI database Gene ID: 1262831), kanamycin resistance
gene, and isopropyl-ß-D-1-thiogalacto-pyranoside (IPTG)
inducible T7 polymerase promoter (see Subheading 2.2.3,
step 3).

2. pET11b vector available from Dr. Paolo Arosio (University of
Brescia, Italy), encoding the 6His-tagged Streptavidin gene (see
Note 1), ampicillin resistance gene, and IPTG-inducible T7
polymerase promoter.

3. pET11a with P22 CP and wtSP (NCBI database Gene ID:
2944242) gene cloned at different multiple cloning sites (see
Note 2) for co-expression.

4. pBAD vector (Invitrogen) containing Streptavidin-fused
N-terminus truncated SP sequence, StAv-SPt (see Note 3),
ampicillin resistance gene, and L-arabinose induced araBAD
promoter (see Subheading 2.2.3, step 4).

5. pBAD vector encoding the Cys-6His-SP-GFP gene (see
Note 4).

2.1.2 Molecular Cloning 1. DNA Primers (Eurofins MWG Operon):
FPSP: 5

0-GAATTAACCATGGGTCATCATCATCATCAT
CATGCCGGCATCACCGGC-30.

RPSP: 50- GAAATACAGGTTTTCACCTGCTG
CACCCTGCTGAACGGCGTCGAGC-30.

2. DNA Primers (Eurofins MWG Operon):
FPStAv: 50- GCAGGTGAAAACCTGTATTTCCA

GAGCGGTGCGG-30.
RPStAv: 50- ATGATGACCCATGGTTAATTCCTCCTGT

TAGCCCAAAAAACGG-30.

3. HiFi DNA assembly kit (NEB Builder®).

4. DNA sequencing (Eurofins).

5. QuickChange Lightning kit for site-directed mutagenesis (Agi-
lent Technologies).

6. Arktik Thermal Cycler.

7. Applied Biosystems PCR tubes and caps, RNase-free, 0.2 mL,
8-strip format.

8. Ethidium bromide.

9. TAE buffer: 40 mM Tris-base, 5 mM acetate, and 1 mM
EDTA, pH 8.2.

10. 0.8% (w/v) Agarose prepared in TAE buffer.

11. Agarose gel loading dye (6�): Add 25 mg bromophenol blue
to 3 mL glycerol and make up to 10 mL.
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2.1.3 Transformation 1. BL21 (DE3) chemically competent E. coli cell kit (Novagen)
and SOC (seeNote 5) for propagation of recombinant vectors.

2. Aliquots (1 mL) of stock solutions of kanamycin (30 mg/mL)
and ampicillin (50 mg/mL) prepared in sterile water and
stored at �20 �C.

3. Luria Bertani (LB) agar plates: 5 g tryptone, 5 g NaCl, 2.5 g
yeast, and 7.5 g agar dissolved in 500mLwater and autoclaved.
Poured in petri-plates (100 � 15 mm) with appropriate antibi-
otic (see Note 6) and stored at 4 �C.

4. LB medium: 10 g tryptone, 10 g NaCl, and 5 g yeast dissolved
in 1.0 L water and autoclaved.

5. 50% (v/v) glycerol.

6. Cryogenic vials (Corning).

7. Refrigerated circulating water bath.

8. Microbiological incubator.

9. Falcon™ round-bottom polypropylene test tubes with cap.

10. QIAprep spin miniprep kit.

11. QIAquick gel extraction kit.

2.1.4 Expression,

Assembly, and Purification

of VLPs

1. Single colony, picked up from agar plate or glycerol stock (see
Note 7), transformed with vector(s) containing gene
sequences that encode the P22 CP and SP (see Subheading
2.2.1).

2. Bench-top microcentrifuge.

3. Multifuge X1TM Centrifuge.

4. MaxQ 4000 Thermo Scientific Shaker.

5. IPTG: Dissolve 119.2 mg IPTG in 1.0 mL sterile water to
make 0.5 M stock solution. Aliquots of 1.0 mL stock solution
can be stored at �20 �C.

6. Arabinose: Dissolve 2.0 g L-arabinose in 10 mL sterile water.
Use 10 mL stock solution per each liter of culture. Make this
solution fresh.

7. Phosphate buffer: 50 mM sodium phosphate, 100 mM sodium
chloride, pH 7.0. Dissolve 2.92 g sodium phosphate monoba-
sic monohydrate (NaH2PO4 · H2O), 7.73 g sodium phosphate
dibasic heptahydrate (Na2HPO4 · 7H2O), and 5.84 g NaCl in
900 mL sterile water. Adjust pH to 7.0 using 2 MNaOH. Add
water to a final volume of 1.0 L.

8. Cell lysis reagents: Dissolve 20 mg DNase, 30 mg RNase, and
15mg lysozyme in 1.0 mL sterile water. Freeze 100 μL aliquots
until use.

9. Digital sonicator with a microtip.
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10. Millex Syringe filters—0.45 and 0.22 μm pores.

11. Luer Lock BD syringe with needle extension.

12. Sucrose solution (35% w/v).

13. Ultracentrifuge (Thermo Sorvall WX90), F50L-8 � 39 Fixed-
Angle Rotor (Thermo), 26.3 mL polycarbonate aluminum
bottle with cap assembly (tubes).

14. Size Exclusion Colum (SEC): HiPrep 16/60 Sephacryl S-500
HR (or any column with a separation range between 4 � 104

and 2 � 107 Da).

15. Fast performance liquid chromatography (FPLC): BioLogic
DuoFlow Medium Pressure Chromatography Systems
(or comparable).

16. Ni-NTA column (cOmpleteTMHis-Tag).

17. Denaturing buffer: 50 mM phosphate, 100 mM NaCl, 6 M
guanidine hydrochloride, pH 7.0.

18. Wash buffer: 50 mM phosphate, 100 mMNaCl, 20 mM imid-
azole, pH 7.0.

19. Elution buffer: 50 mM phosphate, 100 mM NaCl, 500 mM
imidazole, pH 7.0.

20. Assembly buffer: 50 mM Tris–HCl, 25 mM NaCl, 2 mM
EDTA, 3 mM β-mercaptoethanol (BME), and 1% v/v glycerol,
pH 7.4.

21. Pierce protease and phosphatase inhibitor tablets, EDTA free.

22. Disposable syringes, 5 mL.

23. Dialysis membrane MWCO 6–8 kDa.

24. Falcon disposable polypropylene tubes, 50 and 10 mL.

25. Polypropylene centrifuge tubes with plug seal cap, 250 mL.

26. Nalgene baffled shake flask, 2 L.

27. Eppendorf snap-cap microcentrifuge safe-lock tubes.

28. Guanidine hydrochloride.

29. Tris(2-carboxyethyl)phosphine) (TCEP).

2.1.5 Characterization

and Functional Activity

1. Sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), 15%:
resolving gel, 7.5 mL 30% acrylamide/bis solution, 5 mL
1.5 M Tris, pH 8.8, 2.3 mL water, 75 μL 20% (w/v) SDS,
75 μL 10% (w/v) APS, 25 μL TEMED; stacking gel: 0.83 mL
30% acrylamide/bis solution, 0.62 mL 1.5 M Tris, pH 8.8,
3.47 mL water, 25 μL 20% (w/v) SDS, 50 μL 10% (w/v) APS,
5 μL TEMED. This recipe makes 3–4 gels with the electropho-
resis system used in this protocol.

2. SDS-PAGE running buffer: 0.025 M Tris–HCl, 0.192 M gly-
cine, 0.1% (w/v) SDS, pH 8.3.
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3. Loading dye solution (4�): 2.0 mL 1 M Tris–HCl pH 6.8,
0.8 g SDS, 4.0 mL glycerol, 0.4 mL βME, 1.0 mL 0.5 M
EDTA, 8 mg bromophenol blue. Make up to 10 mL with
water.

4. SE250 Mini Vertical Protein Electrophoresis System.

5. Page Ruler Plus Pre-stained Protein Ladder, 10–250 kDa.

6. InstantBlue Coomassie Protein Stain.

7. UVP MultiDoc-IT Digital Imaging System.

8. 8453 UV-Vis Spectrophotometer.

9. Quartz cuvette-16.50-Q-10/Z15 (Starna) for UV-Vis.

10. NanoDrop 2000/c Spectrophotometer.

11. Agilent 1200 high-performance liquid chromatography
(HPLC).

12. Electron-spray ionization mass spectrometry (ESI-LC/MS).

13. MALS/QELS/dRI, Multiangle light scattering coupled with
quasi-elastic light scattering detector and differential refractive
angle detector (Wyatt Technology).

14. MALS buffer: 50 mM phosphate, 100 mM NaCl, 200 ppm
NaN3, pH 7.2.

15. Transmission electron microscope.

16. For negative staining TEM: 2% uranyl acetate ready-to-use
solution.

17. Carbon film-coated copper 400 mesh grid.

18. Opti-4CN detection kit.

19. 5% (w/v) Skim milk.

20. Nitrocellulose membrane.

21. Polyclonal anti-GFP rabbit antibody (Gifted by Dr. David
Rudner).

22. Goat anti-rabbit HRP-conjugated secondary antibody.

23. Biotin-4-fluorescein (Biotium), make stock solution in DMSO
and store at �80 �C.

24. Biotin maleimide, make stock solution in DMSO and store at
�80 �C.

25. Streptavidin.

26. TBS buffer: 20 mM Tris–HCl, 150 mM NaCl, pH 7.0.

2.2 Methods

2.2.1 Construction

of Expression Plasmids

The DNA sequences of P22 CP and SP can be obtained from the
NCBI database. The cloning of P22 CP, wtSP, and SPt is provided
elsewhere [30, 36]; hence not elaborated here. To generate
StAv15–159 to SP142–303 fusion product, amplify two amplicons
6xHis-tagged StAv15–159 and linker-SP142–303 (GAAG-
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ENLYFQS-GAAG-SP142–303) from plasmids pET11b and pBAD
containing the corresponding genes in a reaction with high-fidelity
KOD Hot Start Master Mix. The gene blocks containing the
desired gene can be custom synthesized from Integrated DNA
technologies (IDT). Amplify 6xHis-tagged StAv15–159 with over-
hangs overlapping with pBAD vector sequence on one end and
with GAAG-ENLYFQS-GAAG-SP142–303 on the other with pri-
mers (forward) 50- GAATTAACCATGGGTCATCATCATCAT
CATCATGCCGGCATCACCGGC -30, and (reverse) 50-
GAAATACAGGTTTTCACCTGCTGCACCCTGCT
GAACGGCGTCGAGC -30. Amplify GAAG-ENLYFQS-GAAG-
SP142–303 (see Note 8) in pBAD vector backbone with overhangs
that overlap with linker region (GAAG-ENLYF) on the 50 end and
with 6xHis-tagged StAv15–159 on 30 end with primers (forward) 50-
GCAGGTGAAAACCTGTATTTCCAGAGCGGTGCGG -30 and
(reverse) 50- ATGATGACCCATGGTTAATTCCTCCTGT
TAGCCCAAAAAACGG-30. Verify size, yield, and linearization of
insert (6xHis-tagged StAv15–159) and linker-SP142–303 containing
vector by agarose (0.8% w/v) gel electrophoresis under standard
conditions. Excise the desired bands using scalpel and purify by
QIAquick gel extraction kit as per the manufacturer’s instructions;
elute the DNA into either water or EB buffer. Assemble the two
PCR products with complementary overhangs into circular DNA
using NEB builder HiFi DNA assembly master mix (New England
Biolabs) as instructed by the manufacturer.

2.2.2 Transformation Thaw 25 μL aliquots of BL21 (DE3) cells on ice and add 1 μL of
purified or assembled vector (~50 ng/μL) to cells (pipetted into
1.5 mL micro-centrifuge tube). Stir gently (see Note 9), and incu-
bate on ice for 30 min. Heat shock cells for 30 s in a water bath
maintained at 42 �C. Return the tube on ice for 2 min, followed by
the addition of 80 μL of recovery medium (provided in the kit) to
the transformed cells. Incubate at 37 �C for 45–60 min in an orbital
shaker incubator set to approximately 250 rpm. Plate on agar plate
supplemented with the appropriate antibiotic (see Note 10) with
the help of a sterilized bacterial cell spreader, invert plate, and
incubate overnight at 37 �C. Store plates at 4 �C for up to 1 month.

To verify clones, isolate molecular biology grade vector using
QIAprep spin miniprep kit as per vendor’s protocol and confirm
the insertion and sequence of gene of interest through DNA
sequencing. The colony that contains gene of interest and produces
protein relatively at best expression level is used for making glycerol
stock. Screen colonies before scaling up protein production so as to
obtain best protein expression levels (seeNote 11 and Subheading
2.2.3).

To prepare glycerol stock of the colonies identified as having
the best protein expression, pour 3–5 mL LB medium supplemen-
ted with an appropriate antibiotic into a round-bottom
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polypropylene tube. Gather a small amount of the bacteria from a
colony using a pipette tip and submerge it into the medium, replace
the lid and incubate at 37 �C in shaker overnight (usually 16–18 h).
In a cryovial, mix 500 μL of overnight grown cell culture into
500 μL of 50% glycerol and store at �80 �C.

2.2.3 Expression,

Purification,

and Characterization

of P22 VLPs

1. Pour 10 mL LB medium supplemented with ampicillin
(50 μg/mL) into cell culture tubes using pipetboy. Inoculate
medium with a colony of E. coli cells transformed with a
plasmid that co-expresses P22 CP and SP, picked up either
from agar plate or from glycerol stock. Allow the cells to
grow overnight at 37 �C in shaker set at approximately
250 rpm.

2. Inoculate 1.0 L LB medium with the entire amount of over-
night culture and incubate the culture at 37 �C with continu-
ous shaking at ~250 rpm until the optical density at 600 nm
(A600 nm) reaches 0.6–0.8 (4 separate 1.0 L cultures are typi-
cally used to isolate VLPs).

3. Induce the expression of P22 CP and SP with 0.5 mM IPTG
(final concentration) and continue incubation for additional
4 h.

4. Harvest cells by centrifugation at 3700 � g for 20 min at 4 �C
utilizing conical, 250-mL polypropylene tubes. Consolidate
pellets from 2 L cultures (~5–10 g) into 50 mL falcon tubes.
Resuspend the cell pellet in 30–35 mL phosphate buffer.

At this stage, cell suspension can be stored at �80 �C for later
use.

5. Add 100 μL of lysis reagents per liter of resuspended cell
culture, followed by incubation at room temperature for
30 min with rocking.

6. Place cells on ice water and lyse them with a macro-tip attached
to the Digital Sonicator set to the following parameters: 50%
amplitude, 0.3 s pulse on, 0.7 s pulse off, for total of 2 min.

7. Remove cell debris from cell lysate by centrifugation at
12,000 � g for 50 min at 4 �C. Harvest the resulting superna-
tant with a pipetboy carefully without disturbing the cell debris
layer. Filter supernatant through a 0.45-μm syringe filter.

8. Purify VLPs through sucrose cushion. Pour 20 mL of VLP
containing supernatant into ultracentrifuge tubes, then care-
fully underlay 5 mL of 35% sucrose cushion underneath the
supernatant (see Note 12). Pellet the particles by ultracentifu-
gation at 45,000 rpm, 4 �C for 50 min. Immediately, discard
the supernatant completely and resuspend VLP in the sediment
with 2 mL phosphate buffer. Rock at 4 �C for 1–2 h to
resuspend the sediment.
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Caution: Keep the pellet immersed in buffer completely
during resuspension. Sediment aggregates and residual lipids,
which gives pellet brownish tint, in solution by centrifugation
at 17,000 � g for 10 min. Recover the supernatant.

9. Column purify VLPs: Equilibrate Sephacryl S-500 HR
connected to a FPLC system with 2 column volumes of phos-
phate buffer. Load 2 mL of VLP solution with the aid of a static
loop (or dynamic loop for repetitive injections in an overlay
mode) onto the column at 1 mL/min flow rate; elute with
phosphate buffer in isocratic run of 120 min. Collect 3–4 mL
fractions at a retention time of 60 min (tR ¼ 60 min) as P22
VLPs elute around that time. Concentrate VLPs by ultracen-
trifugation at 45,000 rpm for 45 min at 4 �C.

10. Assess purity and size distribution of VLPs by SDS-PAGE and
transmission electron microscope (TEM) imaging. Mix VLP
sample at 1–2 mg/mL with 4� loading buffer containing
100 mM DTT, heat in a boiling water bath for 10 min, sedi-
ment aggregates in a benchtop centrifuge. Separate on a 15%
acrylamide gel at a constant current of 35 mA for approxi-
mately 1 h or until dye front has reached the bottom of the
gel. Stain gels with an Instant Blue Protein Stain. Rinse with
water and image using UVP MultiDoc-IT Digital Imaging
System.

11. For TEM, apply 4 μL of VLP sample at 0.3 mg/mL to carbon-
coated grids and let sit for 45 s. Wick away excess liquid with
the help of filter paper and wash the grid with 5 μL water. Stain
with 4 μL of uranyl acetate solution for 10 s, wick away excess
liquid and image the grid on a JEOL TEM at accelerating
voltage of 80 kV.

2.2.4 In Vitro

Reassembly of P22 CP

to Encapsulate Streptavidin

1. Deplete the P22 VLPs of the SP by treating them with 0.5 M
GuHCl prepared in the backdrop of phosphate buffer. Resus-
pend the P22 VLPs in 1–2 mL of phosphate buffer in an
ultracentrifuge tube, and then fill the tube to the brim with
0.5 M GuHCl. Rock the tube for 2 h at 4 �C, and then
sediment VLPs by ultracentrifugation as in Subheading 2.2.3,
step 8. Repeat this extraction process until SP is washed off
completely from P22 particles, which is monitored with the aid
of 15% SDS-PAGE under reducing condition (see Note 13).

2. Dissociate SP-depleted VLPs, referred as Empty Shell (ES),
into CP subunits by adding 6 M GuHCl prepared in the
backdrop of assembly buffer to reach to a final concentration
of 3 M GuHCl. Incubate for 30 min at room temperature.
Remove aggregates by filtration through a 0–2 μm filter. Cal-
culate concentration of CP (mg/mL) using A280 nm, molar
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extinction coefficient of 44,920/M/cm and molecular mass of
46,751.73 Da (see Note 14).

3. Concurrently, prepare the StAv-SP protein for encapsulation
and assembly of CP into P22 VLPs. Induce the expression of
StAv-SP with L-arabinose to a final concentration of 13 mM,
when the OD600 of the culture reaches 0.6. Continue induc-
tion for an additional 4 h (see Note 15). Harvest cells by
centrifugation as in Subheading 2.2.3, step 4, resuspend sedi-
mented cells in 30 mL phosphate buffer per 2 L starting
culture; add aliquots of lysing reagents containing protease
and phosphatase inhibitor tablets. Incubate for 30 min with
shaking at room temperature. Sonicate the suspension using
parameters described in Subheading 2.2.3, step 6. Discard
supernatant and dissolve sediment in 6 M GuHCl made in
phosphate buffer. Incubate overnight at room temperature
with rocking. Filter denatured protein through 0.45 μm filter
and purify by nickel-affinity chromatography. Load protein
solution at 1 mg/mL flow rate onto the Ni-NTA column
pre-equilibrated with denaturing buffer for 10 min at 2 mL/
min to perform on-column refolding. Renature protein by
running a linear reverse gradient (6–0 M GuHCl) of denatur-
ant buffer at a flow rate of 0.25 mL/min over a 80-min period.
Wash column-bound refolded protein with wash buffer at
1 mL/min over a 20 min period; elute protein with an elution
buffer at a flow rate of 2 mL/min over a 20–30 min period.
Collect 3 mL fractions and combine the ones containing pure
protein as assessed by SDS-PAGE. Calculate concentration of
StAv-SP usingA280 nm, molar extinction coefficient of 50,880/
M/cm, and molecular mass of 35,252 Da (see Note 14).
Exchange buffer with assembly buffer to facilitate in vitro
assembly.

4. Mix CP subunits (~2 mg/mL) prepared in 3 M GuHCl with
StAv-SP in equal molar ratio such that the amount of StAv-SP
added to the CP solution results in the drop of the denaturant
from 3 to 1.5 M GuHCl final concentration. Dialyze the
mixture (~2 mL) against 200 mL assembly buffer overnight
at room temperature (see Note 16) with 2–3 buffer exchanges
using dialysis membrane of MWCO 6–8 kDa. Sediment to
purify assembled particles by VLPs by ultracentrifugation as
in Subheading 2.2.3, step 8.

2.2.5 Characterization

of Streptavidin

Encapsulated P22 VLPs

Analyze particles by SDS-PAGE and negative stain TEM to confirm
encapsulation of StAv-SP and retention of spherical morphology,
respectively. Filter and load 100 μL of 1 mg/mL filtered sample
onto S-200 column coupled with MALS/QELS/dRI and elute
with MALS buffer at 0.7 mL/min flow rate to determine MW,
hydrodynamic radius (Rh) and radius of gyration (Rg). Calculate
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StAv-SP copies inside a VLP by using theMWof empty shell, which
is constituted of 420 copies of P22 CP, MW of P22-StAv, and the
MW of StAv-SP (see Note 17). Calculate the concentration of
encapsulated StAv from A280 nm and molar extinction coefficient
of 215,000/M/cm (see Note 18) per reported literature [27].

2.2.6 Streptavidin–

Biotin-Mediated Packaging

of a Small Molecule

(Fluorescein)

The method used to package small cargo molecules serves two
purposes: (a) to demonstrate proof-of-concept for non-covalent
conjugation of ligand molecules in the interior of P22 VLPs and
(b) the suggested use of biotin-4-fluorescein (B4F) acts as an
efficient readout to determine the extent of ligand binding to
streptavidin.

1. Titrate 100 μL aliquot of 10 μM streptavidin, solubilized in the
PBS, with 400 μM B4F (see Note 19) in 0.5 μL increments at
constant time intervals of 30s to allow reaction to reach equi-
librium. Measure A493 nm at each titration point (see Note 20)
and plot a graph between A493 nm and molar ratio of B4F:StAv
monomer (see Note 21) to establish assay parameters. Like-
wise, assay the binding sites of StAv-SP and streptavidin
contained in P22 VLPs in the same manner with PBS acting
as a negative control. While PBS produces a single regression
line, StAv/StAv-SP/StAv-P22 produces two regression lines of
different slopes, intersecting each other at a point where all
binding sites of streptavidin are occupied; occupancy is used to
quantify ligand binding.

2. In a variation of the above step, incubate streptavidin-
containing P22 (~1 mg/mL) with B4F at 1:5 molar ratio
overnight either at room temperature or at 4 �C. Remove
excess B4F by ultracentrifugation, followed by three rounds
of dialysis in 1 L phosphate buffer. Assess molar equivalents of
B4F (or another biotinylated ligand) quantitatively by moni-
toring concentration-dependent increase in A493 nm, which
plateaus as all sites are saturated and B4F is in excess.

2.2.7 Streptavidin–

Biotin-Mediated Surface

Display of Large,

Pore-Excluded

Molecules (GFP)

1. Biotinylation of Cys-SP-GFP: Treat Cys-SP-GFP (in PBS) with
20-fold molar excess of TCEP prepared in water. Rock the
mixture for 30 min at room temperature. Add ten-fold molar
excess of biotin-maleimide, prepared in water, to the protein
solution. Incubate mixture overnight at 4 �C on a rocker and
then dialyze out excess biotin-maleimide over 3–4 phosphate
buffer exchanges. Assess purity using SDS-PAGE and deter-
mine the number of biotin molecules per protein unit by
electron-spray ionization mass spectrometry (ESI-LC/MS).
Increase in molecular weight by 453 Da indicates addition of
one biotin molecule per Cys-SP-GFP.
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2. Multivalent surface display: Incubate P22-StAv with fivefold
molar equivalents of biotinylated (B)-SP-GFP for 2 h with
continuous shaking at room temperature. Remove unbound
B-SP-GFP by ultracentrifugation and three rounds of dialysis
in phosphate buffer using dialysis membrane of MWCO
100 kDa. Use negative control alkylated-SP-GFP, obtained
by blocking cysteine with iodoacetamide or iodoacetic acid
(see Note 22). Analyze by SDS-PAGE and TEM as in
2.2.3.10 to ensure binding of B-SP-GFP and retention of
particle morphology. Analyze by MALS/QELS/dRI and
UV-Vis to determine the MW, size, and copies of surface-
exposed ligand (see Note 23). To ensure that GFP stays on
the surface of particles (P22-GFPex), conduct immunodot blot
assay (seeNote 24) where GFP-specific antibody will bind only
to surface exposed GFP but not to encapsulated GFP inside the
particles (P22-GFPin). This step will ascertain the location of
GFP in the VLP.

3 Synthesis and Characterization of Endosome-Escape Polymer Nanoparticles

The polymer is composed of two functional blocks synthesized by
reversible addition–fragmentation chain transfer (RAFT) polymeri-
zation. The first block is a hydrophilic, cationic copolymer of
dimethylaminoethyl methacrylate (DMAEMA) and pyridyl disul-
fide ethyl methacrylate (PDSMA). The PDSMAmonomer provides
pyridyl disulfide functional groups on the surface of the nanoparti-
cle for conjugation to thiolated protein or peptide antigens via a
disulfide exchange reaction. DMAEMA contributes cationic charge
for electrostatic complexation with a nucleic acid adjuvant. The
second block is a pH-responsive, endosomolytic copolymer of pro-
pylacrylic acid (PAA), butyl methacrylate (BMA), and DMAEMA,
which is hydrophobic at neutral pH and thereby drives the assembly
of micellar nanoparticles. After cellular uptake and, in response to
endosomal acidification, the micellar structure of the NP is dis-
rupted and the membrane-destabilizing block (PAA-co-BMA-co-
DMAEMA) becomes exposed, which promotes endosomal mem-
brane disruption and allows the escape of antigen to the cytosol and
delivery to the MHC-I pathway. The nomenclature used for the
polymer is poly[(PDSMA-co-DMAEMA)-b-(PAA-co-DMAEMA-
co-BMA)].

3.1 Materials 1. Pyridyl disulfide ethyl methacrylate (PSDSMA).

2. Dimethylaminoethyl methacrylate (DMAEMA).

3. Propylacrylic acid (PAA).

4. Butyl methacrylate (BMA).
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5. 2,20-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70;
initiator).

6. 4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid
(ECT; RAFT chain transfer agent).

7. 100 mM phosphate buffer (pH 7).

8. Amicon Ultra Centrifugal Filters (3 kDa MWCO, Millipore).

9. Endotoxin-free OVA.

10. 2-Iminothiolane (Traut’s Reagent).

11. Zeba Spin desalting columns (0.5 mL, 7 kDa MWCO).

12. 150 mM NaCl buffer.

13. Phosphate buffer (PB) at pH 7.4, 6.6 and 5.8. (6.6 and 5.8
need to have additional NaCl to bring to the correct ionic
strength).

14. 0.1% Triton X-100.

15. DC2.4 cell culture medium: RPMI 1640, 10% FBS, 2 mM L-
glutamine, 55 μM beta-mercaptoethanol, 1� nonessential
amino acids, 10 mM HEPES, 1� Pen/Strep (optional).

3.2 Methods

3.2.1 Synthesis

of PDSMA-co-DMAEMA

Synthesize the first block (PDSMA-co-DMAEMA) and use as the
macro-chain transfer agent (macroCTA). Initial molar ratio of
DMAEMA to PDSMA is 92:8 and the initial monomer ([M]0) to
CTA ([CTA]0) to initiator ([I]0) ratio is 100:1:0.05. Schemes 1 and
2 show a schematic of the relevant chemical structures and reaction
conditions used in the polymerization, as well as the molecular
weight (MW) and PDI of the macroCTA and final diblock
copolymer.

1. For a 1.5 g scale reaction, use a clean 10 mL pear-bottom
reaction vessel. Place a small magnetic stir bar in reaction vessel.

2. Filter monomer (DMAEMA) to remove inhibitor by passing
through an aluminum oxide column. A simple column can be
made in a pipette by stuffing glass wool (or cotton) in the
bottom; fill up to a third the volume with aluminum oxide
(for small-scale reactions, use small glass Pasteur pipettes and
for larger-scale reactions, serological pipettes). Pour the mono-
mer into the column and allow to flow through the column by
gravity and collect in a scintillation vial.

3. Prepare initiator stock (2,20-azobis(4-methoxy-2,4-dimethyl-
valeronitrile) (V-70): Make a 10 mg initiator per 1 g solvent
stock (i.e., 10 mg V-70 + 990 mg dioxane).

4. Weigh out the RAFT chain transfer agent 4-cyano-4-(ethylsul-
fanylthiocarbonyl) sulfanylpentanoic acid (ECT) in a
scintillation vial.
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5. Add appropriate amount of purified DMAEMA, PDSMA,
CTA, and initiator stock to the reaction vessel, and dissolve in
dioxane at 40 wt % monomers.

6. Seal the reaction vessel with a rubber septum.

7. Purge with N2 for ~20 min.
Note: Highly recommended: seal the vessel with parafilm.

8. Place reaction vessel in an oil bath set at 30 �C for 18 h.

9. Stop the reaction by removing the rubber septum.

10. Purify the macroCTA via precipitation: Dissolve the macro-
CTA in acetone and precipitate in pentane. Perform precipita-
tion in 50 mL conical centrifuge tubes as follows: (a) transfer
reaction contents to 50-mL falcon tube; (b) add pentane to
tube to crash out product; (c) Centrifuge at 5000 � g for
5min, decant pentane; (d) dissolve pellet in acetone; (e) Repeat
steps (b)–(d) four times, keep the volume of acetone under
10% during the precipitation process. Finally, vacuum dry
product overnight to remove residual solvent.

Scheme 1 NP vaccine formulation. (a) pH-responsive polymer synthesized via RAFT polymerization; (b) self-
assembly of polymeric micelles; (c) covalently conjugate thiol-containing protein antigen to the PDSMA and
electrostatically complex oligonucleotide on the micelle corona; (d) proposed mechanism of NP uptake,
endosomal disruption, escape into the cytosol, and endogenous MHC class I pathway
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3.2.2 Synthesis

of PAA-co-

BMA-co-DMAEMA

Use the purified macroCTA to chain extend via copolymerization
with DMAEMA, PAA, and BMA to create pH-responsive polymer.
Add DMAEMA (30%), PAA (30%), and BMA (40%) ([M]0/
[mCTA]0 ¼ 450) to macroCTA dissolved in DMAc (40 wt%
monomer and mCTA) along with V-70 initiator ([mCTA]0/
[I]0 ¼ 2.5). See Schemes 1 and 2.

1. For a reaction scale of 2 g, prepare a 10 mL pear-bottom
reaction vessel with small magnetic stir bar.

2. Filter monomers (DMAEMA, PAA, BMA) to remove inhibitor
by passing through an aluminum oxide column as described
above in Subheading 3.2.1, step 2.

3. Prepare initiator stock V-70 as described above.

4. Add appropriate amount of purified monomer, macroCTA,
and initiator stock to the reaction vessel and dissolve in
DMAc at 40 wt% of monomers.

Scheme 2 RAFT synthesis of pH-responsive polymer for dual-delivery of protein antigen and nucleic acid
adjuvant. (a) Synthesis scheme and reaction conditions for DMAEMA-co-PDSMA macro-chain transfer agent
(macroCTA). (b) Synthesis of pH-responsive diblock copolymer (DMAEMA-co-PDSMA)-b-(PAA-co-DMAEMA-
co-BMA)
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5. Seal with rubber septum. Purge with N2 as described above in
Subheading 3.2.1, step 7.

6. Place reaction vessel in oil bath set at 30 �C for 24 h.

7. Stop the reaction by removing the rubber septum.

8. Purify the polymer via dialysis against acetone three times using
a 2.5 kDa MWCO membrane, followed by dialysis against
deionized water.

9. Lyophilize for 72 h prior to use.
The composition and monomer conversion of both the

purified macroCTA and diblock copolymer were characterized
by 1H NMR spectroscopy in CDCl3. Below are characteristic
1H NMR spectra of the first block (Fig. 2a) and the full
polymer (Fig. 2b) (adapted image [6]).

Fig. 2 Representative 1H-NMR (CDCl3) of (a) DMAEMA-co-PDSMA macroCTA, and (b) pH-responsive diblock
copolymer. (Image adapted from our published work in ref. [6])

Fig. 3 Representative GPC traces of mCTA and diblock copolymer. (Image
adapted from our published work in ref. [6])
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The molecular weight (MW) and polydispersity indices
(PDI) can be obtained by gel permeation chromatography
(GPC, Agilent; mobile phase HPLC grade dimethylformamide
(DMF) containing 0.1% LiBr as the mobile phase) and in-line
scattering (Wyatt) and refractive index (Agilent) detectors.
Below are characteristic chromatograms of where MW and
PDI were calculated using the ASTRA V Software (Wyatt
Technology; Fig. 3). MW was determined using dn/dc values
calculated previously (0.071 for macroCTA and 0.065 for
diblock).

3.2.3 Micelle Assembly

and Characterization

1. Dissolve lyophilized polymer at 50 mg/mL in 100% ethanol.

2. Rapidly pipette dissolved polymer into 100 mM phosphate
buffer (pH 7) to a final concentration of 10 mg/mL.

Note: Highly recommended: For in vivo studies, remove etha-
nol by buffer exchange into PBS (pH 7.4) via three cycles of
centrifugal dialysis (Amicon, 3 kDa MWCO, Millipore), and
sterilize NP solutions via syringe filtration (Whatman, 0.22 μm,
GE Healthcare).

3. Polymer concentration can be determined with UV � vis spec-
trometry by measuring absorbance of aromatic PDSMA groups
at 280 nm.

Measure the size of the NP via dynamic light scattering
(DLS). Prepare NP solutions at a concentration of
0.1–0.2 mg/mL in PBS (pH 7.4), and measure the hydrody-
namic radius by using a Malvern Instruments Zetasizer Nano
ZS Instrument (Malvern, USA) or other particle sizing
equipment.

3.2.4 OVA Protein

Conjugation

and Characterization

The method described here is for conjugation of a model antigen,
ovalbumin (OVA), which is linked to the NP via PDS groups in a
thiol-disulfide exchange reaction. The method can be adapted with
minor modifications for conjugation of other protein antigens.

1. Thiolate free amines on the surface of the OVA protein by
incubating with �25-fold molar excess of 2-iminothiolane
(Traut’s Reagent, Thermo Fisher Scientific) in reaction buffer
(100 mM phosphate buffer, pH 8, supplemented with
1 mM EDTA).

Note: Adjust the amount of 2-iminothiolane empirically for
different proteins or to modify the degree of thiolation.

2. Remove unreacted 2-iminothiolane by buffer exchange of thio-
lated OVA into PBS (pH 7.4) by using Zeba Spin desalting
columns (0.5 mL, 7 kDa MWCO).

Note: Highly recommended: For in vivo studies, sterilize
thiolated OVA via syringe filtration through a 0.22-μm filter
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3. Determine the molar ratio of thiol groups per OVA protein
using Ellman’s reagent following manufacturer’s instructions.
Typically, 3–5 thiol groups/OVA result in efficient conjugation
to the NP.

Note: Determine the number of thiols required for efficient
coupling of different proteins to NP as this may be different for
different proteins.

4. Add thiolated OVA to the NP solution in PBS at the desired
molar ratios of NP:OVA (typically between 5:1 and 20:1) to
form OVA-NP conjugates.

5. Allow conjugation reaction to proceed overnight at room
temperature.

6. Verify antigen conjugation via nonreducing SDS-PAGE
(Fig. 4a).

7. Use dynamic light scattering to measure the size of OVA�NP
conjugates (Fig. 4b).

3.2.5 Nucleic Acid

Complexation

and Characterization

Polymer/nucleic acid complexes can be formed by combing nucleic
acid adjuvants and micelle solutions at different theoretical charge
ratios (+/�). The charge ratio is defined as the molar ratio between
protonated DMAEMA tertiary amines in the first block (positive
charge; assuming 50% protonation at physiological pH) and phos-
phate groups on the nucleic acid (negative charge). Below we

Fig. 4 Thiolated OVA protein labeled with FITC was reacted with NP made from
pH-responsive polymer to form conjugates at various molar ratios of OVA:
polymer. (a) SDS-PAGE was used to confirm antigen conjugation. Lane (1) free
OVA protein; (2) OVA-NP (1:20 molar ratio); (3) OVA + NP (a physical mixture). (b)
Representative size distribution (number average) at pH 7.4 for OVA-NP (1:5
molar ratio), as measured by DLS. (Image adapted from our published works in
refs. [6, 29])
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describe complexation with CpG ODN 1826, a single-stranded
DNA adjuvant.

1. Combine nucleic acid and conjugate (OVA-NP) in an Eppen-
dorf tube at desired concentration and charge ratio. Add the
conjugate to nucleic acid and mix vigorously via pipetting.
Dilute to desired concentration in PBS at room temperature
for 30 min.

2. Confirm complete complexation via an agarose gel electropho-
resis. For CpG ODN 1826, use a 4% agarose gel; run at 90 V
for 1 h; stain the gel with SYBR Safe nucleic acid gel stain
(Invitrogen) for 20min and visualize with a Gel Doc EZ system
(Bio-Rad) (Fig. 5a).

