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Preface

This book was written during the Covid-19 pandemic. Globally, as of 24th

January 2022, the WHO estimates over five and a half million deaths from

the SARS-CoV-2 virus have been reported to the WHO. This worldwide

health crisis has highlighted the need for the rapid development of effective,

affordable vaccines that can be quickly deployed to all countries, especially

low- and middle-income countries (LMICs).

Healthcare companies and academic institutions across the world

answered this need with remarkable speed and ingenuity, with a plethora of

vaccine candidates (over 100) in clinical development during 2021, and a

handful already approved for mass immunization programs. Regulatory

authorities worked closely with those developing new vaccines to facilitate

approval processes, and activities that would normally be carried out sequen-

tially, for example, scaling up good manufacturing practice (GMP) manufac-

ture and different phases of clinical testing, were parallel tracked tracked to

reduce overall timelines.

The majority of Covid vaccines target the SARS-CoV-2 surface Spike (S)

protein, which is an important target antigen for neutralizing antibodies.

A variety of approaches for subunit vaccines have been applied, including

RNA, DNA, viral vectors, protein in adjuvant, and virus-like particles (VLP).

The more traditional “whole cell” approach has also been used, with both

inactivated and live-attenuated viral vaccines.

In the 21st century, outbreaks of several viruses including Ebola, MERS

(Middle East respiratory syndrome), SARS (severe acute respiratory syn-

drome), influenza, Zika, and Chikungunya have affected numerous countries

worldwide. Many researchers are aiming for a platform technology approach,

with a single vaccine design (e.g., viral vector or RNA formulated in lipo-

somes), which can be rapidly adapted to create vaccines against emerging

pathogens or new pathogen strains.

It is clear that several challenges remain in the rapid international deploy-

ment of effective vaccines. These include the required scale-up in GMP man-

ufacture of new vaccines to produce the billions of doses required in a

pandemic situation. Manufacturing capacity is rate limiting, especially in

LMICs that lack the expensive facilities required for production of vaccines

and other biological medicines. It is also challenging to deploy vaccines

internationally, especially those that need to be stored at low temperatures,

xiii



as many regions of the world lack freezer equipment and electricity supply

cannot be guaranteed.

This book is a collaboration between scientists based in several different

countries including Nigeria and the UK, and is representative of the many

ongoing international collaborations in vaccine development, and more gen-

erally in the fight against infectious diseases. The editors intend the book to

be used by scientists who are developing new vaccines and teaching the con-

cepts of vaccinology to students.

Early chapters review the basic immunology that underpins the concept

of immunization and the varied approaches that have been taken to develop

vaccines. One chapter focuses on practical methods that can be implemented

in evaluating antigens as vaccine candidates, including immunomonitoring in

clinical trials. Later chapters explore recent developments in vaccine

research, including the use of immunopeptidomics to identify target T-cell

epitopes, and approaches to developing cancer vaccines, a rapidly expanding

area of research due to the discovery of tumor-specific neoepitopes that can

be targeted by an immune response while sparing normal tissue.

We have included a comprehensive review of adjuvants, which can

greatly improve the immune response to subunit vaccines, especially soluble

proteins and VLPs. Finally, there is a practical guide to the principles of

GMP manufacture and to the planning and execution of clinical trials.

As the Covid-19 pandemic has illustrated, vaccines can have a global

impact in controlling disease and saving lives. Ground-breaking science and

international, multidisciplinary collaboration are key in advancing vaccine

development. There remains much to be done, in preparing for future out-

breaks, and in developing more effective vaccines against diseases with high

mortality rates in certain areas of the world, for example, Ebola hemorrhagic

fever, malaria, HIV, and tuberculosis.
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Chapter 1

Immunology and the concept of
vaccination

Rebecca Chinyelu Chukwuanukwu1, Alfred Friday Ehiaghe1,
Adekunle Babajide Rowaiye2 and Angus Nnamdi Oli3
1Department of Medical Laboratory Sciences, Nnamdi Azikiwe University, Awka, Nigeria,
2Department of Medical Biotechnology, National Biotechnology Development Agency, Abuja,

Nigeria, 3Department of Pharmaceutical Microbiology and Biotechnology, Faculty of

Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka, Nigeria

Manipulation of the immune system by vaccination

Daily, millions of people worldwide benefit from modulation of the immune

system via immunotherapy. Unfavorable immune responses can be controlled

to treat autoimmunity, allergy, and transplant rejection, and conversely

responses can be stimulated to treat cancer, or induce protective immune

responses against pathogens using vaccines. Immunization (also known as

vaccination) is the most widely practiced form of immunotherapy. It is rec-

ognized as perhaps the greatest triumph of modern medicine, attributed origi-

nally to Edward Jenner who was the first to use a scientific approach to

immunization in 1798. He utilized observations made about two decades ear-

lier by a farmer, Benjamin Jesty, that individuals exposed to cowpox were

protected against smallpox. The term vaccination originates from the Latin

word “vacca” for cow after Jenner successfully demonstrated that inoculation

with cowpox could protect against the often-fatal smallpox virus. It is inter-

esting to note that Jenner knew nothing of the infectious agents that cause

disease. Neither did he understand the basis for the consequent immunity

that resulted following his vaccination. Therefore, despite the huge success

of his vaccinations in offering protection against smallpox, findings from his

work remained unexploited for almost a century.

This narrative changed when Louis Pasteur, together with Camile Guérin

and Albert Calmette, demonstrated that weakening a pathogen could stimu-

late protective immune responses against that specific pathogen without

causing disease. This is termed attenuation and was the basis for production

of the Bacille Calmette-Guerin (BCG) tuberculosis vaccine, which was first

1
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used in 1921, and remains in use today. Pasteur made the germ theory of dis-

ease famous and also opined that vaccination could actually prevent infec-

tious diseases. For this reason, Louis Pasteur is considered to be the founder

of modern immunology. Robert Koch built on the work of Pasteur and was

able to prove that infectious diseases are caused by microorganisms. These

discoveries extended Jenner’s vaccination strategy to other diseases.

The essential strategy for vaccination is to prepare an innocuous form of

a pathogen, or individual pathogen antigens, that are immunogenic and can

establish memory cells and protective immunity. This can be achieved using

killed or live attenuated organisms, purified microbial components or recom-

binant antigens. In the case of Edward Jenner’s landmark experiment, cow-

pox was a closely related but much less dangerous pathogen that was able to

offer cross-protection against the virulent and dangerous smallpox.

Approaches to vaccine design are described in more detail in Chapter 2,

Vaccine Types and Reverse Vaccinology.

Overview of immunity and the immune system

The concept of immunity

It is the role of the immune system to provide a defense against the various

pathogens that the host encounters on a daily basis. The two cardinal events

for immunity are recognition and defense, which are mediated by the cells of

the immune system, including polymorphonuclear and mononuclear leuko-

cytes. To identify a foreign entity or pathogen, the immune cells must recog-

nize foreign configurations or structures, known as antigens. This is possible

because higher animals have evolved the ability to distinguish between them-

selves (self) and other species (nonself). This capacity to discriminate

between self and nonself, and to react to nonself, is the basis of immunity.

There exists an enormous variety of infectious pathogens: bacteria,

viruses, fungi, protozoa, and parasites, with various methods of transmission

and infection. Therefore, no single recognition and defense strategy is effec-

tive against all pathogens. Consequently, a wide variety of cellular and

secreted components are required for effective immune protection.

Millions of microorganisms are encountered daily, a number of which are

capable of causing disease. Yet, most healthy individuals succumb to infec-

tion only occasionally, because potential disease-causing organisms (patho-

gens) are detected and destroyed before an infection can establish, often

within minutes of a challenge.

The first line of defense against foreign invasion consists of physical and

chemical barriers. The physical protective barrier includes the skin, hairs,

cilia, epithelial cells, and the mucous membranes which line and protect the

respiratory, digestive, and reproductive tracts. In addition, chemical barriers

comprise secreted antimicrobial proteins including enzymes in tears and

2 Vaccinology and Methods in Vaccine Research



saliva (lysozymes), and pulmonary surfactants. When these barriers are brea-

ched and pathogens gain entry into the system, the next lines of defense

come into play: the innate and adaptive immune systems. These work

together to provide robust, protective immune responses.

The innate immune response

The innate immune system consists of cellular components and secreted

mediators that defend against pathogens. It is termed innate (natural) because

it is present at birth, is nonspecific, i.e., does not recognize pathogen-specific

antigens, and lacks memory (so is not improved by prior exposure to any

particular microorganism). Innate immune responses are induced rapidly fol-

lowing exposure to pathogens, to limit spread and proliferation of the infec-

tious agent within the body.

The innate immune system has evolved over millennia to recognize

chemical structures that are generally characteristic of infectious pathogens.

These foreign molecular patterns can be recognized and bound by pattern

recognition receptors (PRRs), which are encoded in the germline, and

include toll-like receptors and mannan-binding lectins. PRRs recognize

microbial proteins, lipids, carbohydrates, and nucleic acids collectively

known as pathogen-associated molecular patterns (PAMPs). After recogni-

tion of a foreign invader, the innate immune system is activated to defend

the host via cellular components, including polymorphonuclear and mononu-

clear phagocytes, and secreted mediators (Table 1.1).

Cells of the innate immune system

Cells of the innate immune system are derived from the myeloid lineage,

which differentiates from myeloid progenitor cells in the bone marrow,

TABLE 1.1 Cells and secreted mediators of the innate immune system.

Cells Secreted mediators

Neutrophils Complement proteins

Eosinophils Lysozymes

Basophils Cytotoxins

Mast cells Cytokines

Monocytes Eicosanoids

Macrophages Pentraxins

Dendritic cells Collectins

Natural killer cells Defensins

Immunology and the concept of vaccination Chapter | 1 3



whereas the adaptive immune system comprises lymphocytes, which also

derive from bone marrow stem cells. There is also a family of innate lym-

phoid cells, including natural killer (NK) cells, a subset of lymphocytes that

do not recognize pathogen-specific antigens and are hence considered to be

part of the innate immune system.

Monocytes and macrophages

Monocytes can differentiate into dendritic cells (DCs), which are profes-

sional antigen-presenting cells (APCs), or into phagocytic macrophages,

which can exhibit either pro- or antiinflammatory effects (Atri et al., 2018).

Macrophages

These are specialized innate immune cells engaged in the detection, inges-

tion, and destruction of pathogens and other harmful particles. They play an

important role in host defense and tissue homeostasis (Hirayama et al.,

2017). Tissue macrophages comprise tissue-resident macrophages, and those

are derived from circulating monocytes that invade tissues as part of the

inflammatory response. Like DCs, they can present antigens to cells of the

adaptive immune system, and secrete cytokines. Macrophages can polarize

into proinflammatory (M1) or tolerogenic (M2) phenotypes.

Dendritic cells (DCs)

DCs are specialized APCs found in barrier tissues and are essential in induc-

tion of pathogen-specific adaptive immune responses. They engulf pathogens

and migrate to lymph nodes, where they display pathogen-derived peptides

on the cell surface, which are recognized by T lymphocytes. DCs are thus

key in linking innate and adaptive immune systems, and are crucial in gener-

ating vaccine-specific immune responses. Peptide presentation by MHC

(major histocompatibility complex) molecules and T-cell activation is

described in greater detail in the section on adaptive immunity, and also in

Chapter 5, Immunopeptidomics for the Identification of T-Cell Vaccine

Targets. DCs are described in detail in Chapter 3, Dendritic Cells as Vaccine

Targets.

Neutrophils

Neutrophils are bone marrow-derived cells of the myeloid lineage, a member

of the granulocyte subfamily (with basophils, eosinophils, and mast cells).

Neutrophils moderate early immune responses to infection, and are recruited

by chemokines and cytokines released by macrophages following pathogen

recognition (McDonald et al., 2010). Neutrophils also express PRRs, which

upon activation by PAMPs, trigger the release of reactive oxygen species

(ROS), and neutrophil extracellular traps, primarily composed of DNA, in

order to immobilize pathogens (Delgado-Rizo et al., 2017; Li et al., 2020).
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Although not considered to be professional APCs, neutrophils are able to

migrate from peripheral sites to lymph nodes (Beauvillain et al., 2011), and

can present antigens to T cells (Leliefeld, Koenderman, & Pillay, 2015).

Eosinophils

Eosinophils are prominent in the blood during allergic conditions, parasitic

infection, and cancer. Upon activation, eosinophils secrete cytokines, ROS,

enzymes, and lipid mediators including eicosanoids. An elevated concentra-

tion of eosinophils in plasma is referred to as blood eosinophilia, and tissue

eosinophilia at the site of an infection or during inflammation.

Basophils

Basophils are activated during fungal, bacterial, and viral infections. As a

granulocyte, they can release enzymes from intracellular granules that com-

bat pathogenic bacteria, for example, lysozyme (attacking the bacterial cell

wall) and proteolytic enzymes.

Natural killer cells

Fully developed NK cells have a half-life of 7�10 days, and kill target cells

without the requirement for presentation of pathogen-specific peptides by

MHC. They are present in peripheral blood, spleen, uterus, and liver, and are

activated by exposure to macrophage-derived cytokines. NK cells are trig-

gered by viral infection, with a response that peaks in 3�4 days, before

humoral and/or T-cell responses develop. They are considered to be part of

the innate immune system, while differentiating from the lymphocyte rather

than myeloid cell lineage. NK cells are able to distinguish between healthy

and infected or cancerous cells, by assessing the balance between activating

and inhibitory receptor signals on the target cell. All healthy human cells

express MHC class I proteins, which send inhibitory signals to NK cells, pre-

venting their destruction. This signal transduction pathway is mediated by a

family of NK receptors, for example, NKG2A. Downregulation of cell sur-

face MHC proteins, characteristic of infected or cancerous cells, leads to

activation of NK cells.

Natural killer T cells

Natural killer T cells are similar to T cells of the adaptive immune system in

that they express TCRs (T-cell receptors) on the cell surface. They can iden-

tify microbial lipid antigens displayed by CD1d, and can be activated rapidly

following infection, producing copious amounts of proinflammatory chemo-

kines and cytokines (Terabe & Berzofsky, 2008).
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Secreted proteins

Cytokines

Cytokines, a group of proteins produced by both myeloid cells and lympho-

cytes, regulate the immune response to pathogens and facilitate communica-

tion between cells (Berraondo et al., 2019).

Interferons

Aristizábal and González (2013) and Kotredes and Gamero (2013) showed

that the interferon INF-α can activate NK cells and DCs, inhibiting the

growth of cancer cells.

Interleukins

Interleukins (ILs) modulate intercellular cross-talk and are crucial in generat-

ing an inflammatory response.

Chemokines

Chemokines comprise a family of soluble chemoattractant cytokines mediat-

ing cell migration through venules, and between blood and tissues, in

response to a chemical gradient.

The complement system

In addition to immune cells, several classes of soluble molecules are present

in the blood and extracellular fluids that are capable of killing or rendering

pathogens more susceptible to destruction by other immune mechanisms.

These include complement proteins, antimicrobial peptides, and enzymes.

Complement proteins have the ability to lyse pathogens and also render them

more susceptible to phagocytosis by phagocytic cells (Stevens, 2010).

The complement system is one of the most important secreted mediators

of innate immunity. It comprises a group of heat labile soluble serum pro-

teins, which are usually inactive unless activated by a trigger such as detec-

tion of antigen�antibody complexes or microorganisms. The system

produces a rapid and amplified response to one of these triggers, via a chain

of events (Rastogi, 2008). Three different pathways (Fig. 1.1) have been

described for complement activation, namely, the classical pathway, involv-

ing antigen�antibody complex formation; the alternative pathway, which is

antibody independent; and the lectin pathway, also antibody independent

(Stevens, 2010).

When activated, complement molecules:

1. Act as opsonins: extracellular proteins that bind to substances or cells to

aid their clearance by phagocytosis;

2. Amplify T cell metabolism, and immune complex clearance;
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3. Facilitate the uptake of immune complexes in the spleen;

4. Enhance vascular permeability;

5. Attract monocytes and neutrophils to the regions with elevated antigen

levels;

6. Stimulate the secretion of immunoregulatory molecules that amplify

immune responses.

Complement activation promotes phagocytosis and inflammation: The

C3b generated by the classical and alternative pathways binds to specific

receptor proteins on macrophages and neutrophils. This enhances the ability

of these cells to phagocytose microbial cells onto which C3b has attached

(Rastogi, 2008).

The activation of the complement system via the classical pathway inhi-

bits the formation of immune complexes that may precipitate in the plasma,

while complement activation via the alternative pathway solubilizes immune

complexes that have already precipitated. C3-bearing immune complexes are

readily removed from tissues and circulation by macrophages and other pha-

gocytes (Stevens, 2010).

Complement is also involved in cytotoxic and cytolytic damage: foreign

cells (e.g., bacteria) are lysed by membrane attack complexes formed from

complement proteins (Idris, Oyeyinka, Arinola, & Okafor, 2016).

FIGURE 1.1 The complement system. Source: Illustrations were made using Biorender

software.
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The classical pathway

This pathway is antibody dependent, and is triggered by IgM and/or IgG

bound to antigen on the surface of microorganisms. IgM is the most potent

antibody class in activation of the classical pathway because it has multiple

binding sites; subclasses of IgG, namely, IgG1, IgG2, and IgG3 are also

active, with IgG3 being the most efficient (Idris, Oyeyinka, Arinola, &

Okafor, 2016). Pathogens including Escherichia coli, viruses, a few protozoa,

mycoplasmas, and proteins such as C-reactive protein can also bind directly

to complement C1q to activate the classical pathway (Massey & Mcpherson,

2007).

Complement activation can be divided into three stages (Fig. 1.1): (1) fix-

ation (binding) of C1 (C1q, C1r, and C1s) to triggers such as IgG, IgM, or

microbes; (2) activation, of C4, C2, and C3; (3) formation of the membrane

attack complex through activation of C5 through C9, leading to lysis of for-

eign cells (Stevens, 2010). The recognition unit (C1q, C1r, and C1s) binds to

the Fc section of immunoglobulin moieties. C1s becomes stimulated, causing

C4 and C2 cleavage and forming C4b2a (i.e., C3 convertase), which, in turn,

cleaves C3 to form C4b2a3b (C5 convertase). The C5 convertase splits C5,

which then assembles C6, C7, C8, and C9 to form the membrane attack com-

plex. When C9 polymerizes, it causes lysis of the target cell (Stevens, 2010).

The alternative pathway

The alternative complement activation pathway is independent of either IgM

or IgG. It involves activation of C3 by a variety of triggers that include bac-

terial toxins and capsular polysaccharides. Upon activation, C3 is hydrolyzed

to produce C3b, which then binds factor B. The complex splits, forming

C3Bb—an enzyme that possesses C3 convertase activity. On stabilization by

properdin, it causes the cleavage of more C3. Any further molecule of C3

complexed to the C3bBbP enzyme (C3bBb3bP) triggers the cleavage of C5

that further cleaves C5b. C5b draws together C6, C7, C8, and C9 to form the

membrane attack complex, as for the classical pathway, resulting in bacterial

lysis (Rastogi, 2008; Stevens, 2010).

The lectin pathway

This is another antibody-independent pathway through which complement is

activated. It employs nonspecific recognition of the carbohydrate component

of microbial cell walls (Beutler, 2004; Eisen & Minchinton, 2003).

Mannose-binding or mannan-binding lectin (MBL) binds mannose in a

calcium-dependent manner in order to activate complement (Arnold, Dwek,

Rudd, & Sim, 2006). Structurally, MBL resembles C1q and is reported to

associate with three MBL-serine proteases (MASPs): MASP-1, MASP-2,

and MASP-3, which together with MBL bind mannose on bacterial surfaces

leading to the formation of an activated C1-like complex. MASP-2 cleaves
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C2 and C4, and activation proceeds along the classical pathway (Kerr et al.,

2008).

Regulation of complement activation

A system of regulatory proteins modulates the activity of complement. These

proteins prevent tissue damage that may otherwise result from spontaneous

binding of stimulated complement components to host cells, or inadvertent

stimulation of plasma complement components (Arlaud, Barlow, Gaboriaud,

Gros, & Narayana, 2007; Idris, Oyeyinka, Arinola, & Okafor, 2016;

Schwaeble & Reid, 1999).

Complement activation is regulated efficiently by the following factors:

1. The labile nature of activated complement factors;

2. C8-binding protein: this prevents binding of C9 component to C5b678,

so preventing membrane puncture and lysis of target cells;

3. Serum protein Vitronectin (Protein S) that inhibits C5b-7 membrane

binding, and prevents C9 polymerization;

4. Presence of C3b inactivator in serum;

5. C1 esterase inhibitor, which inhibits C1 and its subunits;

6. Factor I, acting on free C3b fragment in solution to cleave the molecule;

7. Factor H, which binds to C3b and destroys it.

Adaptive immune response

The innate immune system can respond and clear an infection rapidly. Only

after the innate defenses have failed is an adaptive immune response neces-

sary: this is achieved through the interaction of innate and adaptive immune

cells (Fig. 1.2), and coordination of the two immune responses, for example,

through cytokine secretion. The adaptive immune system can adapt to protect

vertebrates from almost any pathogen. Unlike innate immunity, it takes time

to be activated: days rather than minutes or hours. However, when activated,

it is efficient and specific.

B and T lymphocytes

The adaptive arm of the immune system is composed of B and T lympho-

cytes, which express B-cell receptors (BCRs) and TCRs, respectively

(Fig. 1.3). B cells give rise to humoral immunity via secretion of antibodies

(derived from their BCRs) in response to recognition of native, unprocessed

antigen. T cells comprise the cellular adaptive immune response: TCRs rec-

ognize processed peptide fragments in the context of MHC molecules, lead-

ing to stimulation of both cytotoxic and helper T cells. A huge diversity of

BCRs and TCRs (millions per individual) are generated through genetic rear-

rangements of germline gene segments, described in more detail below. Each

receptor recognizes, on average, a single target antigen—this ensures that the

Immunology and the concept of vaccination Chapter | 1 9



adaptive immune response is pathogen-specific. Following antigen recogni-

tion and binding, the lymphocyte proliferates to produce exact clones of the

B or T cells, a process known as clonal expansion.

To generate an effective immune response, a number of different immune

cells need to become activated, and interact with each other. These

FIGURE 1.2 Cells of the adaptive immune response. Source: Illustrations were made using

Biorender software.

FIGURE 1.3 Structure of the B- and T-cell receptors. Source: Illustrations were made using

Biorender software.
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interactions take place in organized tissues collectively known as the lym-

phoid system, which contain lymphocytes at varying developmental stages,

and are categorized into primary and secondary lymphoid organs.

Primary lymphoid organs are the site of lymphoid development (lympho-

poiesis). It is here that the progenitor (primitive immature) cells mature.

T lymphocytes develop in the thymus hence the nomenclature T lympho-

cytes, while B lymphocytes develop in the bone marrow (and fetal liver).

Secondary lymphoid organs are the sites of lymphocyte interaction with

each other, and with antigens. Following contact with their cognate (specific)

antigen, they become effector cells and subsequently disseminate to sites of

infection. The major secondary lymphoid organs are the lymph nodes,

spleen, and the mucosa-associated lymphoid tissues (e.g., the tonsils). Cell

trafficking between different tissues is controlled by a family of soluble che-

moattractant proteins (chemokines), and chemokine receptors on the surface

of immune cells.

Cell-mediated adaptive immune responses

T lymphocytes

Cellular adaptive immune responses are elicited when antigens reach the sec-

ondary lymphoid organs, typically through the action of APCs. APCs, mainly

DCs, engulf pathogens and foreign proteins, then process them and present

peptide fragments to T cells. Naı̈ve T-cell lymphocytes recognize these anti-

genic fragments, become activated, proliferate, and differentiate into effector

cells that eliminate cells expressing their cognate antigen.

T lymphocytes have both effector and regulatory functions. Effector func-

tions include secretion of proinflammatory cytokines and direct killing of

infected cells; effector T cells are also responsible for delayed hypersensitiv-

ity responses and rejection of tissue grafts. In humans, the developing thy-

mus becomes infiltrated with prelymphocytes after 3 months of fetal

development. The prelymphocytes multiply within the thymus and rearrange

their TCR α and β chain gene segments, resulting in expression of a single

TCR specificity on the cell surface; this genetic recombination is similar to

the process that produces antibodies, described in detail below. The cells

then undergo positive selection to remove cells bearing TCRs which fail to

recognize the host’s MHC alleles.

Survivors of the positive selection process express either CD4 or CD8,

along with a functional TCR; they migrate to the thymic medulla. The mean-

residence time of single positive T cells in the medulla is about 12 days—a

period within which they undergo negative selection, resulting in apoptosis

of any cell bearing a TCR that recognizes self-antigen. This process is facili-

tated by nuclear transcription factor AIRE, which induces expression of

many proteins not usually expressed in the thymus. However, negative
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selection does not remove all self-reactivity, so the induction of regulatory T

cells is important to ensure peripheral tolerance, that is, to prevent

autoimmunity.

Classes of T cell

CD81 T cells interact with peptides in complex with MHC class I proteins,

while CD41 T cells recognize antigen presented by MHC class II. The

T-cell coreceptor (CD8 or CD4) binds to MHC (class I and II, respectively)

to increase the binding avidity of the TCR�MHC interaction. CD41 cells

are typically T helper and T regulatory cells, while CD81 cells are cyto-

toxic or “killer” T cells.

Cytotoxic T cells (CD8 T cells) selectively kill target cells expressing a

specific antigen using cytotoxic effector proteins. These proteins include per-

forins that trigger the formation of pores in the target cell membrane, allow-

ing granzymes to move into the cell and cause death by apoptosis

(programmed cell death). Cytotoxic T cells also release proinflammatory

cytokines. As cytotoxic T cells recognize peptide epitopes processed from

antigens within the cell, they are able to kill host cells infected with intracel-

lular pathogens including viruses, parasites (e.g., malaria) and intracellular

bacteria, for example, TB.

Helper T cells (CD4 helper T cells, Fig. 1.4) recognize peptides presented

by MHC class II on specialized APC surfaces including DCs and macro-

phages. The peptides are loaded onto MHC following phagocytosis of patho-

gens, and processing of proteins inside endosomes. Subsequently, the helper

FIGURE 1.4 The clonal expansion of helper T cells. Source: Illustrations were made using

Biorender software.
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T cell is stimulated to secrete cytokines that activate a variety of immune

cells including macrophages, cytotoxic T cells, and antibody-secreting B

cells. There are several subclasses of helper T cell including Th1, Th2,

Th17, and the more recently described (and less well characterized) Th22.

Th1 cells produce proinflammatory cytokines including interferon gamma

(IFN-γ) and tumor necrosis factor-beta (TNF-β), that target intracellular

pathogens and cancerous cells. Th2 cells produce antiinflammatory cytokines

including IL-4, IL-5, IL-10, and IL-13. Th2 cells function to help B cells

generate immunoglobulins against extracellular pathogens, and in some cases

to regulate proinflammatory Th1-mediated immune responses; Th2 responses

can become pathogenic, for example, in allergy. Th17 cells are generally

proinflammatory, and secrete a variety of cytokines including IL-17, IL-21,

and IL-22.

Regulatory T cells (Tregs) are usually CD41 , although CD8 Treg cells

are also known (Yu et al., 2018). The cells suppress immune reactions by a

number of different mechanisms, including secretion of tolerogenic cytokines

(IL-10 and TGFβ) to block the differentiation of DCs and promote apoptosis

of effector T cells (Curotto de Lafaille & Lafaille, 2009; Stadhouders,

Lubberts, & Hendriks, 2018). Tregs also make direct cell�cell contacts with

APCs and decrease effector T-cell activation. Treg cells express the tran-

scription factor FoxP3 and the cell surface marker CD25 (part of the high

affinity IL-2 receptor complex). Tregs can be antigen dependent or indepen-

dent, and play an important role in controlling inflammation and maintaining

peripheral tolerance to self-antigens.

On completion of thymic development and selection, T cells recirculate

between the blood and lymphoid organs via the lymphatic system. These

recirculating lymphocytes that have not yet encountered their cognate anti-

gen are known as naı̈ve T cells. On contact with their cognate antigen on the

surface of APCs, they are induced to proliferate and differentiate into effec-

tor T cells that can respond quickly and efficiently when they encounter cog-

nate antigen on infected cells. Following antigen recognition, memory T cells

are also produced. These are long-lived cells whose function is to provide

protection from the same pathogen on subsequent challenge.

The major histocompatibility complex (MHC) locus

MHC is a wide-ranging DNA locus found in the genome of vertebrates. It

comprises a group of closely related polymorphic genes that express multisu-

bunit proteins, many of which display short antigenic peptide fragments (epi-

topes) on the cell surface for recognition by T cells. The peptides could be

derived from self-proteins, grafts, or from pathogens (Janeway, Travers,

Walport, & Shlomchik, 2001a, 2001b).

The MHC locus is situated on Chromosome 6 in humans (Fig. 1.5), span-

ning approximately 30MB (from 6p22.1 to 6p21.3), and containing 224

Immunology and the concept of vaccination Chapter | 1 13



genes (Gao et al., 2010). These DNA sequences code for the MHC proteins

which are often called human leukocyte antigens (HLA) in humans. MHC

alleles have a codominant phenotypic expression. They are highly diverse in

the population, with the genes exhibiting the greatest degree of polymor-

phism in the human genome (Tsuji et al., 2017).

Types of MHC protein and antigen presentation

There are three main MHC subgroups: MHC class I, II, and III (Table 1.2).

While MHC class I and II proteins are involved in the display of antigenic

fragments on the cell surface, MHC III genes code for other immune proteins

such as cytokines, compliment factors, and heat shock proteins (Cruz-Tapias,

Castiblanco, & Anaya, 2013).

MHC I

The MHC I complex comprises classical and nonclassical MHC I molecules.

Classical MHC class I includes the A, B, and C genes that code for HLA-A,

B, and C proteins, respectively. These are highly diverse cell surface proteins

that, together with β2 microglobulin, form an antigenic peptide�presenting

structure for recognition by CD8 T lymphocytes (Krovi & Gapin, 2016).

There are many hundreds of alleles encoding HLA-A, B, and C proteins

each with different peptide-binding specificities, ensuring a diverse spectrum

of peptide presentation within a population. A given individual, if

FIGURE 1.5 Human MHC locus located on human chromosome 6. Source: Illustrations were

made using Biorender software.
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TABLE 1.2 Summary of structure, location, and function of MHC proteins.

Properties MHC I MHC II MHC III

Cells expressed Every cell with a
nucleus

Professional APC: B
lymphocytes,
macrophages,
dendritic cells

Hepatocytes,
mononuclear
phagocytes

Cellular
location
(classical
molecules)

Cell surface Cell surface Cytoplasmic

Classical
proteins
expressed

HLA (A, B, and C) HLA (DRA, DRB1,
DQA1, DQB1,
DPA1, and DPB1)

Some
complement
factors,
cytokines, and
heat shock
proteins

Components of
peptide�MHC
complex

Alpha chains
(comprising α1, α2,
and α3 domains) and
beta2 microglobulin.
Peptide binds to α1
and α2 domains.

Alpha chains (α1 and
α2 domains) and
beta chains (β1 and
β2 domains). Peptide
binds to α1 and β1
domains

Do not bind
peptides

T lymphocytes
that bind MHC
protein

CD81 lymphocytes CD41 lymphocytes None

Source of
antigen

Cytoplasmic proteins
from self-antigens,
tumors or
intracellular
pathogens

Ingested from
extracellular
pathogens

Do not
process
antigen

Protein
degrading
enzymes

Cytoplasmic
proteasomes

Proteases from
endosomes and
lysosomes

Antigens are
not degraded

Loading site of
peptide
fragments

Endoplasmic
reticulum

Specialized vesicular
compartment

Peptides are
not loaded

Molecules
involved in
transportation
and loading of
peptides

TAP, Tapasin, and
other chaperones

Invariant chain (Ii),
DM

Peptides are
not loaded

Antigen
fragment size

Mostly 9�10
residues, range of
8�14

13�18 residues Do not
process
antigen
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heterozygous, will possess two different A, B, and C alleles, that is, a total

of six class I HLA molecules.

The nonclassical MHC class I molecules (MHC-Ib) are nonpolymorphic

molecules, including CD1, HLA-E, HLA-F, HLA-G, HLA-H, MHC chain-

related gene A, and neonatal Fc-receptor for IgG (FcRn) (Halenius, Gerke,

& Hengel, 2015). While some MHC-Ib molecules are antigen-presenting

structures that are recognized by specific subsets of TCRs, others are ligands

for innate immune receptors. MHC-Ib molecules are classified as a compo-

nent of the innate or nonspecific immune system because they elicit a more

rapid response (Krovi & Gapin, 2016).

MHC I proteins are found on platelets and all cells with nuclei; they pres-

ent peptide epitopes to cytotoxic T lymphocytes (CTL), which express CD8

protein in addition to TCR on their cell surface. MHC I triggers a cell-

mediated immune response to kill tumorigenic cells and those infected with

viruses and other intracytoplasmic pathogens such as Mycoplasma and

Rickettsia (Gulzar & Copeland, 2004). Apart from binding CD8 receptors of

T cells, MHC I also binds to receptors of NK cells (Rosenberg & Huang,

2018).

Structurally, MHC I (Fig. 1.6) has a variable heavy α-subunit and a small

invariant β2 microglobulin subunit, which are about 45 and 12 KDa, respec-

tively, in humans. The alpha subunit contains the binding groove for the pep-

tide epitope, while the β2 microglobulin subunit provides structural support

FIGURE 1.6 The class I MHC�peptide and class II MHC�peptide complexes. Source:

Illustrations were made using Biorender software.
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and stability (Khan, 2016). The alpha subunit comprises a small cytoplasmic

tail, transmembrane helix, and an N-terminal extracellular region consisting

of alpha 1, alpha 2, and alpha 3 domains (Wieczorek et al., 2017 ). The alpha

1 and alpha 2 domains form the deep epitope-binding pocket that binds a

peptide that is 8�14 amino acids in length, more typically 9 or 10 amino

acids. The floor of the groove is formed by eight β sheets, situated between

two long α-helices. The peptide binds noncovalently to the MHC I�binding

groove with two or more “anchor residues” fitting into pockets found in the

floor of the groove (Wieczorek et al., 2017). The alpha 3 domain is invariant

between alleles, and binds to the CD8 coreceptor (Khan, 2016).

Peptides loaded onto the MHC I complex can either be obtained from

endogenous or degraded exogenous proteins, the latter in a process known as

cross-presentation (Michalek, Grant, Gramm, Goldberg & Rock, 1993).

Endogenously derived self-peptides are obtained from protein degradation

and ribosomal artifacts, for example, mis-translated polypeptides. Proteins

from tumors, viruses, and intracellular microbes are also degraded by protea-

somes into small peptides. The Class I antigen presentation pathway is

shown in Fig. 1.8 and described in detail in Chapter 5, Immunopeptidomics

for the Identification of T-Cell Vaccine Targets, so will not be repeated here.