3. Use dynamic light scattering to measure the size of the
OVA�NP/CpG formulations (Fig. 5b).

3.2.6 Erythrocyte

Lysis Assay

The degree to which the pH-responsive polymer was able to induce
pH-dependent lysis of lipid bilayer membranes (thus leading to
cytosolic delivery) was assessed via a red blood cell hemolysis
assay [37].

Fig. 5 CpG DNA was complexed with nanoparticles (NP) and conjugates
(OVA-NP, 1:5 molar ratio) at various charge ratios of polymer:CpG (+/�). (a)
Gel electrophoresis and GelRed staining confirmed adjuvant complexation. Lane
(1) OVA-NP; (2) NP/CpG (6:1 +/�); (3) NP/CpG (4:1); (4) OVA-NP/CpG (6:1);
(5) OVA-NP/CpG (4:1); (6) free CpG. Material loaded into each lane was normal-
ized to 2.3 μg CpG. CpG complexed with both NP and OVA-NP at both charge
ratios, as shown by lack of migration from the wells of the gel (lanes 3–6). Free
CpG migrated from the well due to its net negative charge (lane 7). OVA-NP did
not show background staining from GelRed (lane 2). (b) Representative size
distributions (number average) at pH 7.4 for OVA-NP/CpG (1:5 molar ratio, 6:1
charge ratio), as measured by DLS. (Image adapted from our published work in
ref. [29])
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Erythrocyte Preparation 1. Obtain 25 mL blood from anonymous donor or purchase
erythrocytes from a commercial source.

2. Centrifuge blood at 500� g for 5 min, and mark the boundary
between cells (red, lower layer) and plasma (yellow, top layer)
on the tube.

3. Discard plasma into bleach.

4. Fill tube to marked line (original level of plasma) with 150 mM
NaCl solution. Cap and invert several times to gently mix.

5. Centrifuge at 500 � g for 5 min.

6. Repeat steps 2–5 to wash blood cells. Then aspirate superna-
tant and resuspend cells in PBS pH 7.4. Invert to mix.

7. Split cells evenly into four tubes, corresponding to each test
pH; label tubes accordingly: 7.4, 6.6, and 5.8.

8. Centrifuge tubes at 500 � g for 5 min. Mark levels on tubes,
then aspirate supernatant.

9. Fill each tube to the marked line with buffer of appropriate pH.

10. Label three 50-mL conical tubes, one per test pH, and pipette
49 mL of PBS of appropriate pH into each conical tube.

11. Add 1 mL of RBCs (same pH) into tube for a final dilution of
1:50 at the indicated pH buffer.

Evaluation

of pH-Responsive

Hemolysis Activity

12. Prepare stock solutions of polymers at 20-fold the desired
final concentration to be tested. Assay will use 10 μL polymer
+190 μL red blood cells, resulting in a 1:20 dilution of the
original polymer concentration.

Note: Stocks of 200, 300, and 400 μg/mL are suggested,
resulting in final concentrations of 10, 15, 20 μg/mL,
respectively.

13. Pipette 10 μL of each stock solution into a round-bottom
96-well plate.

Note: For optimal results, load each sample in triplicate or
quadruplicate.

14. As positive control, add 10 μL of 0.1% Triton X-100.

15. For negative control, add 10 μL PBS adjusted to the test pH.

16. Pipette 190 μL of red blood cells to each well.

17. Incubate plates at 37 �C for 1 h.

18. Centrifuge plates for 5 min at 500 � g to pellet intact red
blood cells.

19. Transfer 100 μL of supernatant from each well into a clear, flat
bottom 96-well plate; use a multichannel pipette.

20. MeasureA541 nm of supernatants using a plate reader (Synergy
H1 Multi-Mode Reader, BioTek).
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21. Using Microsoft Excel or a similar data analysis software, find
the average of the backgroundA541 nm readings from the nega-
tive control samples set up for each pH. Subtract this back-
ground absorbance value from all other samples that were
measured at that pH. After background subtraction, find the
average A541 nm of the positive control detergent-treated
samples. Then normalize all experimental data points to this
mean absorbance value, which should represent 100% hemoly-
sis. Finally, multiply each well value by 100% to calculate %
hemolysis that occurred in each individual well relative to the
detergent control. %Hemolysis ¼ 100 � (A541nm sample �
A541nm buffer)/( A541 nm triton � A541nm buffer).

3.2.7 In Vitro

Cross-Presentation Assay

The ability of polymeric nanoparticles to enhance MHC-I antigen
presentation was assessed by an in vitro antigen presentation assay
using DC2.4 cells as the antigen-presenting cell. This assay utilizes
a specialized LacZ B3Z T cell hybridoma that produces
β-galactosidase upon recognition of an immunodominant ovalbu-
min epitope SIINFEKL presented on mouse MHC-I H-2Kb

expressed by DC2.4 cells [3].

1. Plate DC2.4 cells at 5 � 104 cells/well in 100 μL tissue culture
medium in a 96-well, round-bottom plate and incubate at
37 �C in an atmosphere of 5% CO2 for ~24 h or overnight.

2. Aspirate old medium; add 100 μL of DC2.4 culture medium;
mix well, and incubate at 37 �C in an atmosphere of 5% CO2

for 4–24 h as required. Perform assay in triplicates.

3. Remove old medium and wash thrice with DPBS.
Caution: Be careful not to remove loosely attached cells.

4. Plate B3Z cells at a density of 1 � 105 cells/well in 200 μL
tissue culture medium and co-culture at 37 �C in an atmo-
sphere of 5% CO2 for 20–24 h.

5. Centrifuge the plate at 1500 rpm for 10 min; store supernatant
(to assay for cytokines).

6. Add 150 μL lysis buffer (PBS, 100 μM 2-ME, 9 mM MgCl2,
0.1% triton X-100, and 0.15 mM chlorophenol red-β-D-galac-
topyranoside) per well; mix thoroughly.

Lysis buffer (5 mL allows ~30 assays): to 4.9 mL PBS, add
9 μL βME (55 mM) stock, 9.14 mg MgCl2 · 6H2O, 50 μL of
10% Triton X-100, and 8.8 μL of CPRG stock (85.4 mM,
stored at �20 �C).

7. As an orange-red color develops (90 min at 37 �C), centrifuge,
transfer supernatant to new 96-well plate, and read A570 nm

using a plate reader.
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4 Antigen Preparation

The protocol described here is validated for the purification of
recombinant protein antigen rOVA3 (Fig. 6a; ref. [38]) that is
overexpressed as inclusion bodies in E. coli. This protocol can be
utilized to purify other protein antigens which traffic into inclusion
bodies; however, the protocol must be optimized for each protein
to ensure optimal yield and purity.

4.1 Materials Note: Buffers used in the preparation of antigen are filter sterilized
using 0.2 μm filter.

1. E. coli BL21-Gold(DE3) competent cells (Agilent Technolo-
gies) transformed with plasmid encoding rOVA3 [38] protein
antigen.

2. Ni-NTA Agarose resin or cobalt resin (Talon; Sigma Aldrich).

3. MgCl2: Make 1 M stock solution; store at �20 �C.

4. MnCl2: Make 100 mM stock solution; store at �20 �C.

5. DNase stock solution: 10 mg/mL DNase I, 50% v/v glycerol,
150 mM NaCl; store at �20 �C.

6. RNase A, DNase and protease free, 10 mg/mL (Thermo
Scientific).

7. Econo-Column Chromatography Column (BioRad).

8. Lysis Buffer: 50 mM Tris–Cl (pH 7.5) 25% w/v sucrose,
1 mM EDTA.

9. Wash Buffer: 1.0% v/v Triton X-100, 5 mM DTT (see Note
25) in 50 mM Tris–Cl (pH 7.5).

10. Detergent Buffer: 0.2 M NaCl, 1% w/v sodium deoxycholate
monohydrate, 1% Nonidet P 40 (NP-40) substitute, 2 mM
EDTA in 20 mM Tris–Cl (pH 7.5).

11. Solubilization buffer: 20 mM Tris–Cl, 300 mM NaCl, 8 M
urea (pH 8.0).

12. Elution buffer: 20 mM Tris–Cl, 300 mM NaCl, 8 M urea,
250 mM imidazole.

13. Refolding buffer: 20 mM Tris–Cl (pH 8.0), 300 mM NaCl,
2 M (1, 0.5, or 0 M) urea, 5 mM BME, 1% glycerol.

14. Pierce high-capacity endotoxin removal spin column, 0.5 mL.

15. Endotoxin-free PBS.

16. Pierce LAL Chromogenic Endotoxin Quantification kit.

17. Slide-A-Lyzer Dialysis Cassette, 10 K MWCO, 3–12 mL.

18. Amicon Ultra-15 MWCO 10 kDa Centrifugal filter
(Millipore).
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19. Nalgene Oak Ridge High Speed PPCO centrifuge tubes,
50 mL.

20. Branson Ultrasonics sonifier S-250A.

21. Sorvall RC-5B refrigerated centrifuge with SS-34 rotor.

22. NanoDrop One.

23. Disposable syringes, 5 mL.

24. Disposable 28-mm syringe filter, 0.45 μm.

25. Nalgene Rapid-Flow single use sterile filtration unit, 0.2 μm.

4.2 Methods Note:

1. For transformation, thaw 100 μL of competent cells on ice.
Add 50 ng of the DNA to the cells and mix gently as described
in Subheading 2.2.2. Incubate on ice for 30 min. Heat-pulse
the cells in a 42 �C water bath for 20 s, followed by incubation
on ice for 2 min. Add 900 μL of preheated SOCmedium to the

Fig. 6 Schematic rendition of rOVA3. (a) The original cryptic, OT-I, and OT-II epitopes within native ovalbumin
protein were replaced with C4R70–78, B8R70–78, and D1R808–817 epitopes, respectively (Adapted from ref.
[38]). (b) rOVA3 was purified by methods described in Subheading 4, separated by SDS-PAGE, and detected
with InstantBlue Coomassie protein stain
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transformation reaction mixture and subsequently incubate at
37 �C for 45–60 min with shaking at 225–250 rpm. Plate
300 μL of the transformed mixture onto LB agar plate supple-
mented with kanamycin (50 μg/mL) using a sterile spreader.
Incubate the plate overnight at 37 �C. Next, perform a colony
screen (seeNote 11 and Subheading 2.2.3) to ensure that the
colony contains the protein of our interest and expresses it at
high level (see Note 26).

2. Inoculate 10 mL 50 μg/mL kanamycin-supplemented LB with
an isolated, transformed colony. Incubate overnight at 37 �C
with shaking at ~250 rpm.

3. Pour entire amount of the overnight culture as in step 2 into
1 L of LB medium supplemented with 50 μg/mL kanamycin.
Incubate at 37 �C with vigorous shaking at ~250 rpm.

4. After about 3–4 h, when A600 nm reaches 0.5–0.8, induce the
expression of protein by adding IPTG to 0.4 mM; continue
induction for additional 4 h.

5. Harvest cells by centrifugation as in Subheading 2.2.3, step 4.
Note: Typically, two or four separate 1 L cultures are grown,

and the cell pellets obtained from two 1 L cultures are combined.
Although not recommended, if necessary, store the cell pellet at
�80 �C to continue later. It is best to store inclusion bodies.

6. Resuspend the cell pellet (~4–5 g from two 1 L cultures) in
8 mL lysis buffer; add 20 mg lysozyme dissolved in 2 mL lysis
buffer. Incubate for 30 min at 4 �C on a rocker.

7. Add 100 μL of 100 mMMgCl2 stock (10 mM final), 100 μL of
10 mg/mL RNase A stock, and 200 μL of 10 mg/mL DNase
stock to the cell suspension. Incubate for 30 min at 4 �C on a
rocker.

8. Add additional 10 mL lysis buffer and sonicate the cell suspen-
sion using Branson 250 sonifier (analog version) set at the
following parameters: timer: 5 min; duty cycle: 50%; output: 5.

Note: Before sonication, place the cell suspension in an ice
water bath to avoid heat-induced protein denaturation (see Sub-
heading 2.2.3, step 6).

9. Transfer the content to Nalgene 50-mL centrifuge tubes and
centrifuge at 14,000 � g for 20 min at 4 �C in Sorvall RC-5B
refrigerated centrifuge using a SS-34 rotor.

10. Discard the supernatant; wash by adding 30 mL detergent
buffer to the pellet. Resuspend the pellet and centrifuge as in
step 9. A short sonication (1 min, 50% duty cycle) is helpful
during each wash step.

11. Discard the supernatant and add 1 mL of wash solution to the
pellet. Resuspend the pellet, add wash solution to 30 mL.
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12. Repeat steps 9–11 thrice or until the pellet consisting largely
of inclusion bodies is whitish in color.

13. Resuspend the pellet with 30 ml of phosphate buffer contain-
ing 1 M NaCl. Centrifuge as in step 9. Perform a final wash
with phosphate buffer to remove residual salt in the pellet.
And, centrifuge again as in step 9 to pellet purified inclusion
bodies.

Note: This step will remove a lot of residual DNA and RNA
from the pellet.

14. Resuspend the pellet in 10 mL solubilization buffer with the
help of a short sonication (1 min, 50% duty cycle) to solubilize
inclusion body. Centrifuge at 4000 � g for 10 min at 4 �C to
remove undissolved material.

15. Filter the supernatant through 0.45 μm filter into a 15 mL
falcon (polypropylene) tube; add 5 mL Ni-NTA resin
(pre-equilibrated to RT); mix well and incubate at 4 �C for
2 h on a rocker.

Note: Cobalt resin can also be used to purify rOVA3.

16. Pellet the resin at 300 � g for 5 min at 4 �C; carefully remove
the supernatant (see Note 27). Store supernatant at �80 �C
until the purification of the protein and yield are confirmed.

Note: Agarose-based resins collapse with high-speed sedimen-
tation and will form a gel. Hence, it is critical that centrifuga-
tion is performed at low speed.

17. Resuspend the resin in 15 mL solubilization buffer. Centrifuge
the solution as in step 15; discard supernatant. Repeat this
wash step once or twice more.

18. Resuspend the resin in 15 mL solubilization buffer and pour
the slurry into an Econo-Column chromatography column
(1.5 � 5 cm). Wash the column three times with 5–10 mL
solubilization buffer.

19. Elute with 10 mL elution buffer; collect 1 mL fractions;
0.5 mL fractions are recommended. Analyze by SDS-PAGE
and combine the fractions containing pure protein (see Note
28).

20. Remove urea from the protein sample using stepwise dialysis
approach so as to enforce refolding instead of aggregation.
First, dilute the sample (~A280 nm: 1.0–1.2) by twofold using
refolding buffer with no urea to bring down the urea concen-
tration to 4 M. Transfer about 5–8 mL of protein sample into a
dialysis cassette of 10 K MWCO; dialyze against 1 L refolding
buffer containing 2 M urea. After 2 h, transfer the cassette to
1 L refolding buffer containing 1 M urea for dialysis. Perform
these dialysis steps but with refolding buffer containing 0.5 M
and no urea in the dialysis buffer. Once the refolding is
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completed, dialyze the sample in 1 L phosphate buffer and
finally in 500 mL endotoxin-free PBS. Concentrate sample
using AmiconUltra-15MWCO10 kDa centrifugal filter. Filter
the sample through 0.2 μm filter before use.

21. Separate purified protein by SDS-PAGE; analyze by staining
with InstantBlue protein stain as per manufacturer’s protocol.
Figure 6b shows purified rOVA3.

22. Using manufacturer’s protocol, determine the endotoxin levels
in the antigen preparation. If level exceeds the acceptable limit
(see ref. [39]), use endotoxin spin removal column to remove
residual lipopolysaccharide (LPS) from the preparation using
vendor’s protocol.

Note: Endotoxin removal column will signifiantly lower the
level of endotoxin but will not completely free the protein prepa-
ration of it.

23. Store the protein sample at 4 �C; use for immunization within
2 days (see ref. [38]).

5 Notes

1. The gene encodes for a mature StAv comprising amino acid
residues 15–159.

2. CP and SP can be co-expressed or temporally expressed by
placing their respective genes on one vector or on separate
vectors, respectively. When using separate vectors, ensure that
the origin of replication is compatible with each other for
vectors to co-exist stably over generations. The staggered,
temporal expression is mainly employed where cargo requires
additional time to fold into mature form prior to the initiation
of the encapsulation process.

3. StAv is fused at the N-terminus of truncated SP with amino
acids ranging from 142 to 303. Both wt and truncated SP
mediate cargo encapsulation; truncated SP, however, affords
more internal space for the cargo inside the VLP.

4. Codon for Cys is inserted upstream of a previously generated
6xHis-tagged SP-GFP using QuickChange Lightning Site-
Directed Mutagenesis kit, mutagenic pairs and the manufac-
turer’s recommended protocol. The mutagenic primers can be
designed using Agilent’s QuickChange primer design
program.

5. Novagen kit contains all reagents for transformation including
cells, recovery medium, and a control plasmid. SOC from other
vendors works equally well.

6. Recommended working concentration for ampicillin is 50 μg/
mL and for kanamycin 30 μg/mL.
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7. Avoid freeze-thaw of glycerol stocks as this improves the stor-
age life of bacterial stocks.

8. A linker with TEV site, GAAG-ENLYFQS-GAAG, is inserted
between StAv and SP to avoid any steric hindrance biotin may
experience in accessing its binding site in streptavidin.

9. Gently swirl, shake, and tap the tube; avoid mixing cells by
pipetting up and down vigorously as this damages cells through
shear forces generated during pipetting.

10. Add antibiotics to a final concentration of 30 μg/mL for
kanamycin and 50 μg/mL for ampicillin.

11. Inoculate 3 mL of LB medium containing antibiotics for plas-
mid maintenance with individually grown colonies (five colo-
nies). After overnight growth at 37 �C, transfer about 30 μL
inoculum into fresh 3 mL LB cultures. Grow to an A600 nm of
~0.5; remove 1 mL of culture from each tube and induce the
rest of the 2 mL with 2 μL of 0.5 M IPTG for 4 h. To harvest
cells before and after induction, sediment 1 mL culture by
centrifugation at 17,000 � g for 1–2 min. Resuspend cell
sediment in 1 mL PBS buffer. Take 30 μL of it, mix with
6 μL loading dye, and incubate in a 100 �C bath for
5–10 min. Sediment aggregates by 1 min centrifugation at
maximum speed; separate proteins in 10 μL sample by
SDS-PAGE; analyze by staining with InstantBlue protein
stain as per manufacturer’s protocol. Varying intensities of a
recombinant protein band is a reflective of expression level.

12. Care should be taken not to mix the sucrose cushion with
supernatant.

13. GuHCl is incompatible with SDS-PAGE as guanidinium
causes precipitation of SDS; therefore, remove GuHCl from
the samples before analyzing them by gel.

14. Protein concentration mg
mL

� � ¼ A280 nm�molar extinction coefficient
Molecularweight

15. Induction time may require optimization depending on the
yield of the protein. To optimize expression, grow starter
culture overnight and use 30 μL of it to inoculate a 3-mL
culture next day. OnceA280 nm reaches the desired level, induce
for various times, e.g., 2 h, 3 h, 4 h, 6 h, 8 h, and 1 h; compare
the expression levels by SDS-PAGE analysis.

16. StAv � SP copiesð Þ ¼ MW of P22�StAvð Þ� 420�46:7ð Þ
MWof StAv�SP

17. Select a dialysis membrane whose MWCO is one-third the
molecular mass of the macromolecule to be retained.

18. Consult references [15, 27] for detailed information on the
determination of molar extinction coefficient of the cargo of
choice for encapsulation.

19. B4F is used as an efficient readout for ligand binding to strep-
tavidin. Make the working B4F in PBS. Calculate
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concentration using λmax and molar extinction coefficient of
68,000/M/cm.

20. Binding of B4F to streptavidin results in the attenuation of
A493 nm due to a significant alteration in the molar extinction
coefficient of B4F. Therefore, reduced absorbance values are
observed until all sites are titrated, beyond which further addi-
tion of B4F produces a linear response with unrestrained absor-
bance values similar to a negative control. Such behavior of
B4F yields two regression lines with different slopes. The point
of intersection of these two lines represents the binding stoi-
chiometry, thus providing a means to calculate the extent of
ligand binding.

21. Piecewise linear regression model in Igor Pro was used to fit
two discontinuous lines. Consult literature for more
information [27].

22. For alkylation, follow the protocol that is used for biotinylation
in Subheading 2.2.7, step 1.

23. Both MALS and densitometric analysis of SDS-PAGE can be
used to obtain number of copies displayed on the surface. For
densitometric analysis, prepare standards containing CP and
B-linker-GFP and plot a calibration curve between band inten-
sities and corresponding concentrations. To calculate concen-
tration using UV-Vis spectrum, use A495 nm and a molar
extinction coefficient of 55,000/M/cm.

24. Apply 5 μL of standard (B-SP-GFP) and sample (P22-GFPin

and P22-GFPex) on nitrocellulose membrane and air dry for
5–10 min. Block membrane with 5% skim milk prepared in
TBS buffer for 30 min at room temperature. Incubate mem-
brane with polyclonal anti-GFP rabbit antibody (1:10,000
dilution in 5% milk) at room temperature on rocker; after
2 h, wash thrice with TBS, 5 min each time. Incubate mem-
brane with goat anti-rabbit HRP-conjugated secondary anti-
body (1:3000 dilution in 5% milk) at room temperature; after
2 h wash above; and develop with opti-4CN substrate as per
instructions provided in the kit for colorimetric method.

25. Add DTT to buffer immediately before use.

26. For every fresh batch of protein, re-transform the cells, per-
form colony screen, and validate the presence of our protein of
interest using SDS-PAGE. Various truncation products have
been observed if the glycerol stock of this protein construct
is used.

27. Save an aliquot of the supernatant for gel analysis.

28. Analyze the fractions by UV-Vis spectrophotometry. A260/
A280 of 0.6 indicates the purity of protein sample, i.e., the
absence of DNA contamination, which is essential for the
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animal studies. A part of protein sample can be snap-frozen at
this stage, and when required for a booster dose, the protein
sample can be thawed and refolded quickly for administration.

29. The concentration of rOVA3 is measured using A280 nm, MW:
46,409.98 Da, extinction coefficient: 31,775/M/cm.

Acknowledgments

SJ is a Research Career Scientist supported by
IK6 BX004595 from the Department of Veterans Affairs. Sup-
ported by Vanderbilt University Discovery Grants Programs
(JWT, SJ) as well as VA Merit Award (BX001444: SJ); NIH Con-
tracts (AI040079: SJ), and Research (AI042284, HL121139: SJ;
AI121626: JWT), Core (CA068485, DK058404), and Center
(CA068485) grants; NSF research (CBET-1554623: JWT) and
Fellowship DGE-1445197 and DGE-1937963: CSC) grants;
Stand Up To Cancer Innovative Research Grant (SU2C-AACR-
IRG 20-17: JWT)—a program of the Entertainment Industry
Foundation administered by the American Association for Cancer
Research—the scientific partner of SU2C—and Human Frontier
Science Program (HFSP 4124801: TD).

References

1. Black M, Trent A, Tirrell M, Olive C (2010)
Advances in the design and delivery of peptide
subunit vaccines with a focus on toll-like recep-
tor agonists. Expert Rev Vaccines 9:157–173

2. Fischer NO et al (2013) Colocalized delivery
of adjuvant and antigen using nanolipoprotein
particles enhances the immune response to
recombinant antigens. J Am Chem Soc
135:2044–2047

3. Shae D et al (2020) Co-delivery of peptide
neoantigens and stimulator of interferon
genes agonists enhances response to cancer
vaccines. ACS Nano 14:9904–9916

4. Wilson JT et al (2015) Enhancement of
MHC-I antigen presentation via architectural
control of pH-responsive, endosomolytic poly-
mer nanoparticles. AAPS J 17:358–369

5. Bookstaver ML, Tsai SJ, Bromberg JS, Jewell
CM (2018) Improving vaccine and immuno-
therapy design using biomaterials. Trends
Immunol 39:135–150

6. Wilson JT et al (2013) pH-responsive nanopar-
ticle vaccines for dual-delivery of antigens and
immunostimulatory oligonucleotides. ACS
Nano 7:3912–3925

7. Reed SG, Bertholet S, Coler RN, Friede M
(2009) New horizons in adjuvants for vaccine
development. Trends Immunol 30:23–32

8. Stanley M (2017) Tumour virus vaccines: hep-
atitis B virus and human papillomavirus. Philos
Trans R Soc Lond B Biol Sci 372
(1732):20160268

9. Chackerian B (2007) Virus-like particles-flexi-
ble platforms for vaccine development. Expert
Rev Vaccines 6:381–390

10. Brune KD et al (2016) Plug-and-display: dec-
oration of virus-like particles via isopeptide
bonds for modular immunization. Sci Rep
6:19234

11. Sharma J et al (2020) A self-adjuvanted, mod-
ular, antigenic VLP for rapid response to influ-
enza virus variability. ACS Appl Mater
Interfaces 12:18211–18224

12. Bachmann MF, Jennings GT (2010) Vaccine
delivery: a matter of size, geometry, kinetics
and molecular patterns. Nat Rev Immunol
10:787–796

13. Hua ZL, Hou BD (2013) TLR signaling in
B-cell development and activation. Cell Mol
Immunol 10:103–106

Eliciting Antigen-Specific CD8+ T Cell Response with Nanoparticles 397



14. Zabel F, Kundig TM, Bachmann MF (2013)
Virus-induced humoral immunity: on how B
cell responses are initiated. Curr Opin Virol
3:357–362

15. Patterson DP, Rynda-Apple A, Harmsen AL,
Harmsen AG, Douglas T (2013) Biomimetic
antigenic nanoparticles elicit controlled protec-
tive immune response to influenza. ACS Nano
7:3036–3044

16. Schwarz B et al (2016) Viruslike particles
encapsidating respiratory syncytial virus M
and M2 proteins induce robust T cell
responses. ACS Biomater Sci Eng
2:2324–2332

17. Rynda-Apple A, Patterson DP, Douglas T
(2014) Virus-like particles as antigenic nano-
materials for inducing protective immune
responses in the lung. Nanomedicine
9:1857–1868

18. Pumpens P, Grens E (2001) HBV core parti-
cles as a carrier for B cell/T cell epitopes. Inter-
virology 44:98–114

19. Schafer K et al (1999) Immune response to
human papillomavirus 16 L1E7 chimeric
virus-like particles: induction of cytotoxic T
cells and specific tumor protection. Int J Can-
cer 81:881–888

20. Ruedl C et al (2005) Virus-like particles as
carriers for T-cell epitopes: limited inhibition
of T-cell priming by carrier-specific antibodies.
J Virol 79:717–724

21. Joffre OP, Segura E, Savina A, Amigorena S
(2012) Cross-presentation by dendritic cells.
Nat Rev Immunol 12:557–569

22. Gause KT et al (2017) Immunological princi-
ples guiding the rational design of particles for
vaccine delivery. ACS Nano 11:54–68

23. Irvine DJ, Swartz MA, Szeto GL (2013) Engi-
neering synthetic vaccines using cues from nat-
ural immunity. Nat Mater 12:978–990

24. Canton I, Battaglia G (2012) Endocytosis at
the nanoscale. Chem Soc Rev 41:2718–2739

25. Graham DB et al (2010) ITAM signaling in
dendritic cells controls T helper cell priming
by regulating MHC class II recycling. Blood
116:3208–3218

26. Wan Y, Moyle PM, Toth I (2015) Endosome
escape strategies for improving the efficacy of
oligonucleotide delivery systems. Curr Med
Chem 22:3326–3346

27. Sharma J, Uchida M, Miettinen HM, Douglas
T (2017)Modular interior loading and exterior

decoration of a virus-like particle. Nanoscale
9:10420–10430

28. Schwarz B et al (2015) Symmetry controlled,
genetic presentation of bioactive proteins on
the P22 virus-like particle using an external
decoration protein. Acs Nano 9:9134–9147

29. Knight FC et al (2019) Mucosal immunization
with a pH-responsive nanoparticle vaccine
induces protective CD8(+) lung-resident
memory T cells. ACS Nano 13:10939–10960

30. O’Neil A, Reichhardt C, Johnson B, Prevelige
PE, Douglas T (2011) Genetically pro-
grammed in vivo packaging of protein cargo
and its controlled release from bacteriophage
P22. Angew Chem Int Edit 50:7425–7428

31. Padilla-Meier GP et al (2012) Unraveling the
role of the C-terminal helix turn helix of the
coat-binding domain of bacteriophage P22
scaffolding protein. J Biol Chem
287:33766–33780

32. Botstein D, Waddell CH, King J (1973) Mech-
anism of head assembly and DNA encapsula-
tion in Salmonella phage p22. I. Genes,
proteins, structures and DNA maturation. J
Mol Biol 80:669–695

33. McCoy K, Douglas T (2018) In vivo packaging
of protein cargo inside of virus-like particle
P22. Methods Mol Biol 1776:295–302

34. Sharma J, Douglas T (2020) Tuning the cata-
lytic properties of P22 nanoreactors through
compositional control. Nanoscale 12:336–346

35. Waghwani HK et al (2020) Virus-like particles
(VLPs) as a platform for hierarchical compart-
mentalization. Biomacromolecules
21:2060–2072

36. Prevelige PE Jr, Thomas D, King J (1988)
Scaffolding protein regulates the polymeriza-
tion of P22 coat subunits into icosahedral shells
in vitro. J Mol Biol 202:743–757

37. Evans BC et al (2013) Ex vivo red blood cell
hemolysis assay for the evaluation of
pH-responsive endosomolytic agents for cyto-
solic delivery of biomacromolecular drugs. J
Vis Exp e50166. https://doi.org/10.3791/
50166

38. Kumar A et al (2020) Heterotypic immunity
against vaccinia virus in an HLA-B*07:02
transgenic mousepox infection model. Sci Rep
10:13167

39. Brito LA, Singh M (2011) Acceptable levels of
endotoxin in vaccine formulations during pre-
clinical research. J Pharm Sci 100:34–37

398 Jhanvi Sharma et al.

https://doi.org/10.3791/50166
https://doi.org/10.3791/50166


Chapter 20

PilVax: A Novel Platform for the Development of Mucosal
Vaccines

Catherine (Jia-Yun) Tsai, Jacelyn M. S. Loh, and Thomas Proft

Abstract

Peptide vaccines offer an attractive strategy to induce highly specific immune responses while reducing
potential side effects. However, peptides are often poorly immunogenic and unstable on their own,
requiring the need for potentially toxic adjuvants or expensive chemical coupling. The novel peptide
delivery platform PilVax utilizes the rigid pilus structure from Group A Streptococcus (GAS) to stabilize
and amplify the peptide, and present it on the surface of the non-pathogenic food-grade bacterium
Lactococcus lactis. Upon intranasal immunization, PilVax vaccines have proven to induce peptide-specific
systemic and mucosal responses. PilVax provides an alternative method to develop mucosal vaccines that are
inexpensive to produce and easy to administer.

Key words Group A Streptococcus, Pili, Streptococcus pyogenes, Peptide, Lactococcus lactis, Mucosal
vaccine

1 Introduction

Peptide vaccines can be engineered to contain only the minimal
necessary epitopes, therefore offer highly specific immune targets
that avoid potential allergic or autoreactive reactions [1]. However,
peptides on their own are often poorly immunogenic and prone to
proteolytic degradation [2], thus require the addition of adjuvant
or a specialized delivery system [3]. One such delivery system is the
food-grade lactic acid bacterium Lactococcus lactis, which has been
extensively investigated in the past two decades as a delivery vector
for therapeutic molecules including vaccine antigens [4]. Advan-
tages of L. lactis as a vaccine delivery vector include the organism’s
established safety profile and GRAS (generally regarded as safe)
status. As a noninvasive and noncommensal organism, it is less
likely to trigger immunotolerance or side effects associated with
long-term use. However, the choice and mode of antigen
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presentation with this vector play a critical role in the effectiveness
of delivery [5].

PilVax presents a novel peptide delivery platform that utilizes a
Streptococcus pyogenes (Group A Streptococcus, GAS) pilus struc-
ture to carry an antigenic peptide on the surface of L. lactis [6]. It
was shown previously that fully assembled GAS pilus structures can
be expressed on the surface of L. lactis [7, 8]. Assembly can occur
due to the similar anchoring mechanisms both species use for
surface protein display, namely the sortase enzyme that processes
and covalently links surface-associated proteins containing the
LPXTG sorting signal to the cell wall [9].

The FCT-2-type pilus produced by the M1 serotype of GAS is
among the most extensively studied GAS pilus types [10–15]. The
crystal structure of the backbone pilus protein Spy0128 (also
known as T1 antigen) has been solved, revealing an
immunoglobulin-like fold with intramolecular isopeptide bonds,
which provides a rigid protein conformation that is resistant to
proteases [16]. Importantly, the crystal structure also showed sev-
eral flexible and surface accessible loop regions that can be used as
peptide integration sites. A model peptide from ovalbumin has
been successfully inserted into the βE-βF loop, β3-β4 loop, and
β9-β10 loop [6] (Fig. 1). In addition, several peptides from patho-
gens including influenza virus, Mycobacterium tuberculosis, and
Staphylococcus aureus [17] have also been successfully incorporated
in the PilVax platform.

Fig. 1 Protein structure of the backbone pilin Spy0128 with peptide insertion
sites labeled in red. (a) Ribbon diagram structure. (b) Accessible surface
structure
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The mucosal surfaces represent a primary entry route for many
pathogens. Therefore, vaccination via the mucosal routes (oral,
intranasal, vaginal, or rectal) may enable the establishment of spe-
cific mucosal immunity (primarily secretory IgA antibodies) to
prevent infection [18]. Furthermore, mucosal vaccination is
known to induce both mucosal and systemic immune responses
[18]. The mucosal vaccination route also provides ease in adminis-
tration, which lowers technical requirement and improves patient
compliance. The prototype PilVax vaccines have been shown to
elicit peptide-specific mucosal IgA and serum IgG after intranasal
immunization of mice [6]. This chapter will outline the procedures
from cloning PilVax constructs for generating recombinant L. lactis
strains, to transforming and validating pilus-expressing L. lactis.
Here we use L. lactis subsp. cremorisMG1363, the most extensively
studied and commonly used strain. Other standard strains derived
from MG1363 can also be used, such as the rifampicin and
streptomycin-resistant derivative MG1364 [19].

2 Materials

All materials should be prepared under sterile conditions and han-
dled with aseptic techniques. Media and buffers should be made up
with ultrapure water (such as MilliQ) and sterilized by autoclaving
or 0.22 μm membrane filtration.

2.1 Bacterial Culture 1. L. lactis strain MG1363.

2. E. coli strain DH5α.
3. GM17medium (M17 broth supplemented with 0.5% glucose).

4. GM17 agar (GM17 medium with 15 g/L agar).

5. LB medium.

6. LB agar (LB medium with 15 g/L agar).

7. Kanamycin (used at 50 μg/mL for E. coli, 200 μg/mL for
L. lactis).

8. Sterile plastic tubes for bacterial culture.

9. Spectrophotometer for measuring culture density.

2.2 Molecular

Cloning

1. An E. coli–L. lactis shuttle vector for gene expression from a
strong constitutive L. lactis promoter such as P23 [20]. We
used pLZ12km2_P23R [21, 22].

2. Restriction enzymes (BamHI, XhoI, and SalI) with appropriate
buffer provided by the manufacturer.

3. DNA polymerase 1, large (Klenow) fragment with appropriate
buffer provided by the manufacturer.
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4. High fidelity DNA polymerase, such as Phusion™ or iProof™
with appropriate buffer provided by the manufacturer.

5. T4 DNA ligase with appropriate buffer provided by the
manufacturer.

6. dNTP mix (25 mM each).

7. Oligo primers for introducing peptide insertion site into
spy0128 (Table 1).

8. PCR machine.

2.3 L. lactis

Transformation

1. Ice-cold sterile water.

2. 50 mM EDTA, ice-cold.

3. 0.3 M sucrose, ice-cold.

4. Electroporation device.

5. 2 mm quartz cuvettes.

6. 1.6-mL and 15-mL sterile plastic tubes.

7. GM17 medium and GM17 agar plates supplemented with 200
μg/mL kanamycin.

Table 1
List of oligos required for molecular cloning

Name Sequence (50 to 30) Purpose

PilM1.fw GCGGATCCGATATGATGTCACATTGA
GAG

Amplification of the PilM1 pilus operon

PilM1.rev GCGGATCCGTCGTGGGGCAATAAAAA
ATTC

Amplification of the PilM1 pilus operon

PilM1_βE-β
F.fw

GAGAGAGACTCGAGGGTGTTTCTTAT
GATACAAC

Introduction of XhoI site into the βE-βF
loop region

PilM1_βE-β
F.rev

GAGAGAGACTCGAGCTCCTCAGTTAC
TTTG

Introduction of XhoI site into the βE-βF
loop region

PilM1_β3-β
4.fw

GAGAGAGACTCGAGCCTGTTCAAACA
GAGGCTAG

Introduction of XhoI site into the β3-β4
loop region

PilM1_β3-β
4.rev

GAGAGAGACTCGAGAGTTGTCTTCTC
AATCATGAC

Introduction of XhoI site into the β3-β4
loop region

PilM1_β9-β
10.fw

GAGAGAGACTCGAGAAAAATATCGCA
GGTAATTC

Introduction of XhoI site into the β9-β10
loop region

PilM1_β9-β
10.rev

GAGAGAGACTCGAGTTGAGGACTAAC
TTCCACG

Introduction of XhoI site into the β9-β10
loop region

peptide.fw CCCGCTCGAG[peptide sequence] (see
Note 1)

Synthesis of peptide DNA sequence

peptide.rev CCCGGTCGAC[peptide sequence] Synthesis of peptide DNA sequence

Spy0128.fw GGAGCAGCCCTAACTAGTTTT GC Screening for successful transformants

Spy0128.rev GAGCTCCACCAACTGCTACAATTC Screening for successful transformants
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2.4 L. lactis Cell Wall

Extraction

1. Protoplast buffer (40% sucrose, 10 mM MgCl2, 0.1 M KPO4

pH 6.2, 2 mg/mL lysozyme, 400 U mutanolysin, EDTA-free
protease inhibitor cocktail).

2. A rotator that can be placed in a 37 �C incubator; or alterna-
tively, a thermo-mixer.

2.5 L. lactis Flow

Cytometry

1. Blocking buffer (PBS, 3% FBS, 5 mM EDTA).

2. FACS buffer (PBS, 1% FBS, 5 mM EDTA).

3. Rabbit anti-Spy0128 antibodies.

4. Anti-rabbit IgG FITC antibody.

5. 5-mL polystyrene tubes with caps (also known as FACS tubes).

6. 4% paraformaldehyde.

7. Water bath sonicator.

8. Small volume plastic tubes such as PCR tubes.

3 Methods

All procedures should be undertaken according to the containment
regulations applicable to the laboratory. Genetically modified
L. lactis strains should be handled according to biocontainment
regulations and be disposed of according to the biohazard waste
regulations.

3.1 Molecular

Cloning of PilVax

Constructs in E. coli

1. Amplify the complete pilus operon from GAS SF370 (ATCC
700294) genomic DNA by PCR using high-fidelity DNA
polymerase and the primer pair PilM1.fw + PilM1.rev accord-
ing to manufacturer’s instruction, running 25–30 cycles in a
PCR machine. The optimal annealing temperature is 53 �C,
and the PCR product size is approximately 5.2 kbp.

2. Digest the purified PCR products with BamHI and clone into
an E. coli-L. lactis shuttle vector for gene expression in L. lactis,
such as pLZ12Km2_P23R using T4 ligase according to man-
ufacturer’s instructions.

3. If there is an existing XhoI site in the expression vector (such as
the case for the pLZ12Km2_P23R_PilM1 vector resulted from
step 2), it needs to be deleted by digesting the vector with
XhoI, end-blunting with Klenow fragment, then re-ligating the
plasmid with T4 ligase. Detailed protocols are provided from
the manufacturer of the enzymes.

4. Re-introduce an unique XhoI site into the specific loop region
of the spy0128 gene by full circle PCR using primer pairs listed
in Table 1.
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5. Digest the PCR products with XhoI and re-ligate. This creates
pLZ12Km2_P23R_PilM1_βE-βF-XhoI,
pLZ12Km2_P23R_PilM1_β3-β4-XhoI, or
pLZ12Km2_P23R_PilM1_β9-β10-XhoI plasmid.

6. Amplify the peptide-encoding DNA sequence by annealing the
synthetic oligos at 72 �C in the presence of dNTPs and DNA
polymerase for 15 min. A sample sequence provided in Note 1
is the 16-residue fragment of ovalbumin (Ova324–339.
fw + Ova324–339.rev).

7. Digest the double-stranded peptide-encoding DNA sequence
by XhoI and/or SalI, depending on the design of the peptide
sequence according to manufacturer’s instructions (see
Note 1).

8. Clone the peptide-encoding DNA sequence into the
pLZ12Km2_P23R_PilM1 plasmid containing a unique XhoI
site in the loop region of spy0128 using T4 DNA ligase (from
step 5).

9. Perform diagnostic PCR to screen for positive clones that carry
the inserted peptide-encoding DNA sequence in the correct
orientation. The primer pairs peptide.fw + spy0128.rev or
Spy0128.fw + peptide.rev can be used (see Table 1). Use
about half of a bacterial colony as template for the PCR reac-
tion and run for 25 cycles in a PCR machine. It is recom-
mended to sequence the positive clones to detect possible
DNA duplication or other sequence inaccuracies.

3.2 Production

of Electrocompetent

L. lactis

1. Inoculate 1 mL of overnight L. lactis culture in 50 mL of fresh
GM17 medium, and incubate at 28 �C without aeration, until
the OD600nm reaches 0.4–0.6 (this takes ~2.5 h).

2. Spin down the cells by centrifugation at 5,000� g for 15min at
4 �C. Discard supernatant.

3. Wash the pellet with 4 mL of ice-cold sterile water. Spin down
at 5,000 � g for 5 min at 4 �C.

4. Wash the pellet with 2 mL of ice-cold 50 mM EDTA. Spin
down at 5,000 � g for 5 min at 4 �C.

5. Wash the pellet with 2 mL of ice-cold 0.3 M sucrose. Spin
down at 5,000 � g for 5 min at 4 �C.

6. Resuspend the cells in 0.4 mL of ice-cold 0.3 M sucrose and
proceed immediately to electroporation.

3.3 Electroporation

of L. lactis

1. Add 1 μg of plasmid DNA to 40 μL of competent cells, and
incubate on ice for 5 min (see Note 2).

2. Transfer the mixture to a pre-chilled electroporation cuvette.

3. Perform electroporation on an electroporation apparatus by
applying a single pulse of 2.5 kV, resistance at 200 Ω, and
capacitance at 25 μF (see Note 2).
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4. Immediately resuspend the cells in 1 mL GM17 medium and
transfer into a 1.6-mL sterile plastic tube.

5. Incubate at 28 �C without aeration for 2 h.

6. Centrifuge the culture 5,000 � g for 5 min, resuspend the cell
pellet in 100 μL, and plate on GM17 agar plates supplemented
with 200 μg/mL kanamycin.

7. Use diagnostic PCR to screen for positive clones that carry the
pilus gene using the primer pair spy0128.fw + spy0128.rev (see
Table 1).

3.4 Extraction

of L. lactis Cell Wall

Proteins

1. Inoculate a single colony of L. lactis transformant in 15 mL
GM17 medium supplemented with 200 μg/mL kanamycin at
28 �C overnight.

2. Spin down the cells by centrifugation at 5,000� g for 15min at
4 �C.

3. Resuspend the cell pellet in 1 mL protoplast buffer, and place
on a rotator in a 37 �C incubator.

4. Spin down by centrifugation at 13,000 � g for 30 min at 4 �C.

5. Store the supernatant at �20 �C until analysis by Western blot
(seeNote 3). Successful pilus assembly will show as high molec-
ular weight laddering pattern with anti-Spy0128 antibody (see
Note 3). Alternatively, anti-peptide antibodies can be used to
detect the presentation of inserted peptide in the pilus struc-
ture (see Note 3).

3.5 Analysis of Pilus

Expression by Flow

Cytometry

This is an alternative or additional method to confirm pilus expres-
sion on the surface or L. lactis. This allows quantitative analysis of
the expression level of each clone.

1. Grow L. lactis strains in 1 mL GM17 medium (supplemented
with 200 μg/mL kanamycin where appropriate) at 28 �C under
static conditions overnight.

2. Measure the OD600nm of the overnight culture.

3. Harvest the cells by centrifugation at 5,000 � g for 5 min
at RT.

4. Resuspend in blocking buffer at a concentration equivalent to
an OD600nm of 0.4.

5. Disperse the cells in a water bath sonicator for 2 min.

6. Incubate on ice for 30 min.

7. Centrifuge at 5,000 � g for 5 min at RT to remove the block-
ing buffer.

8. Wash the cells once in 500 μL FACS buffer. Centrifuge at
5,000 � g for 5 min at RT to remove the supernatant.

9. Aliquot 200 μL into a small-volume plastic tube (such as a
PCR tube).

PilVax Peptide Delivery Platform 405



10. Centrifuge at 5,000 � g for 5 min at RT. Remove the superna-
tant as much as possible without disturbing the pellet.

11. Add 100 μL of primary antibody (anti-Spy0128 or anti-
peptide, at appropriate dilution in FACS buffer, see Note 4),
incubate on ice for 30 min.

12. Add 100 μL FACS buffer, then centrifuge at 5,000 � g for
5 min at RT.

13. Remove 180 μL of the supernatant and repeat step 11 using
200 μL FACS buffer.

14. Carefully remove 200 μL of the supernatant, then resuspend in
80 μL FACS buffer containing secondary antibody.

15. Incubate on ice for 30 min.

16. Repeat steps 11–13 to wash the cells.

17. Carefully remove 200 μL of the supernatant, then resuspend in
30 μL FACS buffer.

18. Add 50 μL 4% paraformaldehyde to fix the sample. Incubate at
37 �C for 10 min.

19. Add 200 μL FACS buffer. The samples are ready to be analyzed
on a flow cytometer (see Note 5).

4 Notes

1. Double-stranded DNA encompassing the peptide sequence
and restriction site(s) can be synthesized by a commercial sup-
plier. Alternatively, using the method described in Subheading
3.1 step 6 can be more economical, and the peptide-encoding
oligos can also be used for diagnostic PCRs (see Subheading 3.1
step 9). The restriction site XhoI was selected for PilVax clon-
ing as it is not present in the PilM1 pilus operon. The compati-
bility between XhoI and SalI sites allow the addition of
subsequent DNA fragments in the same loop region if
required. It is recommended to synthesize the sense and anti-
sense strand of peptide-encoding DNA sequences with an over-
lapping region of at least 15–20 base pairs (bp), then add the
restriction site sequence (XhoI and/or SalI) at the end of the
oligonucleotides. An example of the 16-residue fragment of
ovalbumin-encoding DNA is as below, where the sequences
shown in bold letters are the restriction sites (CTCGAG, XhoI;
GTCGAC, SalI), and the underlined sequences are the over-
lapping region between the forward and reverse strands.

Ova324–399.fw CCCGCTCGAGTCACAAGCTGTTCAT
GCTGCACATGCAGAAAT

Ova324–399.rev CCCGGTCGAC TCTACCTGCTT
CATTAATTTCTGCATGTGCAGC
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To anneal the oligonucleotides for producing double-
stranded DNA, a more economical DNA polymerase without
proofreading ability, such as Taq DNA polymerase and other
moderately faithful enzymes can be used. These enzymes can
also serve the purpose for diagnostic PCRs (Subheading 3.1
step 9 and Subheading 3.3 step 7).

2. To increase the efficiency of electroporation, all solutions and
container for holding the bacterial cells should be pre-chilled on
ice or cooled to 4 �C, including the centrifuge, rotor, and the
electroporation cuvettes. This can be done by preparing the
solutions beforehand and keeping them in the refrigerator for
at least several hours, and placing the tubes and cuvettes on ice or
in the fridge during the growth time of the L. lactis culture. In
order to achieve a more stable cold temperature, a metal centri-
fuge rotor is preferred over a plastic one. The rotor should be
placed into a fridge or cold room for several hours before use. In
addition, the quality and quantity of the plasmid DNA for elec-
troporation is critical for the success of transformation. As impu-
rities such as proteins or salts may lower electroporation
efficiency, the plasmid DNA should be purified to high standard
and suspended in sterile water. High concentration of salts or air
bubbles may cause arcing and lower the transformation effi-
ciency. Another important point for consideration is the volume
ratio between competent cells and the DNA sample. Ideally, the
volume of the DNA solution should not exceed one tenth of the
volume of the competent cells. Therefore, plasmid DNA sample
at a lower concentration should be concentrated (by methods
such as ethanol precipitation or commercial spin column kits) to
reduce the volume required.

3. Successfully assembled pili appear as a high molecular weight
(HMW) laddering pattern on the SDS-PAGE. This is due to
the covalent linkage between individual pilin monomers and
the varying lengths of each pilus fiber. Therefore, it is recom-
mended to use a SDS-PAGE protein gel of less than 10%, or a
gradient gel suitable for a broader range of protein sample
molecular weight (such as 4–12%). A longer protein transfer-
ring time may also be required for the successful transfer of
HMW proteins for Western blots. The anti-Spy0128 poly-
clonal antibody was raised in rabbit by immunizing the animal
with purified Spy0128 protein [7]. An example of a Western
blot analysis with L. lactis cell wall extracts using a 7.5%
SDS-PAGE protein gel is shown in Fig. 2.

4. If using the antibody for the first time, a dilution series can help
identify the optimal signal: background conditions. Try a sim-
ple series of dilutions (1:50, 1:100, 1:250, and 1:500, for
example) to find the concentration that gives the highest signal
and lowest background. A positive control, such as the M1
serotype GAS, can be used for the titration.
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5. Appropriate control samples for gating on the flow cytometer
should be included in the experiment. For example, for single
cell gating prepare a cell-only sample by resuspending L. lactis
cells in 200 μL FACS buffer at OD600nm ¼ 0.4. For setting the
threshold of the negative cell population, prepare a secondary
antibody-only sample by omitting the primary antibody stain-
ing procedures (i.e., Subheading 3.5 steps 11–13). An exam-
ple of the flow cytometry analysis is shown in Fig. 3.

Fig. 2 The result of a Western blot analysis of the cell wall extracts of L. lactis
expressing PilM1 using anti-Spy0128 antibody. The high molecular weight
bands are indicative of successful pilus assembly
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Fig. 3 The result of flow cytometry analysis of L. lactis expressing modified PilM1 using anti-Spy0128
antibody. Peptide expression depends on the peptide sequence and insertion site. In case of Ova-peptide, the
best expression was achieved when the peptide was introduced into the β3-β4 loop region
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Chapter 21

Bioinformatic Techniques for Vaccine Development: Epitope
Prediction and Structural Vaccinology

Peter McCaffrey

Abstract

Structural vaccinology involves characterizing the interactions between an antigen and antibodies or host
immune receptors. Central to this is the task of epitope prediction, which involves describing the binding
affinity and interactions of a given peptide typically to the major histocompatibility complex in the case of
T-cells or to the antibodies in the case of B-cells. Several computational models exist for this purpose which
we will review here. Generally, epitope predictions for MHC-I and MHC-II are substantially different tasks
as well as epitope prediction for continuous versus discontinuous B-cell epitopes. Overall, these models
suffer from overprediction of epitopes although general themes support both the use of neural networks as
well as the incorporation of more abundant and more varied experimental annotation into model training as
valuable in improving predictive performance.

Key words Structural vaccinology, Epitope prediction, Position-specific scoring matrix, Neural
network

1 Introduction

Structural vaccinology (SV) aims to apply structural modeling to
rationally develop more effective vaccines. This approach involves
characterizing the atomic structure of an antigen or antigen–anti-
body complex relevant to a target disease and manufacturing an
antigen or epitope that provokes a similar immune response [1]. SV
offers to enhance the consistency and clinical impact of vaccine
development by leveraging this structural insight to rationally
improve upon a vaccine candidate by developing more specific or
more immunogenic antigens than could be achieved by more tra-
ditional methods reliant upon isolation of material sampled from an
infectious agent. Unsurprisingly, implementing SV requires solving
non-trivial challenges many of which are experimental, such as the
determination of an antigen’s structure using crystallography, and
many of which are computational, such as determining which
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antigens are most promising or which modifications thereof will
render meaningful enhancements to vaccine performance. Here we
will review a key computational pillar of structural vaccine design in
the form of epitope prediction. Before moving forward, however, it
is worth mentioning that there is a very active domain in the form
of experimental epitope mapping which aims to identify active
structural components such as antigen–antibody binding sites
using experimental techniques. This is comparatively more costly
than computational methods, but it exists as a synergistic aim which
can inform computational epitope prediction.

Advancements in genomic sequencing technology, transcrip-
tomics, and proteomics have made it possible to efficiently generate
data representing an organism’s various coding sequences and has
further enabled determination of which proteins are expressed in a
given tissue or context. Further, advancements in recombinant
DNA technology have made it increasingly possible to design a
vaccine more directly from epitopes including the development of
chimeric antigens which contain multiple epitopes selected to pro-
voke a specific immune response. However, utilizing these various
omics data to achieve such targeted outcomes requires computa-
tional prediction of which proteins and protein epitopes interact
with specific immune targets. Such considerations include the con-
servation of epitopes across the population and lifecycle of infec-
tious organisms, as well as the prevalence of an epitope’s target
within the human population. Additionally, certain immune
responses place additional constraints on valid epitopes and thus
consideration of T-cell and major histocompatibility complex
(MHC) targets versus B-cell targets will also guide epitope predic-
tion [2]. Below, we will separately review epitope prediction with
respect to T-cells and epitope prediction with respect to B-cells as
two core examples of applied epitope prediction.

2 Prediction of T-Cell Epitopes

T-cells recognize linear epitopes that bind to MHCs, and thus, this
interaction between ligands and T-cells is a fruitful aim for predic-
tive models. This interaction is mediated by R group side chains on
epitopes and binding pockets located on the floor of the MHC
binding groove which has facilitated the development of several
epitope mapping algorithms. MHCs exist in two primary cate-
gories: Type I, which mediates interaction with CD-8+ cytotoxic
T-cells, and Type II, which mediates interaction with CD-4+ helper
T-cells. This distinction is important in that MHC-I molecules bind
short peptides typically from 8 to 10 residues in length and whose
N- and C-terminal ends are bound within the peptide binding
groove. Conversely, MHC-II molecules bind longer and more
variable peptides ranging from 9 to around 22 residues in length
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the N- and C-termini of which may extend beyond the peptide
binding groove. As a result, the binding motifs for MHC-II are less
well-defined than those for MHC-I, making MHC-II epitope pre-
diction a more challenging task.

Currently, tools to predict epitope binding to MHC-I are quite
performant with an accuracy exceeding 90% and broad allelic cov-
erage. Among the most prevalent tools is RANKPEP which
employs sequence alignment to assess the probability of an epitope
binding to MHC-I. This approach relies upon the collection of
known MHC-I binding epitopes typically obtained initially by
elution of MHC-I although such sequences can be obtained from
hosted databases such as MHCPEP which lists peptides as well as a
score representing their respective binding affinities to MHC. In
the case of RANKPEP, these collected epitopes were then parti-
tioned by length and aligned to create un-gapped alignments. The
result of doing this is effectively to cluster highly similar peptides,
each representing known MHC binding epitopes. Finally, these
multiple alignments were then used to create profiles consisting of
weighted frequencies of each amino acid observed at each position
of the alignment, resulting in a position-specific scoring matrix
(PSSM) for each group of epitope sequences [3].

The application of PSSMs to epitope prediction involves
matching a PSSM to an equivalent-length epitope candidate (e.g.,
9 amino acids) and aggregating the alignment scores at each posi-
tion. Effectively, this captures how much a given epitope candi-
date’s positional residues match those of known epitopes but also
applies specific penalties where mismatching occurs at a position
highly conserved among known epitopes. As the name implies,
RANKPEP uses these scores to rank a set of candidate epitopes
according to predicted binding affinity. Validation of such an
approach initially relied on testing whether known MHC binding
epitopes were scored highly using these PSSMs although it has
since been widely used and has established its own basis in practice.
RANKPEP can be easily accessed online where it is possible to
select from among several PSSMs specific to various MHC-I or
MHC-II alleles. User input consists of a FASTA file containing
epitope sequences or, alternatively, a pre-computed multiple align-
ment using CLUSTALW, and the results consist of a table wherein
each row corresponds to a single-epitope amino acid sequence, and
all rows are in descending order based upon the score with which
that epitope would bind to the MHC target corresponding to the
selected PSSM.

While such approaches based upon PSSMs are useful, they are
limited to alleles which are sufficiently described in terms of known
epitopes and peptide binding affinity. Given the highly polymorphic
nature of the MHC genomic region, this may fail to identify many
epitopes that are highly relevant to vaccine development. In
response to this, efforts to predict MHC binding with broader
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allelic coverage have given rise to tools such as NetMHCpan which
is made available through a public web server hosted by the Tech-
nical University of Denmark. The development of netMHCpan
utilizes 9-amino-acid MHC class I binding peptides obtained
from the Immune Epitope Database (IEDB) accompanied by addi-
tional peptide–MHC binding data. MHC-I is represented by a
“pseudo-sequence” of amino acid residues within 4.0 Å of the
epitope peptide in any of a representative set of MHC structures.
These sequences are used to train artificial neural networks wherein
an epitope peptide sequence along with an MHC pseudo sequence
are used to predict binding affinity which is then scored against
known experimental data. This approach is able to assign binding
affinity predictions to any MHC-I molecule including those of
non-human origin. Another broad tool for MHC-I epitope predic-
tion is nHLAPred which similarly employs artificial neural networks
but also incorporates quantitative matrices generated by dividing
the probability of an amino acid as a specific position in MHC
binders versus non-binders for each of the 9 amino acid positions
describing an MHC-I epitope [4]. Two specific versions of
nHLAPred exist: ANNPred and Compred although this hybrid
method is implemented by Compred.

The above methods are widely used and readily as publicly
hosted servers but—even in the hybrid case—their reliance on
known epitopes sequences presents a challenge when trying to
predict epitopes for alleles wherein very few such epitopes have
been previously discovered. It is not difficult to envision how one
might end up wanting to identify epitopes with binding affinity to
such lesser-knownMHC alleles and so certain prediction tools have
been developed to perform better in such circumstances. Among
these is the Kernel-based Inter-allele peptide binding prediction
SyStem (KISS) [5]. Intuition for this approach stems from previous
work showing that pooling together MHC binders (i.e., epitopes
known to bind to certain MHC alleles) for different alleles of the
same supertype or even for all alleles improves performance for
epitope prediction by allowing such models to leverage data from
a far larger collection of epitope sequences. The KISS model gen-
erates separate specific predictive models for different MHC alleles
but uses training data from similar alleles to enhance the power of
these models. The method itself utilizes support vector machines to
predict MHC binding affinity and was validated using experimen-
tally described MHC binding epitopes obtained from the SYFPEI
THI database.

Additional methods leverage insight into the biological pro-
cesses surrounding MHC-I binding and antigen presentation. For
example, the Transporter Associated with Antigen Processing
(TAP) is associated with MHC-I restricted antigen processing.
TAP is responsible for translocation of peptides across the mem-
brane of the endoplasmic reticulum, and a portion of the
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transported peptide will bind MHC-I on the cell surface. Various
tools exist to predict TAP binding such as TAPPred, EpiJen, and
WAPP. In the case of TAPPred, this tool is publicly hosted online
and predicts binding affinity of a given epitope to the TAP trans-
porter. EpiJen employs TAP binding affinity prediction alongside
prediction of a proteasome cutoff. EpiJen is a multi-step algorithm
which is applied to a set of overlapping peptides generated from a
contiguous peptide sequence with a series of scoring models acting
as filters for a given sequence’s binding affinity to MHC. Each step
employs quantitative matrices specific to each filtration aspect (e.g.,
proteasome cleavage, TAP binding, MHC binding, T-cell recogni-
tion) [6]. For the prediction of proteasome cleavage in particular,
the algorithm views a protein as overlapping 10-mers and considers
each 10-mer as containing a potential cleavage site by considering
the C-terminus and its adjacent amino acid, scoring these using
quantitative matrices for their probable affinity as proteasome cleav-
age sites. Validation for EpiJen was based initially upon known
epitopes gathered from AntiJen with specific MHC allelic restric-
tion which were then used to describe proteasome cleavage, TAP
and MHC binding, and epitope selection. Using these data, Epi-
Jen’s predictions were then tested on held-out, known epitopes.
Further testing involved prediction of known HIV epitopes and
these results were compared to those from other tools (WAPP,
SMM, and NetCTL). EpiJen recognized 62% of test epitopes,
achieving higher sensitivity than the other tools. However, it
should be noted that NetCTL and WAPP predictions were made
using default parameters and that, for every tool, the positive
predictive value for a selected epitope was low, ranging from
16 to 21% with NetCTL having the highest positive predictive
value.

Much of the previous discussion has centered on MHC-I epi-
tope prediction which, for reasons enumerated previously, is a more
tractable problem for which many tools have been successful.
MHC-II prediction is considerably more difficult since the
MHC-II molecule is open at both ends increasing the conforma-
tional space with which it can bind an epitope. This makes it
challenging to identify epitope binding motifs as the binding core
cannot be as strictly localized. MHC-II epitope prediction has
undergone several successive benchmarks over the past 10 years.
In 2011, such benchmarking examined five MHC-II epitope pre-
diction tools: NetMHCII, NetMCHIIpan, RANKPEP, ProPred,
and EpiTOP using known binders extracted from IEDB. Single
predictor performance generally demonstrated moderate sensitivity
of around 50% and much more limited positive predictive value if
around 10% [7]. Using ensembles across tools, it was demonstrated
that up to 80% of real epitopes could be captured, but this unavoid-
ably came at the cost of specificity, and this tradeoff was consistent
across various model ensembles.
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Later in 2018, a similar benchmark was performed examining
six contemporary set of tools: NN-align, NetMHCIIpan, Comblib,
SMM-align, TEPITOPE, and IEDB consensus [8]. NN-align and
NetMHCIIpan employ neural networks while Comblib,
SMM-align, and TEPITOPE use scoring matrices and, finally,
IEDB consensus which represents a combination of several meth-
ods. Using a set of peptides with known MHC-II binding affinity,
tools were ranked according to Area Under the receiver-operating
Curve (AUC) and Spearman Rank Correlation Coefficient
(SRCC). One limitation of this assessment was that many tools
were not capable of evaluating a broad set of alleles, and thus,
selecting a universal training set required exclusion of several data
sets for which some of the measured tools may have been more
performant. AUC values were observed to be as high as 0.8 which is
generally attributed to an exponential increase in available, anno-
tated epitope sequences, but it was also apparent in this work that
neural network–based models such as NNAlign and NetMCHII-
pan have constitutively higher performance than other methods.

This relative superiority of neural network models makes sense
when one considers that many epitope modeling approaches
embed flawed biological assumptions. Traditional methods exam-
ined the MHC binding pocket closely, assuming that if an epitope’s
side chains were occupying the binding pocket, then that epitope
would be “anchored” and would therefore bind with high affinity.
PSSMs offer a broader view in consideration of an entire epitope
peptide, but they still discount local and non-local interactions
between residues in an epitope. In fact, experimental work examin-
ing the HA306–319 peptide for the HLA-DR1 allele and altering
non-anchor positions has demonstrated that conservation of
“anchor” positions is insufficient to predict binding affinity in the
midst of variation elsewhere in the peptide [9]. Unsurprisingly
then, neural network–based models are more capable in capturing
these complex interactions between amino acid residues as reflected
in the 2018 benchmark and subsequent work testing prediction
among known MHC-II epitopes which again demonstrated that
NetMHCIIpan has superior performance in prediction binding
affinity [10]. While improvements have been made, it is still gener-
ally the case that epitope prediction tools tend to overpredict,
generating many false positives, and it is also true that these tools
typically predict epitope binding as a proxy for immunogenicity
which is a useful abstraction but, importantly, is not equivalent to
functional immunogenicity of a given epitope.

Lastly, while computation is useful, experimental annotation
remains critically valuable to the process of epitope prediction. An
important example of this is the work of Yin et al. who examined
HLA-DM, which is responsible for peptide editing and accelerates
the release of prebound peptide from MHC-II, in the setting of
vaccina virus. In this work, the authors found that the kinetic
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stability of a peptide-MHC-II complex in the presence of DM is a
strong and independent predictor of T-cell epitopes as opposed to
non-recognized peptides [11]. DM stability is not accounted for in
modeling approaches, but its relevance illustrates the continued
need to incorporate experimental annotation into predictive mod-
els. To this end, recent work from 2019 utilized quantitative
pMHC affinity data obtained from IEDB in conjunction with a
data set of in-house eluted MHC-II ligands. Authors then com-
pared models trained using either affinity data or ligand data exclu-
sively as opposed to incorporating both together, observing an
improved AUC and F-rank (with F-rank capturing the percentile
rank of positive epitope predictions with k-mers derived from
source proteins) when both data sets were used together in training
[12]. In general, it remains the case that, as many biological factors
ultimately determine epitope immunogenicity, modeling strategies
benefit from leveraging experimental data sets where possible and
modeling workflows will benefit from filtering positive predictions
through components of biological function such as binding affinity
and antigen processing as this may purify the many overpredicted
epitopes down to a more specific collection.

3 Prediction of B-Cell Epitopes

B-cell epitopes are generally predicted in continuous or discontin-
uous form. Continuous epitope prediction is analogous to what we
have discussed with T-cell epitopes and focuses on amino acid
residues residing in epitope sequences and seeks to account for
properties like hydrophilicity, charge, and secondary structure.
Discontinuous epitope prediction, however, represents a substan-
tially different task and requires knowledge of an antigen’s three-
dimensional structure.

Linear epitope prediction tools such as Bcepred incorporate
physicochemical predictions based upon reference databases of
known B-cell epitopes obtained from Bcipep and negative controls
sampled from SWISSPROT [13]. Bcepred incorporates multiple
physicochemical properties in making its predictions, achieving
accuracies ranging from 53 to 57%. As with MHC epitope predic-
tion, neural network–based approaches such as ABCpred demon-
strate improved accuracy of 66% [14], also utilizing B-cell epitopes
obtained from the Bcipep database. Importantly, the approach of
ABCpred is to use recurrent neural networks which maintain an
awareness of contiguous subsequences of a given peptide. Much as
with MHC epitope prediction, increased sensitivity can be achieved
using B-cell epitope models but at the cost of significant
overprediction.

Discontinuous epitope prediction leverages different tools such
as DiscoTope which analyzes the 3D structure of proteins and
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determines surface accessibility, assigning a score for each amino
acid as a novel epitope. More specifically, this method examines the
carbon backbone of a target protein using a 10 Å sphere and sums
the propensity scores of residues within the sphere [15]. Such
structural methods overcome many limitations of linear sequence
modeling based upon predicting and composing chemical proper-
ties of constituent residues. However, a few caveats exist. One
caveat is that quality structural data describing antigen–antibody
structures is still relatively scarce even though more of such data is
being made increasingly available. A second caveat is that most
antigens have not been studied to the extent that all epitope resi-
dues are fully known, thus making it challenging to correctly deter-
mine the extent to which over prediction may occur. Third, many
proteins exist as part of larger tertiary structures which are not
completely characterized. Similar tools such as BEpro and SEPPA
similarly examine 3D structure. SEPPA, for example, examines all
surface residues of an epitope protein, considering all possible unit
triangles within 15 Å, calculating a propensity index, relative Acces-
sible Surface Area (ASA) and glycosylation ratio, and using these to
assign antigenicity scores to each residue using a logistic regression
model [16]. Each of these servers requires a priori structures to be
provided as PDB files which describe protein macromolecular
structure data derived from X-ray diffraction and NMR studies.

ElliPro is another comprehensive tool for the prediction of
both linear and discontinuous epitopes which does not require
structural inputs and instead accepts linear amino acid sequences.
ElliPro then predicts the 3D structure of the provided sequence
through homology modeling with a user-defined structural tem-
plate [17]. Algorithmically, ElliPro scores residues with a protru-
sion index (PI) value and clusters these residues based upon their PI
values to identify predicted epitopes. One attractive aspect of Elli-
Pro is that it has relatively simple conceptual foundations, namely
that regions which protrude from a globular protein likely partici-
pate more often in antibody interactions.

4 Recent Advancements

Throughout this discussion, we have mentioned that neural net-
work models display predictive superiority in being able to capture
complex interactions between amino acid residues as opposed to
simply scoring and summing across residues. Recent work pub-
lished in 2019 expands upon this theme with two new neural
network models showing significantly improved prediction accu-
racy on known MHC-II epitopes compared to SMN Align and
NetMHCIIpan. In both the cases, the authors examined large
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data sets in excess of 50,000 MHC II-presented peptides. Chen
et al. developed the MHC Analysis with Recurrent Integrated
Architecture (MARIA) which incorporates gene expression data
to capture interactions between peptide abundance and MHC II
presentation [18]. MARIA is a deep recurrent neural network
model trained on naturally occurring MHC ligands which can
readily accommodate variable length sequences. MARIA takes as
input three values: a peptide sequence, HLA-DR allele, and a gene
name and predicts HLA-DR binding as well as peptide cleavage and
uses these values to assign presentation scores for potential
antigens.

Racle et al. employed a different approach relying first on
MoDec, a motif de-convolution algorithm that uses convolutional
filters to detect sequence motifs anywhere within the epitope pep-
tide, learning not only the sequences of these motifs but also their
preferred binding core position offsets [19]. The authors used
MoDec to detect motifs from a set of HLA-II ligands, using these
to train a predictor, MixMHC2pred, that combined allele-specific
motifs and allele-independent N- and C-terminal motifs, peptide
length and offset parameters for peptide binding cores. The accu-
racy of MixMHC2pred was tested in 41 samples from seven inde-
pendent HLA-II peptidomics data sets, demonstrating superior
predictive accuracy compared to NetMHCIIpan. Importantly, this
benchmarking of MixMHC2pred encompassed known viral, bac-
terial, and melanoma-associated proteins for whom immunogenic-
ity was predicted with the 30 highest-scoring epitopes being tested
experimentally for their immunogenicity in two melanoma patients
and one healthy donor. These publications build upon a trend of
neural networks as performant modeling approaches for epitope
prediction. Moreover, they also illustrate the value of training such
models using multiple inputs that describe different aspects of a
candidate epitope sequence.

With regard to B-cell epitopes, discontinuous epitope predic-
tion is so critical because most B-cell epitopes take this form, and
while structural information about potential epitope peptides
increases predictive performance, overprediction remains a chal-
lenge. Much as with T-cell epitope prediction, this stems partly
from a problem of incorrect biological assumptions. In many
cases, such prediction tools assume that any protruding feature of
an epitope peptide is equally immunogenic or at least that its
immunogenicity is a function primarily of its protrusion. Since the
human body, for example, may contain many billions of antibodies,
this is true in a theoretical sense. However, in the real mechanics of
immune response, the presence or relevance of the entire epitope
repertoire is not a valid assumption. Thus, there is specific value in
considering B-cell epitopes in light of a specific antibody or
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category thereof to which epitope binding is relevant. To this end,
there have been approaches which seek to predict the cognate
target of a specific antibody although such approaches are typically
limited by a lack of high-quality structural data describing relevant
antigen-antibody complexes. Jespersen obtained a structural data-
set comprising antigen–antibody complexed from IEDB-3D and
combined these with antigen-antibody structures deposited in the
Protein Data Bank sourced using an antibody-specific HMM fol-
lowed by clustering. Several features were then derived from these
structural complexes and used to calculate epitope patches. Surface
patches were generated using a Monte Carlo approach. Finally, the
authors defined a function for scoring epitope pairs by creating a
data set of real and Monte Carlo–generated epitope-paratope pairs
and assigning values to the Monte Carlo–generated pairs based
upon their overlap with known pairs. Thus, a score of 1 would
mean that a Monte Carlo–generated pair completely overlaps with a
known pair and 0 would mean that no such overlap exists. Finally, a
neural network model was trained to incorporate both epitope and
paratope features, demonstrating that doing so yielded improved
predictive performance when compared to using partial informa-
tion obtained solely from epitopes and not paratopes and this
model was evaluated on an independent test set of eight structures
[20]. As we have seen previously, this work demonstrated the
synergistic value of additional information to model prediction
that encompasses a broader picture of the epitope and the
biological task being modeled.

5 Conclusion

Epitope prediction sits at the core of structural vaccinology, and
many prediction tools exist each aimed at a particular subset of
epitopes. In general, linear epitopes are more easily predicted with
the additional structural constraints of MHC-I resulting in several
tools with useful performance. MHC-II prediction is more chal-
lenging as it must consider a far larger and more complex space of
possible epitopes although recent advancements in deep learning
have shown significant improvements over earlier attempts. Like-
wise, prediction of continuous B-cell epitopes utilizes similar model
designs to MHC prediction although it must accommodate larger
epitope sequences whereas discontinuous prediction represents
much more its own specialized task, utilizing structural data either
directly obtained or predicted from candidate epitope sequences.
Overall, epitope prediction still results in overprediction of candi-
date epitopes and benefits greatly from the addition of experimental
annotation. These annotations can lend considerable value to epi-
tope models which often abstract away such biological details at the
expense of accuracy.
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Chapter 22

Immunoinformatic Approaches for Vaccine Designing
for Pathogens with Unclear Pathogenesis

Naina Arora, Anand K. Keshri, Rimanpreet Kaur, Suraj Singh Rawat,
and Amit Prasad

Abstract

Designing a vaccine against a pathogen has been the toughest challenge to fight against any infectious
diseases. To overcome this problem, use of artificial neural network with immuno-informatics is emerging
as a front runner solution. For a successful designing of a potent vaccine, prediction of T-cell/B-cell
epitopes, antigen processing and presentation analysis, antigenic potential analysis of epitopes, usages of
linkers, population coverage, codon optimization, allergenicity assessment, toxicity prediction of construct,
and finally protein–peptide docking for stability of vaccine are important steps. To achieve this, several
bioinformatics software, tools and online web servers have been developed for each application, which have
their own advantages and limitations. Scientists must evaluate these parameters and should take the decision
to apply more suitable and precise servers for each analysis and prediction based on their accuracy,
suitability, and robustness.