CD8

CD8 is a TCR coreceptor, and specifically binds to HLA class I protein (Gao

& Jakobsen, 2000). It is found on T cells, DCs, cortical thymocytes, and NK

cells (Leong, Cooper, & Leong, 2003). To function effectively, the CD8 cor-

eceptor forms a dimer comprising two chains (alpha and beta). Both chains

belong to the immunoglobulin superfamily having intracellular, transmem-

brane, and immunoglobulin variable (IgV)-like extracellular domains.

The α3 domain of Class I MHC interacts with the extracellular IgV-like

domain of CD8-α triggering a signal transduction event in which the cyto-

plasmic tail of the CD8 coreceptor interacts with lymphocyte-specific protein

tyrosine kinase (Lck) (Devine, Sun, Barr, & Kavathas, 1999). Upon binding,

Lck phosphorylates the CD3 alpha, beta, and zeta chains of the TCR. The

signal transduction process culminates in the stimulation of transcription fac-

tors such as NFAT, NF-κB, and AP-1. Overall, the CD8 coreceptor plays a

major role in CTL activation by increasing the sensitivity to antigen by up to

1 million-fold (Cole et al., 2012).

MHC class II

Each MHC class II protein is dimeric, with an alpha chain and a beta chain

(Fig. 1.6). The classical MHC II locus has three gene clusters: DP, DQ, and

DR. These gene clusters code for the alpha and beta chains, namely DP

alpha 1 (HLA-DPA1), DP beta 1 (HLA-DPB1), DQ alpha 1 (HLA-DQA1),

DQ beta 1 (HLA-DQB1), DR alpha (HLA-DRA), and DR beta 1 (HLA-DRB1).
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Genes for two nonclassical MHC class II-like proteins are also encoded in

this locus, HLA-DM and HLA-DO (Wosen, Mukhopadhyay, Macaubas, &

Mellins, 2018). These molecules are localized in endosomes/lysosomes, and

facilitate the loading of peptide fragments onto class II MHC class molecules

(Alfonso & Karlsson, 2000). As for class I MHC, there are hundreds of

alleles encoding DP, DQ and DR chains, with differing peptide-binding

properties. Each individual, if heterozygous, will express two different DP,

DQ, and DR proteins (a total of 6).

During inflammation, MHC II molecules can be found on all cell types,

but they are predominantly found on professional APCs such as B cells,

DCs, and macrophages (Unanue, Turk, & Neefjes, 2016). The professional

APCs are specialized in eliminating extracellular microbes, or those that can

survive in the phagosomes of macrophages (Gominet, Compain, Beloin, &

Lebeaux, 2017). In DCs and macrophages, microbes are ingested by phago-

cytosis into phagosomes, and in B cells through endocytosis into endosomes.

After ingestion, antigens are degraded in the endocytic compartments and

peptide epitopes displayed on the surface for recognition by CD41 T helper

lymphocytes (Rock, Reits & Neefjes, 2016).

Class II MHC proteins are heterodimers with polymorphic α and β subu-

nits. Unlike the class I MHC protein, where the antigenic peptide-binding

groove (Fig. 1.7) is shaped by the alpha 1 and alpha 2 domains, in the class

II MHC molecule it is shaped by the alpha 1 and beta 1 domains. Beta sheets

FIGURE 1.7 Binding grooves of MHC I and II and MHC�TCR complexes. Source:

Illustrations were made using Biorender software.
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form the floor of the peptide-bending cleft and the sides are formed by alpha

helices, leaving both ends of the binding groove open. With this open con-

formation, class II MHC molecules present longer peptide fragments (13�18

amino acids) than MHC I (Stern et al., 1994). In addition, the class II immu-

noglobulin domains alpha 2 and beta 2 bind the CD4 coreceptor, which

increases binding avidity of the TCR�MHC complex in a similar fashion to

CD8 and class I MHC (Wang et al., 2011).

The antigen processing pathway for class II MHC peptides resembles that

for class I MHC peptides (Fig. 1.8). The folding and assembly of class II

MHC proteins with the invariant chain (Ii) takes place in the ER (Roche &

Cresswell, 1990). Acting as a pseudopeptide, the invariant chain Ii fills the

peptide-binding pocket of the MHC II molecule through its cytosolic dileu-

cine motif, and targets it into the endosomal pathway (Neefjes, Jongsma,

Paul & Bakke, 2011). In the endosomal location known as MHC class II

compartment (MIIC), the MHC II molecules bound to the invariant chain Ii

encounter peptide fragments generated from antigens by the resident pro-

teases (Neefjes, 1999). Proteases including cathepsin L and S also degrade

the invariant chain (Unanue et al., 2016), leaving a small fragment of the

invariant chain known as the class II�associated invariant chain peptide

(CLIP), which lies within the peptide-binding groove of the MHC II mole-

cule (Ghosh, Amaya, Mellins, & Wiley, 1995).

FIGURE 1.8 The class I MHC antigen-processing pathway. Source: Illustrations were made

using Biorender software.
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Immunodominant peptides with higher-binding affinity for MHC II then

displace the CLIP fragments, with the aid of the DM chaperone (Denzin &

Cresswell, 1995). DM releases the low affinity CLIP peptide and replaces it

with higher affinity peptide fragments from degraded antigens (Blum,

Wearsch & Cresswell, 2013). From the MIIC, the MHC II-peptide (pMHC-

II) complex moves to the plasma membrane through tubules or vesicles

(Boes et al., 2002; Kleijmeer et al., 2001).

CD4

The CD4 coreceptor is expressed on DCs, T helper cells, monocytes, and

macrophages (Claeys & Vermeire, 2019). Like CD8, CD4 belongs to the

immunoglobulin superfamily with four immunoglobulin domains (D1�D4)

in the extracellular portion (Barclay, Brady, Davis, & Lange, 1993). The α2
and β2 membrane-proximal (nonvariable) domains of class II MHC interact

with the D1 domain of CD4. This causes the Lck kinase attached to the cyto-

plasmic tail of CD4 to trigger tyrosine phosphorylation of the immunorecep-

tor tyrosine activation motifs (ITAM) on the cytoplasmic domains of CD3

(Barber et al., 1989; Rudd, Trevillyan, Dasgupta, Wong & Schlossman,

2010). ITAM phosphorylation amplifies the TCR signal, and further activates

SH2 domain-containing tyrosine kinases, such as ZAP70. The entire signal

transduction process culminates in the stimulation of transcription factors

such as NFAT, NF-κB, and AP-1, ultimately resulting in T lymphocyte acti-

vation (Owen et al., 2013).

MHC II-peptide complexes are first recognized by naı̈ve (Th0) CD4 T

lymphocyte cells (Cunha-Neto, 1999). Following specific recognition, there

is an expansion of Th0 clones (Fig. 1.4) with the help of the signal trans-

ducer and activator of transcription (STAT) proteins. These cells are func-

tionally differentiated into Th1, Th2, Th17, TR1, and Foxp31 Treg cells

(Cunha-Neto, 1999; Stadhouders et al., 2018).

MHC class III

The MHC class III gene complex is located on the short arm of human chro-

mosome 6 (6p21.3) in between the gene clusters for class I and class II

(Gruen & Weissman, 2001). It is the densest gene cluster in the human

genome consisting of about 61 genes, approximately 27% of the total num-

ber of MHC genes (224) (Hurt et al., 2004). Unlike MHC I and II, MHC III

molecules do not participate in the presentation of antigens. Rather they

code for immunological proteins that include part of the complement system

(B factor, C2, and C4), cytokines (TNF-α, TNF-β, TNF-C), and heat shock

proteins. These molecules are involved in signaling and other immune

responses (Relle & Schwarting, 2012; Xie et al., 2003).

MHC class III proteins are secreted by hepatocytes and phagocytes such

as monocytes, macrophages, and DCs (Colten, 1984).
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Humoral (antibody mediated) adaptive immune response

Antibodies, or immunoglobulins, are serum proteins secreted by the termi-

nally differentiated cells of the B cell lineage, plasma cells. They bind spe-

cifically to native antigens that are accessible on the surface of pathogens

encountered in the blood, peripheral organs, or mucosal surfaces. As with T

cells, naı̈ve B cells are also activated on contact with their cognate antigen;

they usually require T-cell help for this activation. Once activated, B cells

will differentiate to antibody-producing plasma cells and memory B cells.

Antibodies provide protection in three major ways: opsonization, which

is coating the surface of the pathogen to enhance engulfment by phagocytes;

neutralization, which involves preventing the pathogen from entering the cell

by disrupting binding to specific host cell receptors; and complement

activation.

Somatic mutation: When a B cell becomes activated, it undergoes several

rounds of mutation and selection for high-affinity immunoglobulin secreting

plasma cells. This is a process known as somatic hypermutation, and occurs

in the germinal centers of lymph nodes with the help of Tfh (T follicular

helper) cells. The selected high-affinity B cells continue to proliferate and

mature with T-cell help, while cells with low-affinity receptors die by

apoptosis.

B lymphocytes: origin and differentiation

B cells are derived from a lymphoid-myeloid precursor that can differentiate

into a common myeloid progenitor or an early lymphocyte progenitor (ELP).

Depending on the type of cytokine present, ELP can form B cells, T cells,

NK cells, or other innate lymphocyte subsets. B-cell precursors remain in the

microenvironment of bone marrow stromal cells. Several transcription and

growth factors such as early B-cell factor, interleukin-7, and paired box pro-

tein 5 are involved in the differentiation of common lymphoid progenitors

into pre-B cells. During this maturation process, the gene segments coding

the heavy and light chain of the antibody molecule are rearranged. Immature

B cells are identifiable with distinctive markers, namely, surface antigens

CD19, CD45R, CD43, CD24, terminal deoxyribonucleotide transferase,

recombination-activating genes (RAG-1 and RAG-2), and c-Kit. During mat-

uration in the bone marrow, both positive and negative selection occurs, as

for T cells in the thymus.

In the spleen, immature B cells further develop into either follicular or

marginal zone B cells. All matured naı̈ve (unstimulated) B cells express IgM

on their surface. Naive B cells have a life span of only a few days; however,

if they encounter antigen in the secondary lymphoid organs, they are acti-

vated and differentiate to form memory cells and antibody-secreting plasma

cells. Activated B cells expresses markers such CD25 (high-affinity

interleukin-2 receptor subunit).
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Structure of immunoglobulins

Antibody molecules have a common basic structure comprising two identical

light (L) chains and two identical heavy (H) chains. Both the heavy and light

chains have variable (V) and constant (C) regions, with the tip of the V

regions containing the hyper-variable CDRs (complementarity determining

regions) that bind antigens: three CDRs are contributed by the H chain and

three by the L chain (Fig. 1.9). L and H chains are held together by inter-

chain disulfide bonds formed between cysteine residues, forming immuno-

globulin fold domains. The Fc antibody region is formed by the interaction

of the two H chains, again by disulfide bonding to form immunoglobulin

domains, with further stabilization provided by the presence of N-linked gly-

cosylation. Fc domains differ according to antibody class, leading to the trig-

gering of different effector functions following antigen binding.

Antibody diversity: The germline DNA in a human encodes 30�65 V

(variable) gene segments for each L/H chain, as well as 27 D (diversity) seg-

ments for the H chain, and 4�6 J (joining) segments per chain. Genetic

recombination events in the bone marrow combine random V, D, and J seg-

ments together to create a huge diversity of antigen-binding domains: recom-

bination can create over 1010 different BCRs per individual, although in

practice this number will be limited by the total number of B cells in circula-

tion. There are two sets of L chain gene segments, kappa and lambda, only

one of which will be rearranged per B cell to ensure clonality of the BCR.

FIGURE 1.9 Structure of an immunoglobulin (antibody). Source: Illustrations were made

using Biorender software.
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Further diversity is created by somatic hypermutation (which follows antigen

recognition and B-cell activation) in germinal centers of lymph nodes, which

creates point mutations in CDRs leading to an overall increase in antigen

affinity.

Immunoglobulin classes

Humans have five isotypes of immunoglobulin, namely, immunoglobulin G

(IgG), immunoglobulin A (IgA), immunoglobulin M (IgM), immunoglobulin

D (IgD), and immunoglobulin E (IgE). These differ in structure, function,

and heavy-chain constant regions while retaining the V domains that deter-

mine antigen specificity. IgM is expressed as a surface-bound receptor

(BCR) on the surface of naı̈ve B cells, and following antigen recognition and

B-cell activation, a phenomenon known as class-switching occurs. Class

switching involves genetic recombination events that sequentially removes

exons encoding H chain Fc domains and replaces them with an exon encod-

ing another domain. The order of exons encoding isotype-specific gene

sequences is μ (IgM), δ (IgD), γ3 (IgG3), γ1 (IgG1), α1 (IgA1), γ2 (IgG2)

γ4 (IgG4), ε (IgE), and α2 (IgA2).

IgM antibodies dominate the primary immune response. A nonpolymer-

ized (singlet) form of IgM with a membrane-bound sequence is the antibody

receptor used by B lymphocytes to identify antigen. Postantigen recognition,

an alternative splicing event removes the transmembrane exon leading to

secretion of soluble, pentameric IgM, with 10 antigen-binding sites. Due to

its large size, it is restricted to the intravascular blood stream and to some

extent the lymph, but not peripheral tissues. It is very efficient in activating

complement.

IgG has a single Fc domain and is divalent in terms of antigen binding. It

constitutes 75% of total serum immunoglobulin and is also found in nonmu-

cosal tissues. It directly inactivates pathogens by interacting with effector

moieties, that is, complement and Fc receptors found on the surface of

phagocytic cells. It is the major immunoglobulin of the secondary immune

response and is important for vaccine-induced immunity. IgG has four sub-

classes: IgG1, IgG2, IgG3, and IgG4. These subclasses have functional dif-

ferences, for example, IgG3 has the highest capacity to activate complement,

while IgG1 has the highest affinity for Fc gamma-receptors and is therefore

the best mediator of opsonization. IgG is the only immunoglobulin class that

can transport across the placenta.

IgA is found as IgA1 and IgA2 in humans. IgA2 differs from IgA1 in that

it possesses a shorter hinge and resists bacterial proteases better. IgA mole-

cules are mostly dimers of two immunoglobulin molecules linked by an extra

J chain polypeptide, and so are tetravalent. Secretory IgA found in mucosa is

made of dimeric (tetravalent) IgA plus an extra protein known as the secre-

tory component. It is involved in shielding the body’s mucosal surfaces from
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infectious agents. Dimeric IgA is common in seromucous secretions across

epithelia: tears, saliva, breast milk, respiratory, gastrointestinal, and genito-

urinary secretions. Monomeric and small amounts of dimeric IgA are found

in the serum where they can link pathogens to effector cells via Fc receptors

specific for IgA.

IgD accounts for less than 1% of total circulating immunoglobulin. It is

bound to the surface of B cells and has a very short half-life. It is not known

to possess any of the functional activity of other immunoglobulin classes,

but may have a role as an antigen receptor on the surface of B cells. It is

monomeric and has a long hinge region.

IgE is a dimeric monomer, like IgG, and is present in very low concentra-

tions in blood and extracellular fluid. It binds to receptors on eosinophils and

is important in immunity to parasitic worms. When it binds to high-affinity

IgE receptors on mast cells and basophils, it can trigger inflammatory media-

tors such as histamine, provoking effects such as sneezing, coughing, and

vomiting that can expel infectious agents. In atopic individuals, allergic reac-

tions are triggered when allergens bind to IgE on the surface of mast cells.

Human monoclonal antibodies as therapeutic agents

Mouse monoclonal antibodies administered to human subjects are signifi-

cantly immunogenic; the human antimouse antibodies (HAMA) that form

can accelerate clearance of a monoclonal antibody from the blood so reduc-

ing its efficacy, and in addition can potentially cause hypersensitivity

reactions.

More recently, several approaches have been taken to produce fully

human antibodies. First, production of human antibody-secreting hybrido-

mas, by fusing human B cells with an immortal B cell line. Immortalized

Epstein-Barr virus (EBV)�transformed B cell lines have also been used as a

source of human monoclonal antibodies. EBV-transformed lines tend to lose

their antibody secretory potential upon prolonged culturing. A better

approach is to isolate the genes encoding a particular antibody, and to stably

transfect these into an immortalized cell line (e.g., HEK293 or CHO cells) to

generate cells that secrete large amounts of the recombinant antibody.

Production of monoclonal antibodies using this technology can be easily

scaled up for manufacture of clinical-grade material, and antibodies targeting

Ebola, HIV, and SARS-CoV-2 have been produced in this way.

Prophylactic and therapeutic vaccines

Vaccines can be either prophylactic or therapeutic. A prophylactic (preven-

tive) vaccine acts by inducing immunity to pathogen-specific antigens prior

to natural exposure to that pathogen. Most vaccines for infectious agents are

prophylactic. Therapeutic vaccines boost an immune response post-disease
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induction, and have been used for some pathogens (Rabies, for example),

cancer, and in an experimental setting for chronic diseases including

dementia.

Immunologic memory and vaccination

Vaccines activate lymphocytes, which are the effector cells of the adaptive

immune system and mediate immunological memory. These memory cells

(B and T cells) are able to respond quickly when challenged with the “real”

infectious agent, to prevent an infection becoming established. This recall

response is much more rapid than the activation of new B and T cells during

a natural infection in unvaccinated individuals, which takes weeks to

develop. These unvaccinated, infected individuals will also generate a mem-

ory B and T cell response, and therefore can become protected against future

infections, providing that the infection does not prove fatal in the meantime.

There are numerous issues that have prevented the production of effective

vaccines against some infectious agents, for example, high pathogen muta-

tion rates giving rise to multiple strains, some of which are able to escape

vaccine-induced immunity. There is also a large variation in the level of

serum antibodies that is required for neutralization of different pathogen spe-

cies. In order to improve vaccine efficacy, it is possible to combine vaccine

antigens with chemical agents known as adjuvants, which can increase the

vaccine response by stimulating various cells of the immune system (known

as immunopotentiation), or, in the case of alum, act as an antigen depot.

More information on specific adjuvants is given in Chapter 9, Adjuvants,

Immunomodulators, and Adaptogens.
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Introduction

Vaccinology entails scientific inquiry into vaccine development and utiliza-

tion. It cuts across several fields of medicine including immunology and

infectious diseases, epidemiology, public health, and pediatrics. The journey

of a new vaccine (Fig. 2.1) usually begins with defining the pathogen that

causes a particular disease, and then identifying target antigens within that

pathogen. The selected antigen, or in some cases an entire pathogen, is for-

mulated into a final vaccine and passes through preclinical and clinical stud-

ies to evaluate its safety and efficacy. Vaccine development is usually a long

and complex process with a combination of public and private involvement.

However, the timeline for production of novel COVID-19 vaccines was trun-

cated as several activities such as engaging modern platform technologies,

GMP manufacture, regulatory approvals, concurrent Phase I�II trials, and

efficacy data acquisition from Phase IIb/III trials were fast-tracked, and

Exploratory/Expe
rimental stage

Preclinical stage

Clinical 
development

Manufacturing

Quality 
control

Regulatory review 
and approval

FIGURE 2.1 Cycle of vaccine development.
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performed in parallel rather than sequentially (Khuroo et al., 2020). Vaccine

safety was not compromised during this process, as volunteer numbers in

Phase II/III trials exceeded those in a typical vaccine development program.

Clinical Vaccinology deals with scientific inquiry into vaccine utilization.

It provides a wide range of information about vaccines, specifically the part

they play in reducing the tide of vaccine preventable infectious diseases and

cancers, and vaccine safety. Second to clean water, vaccines remain the most

cost-effective and successful instrument for promoting and maintaining pub-

lic health and preventing infectious diseases (Andre et al., 2008; Oli et al.,

2017).

Fundamentals of vaccine immunology

This section provides a short summary of how the immune system responds

to pathogens, and to vaccines. More details are provided in Chapter 1,

Immunology and the concept of vaccination.

The immune system has two major subcomponents—the innate and the

adaptive immune systems, with functional cross-talk between them. While

the innate immune system offers a rapid, nonspecific, broad spectrum first

line of defense, the adaptive system is slower and specific for antigenic pro-

teins found on or inside pathogens (Rowaiye et al., 2020). Generally, the

innate system recognizes conserved molecular patterns associated with

microbes, which differ from those of host cells. As it lacks memory, the

reaction of the innate immune system does not improve with repeated infec-

tions (Clem, 2011). The innate system comprises anatomic barriers (skin and

mucus membranes); physiological barriers (fever, gastric acidity, lysozyme

in tears, interferons, and collectins); the complement pathway (classical,

alternative or properdin, and lectin pathways); inflammatory responses medi-

ated by myeloid cells (granulocytes, monocytes, and natural killer cells), and

pattern recognition receptors which include C-type lectin receptors and Toll-

like receptors (Clem, 2011).

In the adaptive immune system, T cells originate from the Thymus, and

the B (antibody producing) cells are from the bone marrow. While B cells

can recognize antigens in their native form, T cell recognition and activation

require that the antigens are first processed by an antigen processing cell

(APC) (Margolick et al., 2006). The APC uses two types of antigen presenta-

tion mechanisms, for intracellular and extracellular antigens. Intracellular

antigens from viruses and tumors are presented by major histocompatibility

complex class I (MHC I) proteins on the surface of the APC, where they are

recognized by CD8 cytotoxic T cells. MHC I proteins are found on all

somatic cells except mature erythrocytes (Andre et al., 2008). On the other

hand, extracellular pathogens including bacteria and parasites are phagocy-

tosed and processed by specialized APC in endosomal compartments, where

pathogenic peptide fragments combine with MHC II proteins. Once on the
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cell surface, MHC II-peptide complexes bind to CD4 helper T cells (Alberts

et al., 2002; Oli et al., 2020). CD4 cells comprise several subsets including

Th1 cells that stimulate cell-mediated immunity, and Th2 cells that can stim-

ulate antibody-mediated immunity directed against extracellular pathogens

(Kaiko et al., 2008). MHC proteins are alternatively known as human leuko-

cyte antigens (HLAs) in humans.

Following T cell activation, there is a clonal expansion to produce firstly

effector T cells specific for the present infection, and secondly memory

T cells customized for responding to future infections (Hirahara &

Nakayama, 2016). B cell activation is considered more important than T cell

induction for the majority of vaccines, due to the fact that antibodies have

the ability to neutralize pathogens early in infection and prevent disease pro-

gression (Forthal, 2014). Different diseases can be prevented by distinct

levels of serum antibodies known as “correlates of protection,” which vacci-

nations must be able to exceed. For example, for Diphtheria this value is

0.1 IU/L, and for Rabies virus . 0.5 UI/mL (Heilmann et al., 2010; Zhang

et al., 2019).

B cells are activated by recognition of a specific epitope on the surface

of an antigen by the Fab region of the B cell receptor (BCR; i.e., membrane

bound antibody), and by stimulation from cytokines produced by Th2 cells

(Goldman & Prabhakar, 1996.). Somatic hypermutation of antibody comple-

mentary determining regions, located at the tip of the Fab arms, allows the

B cells to develop greater binding affinity for the antigen. BCR recognition

stimulates a B cell to transform into plasma cells and culminates in the

secretion of neutralizing antibodies specific for the target antigen (Tonomura

et al., 2003). Different classes of antibody vary in their Fc region, which

mediates antibody effector functions, for example by binding to complement

or to Fc-receptors leading to cell-mediated cytotoxicity (lysis) or

phagocytosis.

The first product of the clonal expansion of B cells is IgM (Blum et al.,

2013), followed by IgG, which is a better neutralizing antibody because it

facilitates higher affinity Fc-receptor binding and opsonization (Goldsby

et al., 2003). Other antibodies produced by plasma cells include IgA which

is found in saliva, breast milk, tears, and mucus; IgE, produced in response

to parasitic infections and allergic reactions; and IgD, found on mature

B cells. IgG is recognized as the most important antibody class in vaccinol-

ogy (Blum et al., 2013).

Immunization is the process of stimulating the immune system with an

immunogen, for the purpose of developing immunological memory against

future infections. It can either be natural (passive) or artificial (active).

Passive immunization is transferred to unimmunized individuals via the

administration of antibodies (immunoglobulins); however, the approach only

confers temporary immunity. Antibodies can be derived from natural sources

such as milk, colostrum, and placenta, or isolated from infected individuals,
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or manufactured as recombinant proteins. Artificial immunization is achieved

through medical intervention such as vaccination, or natural exposure to

infectious disease (Slifka & Amanna, 2018).

Classes of vaccines

Vaccines can be divided into two broad types: whole-pathogen vaccines (or

whole cell vaccines) and subunit vaccines. The latter contain one or more

target antigens, usually selected on the basis that they will induce a neutraliz-

ing antibody response—typically these antigens will be expressed on the path-

ogen surface. Whole-pathogen vaccines comprise live-attenuated vaccines and

inactivated vaccines, while subunit vaccines include soluble proteins, recombi-

nant DNA or RNA, polysaccharide conjugate vaccines, virus-like particles,

viral vectors, and Toxoid vaccines (Table 2.1).

Whole-pathogen vaccines

Live-attenuated vaccines

In 1937, Max Theiler, a Professor of Epidemiology and Public Health, devel-

oped the first live-attenuated vaccine (LAV). He passed the virulent Yellow

Fever virus many times through laboratory mice until it no longer caused

disease in humans but could induce immunity (Frierson, 2010). LAVs have

weakened (mutated) copies of the original pathogen, which means that they

simulate an attenuated version of the natural infection. As LAVs are able to

replicate in humans, they stimulate all arms of the immune system, and thus

induce strong, long lasting antibody, and cell-mediated responses (Clem,

2011). Live viral vectors that are not able to replicate in humans are also

used as vaccine delivery systems. As few as one or two doses of LAV can

confer a lifetime protection against the disease-causing pathogen. Due to

smaller genome sizes, it is easier to attenuate viruses than bacteria (Clem,

2011). Other examples of LAV include the Measles, Mumps, and Rubella

(MMR) combined vaccine, Chickenpox, Rotavirus, and Smallpox vaccines.

The LAV approach remains an important means of combating many viral

infections. In the 20th century, large-scale vaccination programs with LAV

recorded a remarkable improvement in human and animal health (Pandey

et al., 2016). The successful eradication of smallpox, polio, and measles in

many parts of the world is largely due to the success of LAV. While the

approach has worked well against acute viral infections, it has improved less

effective with chronic infections; an example of a LAV for chronic infec-

tions is the BCG vaccine for TB, which is partially effective (Minor, 2015).

A major limitation of LAVs is the fact that refrigeration is required to main-

tain vaccine potency. This storage issue constitutes a formidable logistic

challenge in mass vaccination campaigns in rural African communities that

lack electricity (Dairo & Osizimete, 2016). In addition, LAVs contain live,
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TABLE 2.1 Types of vaccines.

PROPERTIES VACCINE TYPES

Live attenuated Inactivated Sub-unit Toxoid Conjugate Nucleic acids/
Viral Vectors

First vaccine
produced

Yellow Fever, 1937 Polio, 1955 Hepatitis B Virus-
Like Particles (VLPs),
1981 (USA)

Tetanus,
1924

Hib, 1987 West Nile Virus,
2005 (Horses);
COVID-19
human vaccines
2020

Method of
preparation

Attenuation Inactivated of
pathogens

A portion of the
pathogen is used (in
the case of Hepatitis
and Human
Papillomavirus
Vaccine (HPV) these
self-assemble into
VLPs)

Toxins of
pathogens
used

Polysaccharides
conjugated to
proteins

Genetic material
that codes for
antigen placed
in a vector

Mechanism of
action

Humoral and Cell
mediated immunity

Mainly
humoral
immunity

Epitopes bind to
antibodies or T-cells:
mainly humoral
immunity

T cell
response

B and T cell
activation

In situ antigen
production

Immunogenicity Strong Weaker than
LAV

Poorer immunogenic
response than LAV

Weaker
than LAV

Enhanced
immunogenicity
compared to
polysaccharide
alone

May have lower
immunogenicity
than LAV
(especially DNA
vaccines)

(Continued )



TABLE 2.1 (Continued)

Immunopotentiator Adjuvant not required Adjuvants/
additional
booster doses

Booster doses,
adjuvants, carriers

Adjuvants,
booster
doses

Adjuvants Adjuvants,
carriers, etc.

Commercially
approved

Chickenpox,
Rotavirus, MMR,
Smallpox

Hepatitis A,
Influenza,
Polio,
Rabies,
Typhoid,
Cholera,
Plague,
Pertussis

Hepatitis B, HPV,
Shingles,
Pneumococcal,
Meningococcal

Diphtheria
Tetanus

Haemophilus
influenzae (Hib),
Neisseria
meningitidis
(Nm) and
Streptococcus
pneumoniae (Sp)

COVID-19
Vaccines

Limitations Can trigger the actual
disease e.g. Polio;
Require refrigeration;
Less efficacious for
chronic infections;
Easier approach for
viruses than bacteria

Weaker
immune
response
than LAV;
Requires
manufacture
of intact
pathogen

Weaker immune
response than LAV;
Requires
identification of
specific,
immunogenic
antigens;Potential
denaturation of
antigens

Weaker
immune
response
than LAV;
Applies to
Bacteria
only

Must be coupled
with proteins

Integration to
aberrant
genomic sites
for DNA
vaccine;
Reactogenicity
(RNA vaccines
in particular)

Advantages Strong long lasting
immunity

Safe
compared to
LAV; Less
stringent
storage
requirements
than LAV as
not live

Safer than LAV;
Specific

Safer than
LAV

Safer than LAV;
Vaccines against
multiple strains
can be
combined in the
same injection

Easy to produce,
longer shelf life
(DNA Vaccines
only)



replication competent pathogens and can therefore not be administered to

individuals with compromised immune systems. Such individuals include

patients with an organ transplant, chronic illnesses, and immunodeficiencies.

LAVs have the potential of reverting back to their original virulent form

and can trigger the actual disease, for example, some polio cases are caused

by the attenuated vaccine (albeit at a low frequency, in fewer than one in a

million vaccinated children) (Arvas, 2014). Though there are safety con-

cerns, LAVs are more effective than inactivated vaccines. For example, in

young chickens, a single dose of live-attenuated influenza vaccine provided

stronger innate and mucosal IgA protection than a single dose of influenza

inactivated vaccine (Jang et al., 2018). LAVs elicit strong humoral and cell-

mediated immunity; hence, adjuvants are not required. Because the whole

pathogen is used, LAVs contain naturally occurring immunopotentiating

molecules (Karch & Burkhard, 2016).

The objective of attenuation is to inhibit pathogen replication in the host

cells to some degree, so that they evoke a strong immune response but do

not cause disease. This can be achieved either by classical or targeted attenu-

ation. The classical attenuation of live pathogens (mostly viruses) is achieved

by passing them multiple times through cultured cells or live animals which

are not the target species for the vaccine. Targeted attenuation involves the

use of genetic engineering approaches such as deletion or mutation of genes

that are responsible for replication and assembly, altered replication fidelity,

codon deoptimization, RNA interference, or zinc finger nuclease control

(Lauring et al., 2010). However, as with the classical approach to attenua-

tion, the major challenge with targeted attenuation is that live-attenuated

viruses can revert back to virulence through mutation and recombination

(Hanley, 2011).

Inactivated vaccines

The first inactivated vaccine was against Polio virus, made by Jonas Salk, an

American virologist. Since its introduction in 1955, the approach has continued

to gain ground (Juskewitch et al., 2010). Inactivated vaccines contain patho-

gens previously destroyed using heat, chemicals, or radiation treatment

(Rappuoli & Aderem, 2011; Seo, 2015). The mode of inactivation may affect

the immunogenicity produced by the vaccine: for example, irradiated Listeria

monocytogenes bacteria induced a greater protective T cell immune response

in experimental mice than heat killed bacteria (Datta et al., 2006). With inacti-

vated microbes, the vaccine is more stable and hence does not necessarily

require freeze drying or refrigeration for storage and transportation.

Inactivated vaccines have been used for over a century and are safe compared

to LAV (Sanders et al., 2014). However, they produce weaker immune responses

and hence there is a need to coadminister adjuvants and/or additional booster

doses to achieve the desired protective effect (Petrovsky & Aguilar, 2004).

Vaccine types and reverse vaccinology Chapter | 2 37



Compared to LAV, they elicit mainly humoral immunity, with little to no cell-

mediated immunity (Lee & Nguyen, 2015). Inactivated vaccines are noninfec-

tious, and licensed examples include viral and licensed examples target viral and

bacterial diseases such as Hepatitis A, influenza, Polio, Rabies, tick-borne

encephalitis, typhoid, cholera, plague, and pertussis. Many other experimental

vaccines are at different stages of clinical development (Stauffer et al., 2006).

During the inactivation process of the pathogen, care is taken to preserve

important epitopes (e.g., targets for neutralizing antibodies) from denatur-

ation (Sanders et al., 2014). To produce high quality antigen, the production

process of the vaccine must overcome challenges such as aggregate forma-

tion, protein cross linking, denaturation, and degradation (Delrue et al.,

2012). BBIBP-CorV is an inactivated vaccine produced by Sinopharm

against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Empirical data reveal that this vaccine produces strong neutralizing antibo-

dies against SARS-CoV-2 in experimental animal models (Wang et al.,

2020). The same report showed that immunized Rhesus macaques dosed

intratracheally with BBIBP-CorV were protected against SARS-CoV-2 infec-

tion, providing rationale for evaluation of the vaccine in human clinical trials

(Wang et al., 2020).

Subunit vaccines

Subunit vaccines contain part of a pathogen which can be targeted by a neu-

tralizing immune response. The targeted antigens can be formulated as

highly purified proteins, polysaccharides, glycoproteins, or synthetic pep-

tides; nucleic acids or vectors expressing target antigens; virus like particles

(VLPs) displaying antigen on their surface, or viral vectors expressing anti-

gens from their genomes (Foged, 2011). The strength of this approach is that

the immune response is targeted to specific antigens, which can then induce

neutralization of the pathogen. It is sometimes challenging to identify those

antigens that would evoke a neutralizing response—for example, a particular

protein may be highly expressed on the surface of a pathogen but if it is

highly variable, it may evade vaccine-induced antibodies.

Generally, subunit vaccines have a good safety profile as they contain

isolated proteins, protein subfragments, or glycans (Vartak & Sucheck,

2016). Although subunit vaccines are safer and sometimes easier to manufac-

ture than whole pathogens, nonviral vector-based vaccines usually require

formulation with adjuvants to elicit strong immunogenicity (Foged, 2011;

Moyle & Toth, 2013). The first recombinant protein vaccine for hepatitis B

virus, is a VLP derived from hepatitis B virus surface antigen. The genetic

code for the viral protein was inserted into the genome of yeast cells, and as

the cells multiply the viral protein is expressed and forms VLPs when the

yeast is lysed (Ho et al., 2020). Similar recombinant vaccines have been produced

against human papillomavirus (two VLP vaccines), shingles (herpes zoster;
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recombinant glycoprotein in adjuvant), meningococcus, and pneumococcus (both

bacterial glycans conjugated to protein) (James et al., 2018; McCarthy et al.,

2018; Reglinski et al., 2018; Sharma & Sharma, 2007).

Although subunit vaccines are safer than LAV, they are less effective.

They lack pathogen-associated molecular patterns, which are recognized by

the host immune system resulting in a strong innate response (Demento

et al., 2011). Immunopotentiation of a subunit vaccine can be achieved by

the administration of booster doses or adjuvants, or by using a carrier system,

such as a viral vector (Lee & Nguyen, 2015; Stauffer et al., 2006).