Key words Immunoinformatics, B-cell epitope, T-cell epitope, In silico cloning, Genome, Pathogens

1 Introduction

The rapidly developing world has altered the microbiota and expo-
sure of human beings to range/spectrum of pathogens. The recent
pandemics including SARS, Zika, Covid-19, etc. had highlighted
our limited understanding and unpreparedness to deal with micro-
scopic organisms that shook the entire world [1]. It is incredibly
difficult to predict the kind of microorganisms that can be infective
to humans with the evolving climate conditions or to predict future
pathogenic strains and outbreaks; and with this comes the limita-
tion of understanding of their impact on human health. Besides
that, immune system is an intricate network of fine-tuned cellular
signaling that confers protection against any insult to the host
[2]. It takes years of research to understand the immunopathogen-
esis of a disease to develop effective clinical management strategies.
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Hence, understanding the host–pathogen interactions and produc-
ing a vaccine in response are a huge challenge to global health.
Reverse vaccinology was first described and pioneered by Rino
Rappuoli for vaccine against serogroup B meningococcus using
whole genome [3]. Over the decades, we have seen advances in
genome sequencing technologies and bioinformatics, and this has
nonetheless opened wide avenues for vaccine designs, especially in
scenarios where our understanding of host–pathogen interac-
tions and immunopathogenesis is very scarce [4, 5]. Progress in
bioinformatics has revolutionized our approach to address scientific
hypothesis; it integrates and unifies information from various
sources to address the question at hand (Fig. 1).

The wide array of prediction tools build on using informatics
algorithms and mathematical models integrate with the existing
cellular information to provide platform for data prediction
[6, 7]. Immunoinformatics has a wide application base ranging
from target prediction, drug repurposing or side effect prediction
of drugs, vaccine designing, etc.

The immunoinformatic approach to vaccine design has proven
to be an indispensable tool to understand complex pathogens and
propose suitable future therapeutics [8, 9]. Where the traditional
vaccine approach takes years (~15–20 years) time, in silico approach
reduces the time period to 6–7 years (including clinical trial). Not

Fig. 1 Immunoinformatics hub: It integrates information from different subjects (experimental, mathematical,
biological) to build layers and architecture for in silico studies to derive at best possible hits
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only it reduces the pace of vaccine candidate search but also helps to
derive a lot of information about the pathogen like antigenic
regions, the essential genes, etc. only with the help of genome
sequence and identifies hot spots for immune exploration
[10, 11]. Immunoinformatics is a multi-step process, building a
robust and reliable pipeline as fishing target in vitro.

Thus, in silico analysis helps us to build a preliminary knowl-
edge base about a pathogen or disease, reducing time and effort of
in vitro/in vivo translation. But, a major limitation to in silico
analysis is choosing the approach; with a wide array of resources
and strategies available it is imperative to design a robust pipeline
and take fine nuances into consideration [12]. In the absence of
which in silico identified vaccine candidate will fail for sure during
translational studies. In this chapter, we put forward a systematic
pipeline for vaccine design, list useful resources, and talk about
various challenges and considerations for immunoinformatic
approach to vaccine design.

1.1 Pipeline

Architecture/

Framework

Immune signaling is repertoire of complex interactions; when
translating live systems into in silico, it is important to encompass
all the layers of cellular signaling [13, 14]. Building up a strong
pipeline requires sound understanding of the immune layers and an
effective strategy to bypass or filter data through these layers to get
the best hits (Fig. 2). A well-defined pipeline is the first step to it. A
good pipeline should be robust, reliable, and knowledge based. The
tools employed in the pipeline are command line based or offer a
workbench interface. The file formats are especially important, for

Fig. 2 Pipeline architecture: To build a reliable robust pipeline, it should be dynamic to address all the
questions of hypothesis at hand, encompassing the biological information into a mathematical model and
harnessing that information from a dataset
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sequence processing, FASTA file formats are widely used and the
software and tools are very stringent to file formats to process the
data. Also, a pipeline should be able to integrate different file
formats.

Immunoinformatics approach for vaccine design is based on
virtual screening, which is defined as searching an in silico library to
identify a molecule of interest which makes it faster and speeds up
the process compared to traditional approach; it allows you to
screen large number of molecules in a day (Fig. 3). The pipeline
make-up acts as a sieve, filtering and narrowing down the number
of molecules at each step, while assaying the biological properties in
silico. It filters out ~98% of unlikely molecules and leaves out
limited choices of hits to be tested in vitro. Thus, reducing the
cost and resources and saving time for the entire process. However,
it has been seen that majority of identified compounds with virtual
screening are false positives, and it happens due to imperfection in
methodology or algorithm of screen program, making the entire
process ineffective. Hence, it is essential to have an eye for detail,
carefully defining the steps, cross checking the output at every step
by employing more than one tool for same process. The online
prediction tools are based on machine learning (ML) algorithms
like support vector machine (SVM), random forest, or artificial
neural network (ANN). The algorithm differs in the factors like
number of dimension in featured space, training sets, correlated
features, etc. The application of these machine learning algorithms

Fig. 3 In silico design of a multi-epitope vaccine candidate: Vaccine candidate
fished from proteome of an organism. It evaluates the antigenicity and
population coverage following a robust assessment at each structural step to
have confidence in hits. As a best practice, using more than one software as
prediction tool for any property helps user understand and chose hits better
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affect the output data, one might validate a process more effectively
than other or achieve better result depending upon the data at
hand.

1.2 Challenges

in Immunoinformatics

In the present day world, though we are growing in terms of system
biology and digital age data, the challenge lies with the credibility
or reliability of the curated databases or prediction tools. There are
a large number of databases that have been generated or build, but
they lack a system to authenticate these data. Another limitation
arises with the update of genomic data, we know that microorgan-
isms acquire mutations under selection pressure to survive and
these mutations are not frequently recorded or updated in the
genomic information. There is also limitations associated with the
agility to use and understand the informatics. When studying large
data sets, use of command line interface, UNIX, or programming
languages ease the handling of information, but most of the biol-
ogists are not well trained or versed with the use of programming
languages and hence is a major limitation.

1.3 Immuno-

informatic Potential

The in silico vaccine design approach at present is adopted for single
organism at a time. But with the understanding in ML and AI, it is
possible to study genome sequences of more than one organism.
Taking the pathogenic groups into consideration, be it bacterial,
viral, or parasitic, each group shares conserved feature for growth
and development. Exploiting such conserved features with the help
of artificial neural network (ANN) or QSAR approach gives tre-
mendous scope for not only creating a multi-epitope vaccine for a
pathogen but a group of similar pathogens. This strategy if trans-
lated in vitro/in vivo, it will accelerate the vaccine research at much
faster rate with high success rate and prove to be resource effi-
cient (Fig. 4).

2 Materials

A well-designed and curated pipeline, high-end computing power,
softwares for docking studies, and molecular simulation.

3 Methods

1. Databases: Curate the genomic or proteomic data of the
organism under study (IMGT®, the international ImMunoGe-
neTics information system®, NCBI, wormbase.org, Virus
pathogen resource, etc.) or unravel the whole genome of the
organism under study.

2. Secretory vaccine: Vaccine is a protein molecule overexpressed
in animal system and purified, if it is a secreted antigenic
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vaccine, it should be parsed through prediction tools to see if it
carries the signal peptide or membrane binding peptide (predi-
cation tools: SignalP, SecretomeP, TMHMM, Phobius, etc.)

3. Epitope Prediction: Immunogenicity of the antigen evokes
the cell-mediated immunity and determine the foreignness of
antigen to host. For activation of immune system for vaccina-
tion activation of cell-mediated immunity is necessary. To gen-
erate a more robust humoral response and immunological
memory T-cell activation is necessary. Multi-epitope vaccine
candidate should be multi-specific (i.e., has the ability to attach
to suitable MHC molecule, engages in cellular antigen presen-
tation, etc.) simultaneously activates various processes [15].

B-cell epitope prediction can be done for linear B-cell
epitope or antibody-specific B-cell epitope. Linear B-cell epi-
tope prediction can be done using different servers (BepiPred
2.0, ABCpreds, BCpreds, or SVMTrip), and recurrent hits are
selected for vaccine prediction. Following this epitope predic-
tion for T-cell is to done, this can be done in one step using
EpiJen or separately for cytotoxic T lymphocytes (CTL) with
NetCTL 1.2 and/or CTLPred and helper T lymphocytes with
PREDIVAC and/or NETMHCII 2.2. The overlapping epi-
tope from B-cell and T-cell epitopes are selected and in case of
non overlap, unique sequences are taken forward.

4. Population coverage: A vaccine candidate should confer pro-
tection to all the ethnicities, and HLA phenotypes are

Fig. 4 Classical vs Modern vaccine design: a side-by side comparison of traditional vaccine design to modern
appraoch combining in-silico appraoch for vaccine design
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expressed at varying densities [16]. Hence a good vaccine
should have a wide HLA coverage. The vaccine candidates
with desired epitope are screened for their HLA coverage
with HLAsupE or IDEB population coverage.

5. Cytokine prediction: Cytokine signature suggest the type of
immune response generated Th1 or Th2. Vaccine candidates
are mapped for their cytokine signature employing CytoPred,
IFNepitope, IgPred, Il10Pred, Il4 pred, or IL4IFNG.

6. Generation of multi-epitope and use of linkers: Once the
epitopes have been shortlisted, the next step is generating the
multiepitope vaccine. The B-cell and T-cell epitopes are
connected using linkers or adapters like AAY or GPGPG. This
helps in improving the stability of the vaccine. It is then com-
plexed with the adjuvants like P9WHE3 or GST28 to improve
vaccine performance.

7. Primary vaccine design:
Physiochemical properties: To achieve a robust vaccine

candidate in vitro, in silico vaccine candidate is evaluated for its
safety (allergenicity, as besides being B- or T-cell epitope bind-
ing, it can be allergic to humans), hydrophobicity: for delivery
of vaccine candidate to host system, it should carry a net
positive charge and hence cationic in nature. Its instability
index tells about the stability in test tube. Thus, these proper-
ties help evaluate basic features of vaccine. A detailed list of
different servers useful for T-cell, B-cell epitope prediction and
antigenicity determination is given in Table 1. Physicochemical
properties can be assayed with ProtPram server or combination
of following:

Allergenicity: AlgPred, Allermatch, AllergenOnline, AllergenPro.

Antigenicity: VaxiJen, ANTIGENpro.

Toxicity: ToxinPred.

Autoimmunity: PeptideMatch.

Hemotoxicity: HemoPI, Hemolytik.

Immunogenicity: IEDB classI immunogenicity.

Protein Half-life: PlifePred, SprotP, ProtlifePred.

Protein solubility: SOLpro. PROSOII.

In silico vaccine cloning: To optimize the codon usage, in
silico cloning is done in expression vector at java codon adap-
tation tool. This gives CAI score which should be between 0.8
and 1 and GC content (30–70%). This is important for DNA
stability and high expression of protein.

8. Secondary vaccine design: The secondary structure predic-
tion is done using PSIPRED, based on PSI-BLAST and
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Table 1
List of some important multi-epitope vaccine prediction tools and application with their web address

Database
name Applications URL Link

T-cell epitope prediction

NetMHC Prediction of peptide–MHC class I binding http://www.cbs.dtu.dk/services/
NetMHC

NetMHCII Predict HLA-DR, HLA-DQ, HLA-DP binding
peptide

http://www.cbs.dtu.dk/services/
NetMHCII/

MAPPP MHC Class-1 antigenic Peptide prediction server www.mpiib-berlin.mpg.de/
MAPPP/cleavage.html

MHCPred Quantitative prediction of peptide–MHC binding http://www.ddg-pharmfac.net/
mhcpred/MHCPred/

BIMAS Prediction of HLA/peptide half-time of
disassociation

http://www.thr.cit.nih.gov/
molbio/hla_bind

Propred Prediction of CTL epitopes http://www.imtech.res.in/
raghava/propred1/

EpiToolKit Prediction of MHC classes I/II ligands http://www.epitoolkit.org

MMBPred Prediction of atypical MHC class I binders as well
as mutations that allow high-affinity binding

http://www.imtech.res.in/
raghava/mmbpred/

SYFPEITHI A database for MHC anchor motifs and binding
specificity

http://www.syfpeithi.de

HLA-
DR4Pred

Identification of HLA-DRB1*0401(MHC class II
alleles) binding peptides

http://webs.iiitd.edu.in/raghava/
hladr4pred/

TEPITOPE Prediction of atypical class II epitopes httpsi/www.vaccinome.com

NetCTL Predict of CTL/HLA super type epitopes http://www.cbs.dtu.dk/services/
NetCTL

IEDB-MHCI MHC-I binding predictions http://tools.immuneepitope.org/
mhci/

IFNepitope Designing of IFN-γ inducing MHC class-II
binders

http://webs.iiitd.edu.in/raghava/
ifnepitope/

IEDB-MHCII MHC-II binding predictions http://tools.immuneepitope.org/
mhcii/

nHLApred Predict peptide binding to MHC class-I
based on neural network

http://www.imtech.res.in/
raghava/nhlapred/

EpiVax Prediction of classes I/II conserved and
promiscuous epitopes

http://www.epivax.com

Epilen v 1.0 Use multi-step algorithm to predict of T-cell
epitopes

http://www.ddg-harmfac.net/
epijen/EpiJen/Epiien.htm

B-cell epitope prediction

ABCpred B-cell epitope prediction using ANN http://www.imtech.res.in/
raghava/abcpred/

(continued)
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Table 1
(continued)

Database
name Applications URL Link

LBtope Predict linear B-cell epitopes http://www.imtech.res.in/
raghava/lbtope/

AlgPred Prediction of allergenic proteins and mapping of
IgE epitopes

www.imtech.res.in/raghava/
algpred/

EPITOPIA Detect immunogenic residues in a 3D structure http://epitopia.tau.ac.il/

PEASE Prdict epitopes using antibody sequence http://www.ofranlab.org/PEASE

PEPITOPE Structure based B-cell epitope prediction http://pepitope.tau.ac.il/

CBTOPE Identification of conformational B-cell epitopes in
an antigen from its primary sequence

http://webs.iiitd.edu.in/raghava/
cbtope/

ElliPro Predicts linear and discontinuous antibody
epitopes

http://tools.iedb.org/ellipro/

BepiPred Predict sequential B-cell epitope http://www.cbs.dtu.dk/services/
BepiPred/

JenPep Provide quantitative data on B- and T-cell
epitopes, peptide MHC-TR complex, etc.

http://www.jenner.ac.uk/JenPep

IgPred In silico–based models to predict B-cell epitopes http://webs.iiitd.edu.in/raghava/
igpred/

EPIPRED Predicts structural epitopes for specific antibody http://opig.stats.ox.ac.uk/
webapps/sabdab-sabpred/
EpiPred.php

Others databases and predictors

NetChop Prediction of immunoproteasome/proteasome
cleavage

http://www.cbs.dtu.dk/services/
NetChop

Pcleavage Prediction of immunoproteasome/proteasome
cleavage

http://www.imtech.res.in/
raghava/pcleavage/

TAPPred Predict binding affinity of peptide to TAP protein http://www.imtech.res.in/
raghava/tappred/

CTLpred Prediction of CTL epitopes using artificial neural
network and support vector machines

http://www.imtech.res.in/
raghava/ctlpred

TAPreg Prediction of binding affinity of peptides to TAP* http://imed.med.ucm.es/Tools/
tapreg/

FRED Prediction of TAP binding epitopes http://abi.inf.unituebingen.de/
Services/WAPP/in formation

AntigenDB An immunoinformatics database of pathogen
antigens

http://webs.iiitd.edu.in/raghava/
antigendb/

IMGT A high-quality integrated resource of IG, TR,
MHC, and related proteins

http://www.imgt.org

IEDB http://www.immuneepitope.org

(continued)
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predicts the folds, alpha-helices, beta-sheets, coils, transmem-
brane topology, etc. This helps to understand stearic hin-
drances in the structure and can be cross validated using
Porter or JPred4.

9. Tertiary vaccine design: For docking studies, tertiary struc-
ture is required, and the number of tools can be used to
generate tertiary structure. These tools generate a number of
configuration, and each has its own criteria to describe most
stable structure like global score or P-value (I-Tasser, Raptor,
Orion, Robetta, etc.); the obtained structure is further refined:
(i) Galaxy refine server and (ii) 3D refine server to get low
potential energy scoring models which means better stability.
Ramachandran plots are generated for the tertiary structures.

10. Molecular docking and simulation: Immune response is
generated at the innate level, and this shapes the adaptive
immune response. Innate immune cells carry pattern recogni-
tion receptors; Toll-like receptor (TLR), c-type lectin receptors
(CLR), Nod-like receptor (NLR), and Rig-like receptor
(RLR). Except NLR, all are involved in microbial/pathogen-
derived product recognition (genomic DNA, sugars, LPS,
zymosan, etc.) Thus, depending on the organism putative
PRR is picked up [17–19]. PRRDB is a curated database for
pattern recognition receptor and their ligands [20]. The vac-
cine candidate and PRR are docked in silico; clusPro, CABS-
dock, PatchDock. A list of computational molecular docking
software and their URLs are given in Table 2. The docking
software work on mathematical models like Monte Carlo

Table 1
(continued)

Database
name Applications URL Link

A database with more than 88,382 peptidic
epitopes

PDB MFIC/peptide/TCR combinations https://www.rcsb.org/pdb/

Allele
frequencies

HLA frequencies in worldwide population and
polymorphism frequencies in immunologically

http://www.allelefrequencies.net

IMGT/HLA A database of 5518 HLA class I and 1612 HLA
class II alleles

https://www.ebi.ac.uk/ipd/
imgt/hla/

Antigenicity prediction

VaxiJen Prediction of protective antigens and subunit
vaccines

http://www.ddgpharmfac.net/
vaxijen/VaxiJen/VaxiJen.htm

ANTIGENpro Prediction of protein antigenicity http://scratch.proteomics.ics.uci.
edu
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simulation or Fast Fourier transformation (FTT) and generate
a scoring matrix of ligand receptor binding. The scoring matri-
ces can be functional, empirical, knowledge based, or consen-
sus. The application of scoring function is to identify ligand
receptor binding hot spots, the correct scoring function can
lead to the best vaccine candidate, and lead optimization to
improve tightness of binding between receptor and ligand
and can save synthesis cost. The ideal complex is simulated in

Table 2
Web server for computational molecular docking

Server Input URL

Global docking

CABS-dock Protein receptor structure in the PDB format or
protein PDB code, and a peptide sequence

http://biocomp.chem.uw.edu.
pl/CABSdock

PIPER-
FlexPepDock

The structure of the receptor and the sequence of the
peptide

http://piperfpd.furmanlab.cs.
huji.ac.il

ClusPro Two PDB coordinate files, one denoted as the
receptor and the other as the ligand. The files may
upload from computer or may input the PDB code
with or without PDB chain identifiers

https://peptidock.cluspro.org/

pepATTRACT The structure of the protein receptor in PDB format;
the sequence of the peptide in FASTA format

http://bioserv.rpbs.univ-
parisdiderot.fr/services/
pepATTRACT/

MDockPeP A peptide sequence and a protein structure http://zougrouptoolkit.
missouri.edu/mdockpep/

ZDOCK The structures of a protein and ligand of interest as
PDB IDs or PDB files

http://zdock.umassmed.edu

HPEPDOCK Accepts not only structures but also sequences as
input for the protein and can automatically
integrate the available peptide binding
information from the protein data Bank (PDB),
and sequences or structures for the peptide

http://huanglab.phys.hust.edu.
cn/hpepdock/

PatchDock Protein PDB codes or uploaded protein structures http://bioinfo3d.cs.tau.ac.il/
PatchDock/

Local docking

Rosetta
FlexPepDock

A PDB file of the estimated complex between the
receptor (first chain) and the peptide (second
chain)

http://flexpepdock.furmanlab.
cs.huji.ac.il/

PEP-FOLD3 Protein structure in PDB format, and the peptide
sequence in FASTA format

http://bioserv.rpbs.univ-paris-
diderot.fr/services/
PEPFOLD3/

DINC 2.0 The structures of a protein and ligand of interest as
PDB files

http://dinc.kavrakilab.org/
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silico using Schrodinger’s Desmond module, the stability of
structure is assayed, and additional hydrogens are added to
structure. Protein interactions are evaluated, and stable poses
are studied for trajectories with Schrodinger’s biologics
module.

4 Notes

1. Vaccine candidate should be able to activate appropriate
immune response and generate immunological memory [2].

2. It should cover a wide range of HLDA [2].

3. The understanding of the prediction tool algorithm (SVM,
RM, or NN) is important to consider as it affects the output
significantly [6, 7].

4. The purpose of in silico vaccine design is proven
immunogenicity [8].

5. Every in silico step should be designed considering the actual
biological events [8].

6. The prediction tools have cut-off and some default parameters;
a careful choice of values have an impact on the outcome [12].
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Chapter 23

In Silico Identification of the B-Cell and T-Cell Epitopes of
the Antigenic Proteins of Staphylococcus aureus for
Potential Vaccines

Sunil Thomas and Irini Doytchinova

Abstract

Staphylococcus aureus is a leading cause of community-acquired, healthcare-associated, and hospital-
acquired infections. S. aureus bacteremia is a common and serious infection with significant morbidity
and mortality in older patients. The rise of antibiotic-resistant strains of S. aureus has resulted in substantial
loss and effective treatment in hospitalized patients. Thus, there is a need in the development of a vaccine
that would provide protection against S. aureus. The antigens of our interest include proteins that are
essential for bacterial attachment and colonization (ClfA and ClfB), dermonecrosis-driven toxin (Hla),
antigens that are essential for abscess formation (EsxA and EsxB), and antigens that are essential for nutrient
acquisition and resistance to phagocytes killing induced by reactive oxygen species (FhuD2 and MntC).
Development of a structure-based vaccine based on the antigenic protein epitopes is a novel strategy to
provide protection against S. aureus. Using bioinformatic tools, we have determined the B-cell and T-cell
epitopes of the antigenic proteins of S. aureus. This chapter reports identification of B-cell and T-cell
epitopes of the antigenic protein that could be used in the development of effective structure-based vaccines
to protect against S. aureus.

Key words Staphylococcus aureus, Bioinformatics, B-cell epitope, T-cell epitope

1 Introduction

Staphylococcus aureus is a Gram-positive, aerobic bacterium that is
an important cause of infections in humans. Approximately 30% of
the healthy human population are carriers of S. aureus. S. aureus can
be found in the skin, rectum, vagina, gastrointestinal tract, and
axilla, the anterior nares appearing as the main reservoir
[1]. S. aureus is a major human pathogen that causes a wide range
of clinical infections. It is a leading cause of bacteremia and infective
endocarditis and sepsis as well as osteoarticular, skin and soft tissue,
pleuropulmonary, and device-related infections [2].
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Humans are daily exposed to the bacteria, but only some
people are carriers over longer periods of time. With respect to
S. aureus carriage, individuals can be categorized into three groups:
persistent carriers, about 20% of the population; transient recurrent
carriers, about 30% of population, and non-carriers in whom
S. aureus is not detected over prolonged periods, comprising the
remaining 50% of the population [3]. Any person is prone to
S. aureus infection; people with chronic conditions such as diabetes,
cancer, vascular disease, eczema, lung disease, and drug users are at
greater risk of infection [4].

S. aureus has an incidence rate ranging from 20 to 50 cases/
100,000 population per year. The morbidity and mortality rates of
the pathogen vary from 15 to 60% [5]. Multiple factors influence
outcomes for patients infected with S. aureus. The predictors of
mortality include age, with older patients being twice as likely to
die [6].

S. aureus is a leading cause of community-acquired, healthcare-
associated, and hospital-acquired infections and has a broad spec-
trum of clinical syndromes, ranging from rather benign infections
(e.g., folliculitis) to potentially life-threatening infections (e.g.,
bloodstream infection) [2, 6]. Common healthcare-associated
infections caused by S. aureus include surgical site infections,
hospital-acquired bloodstream infections, and pneumonia
[2]. These are important causes of morbidity, mortality, and
increased healthcare expenditure [7].

Over the years, S. aureus has acquired resistance to most of the
antibiotics used in its treatment. The rise of methicillin-resistance in
S. aureus strains (MRSA), as well as the emergence of vancomycin-
resistant strains (VRSA), increases the complexity and cost of treat-
ment of these infections. It is estimated that annually, ten billion
dollars are spent on treating hospital-associated infections
[8]. While S. aureus can cause disease in immunocompetent, previ-
ously healthy individuals, certain patients are at particularly
increased risk. Currently, there are no effective vaccines for
S. aureus; hence, there is an urgent need to develop effective
vaccines against this debilitating disease.

1.1 Antigenic

Proteins of S. aureus

The eight S. aureus antigenic proteins we have selected are: MntC,
FhuD2, EsxA, EsxB, Csa1a, ClfA, ClfB, and Hla.

MntC is a surface protein that is an ABC (ATP-binding cas-
sette) transporter system component. It is conserved in S. aureus,
including MRSA and VRSA strains. MntC binds to manganese in a
reversible way, by performing small changes proximal to the bind-
ing sites, composed of His, Asp, and Glu residues. MntC is
reported to be immunogenic and protective against S. aureus [9].

S. aureus produce five different leukocidins: leukocidin ED
(LukED), Panton–Valentine leukocidin (PVL), leukocidin AB
(LukAB), and γ-hemolysins AB and CB (HlgAB and HlgCB).
The S. aureus pore-forming toxin PVL is most likely causative for
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life-threatening necrotizing infections, which are characterized by
massive tissue inflammation and necrosis. In 1932, Panton and
Valentine described PVL as a virulence factor belonging to the
family of synergohymenotropic toxins. These toxins form pores in
the membrane of host defense cells by synergistic action of two
secretory proteins, designated LukS-PV and LukF-PV, which are
encoded by two co-transcribed genes of a prophage integrated in
the S. aureus chromosome. PVL is mostly associated with
community-acquired MRSA infections and distinguishable from
nosocomial MRSA by non-multidrug resistance and carriage of
the type IV staphylococcal chromosome cassette element
[10]. S. aureus targets and kills DCs primarily via the activity of
leukocidin LukAB [11].

FhuD2 is a large family of putative iron-binding proteins in
Gram-positive bacteria. S. aureus possesses an ABC transporter
(FhuCBG, FhuD1, FhuD2) for the import of iron(III)-
hydroxamates. FhuD2 binds a variety of iron(III)-hydroxamates
with differing affinities, possessing significantly higher affinity for
iron(III)-ferrichrome and iron(III)-desferrioxamine [12].

Esat-6 secretion system (Ess), a specialized type VII secretion
system of S. aureus, is required for staphylococcal virulence and
persistence. Proteins secreted by the Ess, including EsxA and EsxB,
are crucial virulence factors and putative vaccine candidates.
Mutants that failed to secrete EsxA and EsxB displayed defects in
the pathogenesis of S. aureus murine abscesses, suggesting that this
specialized secretion system may be a general strategy of human
bacterial pathogenesis [13].

Csa1A (conserved staphylococcal antigen 1a) is a lipoprotein
that belongs to a family of 10–20 conserved staphylococcal anti-
gens (Csa) classified as DUF576 [14].

S. aureus attachment to the anterior nares during colonization
is facilitated by the CWA protein clumping factor B (ClfB) through
high-affinity interactions with the cornified envelope. Through this
interaction, ClfB has been shown to promote nasal colonization.
ClfB is expressed in the early exponential phase of growth and is
absent from cells in the late and stationary phase [15]. ClfA pro-
motes bacterial adhesion to the blood plasma protein
fibrinogen [16].

Alpha-toxin (Hla) is a pore-forming toxin, encoded by the hla
gene that plays a key role in S. aureus pathogenesis. Hla forms
heptameric pores in host cell membranes, leading to lysis of the
cell. Even at sublytic levels, Hla has been shown to affect innate
immune effector cells, stimulate a hyperinflammatory response
characteristic of bacterial pneumonia, and disrupt epithelial and
endothelial barriers [17].

Current vaccine development strategies for protection against
S. aureus are based on recombinant proteins and/or protein–
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1.2 Structure-Based

Vaccines for S. aureus

polysaccharide conjugates. However, targeting single virulence fac-
tor has not been effective in providing protection against the path-
ogen; hence, a successful vaccine will need to incorporate more
than a single antigen. Structure-based vaccines are more powerful
than conventional vaccines in controlling infectious pathogens;
hence, development of a multi-epitope structure-based vaccine
may be a strategy to develop vaccines to protect against S. aureus.

Structural vaccinology combines elements of structural biology
and bioinformatics into a promising new method for the identifica-
tion of antigenic protein elements of interest based on the protein
amino acid sequence and the resulting secondary and tertiary struc-
ture. The enabling principle is that the entire antigenic protein is
not essential for inducing an immune response as only the epitope
sequence per se actually induces the immune response. Once the
epitope domains (B- and T-cell epitopes) or sites are identified and
expressed in a recombinant form, they can be used as potent
immunogens devoid of other regions that are irrelevant from a
vaccine standpoint. Moreover, focusing in conserving epitopes
shared by a group of pathogens would help the immune system
to focus on mounting effective humoral and cellular responses
against relevant targets. Recent studies have demonstrated that
multi-epitope structure-based vaccines are more efficacious than
single-epitope vaccines [18, 19]. As yet there are no structure-
based vaccines commercially available. Nevertheless, structure-
based vaccines have been recently developed for bacterial and viral
pathogens including Neisseria, Streptococci, Borrelia, Ehrlichia,
influenza virus, respiratory syncytial virus, and foot-and-mouth
disease virus (reviewed in [18]). The technique of structural vacci-
nology thus holds considerable promise for developing broadly
effective vaccines against pathogens such as S. aureus.

The first step in the development of S. aureus structure-based
vaccines is the identification of the B-cell and T-cell epitopes in the
antigenic proteins. Using bioinformatics tools, we determined the
best B-cell and T-cell epitopes in the antigenic proteins of S. aureus.

2 Materials

1. UniProt program (www.uniprot.org).

2. NCBI protein database (https://www.ncbi.nlm.nih.gov/pro
tein/).

3. Basic Local Alignment Search Tool (BLAST) (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

4. DNASTAR Lasergene software.

5. Immune epitope database and analysis resource (IEDB) (iedb.
org).

6. EpiTOP (http://www.ddg-pharmfac.net/EpiTOP3/).
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3 Methods

3.1 Identification of

B-Cell Antigenic

Epitope

The antigenic epitopes in FASTA format was obtained from Uni-
prot or NCBI protein database.

They were transferred to BLAST (protein BLAST) to deter-
mine whether they overlapped to other antigenic proteins.

Once the antigenic protein structure is determined as unique,
they are transferred to DNASTAR Lasergene software (alternately,
they could be transferred to IEDB) for B-cell epitope
determination.

In this protocol, linear epitopes are identified for synthesis (see
Note 1).

The hydrophilic regions are predominantly located on the pro-
tein surface and are potentially antigenic (see Note 2); hence, they
are chosen as the region of choice for peptide design (Fig. 1).

We have chosen B-cell epitopes that are close to N-terminus or
C-terminus because these usually represent functional epitopes
with higher activities [20] (Fig. 2).

For generation of antibodies in animals, the peptides will be
conjugated to KLH (see Note 3).

For the generation of antibodies, the animals (mice, rat, ham-
ster, rabbit, goat) are immunized two to three times, 2–3 weeks
between immunizations, and the sera collected to determine the
best peptide immunogen.

3.2 Identification of

T-Cell Epitopes

In order to be recognized by the T-cell receptors (TCR), the
peptides generated from foreign proteins are processed in the
antigen-presenting cells (APC) and form intracellular complexes
with the human leukocyte antigens (HLA). The complexes are
presented on the cell surface where are recognized by the TCRs.
In the present study, we identified the most putative T-cell epitopes
by predicting high affinity and promiscuous HLA binders. The
predictions are made on the 12most frequent HLA-DRB1 proteins
(*01:01, *03:01, *04:01, *04:04, *04:05, *07:01, *08:02,
*09:01, *11:01, *12:01, *13:02, *15:01) by the server EpiTOP
[21]. Peptides binding to ten or more HLA proteins are selected as
the most promiscuous. For EsxA are selected binders to nine HLA
proteins. The most promiscuous and high affinity binders to
HLA-DRB1 are given in Fig. 2.

4 Notes

1. A linear or a sequential epitope is an epitope that is recognized
by antibodies by its linear sequence of amino acids, or primary
structure.
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Fig. 1 Hydrophobicity plot (green) of the antigenic proteins of S. aureus. The antigenic index is shown in pink
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1. MntC (ACCESSION: AAL50778)
1 mkklvpllla llllvaacgt ggkqssdksn gklkvvttns ilydmaknvg gdnvdihsiv

61 pvgqdpheye vkpkdikklt dadvilyngl nletgngwfe kaleqagksl kdkkviavsk
121 dvkpiylnge egnkdkqdph awlsldngik yvktiqqtfi dndkkhkady ekqgnkyiaq
181 leklnndskd skdkfndipk eqramitseg afkyfskqyg itpgyiwein tekqgtpeqm
241 rqaiefvkkh klkhllvets vdkkamesls eetkkdifge vytdsigkeg tkgdsyykmm
301 ksnietvhgs mk

2. FhuD2 (ACCESSION: SHE03280)
1 mkklllplii mllvlaacgn qgeknnkaet ksykmddgkt vdipkdpkri avvaptyagg

61 lkklganiva vnqqvdqskv lkdkfkgvtk igdgdvekva kekpdliivy stdkdikkyq
121 kvaptvvvdy nkhkyleqqe mlgkivgked kvkawkkdwe ettakdgkei kkaigqdatv
181 slfdefdkkl ytygdnwgrg gevlyqafgl kmqpeqqklt akagwaevkq eeiekyagdy
241 ivstsegkpt pgyestnmwk nlkatkeghi vkvdagtywy ndpytldfmr kdlkeklika
301 ak

3. EsxA (ACCESSION: OEH34095)
1 mamikmspee iraksqsygq gsdqirqils dltraqgeia anwegqafsr feeqfqqlsp

61 kvekfaqlle eikqqlnsta davqeqdqql snnfglq

4. EsxB (ACCESSION: AMV84056)
1 mggykgikad ggkvdqakql aaktakdiea cqkqtqqlae yiegsdwegq fankvkdvll
61 imakfqeelv qpmadhqkai dnlsqnlaky dtlsikqgld rvnp

5. Csa1a (Chain A, Crystal Structure of the Conserved Staphylococcal Antigen
1a, Csa1a (ACCESSION: 4BIH_A)
1 mgsshhhhhh enlyfqggcg igkeaevkks fektlsmypi knledlydke gyrddqfdkn

61 dkgtwiinse mviqpnnedm vakgmvlymn rntkttngyy yvdvtkdede gkphdnekry
121 pvkmvdnkii ptkeikdeki kkeienfkff vqygdfknlk nykdgdisyn pevpsysaky
181 qltnddynvk qlrkrydipt skapklllkg sgnlkgssvg ykdieftfve kkeeniyfsd
241 sldykksgdv

6. Clumping Factor A (ACCESSION: ADH43198)
1 vaadapaagt ditnqltdvk vtidsgttvy phqagyvkln ygfsvpnsav kgdtfkitvp

61 kelnlngvts takvppimag dqvlangvid sddnviytft dyvdtkenvt anitmpayid
121 penvtktgnv tlttgigtnt asktvlidye kygqfhnlsi kgtidqidkt nntyrqtiyv
181 npsgdnvvlp altgnlipnt ksnalidakn tdikvyrvdn andlsesyyv npsdfedvtn
241 qvrisfpnan qykvefptdd dqittpyivv vnghidpast gdlalrstfy gydsnfiwrs
301 mswdnevafn ngsgsgdgid kpvvpeqpde pgeiepipe

7. ClfB (Clumping factor ClfB, fibrinogen binding protein [Staphylococcus
aureus]) (ACCESSION: SGT77734)
1 mkkridylsn kqnkysirrf tvgttsvivg atilfgignh qaqaseqsnd ttqssknnas

61 adseknntie tpqlnttand tsdisantns anvdstakpm stqtsntttt epastnetpq
121 ptaikdqata akmqdrtvpq eansqvdnkt tndansittn selknpqtld lpqsspqtis
181 naqgtskpsv rtravrslav aepvvnaada kgtnvndkvt akdfqlektt fdpnqsgntf
241 maanftvtgq vksgdyftak lpesltgngd vdysnsnntm piadikstng nvvakatydi
301 ltktytfvft dyvndkenin gqfslplftd rakapksgty daniniadem fnnkitynys
361 spiagidkpn ganissqiig vdtasgqnty kqtvfvnpkq rvlgntwvyi kgyqdkiees
421 sgkvsatdtk lrifevndts klsdsyyadp ndsnlkevtd qfkdkityky qnvasinfgd
481 itktyvvlve ghydntgknl ktqviqenid patgkdysif gwnnenvvry gggsadgdsa
541 vnpkdptpgp pvdpepepep tpdpepspdp dpeptpdpep spepdpdsds dsdsgsdsds
601 dsdsdsdsds dsdsdsesds dsdsdsdsds dsdsdsdsds dsdsdsdsds dsdsdsdsds
661 dsdsdsdsds dsdsdsdsds dsdsdsdsds dsdsdsdsds dsdsdsdsds dsdsdsdsds
721 dsdsdsdsds rvtppnneqk apsnpkgevn hsnkaskqhk tdalpetgdk sentnatlfg
781 ammallgsll lfrkrkqdhk eka

8. Alpha-hemolysin (Hla) (Alpha toxin) (ACCESSION: AMQ79365)

Fig. 2 The S. aureus antigenic proteins and their epitopes for the development of
structure-based vaccines. Yellow shaded: B-cell epitope. The peptides are
selected based on bioinformatics analysis of available structures. The most
promiscuous and high-affinity binders to HLA-DRB1 originating from the
S. aureus antigenic proteins are shaded in green. The binders are predicted by
EpiTOP. The high-affinity HLA binders are the most probable T-cell epitopes
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2. The hydrophilicity of the epitope is determined based on the
principle of Kyte and Doolittle [22].

3. Keyhole limpet hemocyanin (KLH) is a very large, copper-
containing protein molecule derived from the hemolymph of
the mollusk, Megathura crenulata. KLH is used as a carrier
protein in the production of antibodies for immunology
research. Low molecular weight peptides (haptens) are not
immunogenic and require the aid of a carrier protein to stimu-
late an immune response. The large size of KLH makes it
suitable as a carrier molecule. In addition, as KLH is derived
from a mollusk, it is phylogenetically distant from mammalian
proteins, thereby reducing false positives.
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Chapter 24

Computational Mining and Characterization of Hypothetical
Proteins of Mycobacterium bovis Toward the Identification
of Probable Vaccine Candidates

Bhaskar Ganguly

Abstract

A hypothetical protein (HP) is one that is known to exist only on the basis of a corresponding gene but
without any function assigned to it. Many HPs have emerged as attractive vaccine candidates against
prokaryotic and eukaryotic pathogens as well as against cancers. Mycobacterium bovis is a serious veterinary
pathogen of tremendous zoonotic importance. This protocol describes a computational workflow for the
identification of the HPs of M. bovis with vaccine potential and their subsequent structural and functional
characterization.

Key words Mycobacterium bovis, Tuberculosis, Hypothetical protein, Vaccine candidates, Computa-
tion, Structure, Function

1 Introduction

A newly sequenced genome is likely to contain some genes with
unknown function. Further, some of these genes may code for
proteins. Such proteins, which lack translational evidence and do
not have any function assigned to them but are known to exist
based on the presence of a corresponding gene, are known as
hypothetical proteins (HPs). Since the function of a protein essen-
tially resides in its structure, the structures of HPs are also almost
always unknown. Hence, structural and functional characterization
of the HPs of a pathogen not only allows a better understanding of
its physiology but also bears a potential for unraveling hitherto
unknown drug and vaccine targets [1]. It is, therefore, not
surprising that since the turn of the current century, several HPs
have emerged as attractive vaccine candidates against different pro-
karyotic [2–4] and eukaryotic human and veterinary pathogens [5]
as well as against cancers [6].
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Mycobacterium bovis (Mb) is an important veterinary pathogen.
This aerobic bacterium causes tuberculosis in cattle as well as in a
host of other animals including buffalo, goats, cats, dogs, and pigs;
sheep and horses are resistant yet occasionally infected [7]. Mb is
part of the Mycobacterium tuberculosis complex, which also
includes Mycobacterium tuberculosis, and has also been reported to
cause tuberculosis in more than 40 species of free-ranging, wild
animals including elephants, rhinos, deer, and various species of
nonhuman primates [7, 8].Mb, capable of infecting humans, is also
of zoonotic significance. It is accountable for causing nearly 3% of
all cases of human tuberculosis in the developing countries of the
world [9].

Using the M. bovis proteome as an example, the sections to
follow present a simple computational workflow for finding the
HPs and characterizing them structurally and functionally toward
the identification of probable vaccine candidates. The overall
schema of the computational methodology is shown in Fig. 1.
The method begins with the textual mining of M. bovis proteome
for HPs, then predicts their antigenic potential, and finally deter-
mines their structure and function.

Fig. 1 Outline of the computational workflow used for the identification of the
hypothetical proteins of M. bovis with vaccine potential and their subsequent
structural and functional characterization
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2 Materials

2.1 UniProt The Universal Protein Resource (UniProt) [10], a freely accessible
database of protein sequence and annotation data, available at
https://www.uniprot.org, shall be used for retrieving the amino
acid sequences of the hypothetical proteins of M. bovis.

2.2 CD-HIT Server Modules from the CD-HIT suite [11], available at http://
weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi, shall be
used for removing identical and closely related sequences of HPs
obtained from different strains of M. bovis.

2.3 VaxiJen Server VaxiJen [12], available at http://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html, is a web server for alignment-independent
prediction of protective antigens, allowing antigen classification
solely based on the physicochemical properties of proteins deduced
from their sequences. It will be used for the identification of poten-
tially antigenic HPs.

2.4 I-TASSER Server The Iterative Threading Assembly Refinement (I-TASSER) web
server [13], available at https://zhanglab.ccmb.med.umich.edu/
I-TASSER, consistently ranks amongst the top-performing web
servers for prediction of the structure of a protein from its
sequence. It will be used for computing the structure of the
antigenic HPs.

2.5 VAST The Vector Alignment Search Tool (VAST) [14] server, available at
https://structure.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.
html, shall be used for determining the function of the HPs from
their predicted structures.

3 Methods

3.1 Mining

of M. bovis Proteome

for HPs

Visit the UniProt database and in the search bar at the top of the
page, click on “Advanced” to build a search query as shown in
Fig. 2 (see Note 1). The final query generated in the search bar
should appear as:

organism:“mycobacterium bovis” existence:“Predicted” NOT an-

notation:(type:function) NOT goa:(*)

The search should return a list of the hypothetical proteins of
M. bovis; download and save the uncompressed Fasta file on your
local drive as 1.fasta.
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3.2 Exclusion

of Identical Sequences

Visit the CD_HIT server and choose H-CD-HIT (see Note 2).
Browse and load 1.fasta as the query. Set number of CD-HIT runs
to 3; and sequence identity cut-offs for the three runs at 0.9, 0.7,
and 0.5, respectively (see Note 3). Let all other parameters be at
their default values and submit the query. Once the analyses are
completed, download and save the Fasta file for the representative
sequences at 50% identity, i.e., “Fasta file for representative
sequences at 50% identity” locally as 2.fasta.

3.3 Identification

of Potentially

Antigenic HPs

Visit the VaxiJen server; browse and upload the output from
CD-HIT, i.e., 2.fasta as the input. Select the appropriate target
organism, i.e., bacteria for M. bovis and set the threshold at 1.0
(see Note 4). Submit the query. Once the analysis is completed,
copy-paste, and save all the antigenic protein sequences from the
output in a separate text file.

3.4 Determination

of Structure

Visit the I-TASSER web server and submit the sequences of the
antigenic HPs one by one for determination of structure (seeNotes
5 and 6). After the results are obtained, download and save the
model with the highest confidence (C-) score (seeNote 7) as a .pdb
file locally.

3.5 Determination

of Function

Visit the VAST server, browse to upload the .pdb file downloaded
from I-TASSER web server at Subheading 3.4 and submit for
searching against “all of PDB.” The function of the HP can be
inferred from the homologs identified by VAST (see Notes 8 and
9). Proteins with functions that demand constitutive expression are
likely to serve as more attractive vaccine targets than those with
inducible expression. Similarly, if the function of an HP is found to
be essential, a selection pressure will operate against the occurrence
of major mutations, disallowing the protein to alter significantly to
an extent that may render the vaccine ineffective.

Fig. 2 Building the advanced search query in UniProt for mining the hypothetical proteins of M. bovis (see Note
1)
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4 Notes

1. The first field of the query is the name of the organism whose
proteome we wish to search. The remaining three fields are
used for confining our search as per our definition of HPs. The
second field of the query will limit our search to only those
proteins that are “predicted” to exist and experimental evi-
dence for their existence is lacking. By choosing the operator
“NOT” and the third and fourth fields, we further restrict our
search to only those true HPs that have been annotated neither
for function nor for gene ontology.

2. The output from Subheading 3.1 is likely to contain several
nearly identical or very similar sequences; this is especially the
case when working with organisms where many genome
sequences are available from closely related subspecies.
Hence, it is preferred that only representative sequences are
retained for further analyses and the redundant sequences are
eliminated. Although the CD-HIT module may also be used
for this application, the H-CD-HIT module, which runs mul-
tiple rounds of CD-HIT on the input, is more accurate and is
especially recommended when the number of sequences
is high.

3. In this particular protocol, the sequence identity cut-off for the
final run of CD-HIT was set at 0.5 (i.e., 50%). This means that
sequences that differ from each other by more than 50% shall
be treated as different sequences. This cut-off can be set at a
different value depending upon the number of sequences to be
analyzed, their lengths, and the computational resources avail-
able. A cut-off value�0.9 (i.e., 90%) would usually result in too
many redundant sequences for downstream analyses whereas
�0.3 (i.e., 30%) may cause sequences to get excluded.

4. The threshold has been arbitrarily set at 1.0 in the current
protocol to allow high stringency. If a threshold is not specified
and the field is left blank, the server will also determine a
threshold by itself for classifying antigens and nonantigens.

5. Use of the I-TASSER web server requires prior registration
with a noncommercial email address.

6. I-TASSER is capable of computing the structures of protein
sequences up to 1500 residues in length. For longer sequences,
the sequences may be split down into separate domains for
modeling. Alternatively, other template-independent, ab initio
and threading-based protein structure prediction tools may
be used.

7. I-TASSER generates five models for the input sequence and
sometimes the models may be very different from each other.
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In such cases, if the C-scores of two or more models are
comparable, all the different models may be chosen for further
analyses.

8. Besides its structure, I-TASSER also computes the function for
the input protein sequence. However, from the author’s prior
experience, the use of VAST for computing protein function is
particularly advantageous due to its ability to identify very
distant homologs that cannot be recognized from a compari-
son of sequences.

9. Although beyond the scope of this communication, the same
computational approach that has been described in this proto-
col for the identification of vaccine targets can also be used to
identify the druggability of the HPs, i.e., the potential of a HP
to serve as a drug target. Essentiality of a protein for the
survival of a pathogen or its pathogenesis is the foremost
consideration for druggability, and the determination of the
function of a HP is the keystone for determining its essentiality.
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Chapter 25

Recombinant Vaccine Design Against Clostridium spp.
Toxins Using Immunoinformatics Tools

Rafael Rodrigues Rodrigues, Marcos Roberto Alves Ferreira,
Frederico Schmitt Kremer, Rafael Amaral Donassolo,
Clóvis Moreira Júnior, Mariliana Luiza Ferreira Alves,
and Fabricio Rochedo Conceição

Abstract

The emergence of recombinant DNA technology has led to the exploration of the use of the technology to
develop novel vaccines. With a fundamental role in vaccines design, several immunoinformatics tools have
been created to identify isolated epitopes that stimulate a specific immune response, contributing to
effective vaccines development. In the past, vaccine development projects relied entirely on animal experi-
mentation, a relatively expensive and time-consuming process. Currently, use of immunoinformatics tools
play a vital role in the antigen analysis and refinement, allowing the identification of possible protective
epitopes capable of stimulating convenient humoral or cellular immune responses, in addition to facilitating
time and cost reduction of vaccine production. The vaccination aimed at bacterial species of Clostridium
spp. has been considered a promising example of use of these approaches in recent years. Based on the
literature search, it is possible to understand the best immunoinformatics software used by researchers that
facilitate recombinant vaccine antigens design and development. This chapter presents an overview of how
these tools are supporting the antigen engineering, aiming at increasing the efficiency of inducing protec-
tive immune response in animals.

Key words Bioinformatics, Clostridiosis, Recombinant vaccines, Recombinant antigens

1 Introduction

Toxins are the major virulence factors of various species of the
genusClostridium [1], and they are responsible for causing diseases
in humans and animals. Protective immunity against these toxins is
based on the presence of preexisting neutralizing antibodies
induced by vaccination [2]. The vaccines currently used for clos-
tridiosis are produced from bacterial toxoids. However, the physical
and chemical methods used for the production of a vaccine antigen
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can denature important epitopes and decrease the immunogenicity
of the vaccine [3]. Subunit vaccines offer a specific and safe alterna-
tive, causing less adverse reactions [4]. However, recombinant
vaccines produced by traditional methods comprise whole proteins,
which incorporate unnecessary antigenic loads and increase vaccine
allergenicity [4, 5]. Such limitations can be overcome by purifying
the antigen to identify immunodominant epitopes and direct the
immune response.

The identification of neutralizing epitopes and understanding
their interaction with the immune system is crucial for vaccine
design and prevention of clostridiosis. The in vitro and in vivo
evaluation of potential neutralizing epitopes of clostridial toxins is
not practical since clostridial toxins range between 300 and 2710
amino acids, which is between pore-forming toxins (PFTs) and
large clostridial glycosylating toxins (LCGTs).

Bioinformatics is an important tool used for protein structure
prediction, function, and epitopes, contributing to the design of
more efficient vaccines [6, 7]. This methodology decreases experi-
mental bias, and substantially reduces experimental complexity and
cost, thus increasing the chances of a successful vaccine
[8, 9]. Immunoinformatics tools use statistical models, machine
learning, and molecular interaction modeling, which contribute to
the development of new hypotheses about the immune response
induced by vaccines. The immunoinformatics tools used to design
recombinant vaccines involve B-cell epitopes prediction, MHCII, T
helper cells, antigenicity, allergenicity, and molecular docking,
besides the three-dimensional structure stability of the antigens
constructed from multiple epitopes [10]. This approach aims to
direct the immune system toward the generation of neutralizing
antibodies.

2 B-Cell Epitope Prediction

B-cell epitopes prediction can be performed using a wide variety of
machine learning approaches, including supervised learning tech-
niques, such as classification based on neural networks, support
vector machines and tree-based models, and unsupervised meth-
ods, such as clustering. Sequence (usually in FASTA format) or
structure (usually in PDB format) might be used as input depend-
ing on the tool. Here we summarized some of the most common
tools used for this task, including tools designed for the prediction
of linear (ABCpred, BepiPred and BCPREDS) and conformational
epitopes (DiscoTope, ElliPro and CBTOPE), which are applicable
when building recombinant vaccines for Clostridium spp.
ABCpred is a B-cell linear epitope prediction tool based on recur-
rent neural networks. It employs a fixed-length sliding window
approach to analyze the submitted sequence and allows the user
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2.1 ABCpred

(Recurrent Neural

Network)

to select the length of the window during the submission (10, 12,
14, 16, 18, or 20 amino acids) [11]. The server is available at
https://webs.iiitd.edu.in/raghava/abcpred/index.html.

2.1.1 Usage 1. Optional: Define the sequence name.

2. Paste or update the sequence (without the FASTA header).
The sequence must be written using only the standard
20 amino acid codes ( ACDEFGHIKLMNPQRSTVWY ) in
upper or lowercase, and any other letter character will be con-
verted to “X.” Whitespaces and numbers are ignored.

3. Optional: Change the threshold (value must be �0.1 and
� 1.0). Higher values lead to higher specificity but also
decrease sensibility. 0.5, with a window length of 16, leads to
specificity and sensibility of 65.93%.

4. Optional: Select the window length. By default, ABCpred uses
a window length of 16, but the user can also select different
sizes (10,12,14,16,18 or 20) from a predefined input box
(10,12,14,16,18,20).

5. Optional: Enable or disable the epitope overlapping
filtering step.

6. Finally, click in the “submit” button to run the analysis.

2.1.2 Output After completing the analysis, whose running speed might vary
depending on server load, output will be returned with summary
of the epitopes that were identified, which might be visualized both
in tabular form (“TABULAR RESULT”) and in a graphical form,
with the epitopes displayed along the sequence (“OVERLAP DIS-
PLAY”). An example output produced by ABCpred is shown in
Fig. 1, with the predicted epitopes and their respective scores
(output values of the neural network).

The available options may vary slightly in future updated
versions.

2.2 BepiPred-2.0

(Random Forest)

BepiPred is a random forest-based prediction tool for B-cell epi-
topes, which employs a residue-level prediction followed by a roll-
ing window average to identify regions more likely to be recognized
by antibodies. The training dataset was derived from a collection of
co-crystallized structures of antibodies and antigens [12]. The
server is available at http://www.cbs.dtu.dk/services/BepiPred/.

2.2.1 Usage 1. Paste or update the sequence. The web server allows the user to
submit up to 50 sequences, but the total number of amino
acids must not pass 300,000. The sequences must also have a
length between 10 and 6000.

2. Click in the “submit” button to run the analysis.
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2.2.2 Output After submitting the sequence, the user will be redirected to a
loading screen which is updated every 20 s, where the results will
be displayed after the algorithm execution. Alternatively, it is also
possible to provide an email to receive a notification after the
processing is finished.

The output page presents the amino acid sequence that were
identified as epitopes (indicated with an “E”). By default, amino
acids with a score of at least 0.5 are classified as potential epitopes,
but this threshold might be changed by the user. Clicking on the
“?” near the “Epitope Threshold” input provides more information
about the expected sensibility and specificity for each value. Addi-
tionally, possible errors and a log of the calculations are displayed

Fig. 1 The output page (adapted), showing ABCpred prediction (tabular result) for the query sequence (Beta
toxin of C. perfringens (CPB))
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on the “Log” Table A detailed description of the exit page and
some tips can be accessed on the “Help” tab.

Advanced visualization of the output may also be generated
when clicking on the button “Advanced Output is off,” which
includes the predictions generated by NetSurfP, a surface accessi-
bility prediction tool. The new visualization includes the indication
of structural and surface features. Structural: H—pink probability
gradient (Helix), E—blue probability gradient (Sheet), and C—
Orange probability gradient (Coil). Surface: B (Buried)—E
(Exposed) from NetsurfP’s default threshold, and predicted rela-
tive surface accessibility (orange gradient) (Fig. 2).

The available options may vary slightly in future updated
versions.

2.3 DiscoTope 2.0 This server predicts discontinuous B-cell epitopes from three-
dimensional protein structures. The DiscoTope presents a new
definition of spatial neighborhood and half-sphere exposure as a
surface measure [13]. The server is accessible at http://www.cbs.
dtu.dk/services/DiscoTope/.

2.3.1 Usage 1. Choose the submission method.
On the home page, you can write the file entry name in

PDB format into the “PDB code” window and the chain ID
into the “Chain” window or in the format “entryname_chain,”
specify a file on the local disk containing a list of entries in PDB
format with the identified chain ID. Also, in PDB format, you
can specify a file on your local disk and chain IDs. It is impor-
tant that the IDs are separated by comma, once not specified,
all strings in the file will be used for forecasting.

Fig. 2 The Summary output page (adapted) in Advanced Output mode, showing BepiPred-2.0 and NetSurfP
prediction for the query sequence (CPB)
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2. Optional: Select the threshold score to identify the epitope
(The default is �3.7).

The higher values allow to identify a high specificity.

3. Submit the sequence.

2.3.2 Output 4. The user will be redirected to a new page that is updated every
20 s. When the predictions are completed, the user will be
automatically redirected to the output page. Optionally, the
user can provide an email address, so that the results page link
will be sent by email when the job is complete.

5. The results will be returned when the forecast is ready. The
response time depends on the system load. The individual
results are shown separately and in detail in seven columns:
(1) Chain Id, (2) Residue number, (3) Amino acid, (4) Contact
number, (5) Propensity score, (6) DiscoTope score, and
(7) �B. Identified B-cell epitope.

The available options may vary slightly in future updated
versions.

2.4 ElliPro (Structure

Clustering)

This method predicts epitopes based upon solvent-accessibility and
flexibility. This tool does not require training and addresses a
method that is based on geometric properties. The Thornton
method is applied and, together with a clustering algorithm, the
MODELLER program and the Jmol visualizer project the predic-
tion and visualization of epitopes [14]. The server is accessible at
http://tools.iedb.org/ellipro/.

2.4.1 Usage 1. Select (using the PDB ID) or upload a PDB file containing the
protein structure to be analyzed.

On this server, it is necessary to modify the corresponding
PDB file to predict epitopes on a multi-chain protein, thus
ensuring that all chains of interest have the same ID, as speci-
fied at http://tools.iedb.org/ellipro/. In some cases, residues
need to be remunerated, as it avoids conflict of residences with
the same numbers in the modified PDB file.

2. Select the parameters.
The minimum score: Specify an epitope prediction score

(Default is 0.5).
Maximum distance (Angstrom): Specify a score to predict

discontinuous epitopes (Default is 6).

3. Click “Submit.”

4. Select PDB chain(s) for calculation.
In this step, select which chains will be used to predict

epitopes (in proteins containing more than one chain).

5. Click “Submit.”
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6. A new page will return the results as follows: Protein sequence
(s), predicted linear epitopes, and predicted discontinuous epi-
tope (s). By selecting the “View” option in the “3D Struc-
ture“column, to the right of each predicted epitope, it is
possible to view its 3D structure mapping. In the option
“Click here to view the waste scores,” at the bottom of the
forecast results page, it is possible to view the 2D score chart
(s) of the sequence(s).

The available options may vary slightly in future updated
versions.

2.5 CBTOPE (Support

Vector Machine)

CBTOPE is a B-cell conformational epitope prediction based on a
support vector machine (SVM) model. CBTOPE allows predicting
the conformational B-cell epitope on an antigen from the primary
sequence [15]. The server is accessible at http://crdd.osdd.net/
raghava/cbtope/.

2.5.1 Usage 1. Add the protein sequence name (optional).
It can contain any letter and numbers with “-” or “_”. All

other characters are not allowed.

2. E-mail address (optional).
The result can be sent by e-mail.

3. Submission and sequence format.
For submission, it is necessary to type or paste the amino

acid sequence in FASTA format or specify as a file.

4. SVM Threshold and Output.
Each amino acid in the sequence gets an SVM score. It is

necessary to define the limit above which the amino acid resi-
due will be considered as an epitope, the default is �0.3. A
higher value generates high reliability and specificity. Residues
are highlighted if the SVM score is greater than the specified
limit.

The PSIPRED program predicts the state of the secondary
structure of each residue.

5. Click on “Run prediction.”

6. The results will be returned when the forecast is ready. The
response time depends on the system load. The individual
results are shown separately and in detail in four columns
(Fig. 3): (1) amino acid position, (2) amino acid sequence,
(3) probability scale (0–9) for each amino acid (above 4 scale
can be considered as epitope residue), (4) secondary structure
state of each residue as predicted by ‘psipred’ standalone pro-
gram. H¼Helical, E ¼ Beta Sheet, C¼Coil/turns.

The available options may vary slightly in future updated
versions.
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2.6 BCPREDS BCPREDS is a web server for B-cell epitope prediction based on
string kernels, a model similar to support-vector machines (SVMs)
but more specific for string-based classification tasks [16]. The
server is available at http://ailab-projects1.ist.psu.edu:8080/
bcpred/predict.html.

2.6.1 Usage 1. Paste the sequence in the input area.

2. Select one of the prediction methods: (1) amino acid pair
(AAP) antigenicity scale; (2) BCPred; (3) FBCPred. For the
methods AAP and BCPred, the default epitope length is
20, but it might be changed to any even value between
12 and 22. For the FBCPred, the default length is 14.

3. Select specificity. In default settings specificity is 75%.

4. Optional: select the option “report only non-overlapping
epitopes.”

5. Click on the “Submit Query” button.

2.6.2 The Output The results will be returned when the forecast is ready. The
response time depends on the system load. A table indicates the
position, sequence, and score of each predicted epitope, just below,
the complete protein sequence is visible, with the epitopes identi-
fied in E (in red) (Fig. 4).

The available options may vary slightly in future updated
versions.

3 MHC Epitope Prediction

Major histocompatibility complex (MHC) epitope prediction, both
for MHC class I (MHC-I) and MHC class II (MHC-II), can be
performed using the same machine learning techniques employed

Fig. 3 The adapted output page, showing CBTOPE prediction for the query sequence (CPB)
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for other epitope classes. For this purpose, the algorithms from the
family NetMHC and its derivatives (NetMHC-II, NetMHCpan,
and NetMHCIIpan) are the default choice and are all based on
artificial neural networks.

3.1 NetMHC NetMHC is a neural network-based MHC class I epitope predic-
tion tool which comprises models for different MHC alleles for
humans and other model organisms (e.g., chimpanzee, pig,

Fig. 4 The output page, showing BCPREDS prediction for the query sequence (CPB)
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mouse), along with the possibility of the user choosing the length
of the epitope to be analyzed [17]. The server is available at http://
www.cbs.dtu.dk/services/NetMHC/.

3.1.1 Usage 1. Paste the protein(s) sequence(s) to be analyzed in FASTA
format or upload a file containing then.

2. Choose the peptide length(s) to be analyzed. Multiple values
may be chosen, but each one will be analyzed separately. Best
results are usually observed with 9mer peptides.

3. Choose the organism and the allele profiles to be analyzed (max
number: 20).

4. Optional: Define the threshold for the strong binder and weak
binders % Rank. By default, these values are, respectively, 0.5
and 2.0%. The % Rank metric is the recommended reference
value to be used in the identification of epitopes.

5. Optional: Select the “Sort by predicted affinity” checkbox.

6. Optional: Select the “Save output in XLS format” if you want
to further analyze the results using spreadsheets or some script
(e.g., Python, R).

7. Submit the sequence(s).

3.1.2 Output The results of the NetMHC algorithm are presented in a tabular
form. For each MHC allele and peptide length that was selected, a
series of rows are included following a “sliding window” arrange-
ment (by default), although it is also possible to sort the lines by
affinity by selecting the proper setting on the input form. Along
with the identification of the MHC allele and the peptide, the
results also show the part of the peptide which interacts with the
MHC molecule, the affinity (in both nanoMolar and
log-transformed values), and %Rank metric and a flag value that is
used to indicate those peptides which are predicted as weak or
strong binders.

The available options may vary slightly in future updated
versions.

3.2 NetMHC-II NetMHC-II is a neural network-based MHC class II epitope pre-
diction tool and has an interface similar to NetMHC, although only
supporting the analysis of MHC alleles from humans (HLA) and
mice (H-2) [18].

3.2.1 Usage 1. Paste the protein(s) sequence(s) to be analyzed in FASTA
format or upload a file containing then.

2. Choose the peptide length(s) to be analyzed.

3. MHC loci and alleles to be analyzed.
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4. Optional: Define the threshold to reduce the number of pep-
tides returned.

5. Optional: Define the threshold for the strong binder and weak
binders % Rank. By default, these values are, respectively, 2 and
10%. The % Rank metric is the recommended reference value to
be used in the identification of epitopes.

6. Optional: Select the “Sort by affinity” checkbox.

7. Submit the sequence(s).

3.2.2 Output The results of the NetMHC-II algorithm are presented in a tabular
form and are similar to those generated by NetMHC, with a sliding
window organization using by default when arranging the rows of
the table. The “Identity Bind Level” attribute might be used to
select those peptides with weak or strong affinity, which are respec-
tively marked with a “WB” and “SB” flag. Thus, it is possible to
select these peptides the ones that present the higher affinity (indi-
cated with smaller nanoMolar values).

The available options may vary slightly in future updated
versions.

4 Structural Vaccinology

Structural vaccinology is a rational approach used in the develop-
ment of an effective and safe vaccine, which involves determining
the tertiary structure of the antigen or the immune antigen–recep-
tor complex. In addition, the projection of a stable and immuno-
genic vaccine antigen, composed of a single or multiepitope, must
include physicochemical, immunological, and immunoinformatics
knowledge. The antigen can be analyzed on different platforms
based on its structural information, as shown below.

l Structural visualization of the target protein using PyMOL [19],
PPM server [20], and molecular Doking [21]—PyMOL is a
program written in Python programming language, which
finds great application in the visualization, interpretation, and
analysis of structural data. In PyMOL, it is possible to produce
high-quality 3D images of small molecules and biological
macromolecules, such as those generated from the analysis of
the structure of target proteins, to select the immunogenic and
exposed regions. The PPM Server calculates the rotational and
translational positions of the transmembrane and peripheral
proteins in the membranes using its 3D structure, which allows
to identify the correct orientation of the protein in the cell
membrane. This server is found in the Orientations of Proteins
in Membranes (OMPs) database. OMPs include all structures of
transmembrane proteins and some peripheral proteins and active
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membrane peptides, among other data and functions. Molecular
Doking allows the determination of patterns of interaction with
MHC alleles by ClusPRO V.2. This server performs the task of
energy minimization, calculation of the connection energy
scores of the coupled complex and electrostatic complementar-
ity/shape.

l Final molecule: The predicted epitopes can be linked to each
other via rigid and flexible linkers. Flexible linkers are generally
made up of nonpolar (e.g., Gly) or polar (e.g., Ser or Thr) amino
acids. The reduced size of these amino acids provides flexibility
and allows mobility of functional domains. The most commonly
used flexible linker is GS linker (GGGGS) [22]. Rigid alpha helix
(EAAAK) linkers have been used in the fusion of multi-epitope
chimeras [23, 24]. The flexible ligand GS improves folding and
stability in several examples of fusion proteins. Rigid ligands are
preferable in cases where sufficient separation of the protein
domains is necessary, as they can efficiently keep the protein
portions at a distance. The insertion of the ligand may be a
viable approach to improve the level of expression of fusion
proteins. Both flexible and rigid ligands are stable in vivo and
do not allow the separation of joined proteins.

l Evaluation of antigenicity (Vaxijen v.2) [25], allergenicity
(AlgPred) [26], and physical-chemical properties with the Prot-
Param server [27]. Vaxijen v.2 operates by classifying antigens
according to the physicochemical properties of proteins, with-
out resorting to sequence alignment. When the results are
obtained, it is possible to visualize the probability of the antigen
being antigenic, demonstrating the prediction of protective anti-
gens. AlgPred operates based on the similarity of a known
epitope, which allowed the prediction of allergenic proteins. In
addition, the mapping of the IgE epitope (s) characteristic allows
the location of the epitope in the target protein to be located.
Assessing this factor can limit the onset or development of
diseases and the triggering of symptoms by proteins with high
allergenicity. ProtParam is able to identify several physical-
chemical parameters (isoelectric point, half-life, solubility,
molecular weight, aliphatic index, and average hydropathicity).
Taken together, both the factors are essential for the rational
selection of different antigens for further evaluation of immu-
nogenicity in vivo.

l The structural modeling, refinement, and validation of the final
model can be investigated using the SOPMA/Raptor-x
server [28], Galaxy Refine [29], and ProSA-web server [30],
respectively. Raptor-X: Determines secondary and tertiary pro-
tein structures, solvent accessibility, contact and distance map,
disordered regions, functional annotation, and binding sites. In
this sense, the self-optimized prediction method (SOPM)
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contributes in order to improve the success rate in the prediction
of the secondary structure of proteins. GalaxyRefine can
improve the quality of the global and local structure. Widely
used for the purpose of prediction, refinement, and related
protein structure methods, it can be used to refine model struc-
tures obtained from available structure prediction methods.
ProSA-web can be used to validate the structures before being
submitted to the PDB. Extremely useful in the early stages of
determination and refinement, as poorly bent structures are
sometimes revealed after the results become available. There-
fore, diagnostic tools that reveal unusual structures and prob-
lematic parts of a structure are essential in the characterization of
proteins, minimizing possible limitations in the practice
(in vitro, in vivo) of future research.
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Chapter 26

Searching Epitope-Based Vaccines Using Bioinformatics
Studies

Marlet Martı́nez-Archundia, G. Lizbeth Ramı́rez-Salinas,
Jazmin Garcı́a-Machorro, and José Correa-Basurto

Abstract

Epitope-based vaccines is one of the most recent methodologies applied in bioinformatics studies. This
strategy consists of identifying regions of the protein (peptides or epitopes) which show antigen properties
capable of stimulating the immune system against proteins from virus, bacteria, fungi, etc. This chapter
describes a general procedure to identify epitopes to be used as epitope vaccine using bioinformatics
methods including primary protein sequence analyses, epitope predictor, docking, and molecular dynamics
simulations for the selection of T- and B-cell epitopes.

Key words Epitopes, Promiscuity, Super-types, Surface exposition, Conservative evolution

1 Introduction

The most widely used strategy to prevent diseases caused by patho-
gens (viruses, bacteria, etc.) is the use of vaccines (see Note 1).
Vaccines contain antigens which are recognized by the immune
system causing immune responses [1] The first vaccines developed
for humans consist of live attenuated or killed microorganisms.
These vaccines contain the whole organism which provokes long-
lasting innate and adaptive immune responses. However, tradi-
tional vaccines have some disadvantages, such as the probability of
allergic reactions, high reactogenicity, risk of infection due to atten-
uate microorganisms, as well as difficulties to vaccine production,
and their low stability that require low temperatures [2].

Due to growth in scientific knowledge, it is now possible to
investigate the recognition process of antigens by the immune
system that allows designing new strategies for the development
of vaccines such as peptide vaccines [1]. This could be possible by
using immunoinformatics strategy that allow getting promising
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epitopes in the shortest time (Fig. 1). Vaccines based on epitopes
(peptides) consist of the identification of peptides that are capable
of binding to proteins located on cells of the immune system. These
form peptide–protein complexes are capable of inducing specific
immune responses [1]. The peptide-based vaccine strategy shows
several advantages compared to whole-organism-based vaccines,
including lack of infectious potential, safety, ease of production,
and low allergic and reactogenic responses [2]. Furthermore,
peptide-based therapeutic and preventive vaccines have been devel-
oped against various cancers with satisfactory clinical results. Also,
the epitope-based vaccine strategy is currently applied on immuno-
therapy and prophylaxis. However, the peptide-based vaccine
methodology of some peptides has demonstrated that their admin-
istration alone is not active or have poor immune response. There-
fore, adjuvants or peptide carriers have been developed to induce a
satisfactory immune response [1].

1.1 Epitopes

and Immunity

The immune response can be classified into innate immunity and
adaptive immunity. Innate immunity involves barrier surfaces such
as the skin or the mucosal surfaces of the respiratory and gastroin-
testinal tract (it is always active). While the adaptive immune system
or acquired immunity is activated by exposure to pathogens and
acquires a long-term protective immunological memory [3].

Adaptive immunity is mediated by B and T lymphocytes that
are capable of recognizing molecular fragments of antigens (pro-
teins, carbohydrates, etc.) presented by antigen-presenting cells

Fig. 1 Scheme of immunoinformatic strategies to get promissory immunogenic
peptides that could be use as possible vaccines
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(APCs). The antigens are recognized by proteins located on the
surface of B and T cells, in addition, the antigens are recognized by
MHC-I located at intracellular T cells [3].

The recognition process of antigens by B- and T-cell receptors
can activate B and T cells inducing genetic recombination events
that occur during lymphocyte development, leading to the genera-
tion of millions of different lymphocyte variants in terms of antigen
recognition receptors which yield humoral and cellular immune
responses [3].

1.2 Identification

of B-Cell Epitopes

Once the adaptive immune system has been activated, the humoral
(antibodies or immunoglobulins) response forms the first line of
defense against most viral and bacterial pathogens [4]. A B-cell
epitope is the structural region of antigen that binds to the immu-
noglobulin. These epitopes include some of these molecules: lipids,
carbohydrates, nucleic acids; however, most antigens are
proteins [1].

The B cells recognize antigens through B-cell receptors
(BCRs), which consist of membrane-bound immunoglobulins.
Upon BCR activation, the B cells are able to differentiate and
secrete antibodies. Antibodies from B cells have different functions
such as neutralizing toxins and microorganisms and activating
complement and effector cells in order to eliminate the
pathogen [3].

Once antigens are bound to BCRs, the B cells can be activated
in two ways: in the presence of helper T cells (Th) or independently
of T cells. However, the T-cell-independent pathway does not
induce a long-time B-cell response.

1.3 Identification

of T-Cell Epitopes

The second line of defense in adaptive immune system is through T
lymphocytes. T cells show on their cell membrane a T-cell receptor
(TCR) capable of recognizing epitopes displayed on the surface of
APC by the main histocompatibility complex (MHC) molecules
[3, 4]. Then, the T-cell epitopes are presented by MHC class I
(MHC I) and II (MHC II) molecules that are recognized by two
distinct subsets of T cells, CD8 and CD4, respectively. CD8 T cells
become cytotoxic T lymphocytes (CTL) after the recognition of
the epitope. Meanwhile, the CD4 T cells become helper (Th) or
regulatory (Treg) T cells after the recognition of the epitope
[3]. Figure 2 showsMHC-epitope complexes depicting the volume
of the cavity from MHC-I (Fig. 2a) and MHC-II (Fig. 2b) which
explain the kind of peptides that could recognize according to their
primary sequence.