A vaccine carrier offers a delivery system, to enhance vaccine bioavail-

ability and potency. Recent studies demonstrated that modulation of the phy-

siochemical properties of these carriers can achieve optimal antigen

presentation, endosomal escape, particle biodistribution, and cellular traffick-

ing (Foged, 2011; Vartak & Sucheck, 2016). They can also be modified with

adjuvants, to augment humoral and cellular immunological responses against

the antigen. Nanoparticle vaccine carriers including liposomes, polymeric

nanoparticles, and inorganic nanoparticles are able to transport antigens to

immune cells by targeting specific receptors, and are being explored for use

in immunotherapy against cancer and infectious diseases (Moyle & Toth,

2013). Carrier systems are described in greater detail in Chapter 9,

Adjuvants, immunomodulators, and adaptogens.

Subunit vaccines have shown promise in the prevention of diseases such

as human cytomegalovirus, tetanus, malaria, Salmonella enterica serovar

enteritis infections, and SARS-CoV-2 (Anderholm et al., 2016; Greenwood,

2014; Saylor et al., 2020; Wang et al., 2020).

Toxoid vaccines

Toxoid vaccines are a type of subunit vaccine, first exemplified by inactive

tetanus toxoid (TT) vaccine introduced in 1924. It resulted in a 95% decrease

in the incidence of Tetanus (Tetanus Vaccines, 2017). Toxoid vaccines are

produced from inactivated bacterial toxins, which trigger an immune

response, in particular T-helper cell responses (van der Heiden et al., 2017).

Toxoid vaccines do not elicit immune responses as strongly as LAV and

therefore require the use of multiple doses or adjuvants such as aluminum or

calcium salts (Baxter, 2007; Christensen, 2016). Toxoid vaccines do not

revert back to virulence and therefore they are considered safe. Formalin has

been used for the chemical inactivation of toxins; however, inactivation by

alkylation with iodoacetamide under reversibly denaturing conditions retains

more of the epitope structure of the native toxin (Jones et al., 2008).

Empirical data suggest that genetically inactivated mutant pertussis toxoid is

safer and provokes a stronger immune response compared to chemically

inactivated toxin (Robbins et al., 2009). Another advantage of toxoid vac-

cines is their being less susceptible to changes in light, humidity, and
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temperature than whole pathogens (Baxter, 2007). In the development of tox-

oid vaccines, the use of nanotoxoids as a particulate delivery system has

shown good potential to enhanceimmunogenicity; these comprise either tox-

oid aggregates combined with polymeric micelles or cell-membrane-coated

nanoparticles. The latter approach allows for the quick loading of several

kinds of toxins, to confer immunity against several bacterial agents

(Angsantikul et al., 2018).

Conjugate vaccines

In 1987, the first glycoconjugate vaccine to prevent Haemophilus influenzae

type b (Hib), was licensed for human use (Goldblatt, 2000). Antigens or tox-

oids are linked to polysaccharides from the target pathogen to induce a

helper (CD4) T cell response against the protein component, which supports

a strong antibody response to the polysaccharide. These vaccines have con-

tinued to be very useful in the prevention of bacterial infections especially in

children, including Neisseria meningitidis, Streptococcus pneumoniae, and

Hib infections that are the major causes of childhood meningitis (Findlow &

Borrow, 2016). These bacteria have a polysaccharide coating which act as

virulence determinants. In the absence of the conjugated protein to provide

T cell help, the capsular polysaccharides alone activate B cells in a T cell-

independent manner by producing mostly IgM and few memory B cells,

which are insufficient to protect high-risk individuals (Goldblatt, 2000;

Nishat & Andreana, 2016; Pobre et al., 2014).

For vaccines against Hib, N. meningitidis, and S. pneumoniae, the carrier

proteins used are the nontoxic mutant of diphtheria toxin (CRM197), diph-

theria toxoid, and TT (Findlow & Borrow, 2016). Advances in conjugate

vaccine development have led to more immunogenic T cell-dependent anti-

genic vaccines as compared with the T cell-independent polysaccharide vac-

cines of the past (Pichichero, 2013). Another reason for the success of these

vaccines is that they help reduce asymptomatic carriage and hence reduce

the spread of infection (Mäkelä & Käyhty, 2002).

Nucleic acid vaccines and other experimental approaches

Nucleic acid vaccines supply the host cells with genetic sequences, either

RNA or DNA, that code for the target antigen. They usually employ plas-

mids, nanoparticles, or viruses as their delivery systems. Viral vector-based

vaccines use modified viruses to deliver the genetic material into the host

cell via infection (Porter & Raviprakash, 2017). Stripped of any disease-

causing genes, the viruses can either be replication-competent or

replication-defective, where genes crucial for replication have been mutated

or deleted.
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DNA vaccines

In the 1990s, the in vivo transfection of APCs in mice to induce primary adap-

tive immune responses initiated the development of DNA vaccines (Hobernik &

Bros, 2018). Similarly, DNA administered directly to the skin and muscles of

mice generated immune responses to the encoded antigen (Coban et al., 2013;

Weiner, 2008). This led to the development and approval of the first veterinary

DNA vaccine against Equine West Nile virus (WNV) in 2005. DNA vaccines

enter cell nuclei where they are transcribed into RNA, which is then translated

into the corresponding antigenic protein(s) in the cytoplasm (Lee & Nguyen,

2015). The antigens can be secreted to generate an antibody response and are

also processed by the proteasome, leading to peptide presentation on cell surface

MHC molecules and recognition by T cell receptors on naı̈ve CD4 or CD8

T cells. Presentation can either be directly on the surface of transfected cells

(somatic cells or professional APCs, e.g., dendritic cells) or cross-presentation

following phagocytosis of transfected somatic cells by APCs (Ghaffarifar, 2018;

Khan, 2013; Sun et al., 2021).

DNA vaccines also trigger innate immune responses: an unidentified

cytosolic DNA sensor binds to transfected plasmids and triggers the TBK1-

STING pathway. In this process, type I interferons are produced, which act

as an adjuvant (Sun et al., 2021). DNA vaccines are easy and relatively inex-

pensive to produce, and have a longer shelf life (Hobernik & Bros, 2018).

To date, only a few veterinary DNA vaccines have been approved and are

listed in Table 2.2. They include vaccines against Equine WNV (De Filette

et al., 2012); infectious hematopoietic necrosis (IHNV) in salmon (Corbeil

et al., 2000); canine melanoma (Liao et al., 2006); and the CLYNAVTM

vaccine for Atlantic salmon (European Food Safety Authority et al., 2017).

A conditional approval by the United States Department of Agriculture

(USDA) has been given for the first commercial DNA vaccine against the

highly pathogenic H5N1 influenza in chickens (Redding & Weiner, 2009).

Beyond prophylaxis, DNA can also be employed in therapeutic cancer

vaccines. In this regard, personalized antitumor DNA vaccines can be made

directly from biopsies, or synthesized following sequencing of tumor DNA

and identification of potential neoepitopes (Lee et al., 2018). This topic is

explored in more detail in the chapter on approaches to cancer vaccination.

Other applications for this approach include the treatment of autoimmune

and allergic diseases (Gutowska-Owsiak & Ogg, 2017; Wraith et al., 2003).

Historically, DNA vaccines have evoked low levels of immunogenicity,

illustrated by the first clinical trials of vaccines for Influenza, HIV, malaria,

and cancer (Weiner, 2008). Furthermore, immune responses generated in pri-

mate and large animal models are lower in comparison to those generated in

small animals (Weiner, 2008). Various approaches have been taken to boost

host cellular and humoral response to DNA vaccines (Coban et al., 2013;

Weiner, 2008).
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The efficiency of DNA vaccines can be improved by vector optimization,

the introduction of nanocarriers and the attachment of virus-derived nuclear

localization sequences. Vector optimization strategies include the use of

APC-specific promoters, terminator sequences, inclusion of multiple antigen

sequences, and the use of molecular adjuvants (Ghaffarifar, 2018; Lee et al.,

2018). Nanocarriers can prevent extracellular DNA degradation, enhance

endo/lysosomal escape of DNA, and enable APC targeting (Ghaffarifar,

2018). The use of specific localization sequences in the vaccine facilitates

the entry of DNA into the nucleus for integration into the genome

(Ghaffarifar, 2018; Karunamoorthi, 2014).

A major concern surrounding DNA vaccines is the possibility that foreign

DNA might integrate to aberrant sites in the human genome leading to

potential pathologies, including transformation to a cancerous phenotype.

In the first two decades of the 21st century, DNA vaccines against HCV,

malaria, Influenza, HIV-1, and cytomegalovirus have undergone various

stages of human clinical testing (Weiner, 2008).

Viral vector vaccines

Viral vector vaccines use modified versions of a specific virus (the vector) to

deliver antigens to APCs. Vaccines that have been shown to give promising

results include the recombinant vesicular stomatitis virus-Zaire Ebola virus

(rVSV-ZEBOV) (Choi et al., 2021), the Oxford-AstraZeneca COVID-19 vac-

cine (AZD1222) (Chung et al., 2020), and the Russian Sputnik V vaccine

(Jones et al., 2008). Merck developed the rVSV-ZEBOV vaccine using the

replication-competent, live attenuated recombinant vesicular stomatitis virus.

This viral vector-based vaccine carries a gene that codes for the EBOV sur-

face glycoprotein (GP1,2) (Marzi et al., 2011). The safety and immunogenic-

ity of this vaccine was evaluated in three clinical studies in Canada, Liberia,

Sierra Leone, Spain, and the United States. Though the rVSV-ZEBOV vac-

cine provides protection against the most lethal Zaire Ebola virus species, it

does not confer immunity against other species of Ebola virus (Damon &

Frey, 2021). Viral vector vaccines have also been extensively employed

against SARS-CoV-2, the virus that causes COVID-19; these are covered in

a separate chapter which addresses vaccines targeting SARS-CoV-2.

RNA vaccines

Unlike DNA vaccines, which deliver genetic material into the nucleus,

mRNA is delivered into the cytoplasm (Pardi et al., 2018). As for DNA vac-

cines, ribosomes translate the RNA to generate viral antigens, proteolysis

takes place in the proteasome, and epitopes loaded onto Class I MHC pro-

teins are displayed on the cell surface for recognition by CD8 cells.

Antibody responses are generated against intact antigen that is secreted from

the cell, or expressed on the cell surface if a transmembrane domain is
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included. Secreted protein can be taken up by APCs, degraded, and presented

by MHC II to CD4 cells (Pardi et al., 2018). In 1993 it was established that

liposome-encapsulated RNA induced in vivo T cell stimulation (Kallen &

Theß, 2014; Verbeke et al., 2019).

Extensive research efforts have seen the development of many RNA vac-

cines that use cationic polymers, nanoparticles, and viral vectors as delivery

TABLE 2.2 Approved veterinary DNA vaccines.

Vaccines Production

technology

Indication Remarks

Equine West
Nile virus
vaccine
(WNV)

Uses a recombinant
plasmid coding for
the prM and E
proteins of WNV

To immunize horses
from WNV and from
several mosquito-
borne diseases, like
Eastern equine
encephalitis (EEE)
and Western equine
encephalitis (WEE)

Infectious
hematopoietic
necrosis virus
vaccine
(IHNV)

Uses a recombinant
plasmid coding for
the glycoprotein of
the IHNV

IHNV in salmon and
trout fishes

Infectious
pancreatic
necrosis virus
vaccine
(IPNV)

Uses a recombinant
plasmid coding for
the glycoprotein of
the IPNV

IPNV in salmon and
trout

Canine
melanoma
vaccine

Uses a recombinant
plasmid coding for
the human
melanocyte protein
tyrosinase

Tyrosinase positive
melanoma, in dogs

CLYNAVTM
vaccine

Uses a recombinant
plasmid coding for
salmonid alphavirus
subtype 3 (SAV3)
protein

For Atlantic salmon
fish

Avian
influenza virus
vaccine

Recombinant DNA
vaccine

H5N1 influenza in
chickens

Conditional
approval by the
United States
Department of
Agriculture
(USDA)
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systems, and are in different phases of clinical development. These include

vaccines against Influenza virus (Petsch et al., 2012), rabies virus (Schnee

et al., 2016), HIV-1 (Pollard et al., 2013), RSV (Geall et al., 2012), Zika

virus (Richner et al., 2017), melanoma (Weide et al., 2009), nonsmall-cell

lung cancer (Sebastian et al., 2014), and prostate cancer (Kübler et al.,

2015). At the time of writing, two human mRNA vaccines have been

approved for use, the Moderna and Pfizer/BioNTech COVID-19 vaccines:

more information is provided in chapter 8.

RNA vaccines share the advantages of DNA vaccines over conventional

vaccines in that they are noninfectious, and manufacture follows the same

pathway for vaccines against multiple indications. However, adverse reac-

tions to RNA vaccines might be seen in individuals susceptible to autoimmu-

nity (Pardi et al., 2018). Reactogenicity has also been reported in clinical

trials of COVID-19 RNA vaccines (Wadman, 2020). Manufacture of RNA

vaccines is described in the chapter addressing approaches to cancer

vaccination.

Immunoinformatics

With the advent of sequencing the entire genomes of humans and animals,

there is a huge accumulation of immunologically relevant data. In addition,

epidemiological and clinical immunological data can be accessed in publicly

available databases (Tomar & De, 2010). To interpret and apply this gold-

mine of data effectively, researchers need to utilize informatics in a time and

cost-effective manner. This has led to the rapid development of immunoin-

formatics, which stands as a new field interfacing between genomics, compu-

tational methods, and experimental immunology (Alberts et al., 2002; Oli

et al., 2020). Immunoinformatics makes use of computer-based methods to

solve immunological problems. One application is the prediction of B- and

T-cell epitopes, thus opening new windows for potential translational

research (Fig. 2.2).

One of the principal objectives of immunoinformatics is to predict immu-

nogenicity and antigenicity (Flower, 2007). It involves the use of software,

computational tools, databases for T cell and B cell epitope prediction, vac-

cine design, protein structure comparisons, MHC characterization and gene

analysis, immune system modeling, and network analysis of immune system

data (Evans, 2008; Tomar & De, 2010, 2014). NERVE, Vaxign, and

RANKPEP are software programs widely used for reverse vaccinology (RV)

(Moxon et al., 2019; Reche et al., 2002).

Reverse vaccinology (RV) and other applications

Following the publishing of the H. influenzae genome in 1995, researchers

commenced using genomic information to computationally enhance vaccine
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discovery. In 2000 Rino Rappuoli and his team produced a vaccine against

Serogroup B meningococcus, thus championing the birth of RV (Hietalahti

& Meri, 2015; Rappuoli, 2001). Subsequently, the technology was used to

design vaccines against Group A Streptococcus, Group B Streptococcus,

Staphylococcus aureus, and S. pneumoniae (Delany et al., 2013; Seib et al.,

2012). RV is an important aspect of immunoinformatics and in contrast to

classical vaccinology it provides speed, accuracy, and efficiency.

RV provides a more comprehensive approach to vaccine development

because it reveals all possible epitopes (B, CD41 , and CD81 T cell) in a

pathogen, increasing by orders of magnitude potential vaccine targets

(Delany et al., 2013; Seib et al., 2012). An initial limitation of RV was that

antigens could not be assessed based on their ability to generate antibodies,

although advances in structural biology and B cell technologies show some

hope in surmounting this challenge (Liljeroos et al., 2015; Van Regenmortel,

2016). One disadvantage of RV is that currently, it can only identify protein

antigens but not polysaccharide antigens (Rappuoli & Aderem, 2011).

Following identification of potential candidate antigens by RV, these can

be ranked as vaccine candidates using a variety of approaches:

1. Assess antigen variability between pathogen strains, and select the least

variable antigens/epitopes (Bidmos et al., 2018).

2. Assess immunogenicity by expressing antigens as soluble proteins using,

for example, DNA encoded in viral vectors and injecting into mice, rats,

or rabbits (Zheng et al., 2012).

3. Assess the ability of antibodies from immunized animals to protect

against infection in in vitro infectivity assays (Straub et al., 2007).

4. Assess the ability of candidate antigens to protect against disease in ani-

mal challenge models (Muñoz-Fontela et al., 2020).

IMMUNOINFORMATICS

PATHOGENS 
WITH

ANTIGENIC
VARIATION

PERSONALIZED
VACCINATION

EMERGING &
REEMERGING
INFECTIOUS 

DISEASES

FIGURE 2.2 Applications of immunoinformatics in clinical and genomic medicine.
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With the advent of RV, there is a greater research focus on pathogen anti-

gens which could be developed as subunit vaccines. RV has led to the dis-

covery of pili in Gram-positive bacteria such as pneumococcus and

streptococcus, and also meningococcal factor G binding protein which binds

to complement factor H in humans (Moballegh Naseri et al., 2020; Seib

et al., 2012). Optimal target antigens for vaccines are both necessary for

microbial pathogenesis, and highly immunogenic. RV was helpful in the

speedy design of various SARS-CoV-2 vaccines, and this approach holds

great promise for future global public health challenges (Moxon et al., 2019;

Reche et al., 2002).

Sequencing peptide epitopes presented by MHC molecules using mass

spectrometry has enabled the design of T-cell inducing vaccines (Backert &

Kohlbacher, 2015; Pimenova et al., 2008). This topic is covered in more

detail in Chapter 5, Immunopeptidomics for the identification of T cell vac-

cine targets.

Today, the development of novel vaccines has been made possible

through the molecular and mechanistic understanding of the immune sys-

tem. Data provided by the sequencing of the B cell Receptor repertoire,

high-throughput discovery of protective human antibodies, and structural

description of the distinctive nature or features of protective antigens and

epitopes have contributed to rational vaccine design, for example by iden-

tifying epitopes that are recognized by strongly neutralizing antibodies

capable of conferring protection against specific pathogens (Rappuoli

et al., 2016).

Immunoinformatic data obtained from sequencing a genome, the protein-

coding regions of genes in the genome (whole-exome sequencing) and RNA

expressed from the genome have made it possible to understand a patient’s

set of human leukocyte antigen (HLA) alleles. Combined with data from

accurate sequencing of peptide epitopes by mass spectrometry, such informa-

tion enables the design of personalized prophylactic and therapeutic vac-

cines, and cancer immunotherapies (Backert & Kohlbacher, 2015)(Pimenova

et al., 2008). With the advent of next-generation sequencing, it is possible to

determine with high accuracy the presence and quantity of mRNA transcripts

in an individual’s cells, including splice variants and other modifications,

and to follow changes in the RNA profile over time.

Personalized cancer vaccines, or neoantigen cancer vaccines (NCV) have

been developed for use in for cancer immunotherapy. Neoantigens are

important immunogens and are not found in normal cells, as they are created

by tumor-specific mutations and are thus potentially seen as foreign by the

immune system. They can activate CD41 and CTLs or CD81 to induce

immunological responses. Immunoinformatic tools can identify these neoan-

tigens as new tumor immunotherapy targets using a combination of different

algorithms that can identify and predict the affinity of neoantigen peptides to

MHCs. Examples of NCV “include nucleic acid, dendritic cell (DC)-based,
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tumor cell, and synthetic long peptide (SLP) vaccines” (Peng et al., 2019).

Cancer neoantigen vaccines are described in more detail in Chapter 7.

Vaccination has been serving as an indispensable tool in the fight against

infectious diseases and cancer. Microbial proteins vital to pathogenesis have

been mined through bioinformatics tools. Most important to the immunoin-

formatician are those conserved proteins that are both necessary for micro-

bial pathogenesis, and that are highly immunogenic. The CadF protein of C.

jejuni is a good example of a protein identified through a data mining

approach: Moballegh Naseri et al. (2020) were able to prove that CadF is

conserved, and thus could serve as a good vaccine target against C. jejuni.
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Introduction to dendritic cells

Dendritic cells (DCs) are amongst the earliest identified accessory/nonlymphoid

immune cells; they were described in 1973 by Ralph Steinman and Zanvil Cohn

as the immune system’s most powerful antigen-presenting cells (APCs) (Sabado

et al., 2017). As APCs, their main role is to locate and process antigen, and dis-

play antigenic peptides on human leukocyte antigen (HLA) proteins [now

referred to as major histocompatibility complex (MHC) molecules], which are

present on cellular surfaces. The displayed antigenic peptides are recognized by

T cells, which culminates in diverse immunological responses (Steinman, 2012),

and thus DCs serve as a link between the adaptive and innate immune systems.

They also secrete cytokines and growth factors that control the function of

diverse immune cells (O’Keeffe et al., 2015), and in particular maintain a bal-

ance between inflammatory and tolerogenic T cell responses (Simones et al.,

2010). Originating in the bone marrow, DCs differentiate into cells predomi-

nantly found in mucosa, skin, and lymphoid tissues.

DCs play a crucial role in a variety of diseases including cancer, hyper-

sensitivity responses, respiratory diseases, infection, and autoimmunity.

Antigen recognition of MHC-II peptide epitopes by naı̈ve CD41 cells results

in differentiation into Th1, Th2, and Th17 effector cells (Chapter 1:

Immunology and the Concept of Vaccination; (Nakano et al., 2009; Yamane

& Paul, 2013). In skin hypersensitivity, CD41 and CD81 T lymphocytes are

activated, leading to secretion of cytokines, and inflammation mediated in

part by chemotaxis, resulting in infiltration of more immune cells (Kaplan

et al., 2012; Yazdi et al., 2016). In respiratory diseases such as asthma, DCs

capture allergens within the airways, leading to a Th2 response, resulting in

inflammation of the airway. DCs are also involved in other lung-related

inflammatory diseases (Upham & Hughes, 2006).
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DCs can induce and modulate immunological tolerance in addition to

stimulating the immune system. For example, an in vivo animal study dem-

onstrated that depletion of DCs (by targeting a DC transcription factor engi-

neered to express diphtheria toxin receptor) leads to lympho-angiogenesis and

myeloproliferative disorders, emphasizing the role of DCs in maintaining

immune tolerance (Meredith et al., 2012). Central tolerance depends predomi-

nantly on thymic DCs displaying self-antigens to T cells. Thymic DCs delete

auto-reactive lymphocytes by negative selection, and positively select regulatory

T cells (Treg) for the maintenance of immunological tolerance toward self-

antigens. Thymic DCs that play major roles in central tolerance include migra-

tory DCs (CD8α2CD11b1SIRPα1), resident DCs (CD8α1SIRPα2), and

plasmacytoid DCs (pDCs; CD11cintCD45RAint) (Audiger et al., 2017; Cools

et al., 2007; Hilkens et al., 2010).

DCs have been employed to induce cytotoxic T lymphocyte (CTL)-medi-

ated immune responses against tumor cells in cancer immunotherapy (Lee &

Radford, 2019), and DC cancer vaccines have been developed as personal-

ized cancer therapy (Perez, & De Palma, 2019). DCs not only stimulate

CD81 T lymphocytes to produce apoptosis-inducing responses, but also

trigger NK cells to release perforins and granzymes capable of killing tumor

cells (Castell-Rodrı́guez et al., 2017).

DCs are found in two forms: mature and immature. Immature DCs

(iDCs) recognize disease-causing organisms using pattern recognition recep-

tors (PRRs); these PRRs recognize damage-associated molecular patterns

(DAMPs) or pathogen-associated molecular patterns (PAMPs) on pathogen

surfaces (Hemmi & Akira, 2005), leading to phagocytosis and lysosomal

digestion. Maturation of DCs is then initiated, and DCs move into lymph

nodes to deliver antigen to naive T cells (Mbongue et al., 2017). Mature

(mDCs) and iDCs upregulate costimulatory proteins (CD40, CD80, CD86,

and CD83) that help to stimulate T cells, and CCR7, a chemotactic receptor

that encourages homing of lymphocytes and DCs to lymph nodes. The DC

maturation process is an important process in vaccine development, as

mDCs are capable of eliciting strong immune responses.

In addition to antigen presentation on MHC-II molecules, which is necessary

for the activation of CD4 T cells, DCs can activate CD8 cytotoxic T cells

(CTL) via a process known as cross-presentation or cross-priming. In this pro-

cess, antigens or pathogens that have undergone phagocytosis are processed in

endosomes and resulting peptide fragments are loaded onto Class I MHC rather

than Class II. This is an important mechanism in vaccine-induced immunity for

cancer, and intracellular pathogens, which are targeted by CTL.

Origin and types of dendritic cells

Hematopoietic stem cells form the common lymphoid and myeloid ancestral

cells (Fig. 3.1), which are progenitors of lymphoid and myeloid families
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(Ishikawa et al., 2007). The common myeloid progenitor cells evolve into

macrophages and DC precursors, which further develop into monocytes and

common DC precursors (CDP) (Belz & Nutt, 2012). The monocytes are dis-

seminated into the blood stream, and during inflammation they develop into

MHC-II1 Monocyte-derived dendritic cells (moDCs). In the bone marrow,

CDP differentiate into preplasmacytoid DCs (pre-pDC) and preconventional

DCs (pre-cDC). The pre-cDC differentiate into two subsets, conventional

DCs 1 (cDC1) and conventional DCs 2 (cDC2), whereas pre-pDC differenti-

ate into pDC (Geissmann et al., 2010).

Conventional dendritic cells

Conventional DCs (cDCs) (referred to as classical or myeloid DCs) are a

group of specialized DCs that are very efficient in antigen processing and

presentation. These can be either immature DCs (iDCs) or mature DCs

(mDCs). The capability of mDCs to trigger antigen-specific Th0 cells in

peripheral lymphoid organs differentiates them from iDCs (Worbs et al.,

2017). mDCs also express very significant levels of fascin-1 and costimula-

tory molecules. cDCs have two classes: cDC1s and cDC2s; both phenotypes

are found in humans and mice. cDC populations are distinguished by their

molecular markers: cDC1s expresses Klf4, IRF4, Rbpj, and Notch2, while

cDC2s express batf3, Flt3, IRF8, and Bc16. cDCs can be migratory or sta-

tionary. Migratory cDCs are capable of moving from peripheral organs (skin,

FIGURE 3.1 Origin of human dendritic cells. Created with BioRender.com. Saxena, M., &

Yeretssian, G. (2014). NOD-Like Receptors: Master Regulators of Inflammation and Cancer.

Frontiers in immunology, 5, 327. https://doi.org/10.3389/fimmu.2014.00327.
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liver, kidney, lungs, and intestinal tract) to lymphoid organs (spleen, thymus,

bone marrow, mucous membranes, tonsils, and lymph nodes) after encoun-

tering pathogens, where they mature and interact with T cells. Stationary

DCs are immobile and remain in the lymphoid organs (Hossain & Wall,

2019). cDCs express high levels of PRR, as described later in the chapter.

Monocyte-derived dendritic cells

moDCs share similarities with human inflammatory DCs and play a signifi-

cant role in all inflammatory responses. Prior to moDC differentiation,

monocyte chemoattractant proteins deploy Ly-6C1, CD141 monocytes to

sites of infection and inflammation by interacting with the monocyte CCR2

chemokine receptor. Granulocyte-macrophage colony-stimulating factor

(GM-CSF) then activates monocytes to form moDCs. MoDCs express

CD11b, CD11c, Fcγ RIII (CD16), and MHC-II, and have low levels of

CD14. moDCs are migratory: they phagocytose pathogen antigens and

ascend to regional lymph nodes where they help to stimulate and polarize Th

cells (Cheong, Choi, et al., 2010; Cheong, Matos, et al., 2010; Cintolo et al.,

2012; Lotfi et al., 2019).

Plasmacytoid dendritic cells

pDCs are found within blood, bone marrow, Peyer’s patches, thymus, spleen,

lymph nodes, and in some peripheral tissues. They produce type I interferons

(IFNs) and other cytokines [e.g., tumor-necrosis factor-α (TNF-α) and

interleukin-6 (IL-6)] to stimulate innate immunity, antiviral immunity, and

systemic autoimmunity (Musumeci et al., 2019). pDCs derive from blood-

forming primogenitor cells found in the bone marrow, regulated by the cyto-

kine FLT-3L (FLT-3 ligand) (Hoeffel et al., 2007; McKenna et al., 2005;

Ochando et al., 2006; Pulendran et al., 2000; Swiecki & Colonna, 2015).

pDCs are efficient captors and presenters of antigen from immune com-

plexes, apoptotic cells, and viruses, and upregulate Toll-like receptors

(TLRs) in response to viral infections (Swiecki & Colonna, 2015).

pDCs are stimulated predominantly in response to single-stranded RNA

(ssRNA) and single-stranded DNA (ssDNA), through TLR7 and TLR9

receptors. pDCs also regulate immunity through induction of Treg, partly as

a result of IL-10 production, and upregulation of receptors including PD-L1

(Gehrie et al., 2011; Matta et al., 2010). Murine pDCs express surface mar-

kers BST2 (CD317), CD45R (B220), CD45RA, Siglec-H, and Ly-6C

(Musumeci et al., 2019), whereas human pDCs express immunoglobulin-like

transcript receptor (ILT 7), IL-3 receptor (CD123), blood DC Ag (BDCA)-2,

Gr-1, and B220; they are CD11c low/CD11b negative (Cella et al., 1999;

Matta et al., 2010).
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Cytokines/growth factors in differentiation of dendritic cells

The differentiation of DCs into cDCs and pDCs is dependent on cytokines

including FMS-like tyrosine kinase-3 ligand (Flt3L), an endogenous small

molecule that functions as a cytokine and growth factor, and also GM-CSF

and macrophage colony-stimulating factor (M-CSF). Flt3L is a major regula-

tor of DC differentiation. Its receptor Flt3 (Fms-like tyrosine kinase-3, or

CD135) is expressed on primogenitor cells located inside the bone marrow

(Castell-Rodrı́guez et al., 2017), and on DCs in mucosal and lymphoid

organs where it regulates their proliferation (Waskow et al., 2008). DC dif-

ferentiation from precursor cells is regulated by GM-CSF (Bhattacharya

et al., 2015). M-CSF, in addition to its role in macrophage development, can

also drive development of both cDCs and pDCs in bone marrow (Onai et al.,

2007).

Location of dendritic cells

DCs are situated in diverse locations (Fig. 3.2) in the human body, predomi-

nantly in the lymph nodes and epithelia; they express different receptors and

molecular markers (Fig. 3.3) based on their location.

Dendritic cell in lymph nodes

DCs resident in lymph nodes are classified into CD8α1 and CD8α2 subsets.

In mice, DCs in the lymph nodes include CD8αloCD205hi and mature

FIGURE 3.2 Location of dendritic cells and their phenotypes. Created with BioRender.com.

Saxena, M., & Yeretssian, G. (2014). NOD-Like Receptors: Master Regulators of Inflammation

and Cancer. Frontiers in immunology, 5, 327. https://doi.org/10.3389/fimmu.2014.00327.
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CD8αloCD205intcDC, which relocate from the skin layers. DCs in human

lymph nodes upregulate MHC-II and costimulatory molecules on maturation,

and function as resident and migratory DCs capable of inducing Th1 and

Th2 polarization in naive T lymphocytes.

Dendritic cell in spleen

Various populations of DC subsets have been reported in the spleen of

humans and mice, classified on the basis of the CD11 surface marker. In

mice, cDC subsets are defined according to expression of CD4, CD8, and

CD11. Splenic cDC include CD11chiCD42CD81, CD11chiCD42CD82, and

CD11chiCD41CD82 subpopulations. pDCs are also present in the spleen of

mice, and these include CD11cintCD45RA1B2201SiglecH1. pDCs in human

spleen include CD41 and CD11c2 precursors, and express TLR7 and TLR9;

they secrete type I IFN in response to viral infections (Mittag et al., 2011;

Zhou & Wu, 2017).

Dendritic cell in thymus

The development and specialization of T lymphocytes occurs in the thymus.

As described in the introduction to this chapter, thymic DCs eliminate self-

Ag-specific thymocytes, initiate the clonal expansion of Treg, and positively

select T cells with functional TCRs, which have some affinity for self-MHC

alleles. Thymic DCs express the signal regulatory protein-α (Sirp-α) and

CD8; CD82Sirpα1 and CD81Sirpα2 cDC subsets are also present (Proietto

FIGURE 3.3 Dendritic cell receptors. Created with BioRender.com. Saxena, M., & Yeretssian,

G. (2014). NOD-Like Receptors: Master Regulators of Inflammation and Cancer. Frontiers in

immunology, 5, 327. https://doi.org/10.3389/fimmu.2014.00327.
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et al., 2008). The CD8α1Sirp-α2 subset originates inside the thymus from

intra-thymic precursors, while CD8α2Sirpα1 cells are generated from

peripheral DCs. The murine thymus contains two types of cDC

(Sirpα2CD81 TcDCs and Sirpα1CD82 TcDCs) and one pDC subset, shar-

ing similarities with human thymic DCs (Donskoy & Goldschneider, 2003).

Dendritic cell within the skin

Many pDCs, cDCs, and moDCs are located within the epidermal and dermal

layers of the skin. The epidermis also contains APCs called Langerhans cells

(LCs) that express a C-type lectin receptor (CLR) called langerin (CD207)

(Poulin et al., 2007), and also CD45 and MHC-II. The role of LCs is to iden-

tify antigens located in the outer layer of the skin and to carry them to the

lymph nodes located along the colon and major arteries where they are pre-

sented to T cells, initiating immunological responses. Skin DCs express high

levels of CD11b, CD11c, and MHC-II surface markers and other costimula-

tory molecules. Other DCs identified in the skin are CD1c1 DCs, CD141

DCs, and dermal DCs (DDCs), which are homologous to CD8α1 DCs pres-

ent in lymphoid tissues (Haniffa et al., 2012, 2015).

Human skin DC subsets share the same structural features and patterns of

gene expression with murine skin DCs. DCs in mice generally express

CD11c and CD11b, homologous to CD1c1CD1a1 DDCs in humans. The

mouse homologs of human CD141 DDCs are CD11b1CD641 macrophages.

Functionally, murine DC express CD11c, CD80, CD86, DEC-205, MHC-II,

monocyte-associated markers (CD11b1Ly6C2CD64lo-hi) and macrophage-

associated antigens (Mac-3, F4/80) (Crozat et al., 2010).

Dendritic cell within the gut

DCs in the intestine are important for stimulating and controlling immune

responses toward intestinal pathogens, as well as maintaining tolerance toward

commensal (protective, gut inhabiting) microbes (Coombes & Powrie, 2008).

On antigen detection, intestinal DCs migrate to Peyer’s patches and mesenteric

lymph nodes (MLN) to activate naive T cells. Gut DCs possess homing proper-

ties and influence the homing abilities of T cells that they activate, thus permit-

ting T cells to return to the gut (Butcher et al., 1999).

DCs within the Peyer’s patches include cDC subsets: CD11b1CD8α2,

CD11b2CD8α1 and CD11b2CD8α2. The DCs in Peyer’s patches also

express chemokine receptors CX3CR1 and CCR6. CCR61 cells are deployed

to follicle-associated epithelium in response to invasion by enteric pathogens,

while CX3CR1 regulates immune tolerance and inflammation within the

intestinal mucosa (Niess et al., 2005; Salazar-Gonzalez et al., 2006).