Both, the CTL and the Th perform their functions in response
to T-cell epitopes located on MHC. The CTL kill the infected cells
whereas the T helper cells mediate growth and differentiation of
both effector T cells and antibody-producing B lymphocytes
[4]. Generally, the epitopes recognized by T cells are proteins [4]
and can be conformational or linear epitopes [1].
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Thanks to the three-dimensional structural information of
MHC-epitope and MCH-epitope-TCR complexes available under
experimental and theoretical methods, now it is possible to apply
different immunoinformatics, bioinformatics, and molecular mod-
eling methodologies to predict structural regions of the proteins
capable to bind the MHC molecules. One of the advantage of
molecular modeling studies (molecular docking and molecular
dynamics simulations) are due to their advantage to determine
the molecular interactions and stability of the epitope-MHC com-
plexes. These in silico strategies allow one to identify potential
epitopes rationally faster, could be assayed by in vitro or in vivo
tests and identified as potential vaccines. Additionally, by using in
silico strategies, it is possible to develop vaccines that are capable of
generating high-affinity and protective antibodies against the path-
ogen or disease in different populations and ethnic groups.

The development of vaccines could be carried out in different
ethnic groups due to variation in MHC molecules expressed in
different human races [5]. These identified MHC molecules are
called super-types. Therefore, the grouping of MHC molecules
into super-types is relevant for the formulation of vaccines based

Fig. 2 Epitope-MHC complex that can be obtained by docking studies once the
predicted and filtered peptides were achieved. (a) MHC-I-epitope complex (PDB:
4F7M). The epitope is shown in red color, and it is located in the site of
recognition (groove). (b) The molecular recognition of the epitope in the groove
of MHC-II-epitope complex (PDB: 4IS6). In both the MHC structures the groove of
recognition is formed by two alpha helices and seven β-pleated sheet. One
structural difference between MHC-I and MHC-II molecules, is that the groove in
MHC-I is constituted by a protein subunit whereas the groove in the MHC-II
molecule is constituted by two protein subunits
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on epitopes, and the selection of those epitopes that are recognized
by the MHC super-types is essential; such selection will provide a
wide coverage of the population [5, 6]. Among other factors that
improve the efficiency of peptide-based vaccines is the promiscuity
in which the epitope is capable of recognizing different MHC
molecules by stimulating the immune system [7].

Another characteristic of the epitopes to be successful is the
sequence evolution conservation. To this end, it is recommendable
to select those epitopes located on highly conserved regions of the
target protein. It is important because some point mutations could
affect the epitope-MHC complex while failing during immune
activation [8]. Using conserved epitopes allows to obtain long
lasting immunity of the vaccine despite the appearance of constant
mutations as observed in RNA viruses [8].

It is also important to consider that peptide processing by
proteasomes can affect the binding on MHC I [9]. Therefore, it
is necessary to submit the selected peptides to different studies
including proteasome degradation in silico, to explore their binding
properties to MHC molecules [9, 10].

2 Materials

1. Muscle/EBI server.

2. Clustal X 2.0.11 program.

3. PDB server.

4. Swiss Model server.

5. Modeller 9.27 program.

6. PDBSUM server.

7. ERRAT server.

8. NetMHC server.

9. NetMHCII server.

10. ABCpred server.

11. VMD program.

12. PCPS server.

13. CLUSPRO 2.0 server.

14. Amber 16 program.

15. NAMD 2.6 program.

16. CARMA program.

17. CPU or GPU to run Amber an NAMD programs.
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3 Methods

3.1 General Protocol

for the Search

and Selection

of Epitopes

1. Retrieve the full primary sequences of proteins reported in a
certain period and consider if there are different strains, sub-
types, species, etc. It is recommended to align sequences for
each subtype, group, or family through the Muscle/EBI server
(http://www.ebi.ac.uk/Tools/msa/muscle/) and the Clustal
X 2.0.11 program (see Note 2).

2. The quaternary structure of the protein consensus sequence is
modeled by using the Swiss Model server (https://swissmodel.
expasy.org/) (seeNote 3). It is highly recommended to use as a
template; high-resolution crystal structures of proteins Exam-
ple For the H1N1 HA consensus sequence, we have used the
Modeller 9.10 program [11] to build 3D models of multi-
chain HA by employing a multi-trimer template HA (PDB
ID: 1RUY). Their stereo-chemical qualities are also evaluated
by analyzing the Ramachandran plots and using the PDBSUM
(https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/
pdbsum/GetPage.pl?pdbcode¼index.html) and ERRAT ser-
vers (https://servicesn.mbi.ucla.edu/ERRAT/).

3. The protein consensus sequences are submit to the NetMHC
3.2 [12] (http://www.cbs.dtu.dk/services/NetMHC-3.2/),
NetMHCII 2.2 (http://www.cbs.dtu.dk/services/
NetMHCII/), and the ABCpred Prediction servers (http://
www.imtech.res.in/raghava/abcpred/) are used to identify
epitopes capable of interacting with MHC I, MHC II, and B
cells, respectively (see Note 4). For this purpose, it is recom-
mendanle to be focused on alleles that are deemed supertypes
to MHCI (HLA-B*39:01, HLA-B*1501, HLA-A*0201,
HLA-A*0301, HLA-A*2601, HLA-B*0702, and
HLA-B*5801) and MHC II (HLA-DRB1*0101,
HLA-DRB1*0301, HLA-DRB1*0401, HLA-DRB1*0701,
HLA-DRB1*0801, HLA-DRB1*1101, HLA-DRB1*1301,
and HLA-DRB1*1501).

4. We also select epitopes based on the promiscuity criteria among
the subtypes, which include the degree of conservation and
their surface localization on the quaternary structure of the
proteins. We determine the degree of exposition of the regions
by visual inspection using the VMD program [13] (Fig. 3) (see
Note 5).

5. We predict proteasome and immunoproteasome cleavage using
the Proteasome Cleavage Prediction Server, PCPS (http://
imed.med.ucm.es/Tools/pcps/index.html) to verify epitope
structural stability. The PCPS yielded fragments of peptides
ranging from 9 to 21 residues in length. These peptides are
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submitted to the NetMHC 3.2 and NetMHCII 2.2 servers to
determine whether they maintained their immunogenic
properties.

6. The CLUSPRO 2.0 server [14] (https://cluspro.bu.edu/
publications.php) is used to perform the docking study of the
epitope peptides on the MHC class II HLA-DR4 molecules
(PDB: 1D5M) (see Note 6). Additionally, docking studies of
the target peptides on MHC-I HLA-B5703 (PDB: 2VBQ) are
performed.

7. The parameters that are used for the MHC-II/I-peptide com-
plexes are obtained from the ff14SB force field. The topologies
for the MHC-II-peptide complexes are built by the LEaP
module and minimized and equilibrated through the Sander
module and pmemd.cuda in Amber 16 through the use of
graphical unit processors. The MHC-II/I-peptide complexes
are submitted to 100-ns-long MD simulations with the
MMGBSA approach to obtain their binding free energy values.

8. MD simulations are performed using NAMD 2.6 [15] with the
CHARMM27 force field [16] (see Note 7). First, the system is
embedded in a solvated water box and neutralized with
23 Na + atoms. All water molecules are closer to 3.8 A than
to any atoms of the protein that did not possess hydrogen
atoms. Prior to the MD simulations, the system is submitted
to an equilibrium process, which started with an initial minimi-
zation, with all backbone atoms fixed. Afterward, the whole
system (without structural restrictions for protein) is heated
from 0 to 30 K with short MD simulations (30 steps). Then the
MD simulations continued under the NTP protocol to reduce

Fig. 3 Three-dimensional location of exposed epitopes on quaternary structure
from neuraminidase (PDB: 4B7Q). The exposed peptides on the protein surface
are colored in pink (neuraminidase peptide: 258–270, PDB: 4B7Q). It can also be
observed that the tetramer of the neuraminidase in which four regions are
marked in pink color, where each of the regions shows a peptide in the
subunits of the protein
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anomalous initial contacts and to fill the empty spaces. A 30-ns-
long MD simulation is performed under NTV assembly to
execute the structural analyses. All simulations are performed
on a Linux cluster of 19 nodes with 4 cores each. The trajectory
data is saved every 2 ps and subsequently analyzed using the
CARMA program [17]. All snapshots for the epitope–MHC
complex are taken at 1-ns intervals, and they are then visualized
using the visual molecular dynamics (VMD) program [13].

In addition, the CARMA program [13] is used to obtain root-
mean-square deviations (RMSD), the root-mean-square fluctua-
tions (RMSF), and the radius of gyration (Rg).

4 Notes

1. The first step is to identify the diseases and concentrate on
pathogens such as virus, bacterium, or cancer antigens. Identify
the protein target and determine three dimensional
(3D) structure and protein posttranslational modifications.

2. Once the protein has been selected, a search of potential epi-
topes is carried out including some criteria such as external
localization, residue contents, MHC-peptide affinity, etc.

3. Search for 3D structure or build the target protein including
the membrane surfaces and intermonomeric structures which
in some cases is difficult to find due to the lack of structure
characterization.

4. Search for linear or conformational epitopes using epitope
predictors that sometimes could be combined using different
epitope predictors.

5. Some epitopes are excluded due to their internal localization
into the protein structures, oversize to either MHC-I or
MHC-II, low evolutionary conservation and low score per
program.

6. Performing molecular docking studies of peptides on MHC
could not yield reliable results due to the rigid structure of the
MHC target.

7. Finally, performing molecular dynamics (MD) simulations of
peptide-MHC complexes. Do not always rely on experimental
data as parameters such as biological environments and mem-
branes are not considered.
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Part VI

Vaccine Safety and Regulation



Chapter 27

The Regulatory Evaluation of Vaccines for Human Use

Norman W. Baylor

Abstract

A vaccine is an immunogen, the administration of which is intended to stimulate the immune system to
prevent, ameliorate, or treat a disease or infection. A vaccine may be a live attenuated preparation of
microorganisms, inactivated (killed) whole organisms, living irradiated cells, crude fractions, or purified
immunogens, including those derived from recombinant DNA in a host cell, conjugates formed by covalent
linkage of components, synthetic antigens, polynucleotides (such as the plasmid DNA vaccines), mRNA,
living vectored cells expressing specific heterologous immunogens, or cells pulsed with immunogen.
Vaccines are highly complex products that differ from small molecule drugs because of the biological
nature of the source materials such as those derived from microorganisms as well as the various cell
substrates from which some are derived. Regardless of the technology used, because of their complexities,
vaccines must undergo extensive testing and characterization. Special expertise and procedures are required
for the manufacture, control, and regulation of vaccines. Throughout their life cycle from preclinical
evaluation to post-licensure lot release testing, vaccines are subject to rigorous testing and oversight by
manufacturers and national regulatory authorities. In this chapter, an overview of the regulatory evaluation
and testing requirements for vaccines is presented.

Key words Vaccines, Regulatory, Manufacturing, Licensing, IND, Biologics

1 Introduction

The Food and Drug Administration (FDA) is the National Regu-
latory Authority (NRA) in the United States responsible for assur-
ing quality, safety, and effectiveness of all human medical products,
including vaccines for human use. The Center for Biologics Evalu-
ation and Research (CBER) within the US FDA is responsible for
overseeing the regulation of therapeutic and preventative vaccines
against infectious diseases. Vaccines are regulated as biologics.
Authority for the regulation of vaccines resides in Section 351 of
the Public Health Service Act and specific sections of the Federal
Food, Drug and Cosmetic Act (FD&C). For FDA licensure, a
single set of regulatory requirements applies to all vaccines, regard-
less of the technology used to produce them. Section 351 of the
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Public Health Service Act (42 U.S.C. 262) states that a biologics
license application shall be approved based on a demonstration that
“. . .(I) the biological product that is the subject of the application is
safe, pure and potent; and (II) the facility in which the biological
product is manufactured, processed, packed or held meets stan-
dards designed to assure that the biological product continues to be
safe, pure, and potent...” [1].

Vaccines, whether prophylactic (measles, polio, HPV, etc.) or
therapeutic (HIV or other chronic infectious diseases, etc.), are
subject to the same regulations as other biological products and
are required to be manufactured to meet strict standards set by
National Regulatory Authorities (NRA) such as the US FDA.
While vaccine manufacturers have the primary legal responsibility
for assuring the safety, quality, and effectiveness of the products
they manufacture and distribute, it is the NRAs who have the legal
authority of enforcement to ensure product quality, safety,
and effectiveness. Moreover, NRAs are responsible for the review
and authorization of clinical trials, approval of licensing applications
and lot release, and monitoring the performance of the product
throughout its life cycle. The FDA also publishes guidance docu-
ments, although not legally enforceable, which provide sponsors
and manufacturers with FDA’s current thinking on various regu-
latory and scientific topics (Table 1).

Biological products, including vaccines, are distinguished from
chemical pharmaceuticals primarily due to their derivation from
living organisms with an innate molecular complexity that cannot
be defined by physical or chemical means alone. In addition, the
intrinsic variability of living organisms, and the potential for con-
tamination of materials with adventitious agents, which may come
from starting materials or the environment, requires special quality
control and quality assurance mechanisms. Moreover, vaccines are
inherently more difficult to develop, characterize, and manufacture
than most pharmaceutical products.

2 Vaccine Types

Advances in vaccine research and development as well as immunol-
ogy has enabled the discovery of numerous types of vaccines, many
of which have been proven to be safe and elicit robust immune
responses that protect against human infectious diseases. Novel
vaccine strategies for the prevention of existing and emerging
infectious diseases continue to be investigated. Major advances in
understanding the complex interactions between microbes and
their human hosts have occurred over recent decades. These
insights, as well as advances in assay development, laboratory tech-
niques, and novel technologies have also contributed to the
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Table 1
Current guidance documents applicable to development, manufacture, licensure, and use of
vaccinesa

Guidance documents

Emergency Use Authorization for Vaccines to Prevent COVID-19; Guidance for Industry, October
2020

Development and Licensure of Vaccines to Prevent COVID-19; Guidance for Industry CBER, June
2020

Submitting Study Datasets for Vaccines to the Office of Vaccines Research and Review; Guidance for
Industry; Technical Specifications Document, 12/2019

Providing Submissions in Electronic Format—Postmarketing Safety Reports for Vaccines—Guidance for
Industry, 8/2015

Guidance for Industry: General Principles for the Development of Vaccines to Protect Against Global
Infectious Diseases (PDF - 57KB),12/2011

Guidance for Industry: Clinical Considerations for Therapeutic Cancer Vaccines, 10/2011

Guidance for Industry: Characterization and Qualification of Cell Substrates and Other Biological
Materials Used in the Production of Viral Vaccines for Infectious Disease Indications, 2/2010

Guidance for Industry: Considerations for Plasmid DNA Vaccines for Infectious Disease Indications,
11/2007

Guidance for Industry: Toxicity Grading Scale for Healthy Adult and Adolescent Volunteers Enrolled in
Preventive Vaccine Clinical Trials, 9/27/2007

Guidance for Industry: Clinical Data Needed to Support the Licensure of Pandemic Influenza Vaccines,
5/31/2007

Guidance for Industry: Clinical Data Needed to Support the Licensure of Seasonal Inactivated Influenza
Vaccines,5/31/2007

Guidance for Industry: Development of Preventive HIV Vaccines for Use in Pediatric Populations 5/4/
2006

Guidance for Industry: Considerations for Developmental Toxicity Studies for Preventive and
Therapeutic Vaccines for Infectious Disease Indications, 2/2006

Guidance for Industry: FDA Review of Vaccine Labeling Requirements for Warnings, Use Instructions,
and Precautionary Information, 10/1/2004

Draft Guidance for Industry: Postmarketing Safety Reporting for Human Drug and Biological Products
Including Vaccines, 3/12/2001

Guidance for Reviewers: Potency Limits for Standardized Dust Mite and Grass Allergen Vaccines: A
Revised Protocol, 10/2000

Guidance for Industry: Content and Format of Chemistry, Manufacturing and Controls Information
and Establishment Description Information for a Vaccine or Related Product, 1/5/1999

Guidance for Industry for the Evaluation of Combination Vaccines for Preventable Diseases: Production,
Testing and Clinical Studies, 4/10/1997

aSource: Modified from FDA Vaccine and Related Biological Product Guidances. Available at: http://www.fda.gov/

BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/
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availability of new types of vaccines. Vaccines can be prophylactic or
therapeutic and exist in many different forms which may contain
live, attenuated virus, or inactivated microorganisms, or some
unique molecular component of the organism that causes illnesses.
Vaccines are generally classified as Live Attenuated, Inactivated,
Subunit, Vectored, Conjugated, DNA, and RNA (Table 2). Differ-
ent methods and technologies are used to manufacture and test
these vaccines.

Live attenuated vaccines are developed by reducing the viru-
lence of pathogens while maintaining their viability. Methods used
to attenuate wild-type viruses or bacteria include repeated culturing
in cells or culture media where the organism reproduces poorly.
The resulting vaccine organisms, which retain the ability to repli-
cate and induce immunity, usually do not cause disease. At present,
most live attenuated vaccines are against viral infectious diseases.
There are fewer licensed live bacterial vaccines.

Inactivated (killed) vaccines consist of either whole microor-
ganisms or fractions of either that have been grown in culture and
then killed using physical (heat or radiation) and chemical methods
(usually formalin). The pathogen particles are destroyed and can-
not divide, but the pathogens maintain some of their integrity to be
recognized by the immune system and evoke an adaptive immune
response. As for the fractional vaccines, the organism is further
treated to purify only those components to be included in the
vaccine (e.g., the polysaccharide capsule of pneumococcus).

Recombinant subunit vaccines contain specific highly purified
antigens from infectious disease organisms or purified proteins or
synthetic peptides. Subunit vaccines, like inactivated (killed)

Table 2
Summary of vaccine classification

Vaccine classification Licensed vaccines

Live viral vaccines Rotavirus, shingles, smallpox, polio, measles, mumps, rubella, chicken
pox, influenza, yellow fever, adenovirus, Ebola Zaire, dengue

Inactivated viral vaccines Influenza, polio, Japanese encephalitis, hepatitis A, rabies

Inactivated bacterial vaccines Typhoid, cholera plague, diphtheria, tetanus, and pertussis toxoids

Live bacterial vaccines BCG, cholera, typhoid

Polysaccharide and
conjugated vaccines

Pneumococcal, Haemophilus influenza b, meningococcal

Subunit vaccines Hepatitis B, HPV, acellular pertussis

Vectored vaccines None for humans, although several in development including RSV,
pandemic influenza, SARS-CoV-2

Nucleic acid vaccines (DNA,
RNA, mRNA)

None for humans, although several in development, e.g., HIV, various
cancer therapeutic vaccines, SARS-CoV-2
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vaccines, do not contain live components of the pathogen. Protein-
based subunit vaccines present an antigen to the immune system
without particles from the organism. The protein components are
expressed in eukaryotic or prokaryotic expression systems (e.g.,
E. coli, yeast) using recombinant protein expression technologies.

Some vaccines against bacterial infections are based on the
polysaccharides, or sugars, that form the outer coating of many
bacteria. Other vaccines against bacterial illnesses, such as diphthe-
ria and tetanus vaccines, aim to elicit immune responses against
disease-causing proteins, or toxins, secreted by the bacteria. The
antigens in these so-called toxoid vaccines are chemically inacti-
vated toxins, known as toxoids.

Nucleic acid vaccines consist only of DNA, RNA ,or mRNA,
which is taken up and translated into protein by host cells. Nucleic
acid vaccines have been widely used in infectious and malignant
diseases. Unlike viruses, naked nucleic acids lack the help of essen-
tial proteins, lipids, and sugars, which are important to viral infec-
tion. To date, no RNA or DNA vaccine has been approved for
humans; however, the technology has been improving, and multi-
ple DNA vaccines have been approved for use in animals [2]. In
contrast to recombinant bacteria or virus vaccines, nucleic acid
vaccines consist only of DNA or RNA, which is taken up by cells
and transformed into protein.

Messenger RNA (mRNA) has emerged as a novel platform
technology for the development of vaccines for cancer therapeutics
as well as against infectious diseases. Messenger RNA vaccines are
composed of one or more nucleic acids encoding for a single or
multiple vaccine antigen candidates, formulated in a delivery vehi-
cle and then directly delivered into the host cell. These delivery
vehicles may include lipid- and protein-based molecules, as well as
various types of polymeric scaffolding [3]. There are several mRNA
vaccines currently under clinical development against infectious
diseases such as rabies and SARS-CoV-2.

Vectored vaccines use a virus or bacterium as a vector, or carrier,
to introduce genetic material into cells. Several such recombinant
vector vaccines are approved to protect animals from infectious
diseases, including rabies and distemper; however, none are cur-
rently approved for humans. Viral vectored vaccines use live viruses
to carry DNA into human cells. The DNA contained in the virus
encodes antigens that, once expressed in the infected human cells,
elicit an immune response. Examples of virus vector systems are
retrovirus, lentivirus, vaccinia virus, adenovirus, adeno-associated
virus, cytomegalovirus, and Sendai virus. Several viral vectors have
been successfully used for vaccine production and gene therapy [4].
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3 Vaccine Manufacturing and Testing

Vaccine manufacturing is a complex process involving analytical and
formulation development to scale up the manufacturing process,
finalize the formulation, and validate assays in preparation of clinical
lots as well as commercial scale product (Fig. 1). A balance must be
made between rapidly providing material for clinical evaluation
using an interim process and delaying clinical trials until the final
process, formulation, and assays are available. For each clinical trial
phase, a decision must be made as to when to stop process devel-
opment and establish a fixed process for the preparation of clinical
materials.

The process by which a vaccine is manufactured depends on the
type of antigen that makes up the vaccine. There are different
vaccine-manufacturing processes depending on the specific type
of antigen that makes up the vaccine. Many vaccine development
processes, such as fermentation and cell culture, purification, for-
mulation, analytical testing, and vaccine characterization, which
precede the filing of an investigational new drug application
(IND), may be done in parallel [5]. Process development can be
divided into four interdependent categories: 1) process, analytical,
and formulation development; 2) manufacture and testing of pre-
clinical supplies; 3) manufacture and testing of clinical supplies
(prepared according to cGMP regulations); and 4) manufacture
and testing of final product for marketing authorization. In order
to support clinical trials, manufacturers are expected to implement
manufacturing controls that reflect product and manufacturing
considerations, evolving process and product knowledge and
manufacturing experience. As the process becomes better defined,

Fig. 1 Vaccine production process
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critical control points are identified and experience in the process
increases, and increased GMP documentation must be implemen-
ted and maintained [6].

The manufacture of most vaccines requires the growth or
expression of the immunizing agent (i.e., virus, virus-like particles,
recombinant proteins, etc.) in living cells. Establishing the condi-
tions for optimization of growth and expression to obtain adequate
yield is complex, and subtle changes in the process or materials can
significantly affect the composition of the vaccine and its safety,
effectiveness, or both. Thus, the process must be well controlled
and monitored and produce a consistent, well-characterized, and
reproducible product prior to its licensure. Production of the vac-
cine drug substance, whether by fermentation, cultivation, isola-
tion, or synthesis, usually starts with raw materials. Subsequent
steps of the procedure involve preparation, characterization, and
purification of intermediates eventually resulting in the vaccine
drug substance [7].

The vaccine drug substance is defined as the unformulated
active (immunogenic) substance, which may be subsequently for-
mulated with excipients to produce the drug product. The drug
substance may be whole bacterial cells, viruses, or parasites (live or
killed); crude or purified antigens isolated from killed or living cells;
crude or purified antigens secreted from living cells; recombinant or
synthetic carbohydrate, protein, or peptide antigens; polynucleo-
tides (as in plasmid DNA vaccines); or conjugates.

The vaccine drug product is the finished dosage form of the
product. The vaccine drug product contains the vaccine drug sub-
stance(s) formulated with other ingredients in the finished dosage
form ready for marketing. Other ingredients, active or inactive, may
include adjuvants, preservatives, stabilizers, and/or excipients. For
vaccine formulation, the drug substance(s) may be diluted,
adsorbed, mixed with adjuvants or additives, and/or lyophilized
to become the drug product.

Upstream manufacturing responsibilities routinely include
operations related to cell expansion steps starting with a single vial
of frozen cells and growing these exponentially into larger systems
eventually to be transferred into a large-scale terminal reactor.
Downstream manufacturing, or commonly referred to as purifica-
tion, is focused on the capture and isolation of a targeted molecule
and the removal of impurities. This is accomplished through several
different processes to include filtration, column chromatography,
and tangential flow filtration.

The quality and purity of the vaccine drug substance cannot be
assured solely by downstream testing but depends on proper con-
trol of the manufacturing and synthetic process as well. Proper
control and attainment of minimal levels of impurities depend on
full biological and physiochemical characterization such as those
outlined in Table 3, as well as (1) appropriate quality and purity of
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the starting materials, including the seed organisms, and reagents;
(2) establishment and use of in-process controls for intermediates;
(3) consistent adherence to validated process procedures; and
(4) adequacy of the final (release) control testing of the vaccine
drug substance. Even after licensure, manufacturers conduct a
series of tests on the bulk, intermediate, and final vaccine products
and typically are required both to meet all product and process
specifications and to submit the results of key tests, along with
samples of the product to CBER for evaluation prior to CBER’s
approval of lot release and administration of vaccine.

Regulatory requirements mandate that all licensed vaccines
undergo appropriate lot testing before release. Requirements for
release testing of licensed biologicals can be found in Title 21 CFR
610.27. These tests include those for bacterial and fungal sterility,
general safety, purity, identity, suitability of constituent material,
and potency to assess immunogenicity and/or antigen content and,
depending on the nature of the vaccine and its manufacturing
process, additional tests as required by the NRAs to assure vaccine
safety and quality (Table 4). Depending on the product, additional
testing (e.g., to ensure adequate inactivation) may be required.

A description and results of all relevant in vivo and in vitro
bioassays performed on the manufacturer’s reference standard lot
or other relevant lots to demonstrate the potency and activity(ies)
of the drug substance must also be provided, including a complete
description of the protocol used for each bioassay, the control
standards used, the validation of the inherent variability of the

Table 3
Biological and physiochemical characterization

Biological activity Physiochemical

l Specific identity testing such as
Western blot analysis or ELISA

l Cytometric analysis
l Neurovirulence testing, if appropriate
l Serotyping
l Electrophoretic typing
l Inactivation studies
l Neutralization assays
l Titrations

l UV/visible or mass spectrometry
l Amino acid analysis
l Amino acid or nucleic acid sequencing
l Peptide mapping
l Determination of disulfide linkage
l Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) (reduced and nonreduced)

l Isoelectric focusing (1D or 2D)
l Various chromatographic methods such as HPLC, GC, LC, or
thin layer chromatography

l Nuclear magnetic resonance spectroscopy
l Assays to detect related proteins including deamidated,
oxidized, processed, and aggregated forms and other variants,
such as amino acid substitutions and adducts/derivatives, and
other process contaminants such as sulfhydryl reagents, urea,
residual host proteins, residual DNA, and endotoxin
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test, and the established acceptance limits for each assay. The char-
acteristics of specific antibodies used in immunochemical or sero-
logical assays should also be included.

Regulatory compliance in biologics manufacturing requires the
implementation of a quality unit and system that is robust enough
to support production throughout its clinical phase maturation.
The quality unit is expected to be independent of the operations/
manufacturing unit and fulfills both the quality assurance and
quality control responsibilities. Their roles and responsibilities
should be defined and documented. Critical roles of the quality
unit are the review and approval of all quality-related documents;
disposition of raw materials, intermediates, packaging, labeling
materials, and the final product; conduct internal and supplier
audits; review completed batch production and laboratory control
records before determining disposition; approve changes that could
potentially affect the intermediate and final product; and ensure the
complete investigation and resolution into deviations and com-
plaints. In biologics manufacturing, especially with Phase 1 mate-
rial, not all critical parameters, control points, and at times raw
material may all be defined or identified. Knowing this and knowing
that the process will continue to grow through its clinical phases,
oversight from the quality unit must ensure that the manufacturing
process adheres to the foundational components of cGMPs. These
foundational components are those that ensure full support of the
product production and are maintained within the quality system.
All components of the quality system are controlled through writ-
ten and approved policies and procedures.

Vaccines, like all products that purport to be sterile, should be
free of viable contaminating microorganisms to assure product
safety according to FDA regulations [8]. It is not practical to
demonstrate absolute sterility of a vaccine lot; however, sterility
assurance is accomplished primarily by validation of the sterilization
process or of the aseptic processing procedures under cGMPs. The
manufacturing process must also assure that vaccines are free of
extraneous material except that which is unavoidable in the
manufacturing process. Testing for detection of adventitious agents
should be undertaken with consideration of the possible agents

Table 4
Lot release testing

Sterility—bacterial or fungal contaminants

General safety test—guinea pigs and mice—to detect extraneous toxic contaminants

Identity test—e.g., SDS SDS-PAGE, Western blot, immunologic assay, or amino acid analysis

Purity—e.g., % moisture, SDS SDS-PAGE, HPLC, endotoxin

Potency—in vivo or in vitro test to assess immunogenicity, antigen content, or chemical composition
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which may be present in cell substrates that may be used in the
production of the vaccine. FDA regulations define purity as relative
freedom from extraneous matter in the finished product, whether
harmful to the recipient or deleterious to the product [9]. Final
container vaccine is also required to be identified by a test specific
for the product, e.g., neutralization of live viral vaccines with
specific antisera. As far as constituent material, manufacturers
must also ensure that all ingredients in vaccines such as preserva-
tives, adjuvants, diluents, etc., meet generally accepted standards of
purity.

Potency testing is also an important component of the
manufacturing process. Potency is defined as the specific ability or
capacity of a vaccine, as indicated by appropriate laboratory test or
by adequately controlled clinical data obtained through the admin-
istration of the vaccine in the manner intended to effect a given
result [10]. Potency is equivalent to the concept that the product
must be able to perform as claimed, and if possible, this should
correspond with some measurable effect in the recipient or corre-
late with some quantitative laboratory finding. Developing potency
assays are product specific and present certain challenges due to the
variety of vaccine types (Table 2), degree of purity, differing com-
plexities, chemical heterogeneity of active moieties, and varying
number of valencies or serotypes in some vaccines. Vaccine potency
is only one of the tools used to ensure that a manufacturing process
yields vaccines of quality consistent with that of lots proven
efficacious [11].

Establishing analytical testing methods for vaccines and all
intermediates is critical to assuring safety and consistency of
manufacturing. Suitable analytical test methods are important com-
ponents for establishing identity, quality, purity, and potency for a
vaccine. Title 21 CFR 211.194(a) requires that test methods used
for assessing compliance of pharmaceutical products, including
vaccines, with established specifications, must meet proper stan-
dards of accuracy and reliability. While it is not necessary to have
analytical methods qualified for testing process development dem-
onstration run materials or scale-up engineering run material, all
test methods need to be at least qualified for any cGMP lot material
during early stages of the vaccine development and manufacturing
program [6]. Validation defines the performance characteristics of
an analytical procedure, based on the demonstration that the pro-
cedure is suitable for its intended purpose or use. Validation is
generally performed in accordance with the relevant International
Conference on Harmonization (ICH) guidelines. Process valida-
tion requires establishing documented evidence that provides a
high degree of assurance that a specific process will consistently
produce a product meeting its pre-determined specifications and
quality characteristics.
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4 Stages of Vaccine Development

The vaccine development process can be divided into two major
categories, those events that are not under the regulatory authority
of the FDA and are exploratory in nature and those events that are
subject to regulatory authority by the FDA. Exploratory events or
research and development cover basic research drug discovery pro-
cesses that occur before the sponsor submits an investigational new
drug application (IND) to the FDA. There are four main stages of
vaccine development under the purview of regulatory authorities:
preclinical, clinical (IND), licensing, and post-licensure. Through-
out the vaccine life cycle from preclinical evaluation to post-
licensure lot release testing, vaccines are subject to rigorous testing
and oversight by manufacturers and regulatory authorities.

4.1 Exploratory

Stage

The general stages of the development cycle of a vaccine are out-
lined in Table 5. The first steps are exploratory in nature. The
exploratory stage involves basic laboratory research and often lasts
2–4 years [12]. The research community of academic, government,
and industry scientists identifies natural or synthetic antigens that
may have potential in preventing or treating a disease. These anti-
gens could include virus-like particles, weakened viruses or bacteria,
weakened bacterial toxins, or other substances derived from infec-
tious disease pathogens. The goal of research and development at
this stage is to identify and develop a viable product that is safe and
immunogenic and complies with applicable regulatory require-
ments of the NRA of record. Research and discovery may be
empirical and based on trial and error and occur in an unregulated
environment (Fig. 2). If the vaccine shows promise in the explor-
atory phase, it moves on to animal testing or the preclinical phase.
Although there is no regulatory oversight in the basic research and
discovery phase, each of the product development stages beginning
with the preclinical stage is impacted by the regulatory process.
Once product development enters the regulated environment,
there are challenges that must be overcome (Fig. 3). Preclinical
studies must be completed according to GLP; chemistry,
manufacturing, and control procedures must be done according
to current good manufacturing practices (cGMP); and clinical
studies are required to be conducted according to good clinical
practices (GCP) [13].

4.2 Preclinical Stage The preclinical stage consists of the development and testing of
vaccines prior to the vaccine being tested in humans. Considera-
tions for preclinical studies are evaluated on a product-specific basis,
and requirements may differ depending on the type of vaccine, the
manufacturing process, and the mechanism of action. Require-
ments for preclinical toxicity studies depend on considerations of
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Table 5
Development stages of new vaccines

Exploratory/research and development

Preclinical testing:

In vitro and in vivo studies

Clinical testing:

Investigational new drug application

Manufacturing/quality control:

Chemistry, manufacturing, and control

Facility

Regulatory review and approval:

Biologics license application

Basic
Research Development Preclinical

Pre-IND Follow-up

Protocol Preparation

CMO/CRO Mgmt

Quality Systems Implementation

Method Qualification

Pre-IND meeting with FDA Line development 

 CMO selection

 Method development

Gap analysis

Development plan

Pre-IND support 

 Pre-clinical plan

 Clinical synopsis

 CRO selection

Lead ID Proof-of-concept IND

Fig. 2 Impact of the regulatory process on early product development stages.
(Source: Baylor, NW. Regulatory Approval and Compliances for Biotechnology
Products in Biotechnology Entrepreneurship, Shimasaki, C. (ed.) 2014. Elsevier)

Fig. 3 Impact of regulatory process on clinical development stages. (Source:
Baylor, NW. Regulatory Approval and Compliances for Biotechnology Products in
Biotechnology Entrepreneurship, Shimasaki, C. (ed.) 2014. Elsevier)
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the vaccine’s potential benefit/risk, the target population, the
available clinical data from the use of related products, the product
features, and the availability of animal models. As product develop-
ment proceeds, the FDA may request additional preclinical
studies [14].

Early in the product development process, investigators test
candidate vaccines in vitro prior to moving into animals. Preclinical
studies use tissue culture or cell-culture systems and animal testing
to assess the safety of the candidate vaccine and its immunogenicity.
Animal subjects may include rodents and monkeys. These studies
may also provide insight into the cellular responses expected in
humans. Additionally, the outcome of these studies may also sug-
gest a safe starting dose for the next phase of research as well as a
safe method of administering the vaccine. Based on the clinical
data, the candidate vaccine may be modified during the preclinical
stage to enhance the vaccine safety and effectiveness. Although
limited at the beginning of clinical development, preclinical studies
should be sufficient to rule out overt toxicity and identify potential
toxic effects that might occur during the clinical trial. Preclinical
safety studies provide important safety data on the investigational
product’s effects in target organs as well as the reversibility of the
toxicity. Toxicity studies should be conducted in compliance with
GLP [15]. These requirements provide assurance of the validity of
toxicity test results by providing a well-controlled study environ-
ment. Adequate preclinical data must be provided in the submis-
sion of an IND to the FDA for determination that the vaccine is
reasonably safe to proceed with a clinical investigation.

As a consequence of more women of childbearing potential
participating in clinical trials, and more preventive and therapeutic
vaccines being developed for adolescents and adults, NRAs have an
increasing concern about the unintentional exposure of an
embryo/fetus before information is available about the risk versus
benefit of a vaccine. The FDA published recommendations pertain-
ing to the assessment of the developmental toxicity potential of
preventive and therapeutic vaccines for infectious diseases indicated
for females of childbearing potential and pregnant females [16].

4.3 Clinical

Testing Stage

Once the preclinical data package is reviewed and accepted by the
FDA, sequential phases of clinical evaluation commence. The clini-
cal testing stage or investigational new drug (IND) stage consists of
multiple phases where the investigational product is studied in
human subjects under well-defined conditions and with careful
monitoring. In certain cases where studies to demonstrate efficacy
in humans are not ethical or feasible, sponsors may conduct studies
to demonstrate efficacy of the product in appropriate animal mod-
els. The clinical development of a new vaccine begins with the
sponsor requesting permission to conduct a clinical study with an
investigational product through the submission of an IND applica-
tion. Title 21 CFR 312 describes the content of an original IND
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submission and the regulatory requirements for conducting clinical
trials under the IND regulations (16). Clinical studies are governed
by good clinical practices. These regulations facilitate the protec-
tion and safety of human subjects and the scientific quality of
clinical studies [17].