The DCs in the MLN comprise CD11b1CD8α2, CD11b2CD8α1, and

CD11b2CD8α2 subsets. Migratory DCs in the MLN are in cross-talk with T
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and B lymphocytes, and evoke immune responses directed at ensuring that there

is no inflammation in the intestine, including induction of Tregs. DCs in the

MLN highly express integrin CD103, and can initiate very high rates of CD81

T cell division, as well as IFN-γ secretion (Iwasaki & Kelsall, 2001). DCs found

in human lamina propria and small intestine express the CX3CR1 chemokine

receptor, CD103 (weakly), and CD11b (Johansson-Lindbom et al., 2005).

Receptors of dendritic cells

Activation of pathogen recognition receptors (PRRs) is crucial in initiating

nonspecific (innate) immunity. PRRs differ in their signaling cascades, the

type of host response they trigger, and their distribution in tissues. PRRs are

mainly expressed by APCs, which include DCs, macrophages, and epithelial

cells. PRRs bind to PAMPs found in microorganisms. These PRRs include

mannose, lipopolysaccharide, peptidoglycans, lipoproteins, or other mole-

cules depending on the microorganism (Apostolopoulos et al., 2013).

DCs possess several PRRs (Table 3.1) that promote the recognition of

pathogens, resulting in the generation of cytokines, capture and degradation

of pathogens into antigenic peptides, presentation by MHC to T cells, and

eventual stimulation of acquired immune responses. Five types of PRRs have

been recognized, namely CLRs, AIM2-like receptor (ALR), nucleotide-

binding oligomerization domain (NOD)-like receptors (NLRs), TLRs, and

retinoic acid�inducible gene (RIG)-I-like receptors (RLRs) (Akira et al.,

2006). Many vaccine adjuvants work by promoting inflammatory responses

in macrophage and DCs by activating TLRs and other PRRs: more detail is

provided in Chapter 9, on Adjuvants.

C-type lectin receptors

CLRs are also referred to as calcium-dependent (C-type) lectins, and are a part

of the lectin superfamily. They comprise carbohydrate-binding C-type lectin

domains. CLRs are predominantly transmembrane, and are primarily expressed

by DCs, macrophages, and monocytes. Carbohydrate recognition domains

(CRDs) enable the CLRs to identify glycan structures on the external surface of

pathogens (van Kooyk & Rabinovich, 2008). CLRs are capable of identifying a

variety of PAMPs, and stimulating a broad-spectrum of signals that lead to

immune responses tailored to specific pathogen attacks. They also recognize

diverse endogenous (self-) ligands that regulate homeostasis, including glycans

on the surface of tumor cells (Dambuza & Brown, 2015).

CLRs can be categorized into two groups based on their signaling poten-

tial. One group contains immunological-receptor tyrosine-based activating

motifs (ITAMs) in their integrin cytoplasmic tails, including mannose recep-

tor (MR) and DC-specific intercellular adhesion molecule-3-grabbing nonin-

tegrin (DC-SIGN), described in the next subsection. The ITAM domains
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TABLE 3.1 Receptors of DCs.

Receptor Classes Sub classes Examples Pathways Cells that express receptor

C-type Lectin
Receptors (CLRs)

Type I
transmembrane

Mannose
Receptor

MRC1 CLR-signaling
pathway

DCs, macrophages & monocytes

MRC2

DEC-205 DEC-205

Type II
transmembrane

Dectin-1 DCAR

Clecsf8

LOX-1

CLEC-1

CLEC-2

MICL

CLEC9A

Dectin 2 Dectin-2

DCIR

BDCA-2

Mincle

DC-SIGN DC-SIGN

DNGR-1 DNGR-1

Soluble CLRs Mannose-
binding lectin

Mannose-
binding lectin

(Continued )



TABLE 3.1 (Continued)

Receptor Classes Sub classes Examples Pathways Cells that express receptor

Toll-like Receptors TLR 1�TLR12 TLR signaling
pathway

DCs, macrophages, fibroblast cells,
epithelial cells

(MyD88-
dependent)

(MyD88-
independent)

Nod Like Receptors NLR NOD 1 NLR signaling
pathway

Epithelial cells, macrophages,
lymphocytes, & DCs

NOD2

NLR
Inflammasomes

NLRP3/NALP3

NLRP1/ NALP1

NLRC4 /IPAF

NLRP4,6,7, &
12

RIG-Like Receptors
(RLRs)

RIG-I RLR signaling
with MAVS

Macrophages & DCs

MDA5

LGP-2

AIM2-like receptors
(ALR)

AIM2 cGAS-STING B cells, macrophages & APCs

IFI16

APCs, Antigen-presenting cells; BDCA-2, blood dendritic cell antigen 2; DCAR, dendritic cell immune-activating receptor; DCIR, dendritic cell immune receptor; DC,
dendritic cell; DNGR-1, DC NK lectin group receptor-1; DC-SIGN, dendritic cell-specific ICAM3-grabbing nonintegrin; LGP-2, laboratory of genetics and physiology-
2; MAVS, mitochondrial antiviral signaling; MICL, myeloid inhibitory C-type lectin-like receptor; RIG-I, retinoic acid�inducible gene I.



engage with Syk family kinases, leading to the creation of the Card9/Bcl10/

Malt1 complex that activates the NF-κB pathway, and other cellular immune

responses. Some activating CLRs interact with an ITAM-containing adaptor pro-

tein, Fc Receptor gamma chain (FcRγ). The second group possesses immune-

receptor tyrosine-based inhibitory motifs (ITIMs) that impede the activation of

immune cells responses, thereby regulating immune responses (Chiffoleau, 2018).

On the basis of their molecular structure, CLRs may be subgrouped into

type I transmembrane proteins, type II transmembrane proteins, and soluble

CLRs. Macrophage MR and DEC-205 are type I transmembrane CLRs,

which have multiple CRDs or CRD-like domains. Type II transmembrane

CLRs are Dectin-1, Dectin-2, DC-SIGN, DC NK lectin group receptor-1

(DNGR-1), and macrophage-inducible C-type lectin (Mincle). Mannose-

binding lectin is a soluble CLR.

CLRs have been exploited for their diverse therapeutic potential. Signals

from CLRs initiate the development of adaptive immunity, especially Th1

and Th17 responses. DEC-205 and CLEC9A have the potential to be used as

targets in cancer vaccine design, and synthesized ligands of Mincle have

been developed to preferentially augment immunological responses. CLRs

are vital in immunological synapse formation, DC trafficking, inducing

humoral and cellular immunity, and linking both natural and adaptive

immune responses (Apostolopoulos et al., 2013; Jang et al., 2015).

Mannose receptor or CD206

MR belongs to the class of CLR expressed by iDCs and macrophages

(Szolnoky et al., 2001). In its extracellular region, MR has one fibronectin-

type II domain, eight CRDs, and one cysteine-rich N-terminal domain. MR

has been targeted by DNA vaccines, for example, incorporating OVA DNA

into mannosylated liposomes induced strong cytotoxic T lymphocyte

responses in mice compared to nonmannosylated complexes (Hattori et al.,

2006; Minigo et al., 2007).

DC-SIGN

DC-SIGN is expressed by DCs and macrophages. It binds to high mannose

N-glycans on the external surface of many pathogenic organisms, and to

ICAM3, a receptor found on the surface of granulocytes. DC-SIGN has been

demonstrated to enhance viral infection of cells, including SARS-CoV-2 and

HIV, via binding to gp120.

DEC-205

DEC-205 (also referred to as lymphocyte antigen Ly75 or CD205) is a mem-

brane protein found on the surface of endosomes, and is expressed by human

DCs, monocytes, and lymphocytes (Kato et al., 2006). In mice, it is

expressed on DCs present in the medullary and cortical compartments of
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thymus (Shrimpton et al., 2009). DEC-205 binds to carbohydrates on micro-

organisms and mediates their endocytosis (Butler et al., 2007; Jiang et al.,

1995).

Dectin-1 family

Dectin-1

Dectin-1 (or DC-associated C-type lectin-1), a β-glucan receptor of the CLR

family, is a G-protein coupled receptor found predominantly in macrophages,

monocytes, DCs, DDCs, CD82CD42 DCs, mast cells, microglia, neutro-

phils, T cell subsets, B cells, and eosinophils (Ariizumi et al., 2000). Binding

to β-glucan induces cellular responses such as the maturation of DCs, antigen

uptake, and production of chemokines and cytokines such as IL-1β, IL-6,
TNF-α, CDCL1, and GM-CSF (Brown, 2006). Dectin-1 recognizes β-1,3
and β-1,6-linked glucans present in fungal, bacterial, and plant cell walls,

including Candida, Saccharomyces, Coccidioides, Pneumocystis,

Penicillium, and Aspergillus, excluding Cryptococcus species (Ryan et al.,

2002). Several authors have also reported inhibitory functions of Dectin-1, in

sterile inflammation and peritumoral immune tolerance (Daley et al., 2017;

Seifert et al., 2015).

The dendritic cell immune-activating receptor

DC immune-activating receptor (DCAR) is expressed by DCs localized

within the lungs, bone-marrow, and spleen, with lower levels in lymph node

and skin DCs, and in selected NK cells. DCAR is characterized by a short

cytoplasmic domain and a lack of a specific signaling motif. However, it has

been shown that the receptor is associated with the FcRγ chain, which pro-

vides the activating ITAM domains (Kanazawa et al., 2003).

Lectin-like oxidized low-density lipoprotein receptor-1

Also called OLR1 or CLEC8A, low-density lipoprotein receptor-1 (LOX-1)

belongs to the Dectin-1 cluster of CLRs. LOX-1 is present in endothelial

cells, platelets, DCs, human macrophages, and B cells, and can stimulate

humoral immunity. LOX-1 stimulates secretion of CCR10, APRIL, and

BAFF to enhance plasma cell differentiation and migration to mucosal sites.

Fusion of influenza hemagglutinin 1 subunit to LOX-1 resulted in generation

of a protective antibody response in rhesus macaques. Several studies have

shown LOX-1 to be a good biomarker for cancer diagnosis and a potential

therapeutic target, being found in high levels in colorectal, prostate, breast,

and gastric cancers (Joo et al., 2014; Liang et al., 2007; Murdocca et al.,

2016).
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CLEC-1

C-type lectin-like receptor 1 (CLEC-1 or CLEC1A) is found in monocytes,

macrophages, DCs, and endothelial cells of humans and mice. CLEC-1

expression is enhanced by TGFβ and decreased by pro-inflammatory stimuli.

CLEC-1 is a promising therapeutic target for controlling T cell-mediated

adverse immune responses (Robles et al., 2017).

CLEC-2

C-type lectin-like receptor 2 (CLEC-2) is found on platelets, granulocytes,

monocytes, DCs, platelets, NK cells, megakaryocytes, and liver sinusoidal

endothelial cells. It is also known as CLEC2B and CLEC1B. CLEC-2 binds

to podoplanin, a mucin-like sialoglycoprotein expressed on a range of normal

tissues and some cancers. CLEC-2 is needed in the formation and preserva-

tion of lymph node micro-architecture, and maintenance of the reticular net-

work. CLEC-2 also functions in regulating inflammatory response by

promoting DC movement on stromal surfaces, by stimulating secretion of

IL-10 and modulating TLR signaling (Acton et al., 2012, 2014; Mourão-Sá

et al., 2011).

Myeloid inhibitory C-type lectin-like receptor

Myeloid inhibitory C-type lectin-like receptor (MICL) [or CLEC12A, DC-

associated C-type lectin 2 (DCAL-2), CLL1, C-type lectin-like molecule-1

(CLL-1) ] is found on DCs, macrophages, CD81 T cells in peripheral blood,

B cells, monocytes and granulocytes, where it regulates the activation of

myeloid cells during inflammation (Marshall et al., 2004).

CLEC9A

C-type lectin-like receptor 2 (CLEC9A), also referred to as DNGR1, DNGR-1,

or CD370, is found in human BDCA31 DCs, where it serves as a potential

target for the delivery of antigens in vivo for improving vaccine efficacy and

stimulating antitumor immunity (Yan et al., 2016). It is also expressed on sub-

sets of mouse CD8α1 and CD41 DCs (Schreibelt et al., 2012).

Dectin-2 family

Structurally, Dectin-2 receptors have six exons and a common structure com-

prising a single extracellular CRD, a stalk region, a transmembrane domain,

and a short cytoplasmic domain (Graham & Brown, 2009). All but one (DC

immune receptor, DCIR) associate with the FcRγ chain to provide the intra-

cellular ITAM signaling domain.
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Dectin-2

Dectin-2 (a type II transmembrane receptor) is a receptor for high mannose

structures, and is found on DCs, monocytes, macrophages, and neutrophils.

Dectin-2 recognizes pathogenic microbes including Saccharomyces cerevi-

siae, Histoplasma capsulatum, and Cryptococcus neoformans (Fernandes

et al., 1999). Dectin-2 also plays a role in eliciting allergic immune

responses: Dectin-2 on murine bone marrow�derived DCs can bind

Aspergillus fumigatus antigen and house dust mite extract in a mannose-

dependent fashion, leading to release of pro-inflammatory cysteinyl leuko-

trienes (Barrett et al., 2009).

Dectin-2 on DCs shows potential to be a target protein for vaccination

approaches: for example, in mice, an anti-Dectin-2 monoclonal antibody

fused to antigen elicits a CD81 T cell response (Carter et al., 2006). In

another study, a lentivector which encodes the human cancer antigen NY-

ESO-1 expressed from the Dectin-2 promoter was observed to activate

CD41 and CD81 T cells (Lopes et al., 2008). An immune complex formed

by anti-Dectin-2 monoclonal antibodies and ovalbumin was reported to

increase antigen display to cytotoxic T cells (Carter et al., 2006).

Clecsf8

Clecsf8 is a poorly characterized member of the Dectin-2 family, mostly

expressed in macrophages, monocytes, and DCs. Clecsf8 was first reported

in mice, through a differential display of gene products with macrophage

restricted expression. Transcripts were mainly found in macrophages present

in the peritoneum, and at reduced levels in lymph nodes, lung, bone marrow,

and spleen (Arce et al., 2004; Balch et al., 1998).

Dendritic cell immune receptor

DCIR possesses a long cytoplasmic tail with an ITIM domain, and therefore

acts as an inhibitory receptor. It is the first ever-documented DC-expressed

ITIM-bearing C-type lectin, and differs in this respect from other Dectin-2

family members, which associate with the ITAM containing (activating)

FcRγ chain. DCIR is mostly found on macrophages, moDCs, pDCs, mono-

cytes, neutrophils, and B cells (Bates et al., 1999). DCIR mRNA is expressed

in peripheral blood leukocytes of the humans, and at reduced levels in lym-

phoid tissues. Conversely, in mice DCIR mRNA is expressed maximally in

lymph node and spleen.

DCIR has several observed functions:

� Firstly, to inhibit cytokine release following TLR engagement, for exam-

ple inhibition of IFN-α release in response to TLR9 engagement, and

inhibition of TLR-8 induced IL-12 and TNF-α release (Meyer-Wentrup

et al., 2008, 2009);
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� Secondly, to bind and internalize antigens, targeting them to endosomes

for degradation and antigen presentation, including cross-priming of CD8

T cells. Anti-DCIR monoclonal antibody fused to influenza matrix pro-

tein, melanoma antigen MART-1, or HIV gag led to internalization by

DCs and stimulation of CD81 T cells in vitro (Apostolopoulos et al.,

2013);

� Lastly, DCIR appears to bind HIV-1 and promotes uptake into nonde-

grading endosomes, leading to infection of CD4 T cells (Lambert et al.,

2008).

The blood dendritic cell antigen 2, or Clec4C

Blood DC antigen 2 (BDCA-2) is a type II C-type lectin found in human

pDCs. As with most Dectin-2 family members, BDCA-2 signaling relies on

the ITAM sequence in the FcRγ chain leading to signaling through Syk,

phospholipase C-gamma (PLCγ2), Vav1, and Erk1/2. BDCA-2 signaling

inhibits the secretion of type I IFNs and other cytokines in response to TLR

engagement (Cao et al., 2007; Dzionek et al., 2001; Wu et al., 2008).

Macrophage-inducible C-type lectin

Mincle is highly expressed in macrophages following activation by IFN-γ,
IL-6, TNF-α, or LPS (Matsumoto et al., 1999). Signaling through Mincle

requires association with FcRγ, leading to Syk activation, formation of the

CARD9�Bcl-10�MALT1 complex, NF-κB activation, and pro-

inflammatory cytokine release. Mincle recognizes a wide range of glycans

and glycolipids found on the surface of bacteria and fungi, for example on

C. albicans (Wells et al., 2008). Mincle can also induce an inflammatory

response to necrotic cells, by responding to spliceosome-associated protein

130, which is released during cellular necrosis (Yamasaki et al., 2008, 2009).

Toll-like receptors

TLRs are vital in innate (nonspecific) immune responses. They are found in

DCs and macrophages, and are able to detect both invading microbes and

endogenous harmful products from dead/damaged tissues (Fig. 3.4). The

TLR family is made up of 10 members, TLR1�TLR10 in humans, and 12

(TLR1�TLR9, TLR11�TLR13) in mice (Kawai & Akira, 2011).

Individual TLRs have external leucine-rich repeats (LRRs) and intracellu-

lar Toll-IL-1 receptor (TIR) signaling domains. TLRs recognize PAMPs and

DAMPs; after binding to ligand they recruit adapter proteins to trigger the

MyD88-dependent IL-1 receptor�TLR signaling pathway with consequent

NF-κB stimulation (Kawasaki & Kawai, 2014).