The IND submission describes the vaccine, its manufacture and
control testing for release of the vaccine, the proposed scientific
rationale, available preclinical animal safety testing results, and a
proposed clinical study protocol. Review of the IND submission
allows the FDA to monitor the safety of clinical trial subjects and
ensure that the study design permits a thorough evaluation of the
vaccine’s effectiveness and safety. There are typically three succes-
sive phases in the clinical evaluation of vaccine products under the
IND regulations [18]. These phases can sometimes overlap, and
the clinical evaluation may be highly iterative, because multiple
phase I and II trials may be required as new data become available.
The FDA rigorously oversees the clinical trial process. If data raise
significant concerns about either safety or effectiveness, the FDA
may request additional information or studies or may halt ongoing
clinical studies.

Phase I studies are designed to evaluate vaccine safety and
tolerability and to generate preliminary immunogenicity data. Typ-
ically, phase I studies enroll between 20 and 80 subjects who are
closely monitored throughout the duration of the trial. Phase II
studies, which typically enroll several hundred subjects, evaluate the
immunogenicity of the vaccine and provide preliminary estimates
on rates of common adverse events. Phase II studies are often
designed to generate data to inform the design of phase III studies.
Dose-ranging studies are also included in phase II clinical develop-
ment. The phase III trial provides the critical documentation of the
vaccine’s safety and effectiveness needed to evaluate the benefit/
risk relationship of the vaccine and to support licensure. Phase III
trials for vaccines are large and typically enroll from several hundred
to several thousand subjects to provide a more thorough assess-
ment of safety as well as a definite assessment of efficacy.
Manufacturing reproducibility is typically addressed during the
phase III trial by evaluation of lot consistency and ensuring process
validation.

The general considerations for clinical studies to support vac-
cine licensure include safety, immunogenicity, and efficacy (immu-
nogenicity may be sufficient in some cases). Ideally, efficacy is
demonstrated in randomized, double-blind, well-controlled stud-
ies. The end points are product specific and may be clinical disease
end points or immune response end points if efficacy against clinical
disease has been established. The requisite number of study parti-
cipants in efficacy trials for vaccines can range from thousands to
tens of thousands of subjects. This broad range depends on vari-
ables such as study design and incidence of the disease to be
prevented.
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4.4 Regulatory

Review and Approval

The licensing stage follows the IND stage when clinical studies are
completed. Regardless of the technology used to manufacture a
vaccine or the targeted population or indication, the basic regu-
latory requirements are the same. The regulatory review of the
license application begins when a vaccine manufacturer submits a
biologics license application (BLA) to the US FDA. The BLA
includes data from results of clinical and nonclinical studies, as
well as a complete description of manufacturing methods, compli-
ance with cGMP requirements, data establishing stability of the
product through the dating period, samples representative of the
product for introduction into interstate commerce, and data
describing the equipment and facility of each location involved in
the manufacture. The US FDA can approve the BLA once the
Agency determines that the vaccine meets prescribed requirements
for safety, purity, and potency. The regulations that pertain to the
licensure and submission of a BLA are in 21 CFR 600 through
680.20.

The BLA is reviewed by an expert multidisciplinary group of
scientists within the FDA. In addition to review of the BLA sub-
mission, important regulatory review activities support vaccine
licensure. These activities help ensure the quality and safety of
licensed products. Vaccine lots are subject to pre-licensure lot-re-
lease testing (Table 4). A preapproval inspection is designed as an
in-depth review of the manufacturing facilities, the manufacturing
process, and an assessment of the sponsor’s adherence to cGMPs.

Once the FDA review committee evaluates the complete data
package in the BLA, the agency generally requests that manufac-
turers present their data to the Vaccines and Related Biological
Products Advisory Committee (VRBPAC). The VRBPAC is a
standing FDA advisory committee composed of scientific experts
and clinicians, consumer representatives, and a nonvoting member
from industry. The VRBPAC and additional expert consultants, if
needed, evaluate clinical data and comment on the adequacy of the
data to support safety and efficacy in the target population. The
VRBPAC’s recommendations are strongly considered in the FDA’s
decision to license a vaccine. The VRBPAC may recommend that
additional studies be performed before licensure. After FDA’s
review committee determines that the data in the application are
satisfactory and support the safety and effectiveness of the vaccine,
and manufacturing consistency is demonstrated, the vaccine may be
licensed.

There are several expedited review mechanisms available to the
US FDA to advance the review and/or licensure of vaccines against
severe and life-threatening conditions, including accelerated
approval, fast track, priority review, breakthrough therapy, and
emergency use authorization (EUA) (Table 6). Designation of a
vaccine under these mechanisms does not lower the required scien-
tific/medical standards, the quality of data necessary for approval,
or the length of the clinical trial period.
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Table 6
US FDA expedited regulatory pathwaysa

Pathway
Description
of pathwayb Criteria Attributes

Fast track Program
designation

Drug intended to treat a serious
condition, and nonclinical or
clinical data demonstrate the
potential to address an unmet
medical need or a product
designated as a qualifying
infectious disease productc

Actions to expedite development
and review; rolling review

Breakthrough
therapy

Program
designation

Drug intended to treat a serious
condition and preliminary
clinical evidence indicating the
drug may demonstrate
substantial improvement on a
clinically significant endpoint
(s) over existing therapies

Intensive guidance on efficient
drug development; FDA
organizational commitment;
rolling review

Priority review Program
designation

An application or efficacy
supplement for a drug that treats
a serious condition and if
approved would provide a
significant improvement in safety
or effectivenessd

Shorter review clock (6 mos
review time versus 10 mos for
standard review

Accelerated
approval

Approval
pathway

A drug that treats a serious
condition and generally provides
a meaningful advantage over
available therapies and
demonstrates an effect on a
surrogate endpoint that is
reasonably likely to predict
clinical benefit

Approval based on an effect on a
surrogate endpoint or
intermediate clinical endpoint

EUA Approval
pathway

Authorization of the use of an
unapproved product or the
unapproved use of an approved
product when an emergency or a
potential emergency exists

Allows introduction of drug,
device or biological into
interstate commerce by the Sec.
of DHHS for use in an actual or
potential emergency

aAdapted from the FDA Guidance for Industry: Expedited Programs for Serious Conditions—Drugs and Biologics
bDescription of regulatory pathways includes regulatory programs such as fast track, breakthrough therapy and priority
review. Emergency use authorization and accelerated approval are mechanisms whereby products may be approved for

introduction into interstate commerce
cTitle V111 of FDASIA, Generating Antibiotic Incentive Now (GAIN), provides incentives for the development of
antibacterial and antifungal drugs for human use
dPriority review also applies to any supplement that proposes a labeling change pursuant to 505 of the FD&C Act on a

pediatric study under this section or an application for a drug that has been designated as a qualified infectious disease

product (see footnote 2) or an application or supplement for a drug submitted with a priority review voucher
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The fast-track mechanism is designed to facilitate the develop-
ment and expedite the review of new drugs that are intended to
treat serious or life-threatening conditions and that demonstrate
the potential to address unmet medical needs (i.e., providing a
therapy when none exists) [19]. Most drugs that are eligible for
fast-track designation are likely to be considered appropriate to
receive a priority-review designation. A priority-review designation
is given to drugs that offer major advances in treatment or provide a
treatment when no adequate therapy exists. A priority review
reduces the FDA review time. The time for completing a priority
review is 6 months.

Breakthrough therapy is described in Section 506(a) of the
FD&C Act. Breakthrough therapy provides for the designation of
a drug as a breakthrough therapy “. . . if the drug is intended, alone
or in combination with one or more other drugs, to treat a serious
or life-threatening disease or condition and preliminary clinical
evidence indicates that the drug may demonstrate substantial
improvement over existing therapies on one or more clinically
significant endpoints, such as substantial treatment effects observed
early in clinical development” [20]. The clinical evidence needed to
support breakthrough designation is preliminary. In contrast to the
data needed to support approval, as is the case for all drugs, FDA
will review the full data submitted to support approval of drugs
designated as breakthrough therapies to determine whether the
drugs are safe and effective for their intended use before they are
approved for marketing.

The accelerated-approval regulation allows approval based on a
surrogate end point for drugs intended to treat serious diseases and
that fill an unmet medical need. A surrogate end point is a marker
(e.g., a laboratory measurement or physical sign) used in clinical
trials as an indirect or substitute measurement that represents a
clinically meaningful outcome, such as survival or symptom
improvement [21]. The use of surrogate end points may shorten
the FDA approval time. Approval of a drug based on such end
points is given on the condition that postmarketing clinical trials
verify the anticipated clinical benefit.

Emergency use authorization (EUA) is another regulatory
mechanism by which the US FDA can accelerate the availability of
vaccines and other pharmaceutical products [22]. Under EUA, the
FDA can authorize the use of an unapproved product or the
unapproved use of an approved product when an emergency or a
potential emergency exists. Section 564(b)(1) of the FD&C Act
allows the Secretary of the US Department of Health and Human
Services (DHHS) to authorize the introduction into interstate
commerce of a drug, device, or biological product intended for
use in an actual or potential emergency. Once the Secretary of
DHHS declares an emergency, the FDA may authorize the emer-
gency use of a particular product such as a vaccine, if other statutory
criteria and conditions are met.
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The assessment of efficacy for some infectious disease vaccine
candidates cannot be ethically conducted under clinical trial, such
as those for certain bioterrorism agents. In 2002, the FDA
amended the biological products regulations to incorporate
21 CFR 601.90, Approval of Biological Products When Human
Efficacy Studies Are Not Ethical or Feasible [19]. This rule, referred
to as the “animal rule,” provides that approval of certain new drug
and biological products can be based on animal data when adequate
and well-controlled efficacy studies in humans cannot be ethically
conducted because the studies would involve administering a
potentially lethal or permanently disabling toxic substance or
organism to healthy human subjects. In these situations, certain
new drug and biological products can be approved for marketing
based on evidence of effectiveness derived from appropriate studies
in animals without adequate and well-controlled efficacy studies in
humans. When assessing the sufficiency of animal data, the agency
may consider other data, including human data, available to the
agency. Safety must be evaluated in humans as a prerequisite for
approval.

5 Summary

Regardless of whether a vaccine is manufactured through tradi-
tional processes, i.e., live attenuated or inactivated (killed) whole
organisms, or from well-defined materials, such as vaccines based
on purified protein antigens of natural origin or produced by rDNA
technology, polysaccharides, semi-synthetic poly- or
oligosaccharide-protein conjugates and novel nucleic acid con-
structs, they all require strict adherence to regulatory requirements
throughout the manufacturing process. It is critical for vaccine
developers to understand the regulatory requirements in order to
manufacture a consistent and reproducible vaccine that is safe and
effective. Although the regulatory process does not directly impact
the early or exploratory stages, developers must be cognizant of the
requirements of the regulatory authorities, and develop a clear and
focused regulatory strategy, even during the early stages of product
development to avoid unnecessary delays in obtaining marketing
authorization. Once a vaccine is licensed, the regulatory impact
remains throughout the life cycle of the product.
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Chapter 28

Intellectual Property Rights and Vaccines

Penny Gilbert, Richard Fawcett, Joel Coles, and William Hillson

Abstract

Over the past 20 years, there has been steady, year-on-year growth in the number of granted vaccine-related
patents. It is therefore important that those involved in vaccine research should be aware of both the risks
and opportunities that patents create. The aim of this chapter is to offer a brief introduction to how, and
when, patent rights might become available to vaccine developers and to explain the potential risk of
infringement of third-party patent rights and the potential consequences.
This chapter begins with a brief introduction to the patent application process and the international

patent systems. The advantages and drawbacks of patent protection are discussed, followed by an overview
of patent infringement and the various legal safe-harbors that may be available for certain research activities.
Other features of the patent system which may be of particular relevance in the vaccines context are also
discussed, such as compulsory licensing, sovereign states’ rights to use patented inventions and voluntary
technology sharing agreements. The chapter concludes with a discussion of the SARS-CoV-2 (COVID-19)
pandemic and recent developments in the field of vaccine patents that have arisen as part of the international
response.

Key words Vaccines, Patents, Commercialization, Infringement, Biotechnology, Legal, Intellectual
property

1 Introduction

We are delighted to have been invited to contribute this chapter at a
time when public interest in vaccines could not be greater. While
certain parts of society reserve their right to refuse vaccination, for
the vast majority the benefits are clear. Previously deadly diseases
such as polio have been almost eliminated, or their impact mini-
mized, and over the past year the unprecedentedly rapid develop-
ment of the first generation of SARS-CoV-2 vaccines has emerged
as the greatest hope for an eventual route back to normality after
the havoc wreaked on lives and economies by the SARS-CoV-
2 pandemic.

Bearing in mind the vast amounts of research time and high
levels of private and governmental investment that are currently
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being committed to vaccine development (and the expectation of a
renewed focus on basic vaccine research and infectious disease
prevention in its aftermath), it is entirely appropriate that the
relevance of intellectual property rights should be a topic for con-
sideration in this edition. The relevance of patent rights to encour-
age and protect innovation will doubtless be familiar to the reader:
in return for investment in research, new inventions are rewarded
by monopoly protection in the form of patents. The grant of a
patent does not simply permit the inventor to put their own work
into effect. Instead, a patent is a “negative” right that prevents
others from copying or riding on the coat tails of the inventor,
thereby permitting a commercial market to be reserved solely to the
patent owner or, alternatively, enabling a flow of royalties from the
grant of licenses. Either way, the aim is to allow investment to be
recouped in order to fund future research. In return, the “patent
bargain” requires that the inventor puts details of their research
into the public domain by way of a patent application that provides
sufficient information to enable others to understand, make, and
build upon the invention once the patent term has expired.

So far, so good. But as a practical matter for anyone involved in
research, the existence of patents may be a boon, in making com-
petitor information available, or a burden in that preexisting third-
party patent rights may inhibit the exploitation of a particular field.

The aim of this chapter is to explain further about how, and
when, patent rights might be available. We will also consider the
risk of infringement and when there may be answers available to
avoid the potential blocking effect of third party patent rights upon
research and upon the eventual exploitation of the fruits of that
research.

While we have heard that “patents have never been a significant
factor in the vaccine business” [1], it is important to dispel that
fallacy.

As illustrated in Fig. 1, there has been a steady, year-on-year
growth in the number of granted vaccine-related patents over the
past 20 years. It is important, therefore, that those involved in
vaccine research should be aware of both the risks and opportu-
nities that patents create.

Some of the companies most active in patenting in the field of
vaccine technologies over the last 20 years are shown in Fig. 2.

Patents may protect not only the vaccine product itself but also
the individual vaccine components, the means by which they are
made, purified, or delivered, the delivery devices themselves, the
dosage regimens, and the use of the protected technology against
particular disease targets. The authors are aware of United King-
dom (UK) litigation over patents for B. pertussis antigens [2],
hepatitis B antigens [3], meningitis vaccines [4], and means of
conjugating pneumococcal antigens [5], for example.
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Fig 1 Grant of vaccine patents in the past 20 years. Minesoft’s PatBase patent database was searched by
Vaccine-related IPC code and keywords, using the search methodology described at www.tandfonline.com/
doi/pdf/10.4161/hv.7.2.14004

Fig 2 Network diagram showing assignees of patents, identified by searching Minesoft’s PatBase patent
database with vaccine-related IPC code and key words, having the most forward citations over the last
20 years
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2 What Is a Patent?

A patent is a time-limited legal monopoly on an invention, which
grants the owner the exclusive legal right to exploit that invention
in the country of grant. This right may be sold, licensed to other
parties, even given away for free or given up entirely, and for this
reason, it is considered an item of personal property. The holder of a
patent can, subject to a limited number of exceptions which are
discussed further below, prevent any other party from using their
invention, or require them to pay a royalty in order to do so.

As a result of international treaties, the lifespan of a patent is
usually fixed at 20 years from the date on which the patent applica-
tion was filed, although some jurisdictions may permit extensions
to this in limited circumstances. In particular, patent term exten-
sion may be granted for pharmaceutical patents, including
patents protecting vaccines, in order to compensate patentees for
the delay in bringing a product to market as a result of the need to
obtain marketing authorization before commencing sales.

3 What Can Be Patented?

Patents can be granted for both products and processes that are:
(a) new; (b) inventive; and (c) serve a practical technical purpose.
This latter requirement is known in Europe and some other jur-
isdictions as “industrial applicability” and as “utility” in the US.

It is not possible to obtain a patent for a mere discovery or
idea—patent protection can only be obtained for the technical
application of such discoveries in the form of products or processes.

There are also a number of specific exclusions from what can be
patented, which vary between jurisdictions based on public policy
considerations. For example, in the signatory states of the
European Patent Convention (EPC), it is not possible to patent
certain types of methods of medical treatment administered by a
physician.

4 Who Can Apply for a Patent?

It is the inventor who has the right to apply for a patent for their
invention. However, that right can be transferred, or assigned, to
another person. In most countries, if an employee has developed an
invention in the course of their usual employment then the inven-
tion (and the related patent rights) will belong to their employer.
To avoid confusion and the potential for dispute, employment
contracts will often specify issues of intellectual property owner-
ship. Nevertheless, the employee may have a right to equitable
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remuneration for an invention that has been particularly valuable to
their employer, depending upon the particular circumstances and
the relevant national laws. In any event, the employee will always
retain the right to be mentioned as the inventor and that right
cannot be transferred.

Since an invention may be made by a project team, or in the
course of a scientific collaboration, there may be multiple inventors
and, therefore, multiple applicants. The way in which shared own-
ership of a patent is dealt with varies according to local law.

5 Who Grants Patents?

Patents are granted by the national governments of individual
countries, who are also responsible for enforcing them through
the judgments of their courts. This remains the case even when
countries agree by treaty to outsource some functions of their
patent system to supranational organizations such as the World
Intellectual Property Organization (WIPO) or European Patent
Office (EPO). WIPO is a branch of the United Nations which,
among other functions, allows a patent filed in one country to
automatically count as having been filed on the same date in many
other countries. While this can save a lot of time and money for
inventors, WIPO has no power to grant patents in its own right,
and they will still need to go through the granting process for each
separate country. By contrast, the EPO is a centralized patent
examination system, created under the EPC, which allows inven-
tors to make a single application which, if granted, will become
effective as national patents in each of the EPC member states
designated by the applicant. The EPO operates a centralized oppo-
sition and amendment procedure, the effects of which take effect
on all designations of a European patent across member states. The
EPO is not a body of the EU, and EPC member states include a
number of non-EU countries, such as Turkey, Norway, Switzer-
land, and (since Brexit) the UK.

Once granted, patents are inherently national rights, existing
only within the borders of the country that grants them. There are
no international patents as such, only a number of treaties between
nations which streamline and coordinate various aspects of the
patent application process and standardize some of the require-
ments for granting a patent (even though these common rules
can still often be interpreted differently by different countries).
This means that it is common for an inventor to file for protection
of the same invention in different countries, according to where
they anticipate their invention will find a market, and to receive a
different scope of protection in different countries. A patent which
is held valid in one state may nevertheless be held to be invalid in
another due to differing national rules.
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6 Why Apply for a Patent?

Patents offer a way to recoup research costs and may provide future
research funding. Patents can be sold, either for a lump sum or in
exchange for a royalty on future profits or sales arising from the
invention. Alternatively, licenses can be granted to people who wish
to use the patented invention, which can in some circumstances be
a preferable option for inventors as it allows them to retain owner-
ship and some degree of control over the patent (e.g., licenses may
contain clauses to allow the patent owner to terminate the license
and grant a new one to another party if the licensee fails to com-
mercialize the technology within a reasonable amount of time).
Although there are many different types of licensing arrangements,
the most important distinction is between licenses which are exclu-
sive (i.e., the licensee becomes the only person entitled to use or
make the patented product or process, excluding even the patent
owner) versus nonexclusive, in which more than one licensee may
be granted the right to use the patented invention. It is possible for
licenses (including exclusive licenses) to be divided by territory, or
by application. For example, if a patented drug is useful in both
human medicine and veterinary treatment, it is possible to grant
separate exclusive licenses for the human and veterinary
applications.

Patents are often a valuable asset for new startups and provide
the basis for seeking investment. Likewise, patents held by academic
institutions, or governmental departments, can provide a means of
raising funds through license or sale of the rights. Where the patent
holder does not intend on commercializing the invention of its
patents itself, they may provide a bargaining chip to gain access to
the patented technology of other groups or companies working in
the same field, for example by way of a mutual cross-license or even
by contribution to a “patent pool.”

7 How Do You Apply for Patent Protection?

The patent application process starts with the filing of what is,
essentially, an early draft of the patent itself (the “priority docu-
ment”) at the competent patent office, together with any necessary
paperwork and a fee. The date on which this document is filed (the
“priority date”) is usually the date at which validity will be assessed.
Up to 1 year after this date (the “priority period”), it is possible to
file updated drafts of the patent. Insofar as the invention that is
eventually claimed is only disclosed and properly supported by these
later drafts, then in that case the validity of the patent will be
assessed from the date on which the relevant later draft is filed.
This may have an impact on the patent’s validity if relevant prior art
is published in the intervening period.
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Ideally, a patent application should be filed as soon as possible
after an invention has been made, in order to establish the right to
that invention, and so that there will be less prior art with which to
contend. However, this does not mean that an application should
be rushed. The scope and validity of a patent will be determined by
reference to the description which is filed with it. Many valuable
patents for important inventions have been found to be invalid, not
because of any lack of quality in the invention itself, but due to
drafting errors or the omission of sufficient information to support
the invention caused by the hurry to file as soon as possible. In
practice, there is always a trade-off between the need to file early
and the need tomaximize the supporting information in the patent.

At the end of the priority period, the patent application will
enter a phase known as “prosecution.” The patent office will carry
out a search of its records to determine whether there are any
reasons why the patent should not be granted (such as prior art
which shows that the invention is not new or lacks an inventive
step). There follows, in effect, a negotiation with the patent office
regarding the merits of the application and the form of any claims
that it is prepared to grant.

Once a patent has been granted, it will need to be actively
maintained by the regular payment of renewal fees throughout its
20-year duration.

One final point to note is that due to different procedural and
substantive patentability rules in different jurisdictions, it is quite
possible for an identical patent application filed in two different
jurisdictions to end up with significantly different sets of granted
claims, once it has been through the two separate patent prosecu-
tion systems.

8 Is Patenting the Right Route?

The patent application procedure can be time-consuming and
expensive, so before filing a patent application, it is worthwhile to
consider whether this is the most appropriate way to protect an
invention and whether the significant financial investment will be
justified.

There may be good reasons for preferring alternative means of
protecting an invention. In particular, the patent system is not very
well-suited for protecting complex know-how or incremental tech-
nical advances, where any resulting patent claims may be highly
specific and so have a narrow scope of protection, making them easy
for competitors to “design around.” In some cases, it may be
preferable to maintain valuable know-how (e.g., cell culture condi-
tions or processing protocols for biological materials) as a trade
secret. While this forfeits the legally enforceable monopoly of a
patent, the invention will in many jurisdictions remain protected
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by laws prohibiting the disclosure of confidential information.
Crucially, unlike patents, which have a strict time limit, trade secrets
can be maintained for as long as the secret can be kept.

At the other end of the spectrum, if the primary goal in apply-
ing for patent protection is purely defensive (i.e., to stop someone
else from filing patents in a particular area of technology, so that
you can continue research and development without threat), then
there may be more cost-effective ways to achieve this goal, provided
that maintaining confidentiality is not a concern. It is not uncom-
mon for firms that cannot, or do not wish to, incur the cost of
obtaining patent protection to engage in “defensive publishing,” in
which disclosures enabling the invention (or some aspect of it) are
made publicly available. This has the effect of clearing an area in
which to operate, within which no patents can be filed, as they
would lack novelty or be obvious in light of the published informa-
tion. Such defensive publications will, however, impact upon the
potential for protecting future valuable inventions of one’s own
that may later emerge.

9 What Are the Consequences of Infringing Someone Else’s Patent?

The consequences of infringing a patent can be significant. A
patentee may start legal proceedings in the relevant national court
of the country where infringement took place. If infringement of a
valid patent is proven, remedies typically include damages and an
injunction to prevent further infringement for the lifetime of the
patent. In some jurisdictions it is potentially possible to obtain an
injunction lasting beyond expiry of the patent to prevent third
parties from obtaining a so-called “springboard advantage” from
infringing acts that took place during the life of the patent. It is also
often possible to obtain an order to seize or destroy infringing
products or equipment to remove them from the market.

Damages for patent infringement can be substantial—a patent
owner may be able to obtain compensation for all lost profits, which
in some cases will dwarf the profits made by the infringer. In some
jurisdictions, such as the US, punitive damages may be awarded
where it can be established that the infringement was willful.

It is common for companies to file large numbers of patents in a
particular area resulting in so-called “patent thickets”, which may
act as an obstacle to other parties attempting to develop similar
technology. In many countries, there is an obligation on third
parties to actively investigate whether any patents exist that are
relevant to their planned activities, and seek to have them invali-
dated (or to obtain declarations that their technology does not
infringe) before launching a commercial product. This process is
known as “clearing the way” and is discussed in more detail below.
Clearly such a task is particularly problematic in technology fields
that are subject to patent thickets.
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10 Are Research Activities Infringing?

Research activities are safeguarded from patent infringement in
many jurisdictions in a variety of ways. Among the European
Union (EU) states that are signatories to the EPC, a common
framework was envisaged under the Community Patent Conven-
tion 1975 (CPC) to provide a range of defenses against infringe-
ment. While the CPC never entered into force, some of its
provisions have nevertheless been adopted into law by member
states. These are discussed below, and many are reflected, at least
to some extent, in other national laws.

10.1 Private and

Noncommercial Use

Research that is being carried out for non-commercial use, such as
academic work, typically falls under the “private use” exemption
provided that it is done in a private setting. “Private” in this context
does not require confidentiality and simply means that the acts
should not be performed in public.

10.2 Experimental

Research Exemption

Acts that are done “for experimental purposes relating to the
subject-matter of the invention” are also typically protected. This
provision is intended to safeguard research whose objective is to
validate the teaching of a patent or to expand knowledge in the
same area, even in a commercial context. However, it has typically
been construed narrowly by national courts to specifically cover
experiments regarding the specific subject-matter of a patent, and
so does not usually protect the use of the teaching of one patent in
the development of a different product or technology, or the
carrying out of commercial testing or product trials.

10.3 Exemption

for Tests or Trials

of Medicinal Products:

The “Bolar Exemption”

In many countries, including the UK, the US, and the countries of
the EU, acts done while conducting a study, test, or trial that is
necessary for the purposes of obtaining a pharmaceutical marketing
authorization may be subject to an exemption. This exemption is
commonly known as the “Bolar exemption.”

The precise limits of this exemption vary between countries. In
some places, the exemption is limited to the studies necessary to
obtain generic or biosimilar approval. In other jurisdictions, the
scope will extend to cover innovator clinical studies.

10.4 Extem-

poraneous Preparation

in a Pharmacy

In keeping with the exclusion under the EPC of methods of treat-
ment or diagnosis from patentable subject matter, acts performed
in a pharmacy in connection with the preparation of a medicine in
accordance with a prescription are also protected from
infringement.

10.5 Right

to Continue Use Begun

Before Priority Date

A party that has secretly or privately used an invention prior to it
being patented may not be able to show their use represents pub-
licly available prior art (which, if proven, would result in the patent
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being held to be invalid, because it was not novel or obvious).
However, they are afforded some protection from patent enforce-
ment in some jurisdictions, such as the UK and Germany, with the
defense of “prior use.” This exemption is read narrowly to allow
such parties only to continue doing the specific activities and use
that pre-dated the patent.

11 Doctrine of “Clearing the Way”

While there are clearly a range of exemptions which can offer
protections to parties performing research and testing new vaccine
products, by the time a product is launched on the market, none of
these exemptions are likely to apply. In some countries, such as the
UK, courts place weight on whether a party has sought to “clear the
way” of relevant patents in advance of a new product launch. Parties
are expected to have considered what patents their product may
infringe, and either seek their revocation (either by way of opposi-
tion at a patent office, or in a national court), or seek a preliminary
certification that their product would not infringe, if this is available
(such as a declaration of non-infringement). Should a party neglect
to take either of these options, then they run the risk of being
subject to a preliminary injunction to keep their product off the
market pending a more detailed trial on the merits, which may take
a year or longer depending on the jurisdiction.

It is therefore important at an early stage of product develop-
ment to consider the patent landscape in the relevant technical field
and determine what steps may need to be taken to achieve a
successful product launch.

12 Can a Patentee Be Compelled to Grant a License?

Despite the protections offered by patents in restricting the use of
inventions, there are circumstances where a patentee can effectively
be compelled to grant a license to another party, most notably
where public health or defense issues arise. Though they are not
often used in practice, compulsory license provisions are a common
feature in most jurisdictions, where they give effect to Article 31 of
the World Trade Organization (WTO) Agreement on Trade-
Related Aspects of Intellectual Property, 1994 (TRIPS). While
some jurisdictions may have their own compulsory license provi-
sions pre-dating the TRIPS Agreement, the treaty establishes a
basic set of common rules to be followed by WTO member states.

In short, the TRIPS rules provide that WTO member states
may authorize acts that would otherwise infringe a patent in certain
circumstances. As such, they offer national authorities protection
against a patentee who may have no interest, or lack the capacity, to
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make an important innovative product, such as a medical technol-
ogy, available in that country. Authorization is permitted in circum-
stances where a license has already been sought from the licensor on
reasonable commercial terms and conditions, but such a licence
has not been granted within a reasonable period of time. A license
authorized in this way should be limited to being nonexclusive,
non-assignable, and restricted to the predominant purpose of sup-
plying the market within that jurisdiction. It should also be limited
in scope and duration according to the particular circumstances in
which the need for it arose, and subject to periodic review.

An unwilling licensor who is compelled to grant a license can
expect to receive adequate remuneration, with the amount which
will be due depending on the circumstances of the case, taking into
account the economic value of the compulsory license.

In the specific circumstances where a prospective licensee needs
a license to an earlier (first) patent in order to exploit their own
(second) patent, they can only expect a compulsory license to be
authorized if the invention in the second patent represents an
important technological advance of considerable economic signifi-
cance in the context of the first patent. However, in return for being
awarded a compulsory license, the party receiving a license to the
first patent must grant a cross-license to the second patent to the
licensor of the first patent.

WTO member states are allowed to impose their own stricter
rules regarding compulsory licenses. In the UK, for example, the
specific grounds in which a compulsory license can be sought
include: (a) where demand for a patented product is not being
met on reasonable terms; (b) where the establishment or develop-
ment of commercial or industrial activities is being unfairly
prejudiced; or (c) where the manufacture, use, etc. of associated
products that themselves are not protected by the patent are being
hindered. A key protection for the patentee in the UK is that they
are given up to 3 years after the grant of a patent in order to
commercialize it before a compulsory license can be sought by
another party.

12.1 National

Emergency, Extreme

Urgency, or Public

Noncommercial Use

The requirement for a prospective licensee to first seek a license
from a licensor is waived under the TRIPS rules in circumstances of
national emergency, extreme urgency, or where an authorization is
only sought for public noncommercial use. This allows national
authorities to grant permission immediately in emergency situa-
tions, or more generally without unnecessary delay.

In the UK, this exception is embodied in the “Crown use”
exemption. A government department may be permitted to do
certain acts “for the services of the Crown” which would otherwise
infringe a patent, or provide written authorization for another
party, usually the alleged infringer, to do so. The exemption is
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intended to cover a variety of activities, but specifically includes the
supply of vaccines within a more general category of drugs and
medicines. A patentee is entitled to compensation to the extent that
they may have missed out on being awarded a contract for provision
of the relevant product, but only if, at the relevant time, they had
actually been in a position to fulfil the contract their existing
manufacturing capacity.

13 Are There Other Ways to Avoid Risk of Infringement?

While proprietors of patents can be compelled to grant licenses in
certain circumstances, there are also ways in which third parties can
be permitted to work an invention without risking infringement.

13.1 Voluntary

Licenses

Patentees willing to grant licenses to third parties are free to adver-
tise their patents as being available for voluntary licenses. In the
UK, for example, the availability of a “license of right” can
be recorded on the publicly available patent register, which entitles a
patentee to pay reduced renewal fees for that patent. Licenses
granted on this basis should be on commercially reasonable
terms, and for reasonable remuneration, which may for example
be based on the rates from existing comparable licenses.

13.2 Patent Pools In mature industries, where a thicket of patents, owned by different
parties, may exist, it is common for patents to be pooled and cross-
licensed for the mutual benefit of all parties. Licenses to pools of
patents may also be offered to third parties, particularly if the
technologies are the subject of industry standards, or otherwise
where there are concerns of anti-competitive behavior.

13.3 Waivers

of Patent Rights

While it is common for inventors and innovative companies to seek
financial reward for the exploitation of their intellectual property
rights, patentees may of course waive their rights. By way of exam-
ple, in the early stages of the 2020 SARS-CoV-2 pandemic, in the
face of rapidly escalating emergency situations around the world,
AbbVie took this move in relation to their HIV therapy Kaletra®
(lopinavir/ritonavir) after it was, at that time, thought to show
signs of potential efficacy against the novel virus.

14 Finally: Patents, Pandemics, Public Funding, and Policy Issues

As the SARS-CoV-2 pandemic has spread globally, putting unprec-
edented pressure on social, health, and economic systems, scientists
have worked to develop vaccine candidates in record time. At the
time of writing, according to the World Health Organisation there
are 121 vaccines in clinical development around the world and at
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least 194 preclinical vaccines in pre-clinical development [6]. The
public has reacted to the announcements of efficacy for the front
runner vaccine candidates with a sense of relief. The first reports of
a vaccine with potentially over 90% efficacy sent the world’s stock
markets soaring, in the hope that there might be light at the end of
the tunnel from the restrictions on daily life that have impacted
global economies.

Having sunk investment into vaccine research and develop-
ment, including the necessary clinical trials, it should not be
surprising that companies, government agencies, and universities
have filed for patent protection for their inventions. Since it may
take up to 18 months for patent applications to be made public,
some of the filings that may have the greatest long-term impor-
tance (for example, in fields that have recently received renewed
interest such as mRNA-based vaccines) may not yet be publicly
available, and the true significance of the new patent landscape
will only gradually emerge.

The race to develop vaccines against SARS-CoV-2 has built
upon prior research on earlier coronaviruses along with the
re-purposing of delivery vehicles and adjuvants, for example, that
were already being developed for other potential uses. This has
enabled rapid development of novel vaccines and also created
opportunities for rapid patent filing. Moderna Therapeutics, for
example, is thought to have taken older patent applications relating
to their work on vaccines for other coronaviruses and filed follow-
on applications targeted against prevention of SARS-CoV-2.

Unsurprisingly, in an area of such significant and widespread
health concern, the mere mention of patent filings has led to
commentators raising concerns over public policy and access to
medicines. There have been discussions as to the ethical implica-
tions of patent protection for such research, despite the recognition
that patents are a necessary incentive for the development of new
medicines and to permit the costs of research funding to be
recouped. The World Health Organization has, for example,
launched the COVID-19 Technology Access Pool (C-TAP) with
the aim of encouraging patent holders to share or pool IP rights to
accelerate access to COVID-19 interventions for low- and middle-
income countries [7].

At the same time, questions have been raised about the role of
public funding in the development of certain of the vaccines. For
example, the University of Oxford has received UK government
funding for the development of the vaccine that has been licensed
to Astra Zeneca. However, Oxford has made public its policy for
third-party access to university patents relevant to treating or pre-
venting COVID-19 [8]. Oxford’s approach has been to permit
access by offering nonexclusive, royalty-free licenses to support the
manufacture of free-of-charge, at-cost or cost-with-limited-margin
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supply of vaccines (as appropriate) for the duration of the pan-
demic. Such an approach could, in theory, help ensure global,
universal access.

Moderna, meanwhile, has announced that it will not enforce its
COVID-19-related patents against those making vaccines during
the pandemic and has indicated a willingness to license its IP for
COVID-19 vaccines after the pandemic period [9].

At the time of writing, which of these vaccines will ultimately
make the greatest contribution to ending the pandemic (particu-
larly in the largely unvaccinated, remoter or less developed regions
of the world where the storage requirements for the mRNA-based
vaccines, that have proven so successful elsewhere, may be more
challenging) remains to be seen. The first large-scale successes of
some non-traditional vaccine technologies, such as the use of
mRNA, in addressing COVID-19 also gives cause for optimism
that they might also bring solutions to longstanding public health
problems such as HIV [10]. The potential applications for these
new technologies suggest that patent filing activity in the vaccine
field is unlikely to slow any time soon. For now, we watch and wait
for answers to some of these remaining questions on vaccine pro-
tection. In the meantime, the excitement (and in some cases con-
troversy) that has accompanied each new development in the
COVID-19 vaccine race reflects a clear appreciation among the
public for the efforts and hard work of scientists in this field, and
gratitude for the rapid results from the research investment that has
been made.
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Chapter 29

Vaccine Intellectual Property

Ana Santos Rutschman, Joshua D. Sarnoff, and Timothy L. Wiemken

Abstract

We analyzed the intellectual property landscape surrounding currently available vaccines, with a focus on
patents.

Key words Immunization, Patent, World Health Organization, U.S. Patent and Trademark Office,
Vaccine technology, Affordable access

1 Introduction

From the mid-twentieth century onwards, intellectual property has
become a dominant feature in the vaccine research and develop-
ment (R&D) landscape [1, 2] (see Notes 1–4). The branch of
intellectual property most directly relevant to vaccine development
and manufacturing is patent law [3]. Utility patents provide a
“grant of a property right to the inventor, issued by the United
States Patent and Trademark Office” [4]. This chapter examines the
conditions of patentability as applied to vaccine-related products
and processes (seeNotes 5–15). The chapter also delves on another
area of intellectual property that may be of relevance when assessing
the vaccine intellectual property landscape: trade secrecy (seeNotes
16–18). The chapter further reviews the types of vaccines for which
intellectual property protection is no longer relevant (see Notes
19). We conclude that available data on vaccine-related patents
denote the growth and prevalence of a patent-oriented culture
surrounding vaccine R&D.

2 Materials

We surveyed and examined statutory materials (United States Code
Title 35), selected segments of the Manual of Patent Examining
Procedure, the World Health Organization (WHO) survey of
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intellectual property covering basic vaccines, and the World Intel-
lectual Property Organization (WIPO) database of patent applica-
tions covering vaccine-related technology.

3 Methods

1. We surveyed the framework applicable to vaccine intellectual
property, with a focus on patents. We described and examined
the parameters of statutory subject matter eligibility (seeNotes
6–9), novelty (see Notes 11), nonobviousness (see Notes 12),
and utility (see Notes 13) as applied to vaccine-related patent-
ing activity. We also surveyed the progression of patenting
activity as it relates to vaccine technology (see Notes 3 and 4).

2. For our analysis of patenting activity, we relied on the WHO
survey of intellectual property covering basic vaccines (see
Notes 19) and on the WIPO database of patent applications
covering vaccine-related technology (seeNotes 3), which iden-
tified 11,818 patent families. A patent family is defined as a
“collection of published patent documents relating to the same
invention, or to several inventions sharing a common aspect,
that are published at different times in the same country or
published in different countries or regions” [5].

4 Notes

1. Outside the context of basic vaccines, the intellectual property
landscape is considerably relevant [6]. While there is no study
to date systematically reviewing vaccine-related patents granted
by patent offices across the world, trends can be gleaned
from vaccine-specific reviews. For example, a study on vaccines
based on HPV-L1 major capsid antigen virus-like particles
(sold under the trade names Gardasil and Cervarix)
found that there were 81 valid U.S. patents in force in
2010—4 years after Gardasil and 1 year after Cervarix entered
the market [7]. These 81 issued patents resulted from 86 appli-
cations in the United States [7]. Issued patents were
distributed among 18 entities, with the largest number of
patents owned by a single entity—Merck (24)—followed by
GlaxoSmithKline and the United States government (eight
each). Nonprofit entities owned 20 patents, while for-profit
and nonprofit entities held six patents in joint ownership [7].

2. The numbers above illustrate three phenomena. First, there is a
prevalence of patent-centric modes of vaccine R&D, as shown
by the number of patent applications. Second, there is a high
success rate between patent applications and patent grants for
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vaccines that eventually enter the market. And third, there is a
fragmentation of ownership of patented vaccine technology
among diverse R&D players and institutions.

3. While a systematic review of granted vaccine-related patents is
not available, a systematic information review of vaccine-related
patent applications is available in the form of a worldwide
survey conducted by the World Intellectual Property Organi-
zation (WIPO) [8]. The WIPO survey has shown that the rate
of vaccine-related patent applications has increased exponen-
tially from the 1960s onwards [8]. Until 1959, patent applica-
tions covering vaccine technology remained in the one-digit to
two-digit range (e.g., nine patent applications worldwide in
1958). Applications reached the three-digit range in the
mid-1980s (138 applications worldwide in 1984). In 1998,
vaccine-related patent applications first surpassed the
500 mark (518). And in 2007, the 600 mark was surpassed
(616) [8]. In short, patents have become a core strategy for
protecting vaccines and their components.

4. While it is important to keep in mind that not all patent
applications mature into granted patents, the rise in patent
applications identified in theWIPO study illustrates the growth
and prevalence of a patent-oriented culture surrounding vac-
cine R&D [2].

5. Different components of a vaccine may qualify for intellectual
property protection in the form of a patent. Product patents
may be granted to discrete components of a vaccine, including
but not limited to isolated or manufactured DNA sequences,
expression, vehicle, immunostimulants, antigens, adjuvants,
excipients, and delivery devices [6]. Product patents cover
one or more of these components. Additionally, one or more
process patents may be granted to the method(s) of
manufacturing a vaccine [6]. Patents prevent competitors
from making, using, selling, or importing the protected ele-
ments, or embodiments thereof, or performing the patented
processes, without authorization from the patent holder. This
authorization often entails the payment of royalties for the use
of the patent component.

6. A specific component of a vaccine or related manufacturing
process must satisfy several conditions for a patent to be
granted [9]. The threshold condition is subject matter eligibil-
ity, a requirement established by the patent statute. The statute
allows for patents to be granted on “any new and useful pro-
cess, machine, manufacture, or composition of matter, or any
new and useful improvements thereof” [9]. The U.S. courts
interpreted this language to hold that natural phenomena
(including isolated DNA), laws of nature, and abstract ideas
are not patent-eligible [10]. As forms of biotechnology that
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modify naturally occurring products or are artificial products,
components traditionally used in vaccine development and in
their manufacture are, in principle, patent-eligible, as long as
they satisfy additional statutory elements (subheading 4.6).

7. To illustrate the technical elements of subject matter eligibility,
we now provide an example using a claim directed at vaccine-
related composition of matter. A composition of matter con-
sists of “a combination of two or more substances and includes
all composite articles” [11]. Composition of matter claims can
be directed at active ingredients in a vaccine, such as viral or
bacterial antigens, or excipients, such as adjuvants, preserva-
tives, or stabilizers. Products used in the manufacturing of a
vaccine, such as antibiotics or yeast proteins, may also be pat-
ent-eligible.

8. Under the U.S. Supreme Court precedent, a patent eligible
product may be distinguished from a product of nature when it
is “markedly different” [10]. Nevertheless, other Supreme
Court precedents provide that a process or product may be
ineligible when the claims are “directed to” ineligible laws of
nature, natural phenomena, or abstract ideas and fail to add
limitations that amount to “significantly more than a patent
upon the [ineligible concept] itself” [11]. Additional guidance
from the United States Patent and Trademark Office (USPTO)
on subject matter eligibility purports to illustrate the difference
between eligible and noneligible composition of matter with
specific regard to vaccines as follows:

Eligible Claim.

“Vaccine. A claim is directed to a vaccine comprising inactivated Pigeon flu
virus. The virus is chemically inactivated for reduced virulence. Not found
in nature. The claim is eligible” [12].

Ineligible Claim.

“A claim is directed to a vaccine compromised of Peptide F and a pharma-
ceutical carrier. The broadest interpretation of this claim would include a
composition of Peptide F and water. Peptide F and water are both found in
nature but not together. Are new properties formed by a composition of
Peptide F and water? No. Does the claim contain significantly more?
No. The claim is not eligible” [12].

9. Claims over composition of matter found in nature but intro-
ducing new properties are eligible for patent protection. The
USPTO illustrates this case through the following formulation:

“A claim is directed to a vaccine delivery device of a microneedle array
coated with Peptide F. Peptide F is found in nature but not coated on
microneedles. The composition does not convey new properties. Does the
claim include Significantly more? Yes. Microneedles were known but not
routinely used at the time and Peptide F is confined to a particular use. The
claim in eligible” [12].
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10. Once determined that a specific product (be it composition of
matter or other) or process is patent-eligible, a patent applica-
tion has to meet three additional criteria. The claimed vaccine
product(s) or process(es) must be new, nonobvious, and useful
[9, 13, 14].

11. Under novelty standards, an invention will not be considered
new if (among other things) it was in public use or was
described in a printed publication before the patent application
was filed (with certain complex exceptions that may occur up to
1 year before filing). Moreover, an invention will also not be
considered new if described in a preexisting published patent or
published patent application [13]. In the United States, if the
applicant discloses the information before third parties who
independently develop similar inventions, the applicant has
up to 1 year from the public disclosure in which to file a patent
application concerning the technology or set of
technologies [15].

12. In addition to novelty, a patent application must also satisfy a
nonobviousness standard [14]. This condition precludes the
patenting of trivial improvements to a vaccine. The standard of
examination is an assessment of whether the claimed invention
would have been obvious at the effective time of filing “to a
person having ordinary skill in the art to which the claimed
invention pertains” [16].

13. Usefulness, also known as utility, is a requirement that assesses
the practical application of a patented invention [9]. The stan-
dard of examination is a showing of “specific and substantial
utility that is credible” [17]. This requirement is rarely a prob-
lem for vaccine technologies, as safety and human efficacy are
not evaluated, but only a credible showing of potential human
efficacy as a vaccine is required.

14. If granted, a patent has currently a term of 20 years from the
effective filing date [18, 19]. As patent acquisition may take
many years, complex rules govern whether any additional
“term extension” should be provided [18, 19].

15. A patent enables the rightsholder (the original patent holder or
subsequent transferees) “the right to exclude others from
making, using, offering for sale, or selling” the patented inven-
tion, or importing it into the United States [19]. From a policy
perspective, these exclusionary rights are given to a patent
holder in exchange for the information provided as part of
the application process, which otherwise might have been
kept as a trade secret.

16. Nevertheless, in most cases as well as in the case of vaccines,
some information relative to the product or process that is
patented may nonetheless be kept secret via trade secret law
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(particularly better methods of producing or practicing the
invention that were not known at the time of filing)
[20]. Under federal and most state laws, trade secrets are
defined as “information, including a formula, pattern, compi-
lation, program, device, method, technique, or process that:
(1) derives independent economic value, actual or potential,
from not being generally known to, and not being readily
ascertainable by proper means by, other persons who can
obtain economic value from its disclosure or use; and (2) is
the subject of efforts that are reasonable under the circum-
stances to maintain its secrecy” [20]. Examples of vaccine
components susceptible of trade secret protection include cell
lines, adjuvants, genomic data, and manufacturing processes.

17. Unlike patents, trade secrecy does not confer a right to exclude
competitors from the marketplace, but only prevents illegiti-
mate acquisition, use, and dissemination of protected informa-
tion. Trade secrecy is not subject to a legal term, lasting
potentially indefinitely or as long as interested parties succeed
in keeping it secret, and as long as it is not independently
publicized or discovered through permissible reverse
engineering.

18. Significantly, data generated during vaccine clinical trials are
considered confidential information by the Food and Drug
Administration (FDA) and are normally submitted to the
FDA under a claim of trade secrecy, and thus are not made
available to third parties [21].

19. A survey conducted by the World Health Organization con-
cluded that a significant number of basic vaccines are no longer
subject to patent protection as no fundamental changes to their
components and manufacturing processes has occurred for
over two decades [6]. Vaccines in this category include diph-
theria vaccine, tetanus vaccine, whole-cell pertussis vaccine,
monovalent acellular pertussis vaccine, hepatitis B vaccine,
haemophilus influenzae type B vaccine, inactivated polio vac-
cine, oral polio vaccine, measles, mumps, rubella, yellow fever,
and influenza vaccines. Among basic vaccines, only those with
improved formulations or improved manufacturing processes
were potentially subject to intellectual property protection.
Even in these cases, it is still possible to work around the
existing patents and avoid patent infringement. Work-around
strategies include using older formulations or altering the dose
of patented components in combination vaccines.
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Resources for Starting a Company

Ann Abraham, Jude Mathew, and Sunil Thomas

Abstract

After having painstakingly invented a new product, filed patents, published papers in peer-reviewed
journals, you reach out to companies to license your product. More often, they reject the product as it is
novel and risky. The next option is to sell the product through a startup company setup by yourself. Most
inventors think that it is difficult to set up a company, find finance to run the company, and manage
it. Fortunately, there are several government entities and private investment firms that can help you with
setting up a company. This chapter provides information on resources for setting up and running a
company.

Key words Discovery, Inventions, Business, Vaccine, Finance, Company, Startups, National Institutes
of Health, NIH, National Science Foundation, NSF, Small Business Innovation Research, SBIR, Small
business technology transfer, STTR, Angel Investment, Venture capital, Commercialization

1 Introduction

After years of research, burning the midnight oil, working dili-
gently on multiple projects, successfully receiving patents and pub-
lications, you knock the doors of companies to license your
inventions. Unfortunately, the companies do not believe in your
inventions or products as they do not take risk on a product that is
new to customers. Your invention will be staring at you, and you
will be thinking, “now what?”

You wish that if you had enough financial resources, you would
be manufacturing and marketing the product that you have pains-
takingly developed over the years. Unfortunately, you realize that
you are short of funds and other resources to start a company.
Fortunately, there are plenty of financial resources to realize your
dream of being an entrepreneur so that you could manufacture
your products and get it to the customer.

Your first goal is to set up a small company (startup company).
Remember, every large company you see around was once a startup
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company. Every founder(s) has faced difficult financial situation in
their lives. You have the technical know-how to develop a product;
that does not mean that you have the business acumen,
manufacturing capabilities, and marketing skills to sell your prod-
uct. I (ST) always encourage my students to read at least Harvard
Business Review (hbr.org) and McKinsey Insights (mckinsey.com)
during their studies. These business portals provide the basic busi-
ness insights that may be useful later in life. This chapter provides
information on government entities and private investment firms
that can help you with setting up a company and providing finance
and management expertise to run the company.

2 Building a Startup Company

Startups are the pioneers in innovation and in commercialization of
new technologies, services, and products. Despite the eagerness for
entrepreneurs to start a new business and to reel in profits very
quickly, founding a successful startup is not an easy task. Entrepre-
neurs need to transform their business idea into a competitive
product, secure funding, attract viable customers, design a market
strategy, develop strong organizational structure, hire and coach
talent, and make wise decisions at the right time to pivot. Failures
and numerous challenges will arise and will need to be dealt with
instantaneously and simultaneously. Startups are vulnerable ven-
tures and susceptible for failure; however, with assistance from
multiple resources for funding and networking, startups can grow
into successful brand name companies.

There are three interacting levels of innovation and startup
ecosystems that are strong forces in building a successful startup
[1]. At the micro level, a startup must be based on Big Idea that will
impact the market (product), a strong team, with the best and most
gifted talents available that should lead the new venture, and the
founders need to be able to pivot their original startup business
strategy when the circumstances are evolving and changing. Start-
ups are evaluated by its scalability, and investors fund startups
according to their assessment of the product scalability. In relation
to scale, entrepreneurs need to launch a scalable product to grow
quickly and sell their products in volume. While scale and growth
are key, a drive for impactful and practical innovation is even more
significant.

Disruptive innovations redefine existing technology, outper-
form existing markets, and attract new customers. Once the Big
Idea is established, team and talent play a crucial role in founding a
startup. Founders of startups will need a team of passion-driven
entrepreneurs focused on collating complementary skill sets, prod-
uct development, product marketing, and sales abilities. Teams
should establish goals and assume an achievement-oriented
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mindset. Diverse teams with different personalities, characteristics,
knowledge, skills, and abilities will have a positive effect and fare
well in the beginning. Startup teams should excel in utilizing their
collective resources to surpass individual competences. Some mem-
bers may be experts in product development, others may be more
experienced with business organization [1]. Therefore, it is a vital
force to recognize a team’s talent through its individual members.

Talent is a startup’s capital and is a driving factor in innovation,
business performance, and growth potential. Talented individuals
are important in innovation; it is key to recruit highly educated and
highly skilled employees who excel in combining hard skills as well
as soft skills. Despite the lack of routine and unpredictability of
working at a startup, startups should recruit exceptional talent
based on an applicant’s drive for contributing to the startup’s
mission and goal. Startups should seek out talent that is passionate
about making an impact in society, as well as in their own job.
Employees should be open to failure due to the vulnerability of a
startup. It takes much effort and trials to make it work. Most
startups will fail; however, a significant asset is finding a balance
between upstream innovation (from idea to product) and down-
stream innovation (from product to market). Ideas are the seeds of
startups, but in order to grow, the idea must become a product that
will succeed in the market. An unresponsive market is detrimental
to the success of a startup. Therefore, it is very important for
startups to establish value creation, market entry, and product
acceptance. Aligning upstream innovation with downstream inno-
vation is the key to pivoting in the early stages for a new venture.
Polishing the product endlessly before it reaches the market is not
ideal, rather startups should “fail fast.” The startup team needs to
launch the product with the lowest amount of time, effort, and
money while gauging customer reaction, product use, and willing-
ness to pay. The feedback received from the initial launch will grant
startups an opportunity to refine and polish the product, as well as
any business plans and organizational structure [2]. The secret is to
market the product in its early stages in order to pivot product
adjustments and design a better product for the market. Accelera-
tors and investors will play a major role in guiding startups with
rightly timing pivots.

You can find information on starting a business at the US Small
Business Administration (www.sba.gov). Entities such as legal
zoom (www.legalzoom.com) could help you set up the business.
After you set up the business, protect the company name by having
the trademark and rights to the domain and hosting name. You
could register a company as a DBA (doing business as), LLC
(limited liability company), Corporation, or a nonprofit
organization.

Once you have taken care of the company name and its legal
status, apply for the employment identification number (EIN) from

Resources for Starting a Company 531

http://www.sba.gov
http://www.legalzoom.com


the United States Internal Revenue Service (IRS). You may apply
for an EIN online (www.irs.gov) if your principal business is located
in the United States or the US Territories. The business should also
have a DUNS number.

The Dun and Bradstreet D-U-N-S Number is a unique nine-
digit identifier for businesses (www.dnb.com). D-U-N-S Numbers
are often referenced by lenders and potential business partners to
help predict the reliability and/or financial stability of the company
in question. D-U-N-S, which stands for data universal numbering
system, is used to maintain up-to-date and timely information on
more than 330 million global businesses. The D-U-N-S Number
also enables identification of relationships between corporate enti-
ties (hierarchies and linkages), another key element of Live Business
Identity and commercial risk assessment practices. In addition, the
company should have registration with SAM.gov, Grants.gov, eRA-
Commons, and SBA Registry as soon as possible to avoid delays. It
can take 4–6 weeks to complete all registrations.

You may be able to apply for funding with various government
and nongovernment entities only after the registrations with the
above organizations are completed.

3 Financing the Startups

Financing a startup may seem daunting at first glance; however,
with the right information and tools, funding a startup comes with
ease. Before approaching different avenues of financial support, it is
important to prepare a well-conceived business plan, which will
attract investors. Business plans reveal the clarity and objectivity of
your new venture and idea. An investor is specifically interested in
knowing the individuals behind the idea, the market potential for
your idea and your marketing strategy, the invention’s uniqueness
and patent rights, and financial statements. Even if your startup’s
business plan is flawless, it is crucial for your startup to outline a
plan for return on investments. Projecting a startup’s financial
returns based on rational expectations will attract more investors.
The market potential, the invention’s uniqueness, the growth pro-
spects, the plan to achieve your objective, and the amount of
financing needed should be evaluated and understood before pre-
senting the information to potential investors.

3.1 Venture Capital Venture Capital (VC) firms are the biggest players when it comes to
startup funding. The VCs are one of the most important entities in
the growth of an early stage company. Venture capital firms build
companies from a simple idea to a maturing and growing
organization.

Venture capitalists are institutionalized “angel investors” with
access to a lot more money. They deploy their expertise to these
startups in several different forms. Often, they lend money to these
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early stage companies in a seed funding round or in Series A or B
round of funding. There is a distinction between these levels of
funding which is discussed later in the chapter. VCs invest money
from financial institutions and wealthy individuals, which amounts
to a minimum of three to five million dollars. Usually, these VC
firms handle institutional money which can come from a wide range
of sources. Most often these are wealthy individuals, hedge funds,
university endowments, etc. There are also specialized firms that
handle corporate funds which not only lookout for the best return
on the money also cares about building strategic partnerships with
smaller companies. Despite the major funding from venture capi-
talists, VCs particularly invest in fewer than 2% of the proposals sent
to them, and they expect a minimum return of 40% annually on
their investment [3]. In addition to the financial capital, these VC
firms also provide valuable management skills to these young com-
panies which can be crucial in the beginning stages of the company
especially if the founders are inexperienced. Venture Capitalists do a
lot of qualitative and quantitative analysis when looking for com-
panies to invest in. They look at the management team, uniqueness
of the product, and potential for the product or service in the
market. The management team is the first essential factor for VCs,
followed by the idea or product. Venture capitalists engage with the
company providing strategic and operational guidance, linking
entrepreneurs with investors and customers, acquiring a seat on
the board, and hiring employees [4]. It is quite common to see VC
firms take large positions in these smaller stage companies and play
a big part in navigating the early stages of a company. This can be
really helpful if these VC firms specialize in a particular sector and
know the market for that sector pretty well.

The VC firms also equip these startups with access to the strong
social network that they have in place and provide a lot of informa-
tional resources which is often referred to as social capital. Many
venture-backed companies have grown into brand names and have
generated millions of jobs and trillions of dollars benefiting the US
economy. Five of the six largest publicly traded companies by
market capitalization were funded by venture capitalists: Microsoft,
Apple, Amazon, Alphabet, and Facebook. Despite the optimism for
rising startups, venture capitalists are not easily accessible. VCs may
even stop operations on a startup if a key member of the manage-
ment team is lost or if the product’s technology becomes outdated
or changes unexpectedly [5].

In this field of early stage investing, the risk profile is usually
high risk–high reward. There are plenty of investments backed by
VC’s that fail but the ones that do make it can provide an extraor-
dinary amount of Return on Investment (ROI) for these firms.
According to the National Venture Capital Association, 25–35%
of venture-backed startups fail. It is important to realize that for
every Facebook or Uber that turned to successful, there are
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hundreds of other similar companies that did not make it through.
Hence, there is competition and specialization amongst various
Venture Capital firms.

3.2 Angel Investors An angel investor (also known as a private investor, seed investor or
angel funder) is a high-net-worth individual who provides financial
backing for small startups or entrepreneurs, typically in exchange
for ownership equity in the company. Often, angel investors are
found among an entrepreneur’s family and friends.

Angel Investors tend to have a specialized background and
often invest in sectors that they are familiar with. They privately
finance speculative ventures and add value beyond their financial
capital by essentially acting as mentors to these startup founders
and guiding them in key executive decisions. Angel investors are
primarily used to finance the design of a product, specifically
appearance, function, and design, and to acquire patent protection.
They may also finance protection and exploitation of a trademark. A
detailed account of angel investing has been published by Benjamin
and Margulis [6].

Angel investors are not interested in giving large sums to
businesses; they have the choice to place their money in a risky
startup. In order to motivate an angel to invest, these five factors
will be quite influential. First, angel investors desire a return on
their investment within 7 years or less. Therefore, it is important to
ensure the success of the startup and establish a payment agree-
ment. Second, angels invest in a new product hoping it will reach a
larger market than projected, which will potentially be bought by a
domineering company. Third, angel investors are in for the high-
risk investment adventure, where interesting products and motivat-
ing people stimulate a “fun ride.” Fourth, a dedicated and passion-
ate management team is a main factor that influences angels to
invest in new ventures. It may even sway angel investors to invest
more than a company’s business plan and strategy. Lastly, the
business proposal should be presented to angel investors with
honest, encouraging, and reliable paperwork. Despite these factors,
angels will not invest unless “due diligence” is performed on their
part. Due diligence is the process by which angels investigate the
facts, risks, and potential value of your business. Angels will verify
the facts in your business plan and do their own research
concerning the financials of the startup. They will also interview
your family, friends, acquaintances, and, most importantly, collea-
gues you have worked with in the past. A crucial component for the
investor is the structure and organization of your management
team. Angel investors assure that the people at the top know what
they are doing and have a successful record working in business
ventures. Angels will also look into personal information, such as
criminal records, debt payments, Internet background check, etc.
They have the authority to examine the startup’s product and
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patent, in order to determine the enforceability and scope of the
patent and to establish whether competitors have a chance of
imitating the product innovation. Furthermore, angel investors
will study the competitive landscape and the domain in which you
are competing, in order to determine any future problems with
distribution [6]. Angels will also investigate the current owner’s
and investor’s interests in ownership. Before reaching out to poten-
tial angel investors, a startup should be aware of how to motivate
angels to invest in their business proposal and how angel investors
will research background information about your startup.

A huge difference between VC firms and Angel investors is that
the latter provides their own capital to these early stage companies
and hence has more of a personal relationship with the company. It
is important to note that social networks in this sphere are
extremely important because, in reality, many investors tend to
invest based on the lead VC firm or angel investor who is also called
the “anchor” for a particular startup. It is also important to have a
broad range of investors as it expands the knowledge base available
to the founders themselves.

3.3 Government

Funding

The funding cycle of a startup varies from sector to sector. There is
a certain uniqueness to the life science sector startup compared to
companies that are in technology or consumer products. For an
initial drug company, the financial capital requirements are substan-
tial, and payouts are usually long-drawn and dependent on the
success of clinical trials. Due to the long-term nature of payouts
in the drug industry, it is not as correlated to shorter-term eco-
nomic uncertainty.

3.3.1 National Institutes

of Health

The National Institutes of Health (NIH), a part of the US Depart-
ment of Health and Human Services, is the country’s medical
research agency that promotes improving health and saving lives
through significant discoveries. The mission of NIH is to “seek
fundamental knowledge about the nature and behavior of living
systems and the application of that knowledge to enhance health,
lengthen life, and reduce illness and disability.” The agency aims to
foster fundamental discoveries through innovative research strate-
gies, diligently utilize human and physical resources to prevent
disease, increase knowledge base in order to enhance the country’s
economic well-being and ensure a high return on investment in
research, and to promote the highest level of scientific integrity,
public accountability, and social responsibility.

NIH’s goals translate aid to programs/small businesses/start-
ups designed to improve the health of the US by conducting and
supporting research on:

l Causes, diagnosis, prevention, and cure of human diseases.

l Human growth and development.

Resources for Starting a Company 535



l Biological effects of environmental contaminants.

l Understanding mental, addictive, and physical disorders.

l Organizing programs for the enhancement of medical knowl-
edge through the development and support of medical libraries
and the training of health information specialists.

NIH funding is awarded for extramural research through
almost 50,000 competitive grants to more than 300,000 research-
ers at more than 2500 universities, medical schools, and other
research institutions.

4 NIH SBIR and STTR Funding

The SBIR (Small Business Innovation Research) and STTR (Small
Business Technology Transfer) programs fund a diverse portfolio of
startups and small businesses across technology areas and markets
to stimulate technological innovation, meet Federal research and
development (R&D) needs, and increase commercialization to
transition R&D into impact. The major difference between the
SBIR and STTR programs is that the STTR requires the small
business to collaborate with a US nonprofit research institution.
Although not required, small businesses receiving SBIR grants
often choose to collaborate with universities and other non-profit
research institutions.

STTR differs from SBIR in three different aspects:

l The small business awardee and its partnering institution are
required to establish an intellectual property agreement detail-
ing the allocation of intellectual property rights and rights to
carry out follow-on research, development, or commercializa-
tion activities.

l STTR requires that the small business perform at least 40% of
the R&D and a single partnering research institution perform at
least 30% of the R&D.

l The STTR program allows the Principal Investigator to be
primarily employed by the partnering research institution.

The SBIR/STTR programs have two phases:

l Phase I: Feasibility and Proof of Concept
Phase I awards are intended to establish the technical merit,

feasibility, and commercial potential of the proposed research
and research and development (R/R&D) efforts. These applica-
tions help determine the quality of performance of the small
business prior to providing further Federal support in Phase
II. Phase I awards normally do not exceed $150,000 total
costs for 6 months (SBIR) or 1 year (STTR).
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l Phase II: Research/Research and Development
Phase II awards are intended to continue the R/R&D

efforts initiated in Phase I. Funding is based on the results
achieved in Phase I and the scientific and technical merit and
commercial potential of the project proposed in Phase II. Only
Phase I awardees are eligible for a Phase II award. SBIR Phase II
awards normally do not exceed $1,000,000 total costs for
2 years. Phase II applications are considered renewals (Type 2)
in the NIH grant numbering system.

l Fast Track
Fast-track incorporates a submission and review process in

which both Phase I and Phase II grant applications are submit-
ted and reviewed together as one application.

l Direct Phase II
NIH may issue a Phase II award to a small business concern

that did not receive a Phase I award for that R/R&D. This
“phase flexibility” is called a “Direct-to-Phase II” SBIR award.
The SBIR Direct-to-Phase II authority is not available to the
STTR program.

l Phase IIB: Continuation of Phase II
Phase IIB awards are intended to provide follow-on funding

to small businesses for projects that require extraordinary time
and effort in the R&D phase and may or may not require FDA
approval for the development of projects such as drugs, devices,
vaccines, therapeutics, and medical implants.

l Commercialization Readiness Program (CRP)
The Commercialization Readiness Program (CRP) may

provide up to $three million in additional funding for Phase II
SBIR/STTR projects and is not subject to the same partnering
requirements that apply to SBIR or STTR awards.

4.1 National Science

Foundation

The National Science Foundation (NSF) is an independent federal
agency that supports basic research in order to promote the well-
being of the US economy, enhance the nation’s security, and
advance knowledge to sustain global leadership. NSF backs fields
such as mathematics, computer science, and the social sciences. The
agency funds 25% of all federal supported basic research conducted
by the United States colleges and universities. Grants and coopera-
tive agreements are given to more than 2000 colleges, universities,
K-12 school systems, businesses, informal science organizations,
and other research organizations. Along with support for fields of
engineering and fundamental science, NSF supports “high-risk,
high pay-off” ideas, novel collaborations, and many outlandish
projects. NSF works as a “bottom up” operation, which continu-
ously monitors the research across the country and the world,
maintains constant contact with the research community, seeks
areas of great progress, and selects the most qualified people to
conduct the research.
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The foundation considers proposals submitted by organiza-
tions, and recipients are chosen from those proposals asking for
financial and academic support for a specific project. On the NSF
website, funding opportunities are announced, and proposals may
be submitted accordingly. The funding opportunities are categor-
ized as program descriptions, program announcements, and pro-
gram solicitations. Scientists and engineers can also submit
unsolicited proposals for research. The proposals are evaluated
fairly and competitively based on a rigorous system of merit review.
A minimum of three independent reviewers (scientists, engineers,
and educators who do not work at NSF) evaluate the proposal with
much research, deliberation, thought, and discussion. The reviewer
ensures that outstanding projects pass to the funding stage.

The NSF Proposal and Award Process:

1. Phase I: Proposal Preparation and Submission (90 Days)

(a) Opportunity Announced: Funding opportunities are
announced on the NSF website. Program descriptions,
program announcements, and program solicitations are
ways NSF generates proposals. Unsolicited proposals
may be submitted at any time.

(b) Proposal Submitted: The Grant Proposal Guide (GPG)
can be used as a guide for preparing and submitting a
proposal to NSF. It details formatting and submission
requirements. The proposal can be submitted through
the NSF FastLane System.

(c) Proposal Received: The NSF Proposal Processing Unit
receives the proposals and assigns the proposals to the
appropriate program for acknowledgment and for review,
if NSF requirements are met. It is important to follow
formatting and submission requirements in order to be
submitted for review. If the requirements are not met
(page limitations, formatting instructions, and electronic
submission), the proposal will be returned without review.

2. Phase II: Proposal Review and Processing (6 Months)

(a) Reviewers Selected: Reviewers are selected according to
specific/broad knowledge of the science and engineering
fields; their broad knowledge of the infrastructure of the
science and engineering enterprise; and diverse represen-
tation within the group. Proposers have the ability to
suggest reviewers who they believe are well-qualified to
review the proposal, as well as identify persons who they
would not prefer to review the proposal.

(b) Peer Review: NSF proposals are reviewed based on two
NSB-approved merit review criteria: intellectual merit and
broader impacts. Some proposals may have additional
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criteria. Analyses and evaluation of the proposal provides
information to the NSF Program Officer.

(c) Program Officer Recommendation: After scientific, tech-
nical, and programmatic review, the NSF Program Officer
recommends to the Division Director whether or not the
proposal should be recommended for an award or
declined for funding. Dependent upon the complexity
and length of proposals, additional review and processing
time may prolong the process.

(d) Division Director Review: If a proposal is declined, the
organization will be notified, and the review information
will be available for view in the FastLane System. If the
proposal is accepted and the decision is to award the
organization, the recommendation is submitted to a
Grants and Agreements Officer in the Division of Grants
and Agreements (DGA).

3. Phase III: Award Processing (30 Days)

(a) Business Review: The Grants and Agreements Officer in
the Division of Grants and Agreements (DGA) reviews
the business, financial, and policy implications. The DGA
typically awards organizations within 30 days of receiving
the recommendation, unless the organization has not
received prior funding, the award is a cooperative agree-
ment, or special circumstances are involved.

(b) Award Finalized: Finally, the organization is notified of
the award notice, the budget, a proposal, applicable NSF
conditions, and other documents or requirements
involved are included in the agreement.

NSF is also known to support small businesses with grants and
contracts. The foundation awards nearly $190 million annually to
startups and small businesses through the Small Business Innova-
tion Research (SBIR) and the Small Business Technology Transfer
(STTR) programs. The grants support research and development
(R&D) transforming scientific discovery into products and services
with commercial and societal impact. America’s Seed Fund pow-
ered by NSF (NSF SBIR/STTR program) has aided startups with
developing their ideas and bringing them to market. America’s
Seed Fund is focused on funding entrepreneurs with ideas for
high-risk, high-impact technologies. They foster innovation and
help create businesses and jobs in the US. As an innovator, your
startup will be given the necessary funding to commercialize risky
ideas, and you will have full control of your team, vision and
business strategy, and intellectual property. America’s Seed Fund
does not take any equity in exchange for funding. Since NSF awards
are not loans, a startup will not have to pay anything in return. In
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addition, you will work hand-in-hand with a program director, who
will serve as your coach. With America’s Seed Fund, a startup can
receive up to $256,000 in seed capital to conduct R&D for
6–12 months. A startup will be incorporated into the NSF network
and will receive training and mentorship from experienced entre-
preneurs and innovators.

In order to apply for funding, a startup has to submit a Project
Pitch. Within 3 weeks, NSF will inform your startup if your idea
and proposal fits well with the program. If accepted, a Phase I
proposal for up to $256,000 can be submitted.Within 4–6months,
the status of your proposal will be accepted or declined. If awarded
Phase I funding, your startup will be expected to explore product-
market fit, determine the feasibility of your technology, design and
test prototypes, identify any legal or regulatory issues, and develop
a plan to scale and market your technology. During the course of
the process, small businesses have the leeway to update their
research plan, business model, or R&D strategy. Once a business
has met Phase I requirements and is seeking to develop their
technology greatly, the company is eligible for Phase II funding,
which could amount to $1,000,000 over 2 years.

4.2 Small Business

Administration

The US government, in association with banks, lending institu-
tions, and intermediaries, provide loans to startups who cannot
secure financing through traditional avenues. Small Business
Administration (SBA) is a federal agency that supports small busi-
nesses and entrepreneurs to pursue their startup goals and dreams.
SBA offers a type of loan called 7(a) loans, which are primary
governmental business loan programs. A 7(a) loan may be used
for most business purposes including startup, expansion, equip-
ment purchases, working capital and inventory or real estate acqui-
sition. The SBA can guarantee up to $750,000 of a private-sector
loan. Interest rates for 7(a) loans are negotiated between the appli-
cant and the lender.

l SBA Low Documentation Loans (SBALowDoc) grant a small
business loan of $150,000 or less.

l SBA Express encourages lenders to make more small loans to
small businesses. Lenders approve loans of up to $150,000.
Lenders can also offer revolving lines of credit to borrowers.

l The SBA Prequalification Program offers loans to armed forces
veterans, minorities, women, exporters, rural small business
owners, and business owners in certain specialized industries.
This program enables the SBA to pre-qualify an applicant for a 7
(a) loan guarantee before the applicant goes to a bank. The
maximum amount an applicant can apply for is $250,000.

l The MicroLoan Program provides short-term loans of up to
$35,000. This program focuses on granting a loan for small-
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scale financing purposes such as inventory, supplies, and working
capital.

5 Types of Funding Rounds

The financial incentive for any early investor in a startup is to have a
well-defined exit strategy. This is possible through a series of fund-
ing each at a different stage of a company. The following are the
basic rounds of funding usually involved when funding a startup:

l Seed Funding: This is the very first level of funding which is
usually done by the founders themselves and/or family and
friends of the founders. This is at the earliest stage of a company
and is at its riskiest time.

l Series A Funding: This is the first round of funding where
outside investors would develop ties with the company. In
order to qualify for this round of funding, a company has to
have a Minimum Viable Product (MVP). At this stage of fund-
ing, a company has to show revenues and have a consistent user
base which can be further optimized using the funding from the
round. The investors of this round are given preferred stock in
the company.

l Series B funding: This level of funding is about taking the
company out of a developmental stage and jump into more
growth. The most important factor to get to a Series B round
is to show significant improvements using the capital infusion
from the previous round of funding. Companies usually use the
funds from this round to expand the business and put money
into marketing, sales, tech, etc.

l Series C funding: At this level, the companies are already a
successful business. This is the first of what is called the “later-
stage” investments. There are some Venture Capitalist that spe-
cialize in later stage investments that start to come in to picture.
Also, this level of funding is to set up a company to be acquired
or to eventually get an Initial Public Offering (IPOs). An IPO is
most likely the most profitable exit for all the early stage inves-
tors as the company would now be publicly owned.
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