Endogenous ligands of TLRs include plasma membrane constituents,

cytoplasmic proteins, hyaluronan and fibrinogen, and organelle components.
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Exogenous TLR ligands include bacteria flagellin, lipopolysaccharide (LPS),

lipoarabinomannan (LAM), zymosan, peptidoglycan (PGN), lipopeptides,

lipomannans, lipoteichoic acid (LTA), lipoglycans, ssRNA and double-

stranded RNA (dsRNA) from bacteria and viruses (El-Zayat et al., 2019), as

shown in Fig. 3.5.

As described below, TLR stimulation ultimately leads to NF-κB activa-

tion and cytokine release. In addition, MHC-II and costimulatory moieties

CD80/CD86 and CD40 are upregulated on surfaces of DCs. These molecules

interact with CD28 and CD40 ligand on naive CD41 T cells to trigger T cell

priming (Jin et al, 2012).

FIGURE 3.4 Toll-like receptor signaling. Created with BioRender.com. Saxena, M., &

Yeretssian, G. (2014). NOD-Like Receptors: Master Regulators of Inflammation and Cancer.

Frontiers in immunology, 5, 327. https://doi.org/10.3389/fimmu.2014.00327.

FIGURE 3.5 TLR3 attached to double-stranded RNA. Created with BioRender.com. Saxena,

M., & Yeretssian, G. (2014). NOD-Like Receptors: Master Regulators of Inflammation and

Cancer. Frontiers in immunology, 5, 327. https://doi.org/10.3389/fimmu.2014.00327.
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PAMP recognition by toll-like receptors

TLRs are grouped into cell-surface TLRs and intracellular TLRs. The former

predominantly detect components of microbial cell membranes including

proteins, lipids, and lipoproteins; they comprise TLR1, TLR2, TLR4�6, and

TLR10. TLR3, TLR7�9, and TLR11�13 are intracellular TLRs present in

intracellular vesicles, which recognize mainly pathogen nucleic acids (Kawai

& Akira, 2010).

A good knowledge of how ligands interact with TLRs, and the outcome

of the resulting signaling pathways, will help in the design/discovery of ther-

apeutic compounds that can target TLRs for the treatment of inflammation

and vaccine development (Dowling & Mansell, 2016).

TLR1, TLR2, and TLR6

TLR2 can form dimers with TLR1, TLR6, and possibly TLR10 to produce

physiologically active heterodimers (Dowling & Dellacasagrande, 2016).

TLR6/TLR2 complexes (found on several immune cells) recognize diacyl

lipopeptides including Mycoplasma fermentans macrophage-activating lipo-

peptide (MALP-2) (Da Silva et al., 2012; Okusawa et al., 2004; Takeuchi

et al., 2001, 2002).

TLR3

TLR3 receptors are able to identify dsRNA of viral origin, as well as self-

RNA. Viral dsRNA (created during replication) binds TLR3, inducing type I

IFN (IFN-α/β) generation and NF-κB stimulation. TLR3 is expressed by

cDCs and epithelial cells found in the airway, uterus, cornea, vagina, cervix,

and intestine. TLR3 can promote cross-presentation to CD8 T cells specific

for viral antigens following phagocytosis of virally infected cells by DCs,

and TLR3 recognition of viral RNA (Schulz et al., 2005).

TLR4

DCs, granulocytes, B and T cells, and macrophages express cell surface

TLR4, which binds to lipopolysaccharide (LPS) on Gram-negative bacteria.

TLR4 can also recognize fungal cell surface PAMPs, and the use of TLR

knock-out mice has suggested different roles for TLR2 and TLR4 in identify-

ing pathogenic fungi (Netea et al., 2004).

TLR5

TLR5 is located within epithelial cells, iDCs, and monocytes. It is found in

the lungs where it helps to combat respiratory pathogens. Flagellin, the main

protein component of the bacterial flagellum, is a TLR5 ligand (Bambou

et al., 2004; Smith & Ozinsky, 2002). The flagellin produced by

Campylobacter jejuni and Helicobacter pylori lack pro-inflammatory
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properties, hence enabling them to evade flagellin-specific host immunologi-

cal responses (Andersen-Nissen et al., 2005).

TLR7 and TLR8

TLR7 and TLR8 share homology and both bind to viral RNA; they are

located in endosomes. Murine TLR7 and human TLR8 are able to identify

guanosine- or uridine-rich single-stranded viral RNA (ssRNA). TLR7 and

TLR8 are both present in mice, although only TLR7 is active (Akira et al.,

2006; Heil et al., 2004; Jurk et al., 2002).

TLR9

TLR9 is predominantly located in the endosomes, and is a receptor for A/D-

type and B/K-type CpG DNA. B/K-type CpG DNA is a powerful stimulator

of inflammatory cytokines including IL-12 and TNF-α. A/D-type CpG DNA

strongly induces IFN-α but has weakened capability to induce IL-12 from

pDCs (Krug et al., 2004). TLR9 can distinguish host from bacterial DNA

because of the high frequency of unmethylated CpG dinucleotides in bacteria

(Boulé et al., 2004). TLR9 has been demonstrated to respond to murine cyto-

megalovirus and herpes simplex virus 1 and 2 (Krug et al., 2001, 2004).

TLR11

TLR11 is located within bladder epithelial cells where it inhibits infection by

uropathogenic bacteria, in mice (not humans). TLR11 recognizes flagellin,

for example in Salmonella typhi, and profilin, for example in Toxoplasma

gondii (Mathur et al., 2012; Zhang et al., 2013).

TLR12

TLR12 is located within murine myeloid cells, where it forms a heterodimer

with TLR11 and can bind to profilin (Koblansky et al., 2013).

Toll-like receptor signaling pathways

TLR dimerization stimulates different signaling pathways that originate in

the TIR domain. TLR signaling comprises two distinctive pathways, both of

which activate activation protein-1 (AP-1) and NF-κB, a transcription factor

that triggers the transcription of cytokines, chemokines, and immuno-

receptors contributing to inflammatory responses (Kabelitz et al., 2006;

Kawai & Akira, 2011):

1. The myeloid differentiation factor 88 (MyD88) dependent pathway, and

2. The TRIF-dependent pathway.
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TRIF stands for TIR domain-containing adapter-inducing IFN-β. TRIF is

also commonly referred to as the TIR domain containing adapter molecule

(TICAM).

MyD88-dependent pathway

All TLRs except TLR3 interact with MyD88 (Broad et al., 2007). For TLR2,

TLR4, and TLR9, MyD88 is recruited by TIR domain-containing adaptor

protein (TIRAP). TIRAP has a lipid-binding domain that binds to phosphati-

dylinositol 4,5-bisphosphate (PIP2) on the cell membrane, and with phospha-

tidylinositol 3-phosphate (PI(3)P) in endosomes, resulting in the creation of

TLR4 and TLR9 signaling complexes (Bonham et al., 2014; Kawasaki &

Kawai, 2014).

MyD88 connects to the TIR domain of TLRs via a C-terminal TIR

domain and an N-terminal “death domain” (Akira & Takeda, 2004). On acti-

vation, MyD88 directs IRAK-4 to TLRs via direct communication of the

death domains of the two proteins, and expedites IRAK-4-mediated stimula-

tion of IRAK-1. Activated IRAK-1 interacts with TRAF6, resulting in the

stimulation of two separate signal transduction pathways. One pathway sti-

mulates AP-1 by triggering MAP kinases. The other pathway stimulates the

TAK1 complex, which activates IκB kinase (IKK) (Takeda & Akira, 2005).

The IKK complex comprises IKKα and IKKβ catalytic subunits, and the reg-

ulatory subunit IKKγ. The IKK complex phosphorylates the NF-κB inhibi-

tory protein IκBα, degrading it and inducing nuclear translocation of NF-κB.

TRIF-dependent pathway

The TRIF pathway is commonly used by TLR3 and TLR4 receptors, which

recognize dsRNA and LPS (TLR4 also signals through MyD88, as described

above). TRAM links TRIF to the TLR4 signaling pathway, whereas TLR3

does not require this adapter protein.

TRIF interacts with TRAF6 and TRAF3. The TRAF3 pathway activates

the transcription factor IRF-3, leading to IFN-β production, and upregulation

of a number of IFN-inducible genes (Akira & Takeda, 2004; Doyle et al.,

2002; Toshchakov et al., 2002). TRAF6 recruits receptor interacting protein

1, leading to MAP kinase and then NF-κB activation. TRIF also activates

TANK (TRAF-associated NF-κB activator kinase or I-TRAF) via TRAF3

(Kawai & Akira, 2011).

T cell responses stimulated by toll-like receptors

TLR-driven T cell polarization to Th1, Th2, Th17, and Treg (Fig. 3.6) is

dependent on the type of DC expressing the TLR, the cytokines present, and

also on antigen dose (Aragane et al., 2003; Jin et al, 2012). TLRs drive Th1

responses via the release of IL-12p70, IL-6, and IFN-α from DCs. Th17
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responses are driven by IL-21 and IL-23, and Tregs by IL-10 (Dowling &

Mansell, 2016; Jin et al., 2012).

NOD-like receptors

NOD-like receptors, also known as nucleotide-binding oligomerization

domain-like receptors or NLR, are PRRs principally engaged in detecting

intracellular PAMPs that have, for example, entered the cell by phagocytosis.

They are located in macrophages, lymphocytes, and DCs, and also in epithe-

lial cells. They can recognize a variety of ligands including: flagellin, pepti-

doglycan, fungal hyphae, viral RNA, cholesterol crystals, ATPs, uric acid

from host cells, asbestos, alloy particles, alum, silica, and skin irritants from

environmental origins (Ting et al., 2008).

There are about 22 human NLRs. The domain structure consists of (1) a

modifiable N-terminal protein interaction domain, for example a caspase

recruitment (caspase activation and recruitment domain, CARD) or pyrin

(PYD) domain, (2) a central nucleotide-binding domain (NACHT), and (3)

C-terminal LRRs. The C-terminal LRR domain functions as a cofactor dur-

ing ligand binding and activator sensing, while the N-terminal domain serves

as an effector domain (Schroder & Tschopp, 2010). NLRs are classified

according to their N-terminal domain: (1) NLRA (acidic transactivation

domain), (2) NLRB (baculovirus inhibitor of apoptosis protein repeat, or

BIR), (3) NLRC (CARD domain), (4) NLRP (Pyrin domain), and (5) NLRX

(an unidentified domain) (Saxena & Yeretssian, 2014).

FIGURE 3.6 TLRs and T helper cell induction. Created with BioRender.com. Saxena, M., &

Yeretssian, G. (2014). NOD-Like Receptors: Master Regulators of Inflammation and Cancer.

Frontiers in immunology, 5, 327. https://doi.org/10.3389/fimmu.2014.00327.
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NOD1 and NOD2

NOD1 recognizes meso-diaminopimelic acid (meso-DAP), commonly pres-

ent in Gram-negative bacteria, while NOD2 binds the muramyl dipeptide

peptidoglycan layer of degraded Gram-negative bacterial cell walls (Inohara

et al., 2001; Jang et al., 2015). NOD1 and NOD2 engage receptor interacting

protein 2 after ligand activation, which activates the MAPK and NF-κB path-

ways, resulting in enhanced transcription of pro-inflammatory cytokines

(Girardin et al., 2003; Kim et al., 2016; Yamamoto et al., 2003). NOD1 and

NOD2 initiate autophagy (lysosomal degradation of cellular components and

also of invading bacteria) by recruiting ATG16L1 (Travassos et al., 2010).

NOD-like receptor inflammasomes

Inflammasomes are multiprotein complexes that stimulate caspase proteins,

mainly Caspase-1. Inflammasomes are activated either by PAMPs from bac-

teria, fungi, and viruses or by sterile activators, which include DAMPs and

stimulants from the environment (Davis et al., 2011). There are several kinds

of inflammasomes containing one or two NLR proteins, the adapter molecule

apoptosis-associated speck-like protein containing a CARD (ASC) and a pro-

Caspase (Kufer & Sansonetti, 2011). Caspases are either pro-inflammatory

or pro-apoptotic; Caspase-1 is pro-inflammatory and activates IL-1β and IL-

18 by cleaving the pro-cytokines (Lamkanfi et al., 2007).

NLRP3/NALP3 inflammasome

NLRP3 consists of the ASC (PYCARD) adaptor, NLRP3, and Caspase-1. It

is activated by LPS, dsRNA, PGN, and LTA, and in particular responds to

fungi: Porphyromonas gingivalis, A. fumigatus, C. albicans, and S. cerevi-

siae; bacteria: Klebsiella pneumoniae, Listeria monocytogenes, Chlamydia

pneumoniae, Mycobacterium tuberculosis, Legionella pneumophila,

Staphylococcus aureus, and viruses including influenza (Carlsson et al.,

2010; Case et al., 2013; Gross et al., 2009; Kanneganti et al., 2006;

Mariathasan et al., 2004, 2006; Park et al., 2014). The NLRP3 inflamma-

some is also triggered by silica, alum, and asbestos via reactive oxygen spe-

cies (Cassel et al., 2008; Hornung et al., 2008), and by small molecules

including trinitrophenylchloride, dinitrofluorobenzene, and trinitrochloroben-

zene (Sutterwala et al., 2006).

NLRP1/NALP1 inflammasome

NLRP1 is found in the respiratory system’s epithelial cells, lymphocytes,

and myeloid cells in large numbers. The NLRP1 inflammasome is triggered

in humans by the lethal toxin (LT) from Bacillus anthracis (Boyden &

Dietrich, 2006), whereas in mice it is activated by T. gondii (Ewald et al.,

2014). The LT anthrax toxin antigen activates NLRP1 inflammasomes in the
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cytoplasm resulting in rapid cell death, a process known as pyroptosis

(Bauernfeind & Hornung, 2013). The inflammasome can also be activated

by viral proteases (Tsu et al., 2021).

NLRC4 /NAIP (IPAF) inflammasome

NLRC4 is found in immune and epithelial cells. Forming oligomeric struc-

tures, it interacts with NAIPs (NLR family apoptosis inhibitory proteins),

which are receptors for microbial molecules. The NLRC4 inflammasome can

be triggered by several stimuli including flagellin secreted from Gram-

negative bacteria (Amer et al., 2006), and is important for the detection of

commensal (nonpathogenic organisms including gut bacteria). Activation of

the inflammasome can lead to activation of pro-cytokines, induction of pyr-

optosis, and release of leukotrienes and pro-inflammatory prostaglandins

including LTB4 and PGE2 (Duncan & Canna, 2018).

RIG-like receptors

The immune system uses RLRs, located in the cytosol, to identify patterns in

invading viral pathogens (Goubau et al., 2013). RLRs trigger signal transduc-

tion events to activate downstream transcription factors, that stimulate type I

IFN production and antiviral gene expression, ultimately controlling viral

infection.

Three RLRs are known, namely retinoic acid�inducible protein I (RIG-

I), melanoma differentiation factor-5 (MDA5), and laboratory of genetics

and physiology-2 (LGP-2). They have a core DExD/H box RNA helicase

domain and a repressor domain located inside the C-terminal domain.

MDA5 and RIG-I are similar in structure, with N-terminal regions compris-

ing tandem CARDs that ultimately induce type I IFN expression (Loo &

Gale, 2007; Yoneyama et al., 2004). LGP-2 binds to dsRNA but lacks

CARD domains; it is thought to regulate the other RLRs in both a positive

and negative fashion (Yoneyama et al., 2005).

Viral RNA activates RLRs, which undergo conformational changes that

enhance homotypic CARD�CARD interactions with mitochondrial antiviral

signaling (MAVS)—a vital adaptor protein required for RLR signal transduc-

tion, also known as IPS-1. MAVS signals to IκB kinase-ε (IKKε) and

TANK-binding kinase 1 (TBK1), which will then stimulate IRFs (IRF3 and

IRF7) and NF-κB, resulting in transcription of type 1 IFN, and other

immuno-modulatory genes (Rehwinkel & Gack, 2020).

AIM2-like receptors

The IFN-inducible protein AIM2 (not found in melanoma 2) belongs to the

HIN-200 family. It is an inflammasome component, and recognizes bacterial

and viral cytoplasmic DNA. It interacts with cytoplasmic nucleic acids via
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its C-terminal oligonucleotide/oligosaccharide-binding domain, and an ASC

adapter via its N-terminal DAPIN/pyrin domain, to trigger pro-caspase-1

(Caneparo et al., 2018; Ludlow et al., 2005). As with other inflammasomes,

CARD leads to caspase activation followed by pyroptosis, and activation of

IL-1 and IL-18 (Lugrin & Martinon, 2018).

Strategies for targeting vaccines to dendritic cell receptors

DCs have been utilized as treatments for cancer, autoimmunity, and infec-

tious diseases, leading to regulation of T cell immunity. DC-based vaccines

are of two types: antigen-expressing DC based vaccines generated ex vivo,

and in vivo DC directed vaccines (Chen et al., 2016). The transfer of

ex vivo-cultured DCs containing target antigens was the first attempt to uti-

lize DCs to evoke protective immunity in humans. This approach has been

widely explored for the treatment for cancer, as described in Chapter 7:

Approaches to Cancer Vaccination.

In vivo dendritic cell targeted vaccines

DC-targeting strategies couple protein antigens, DNA, or drug molecules to

ligands or antibodies which recognize specific receptors expressed by DCs,

thus stimulating an immune response against the targeted antigen (Caminschi

& Shortman, 2012).

Ligand-based dendritic cell�targeted vaccines

Linking proteins to PRR ligands (PRRLs) makes it possible to produce

antigen�PRR-ligand conjugate vaccines (Chen et al., 2016).

TLR9 is the most commonly targeted PRR in antigen�PRR-ligand conju-

gate vaccines; it recognizes CpG, which has adjuvant activity. For example,

conjugating the model antigen OVA to CpG using chemical crosslinking pro-

duced a strong adaptive immune response in mice, inducing potent Th1 cells

and IgG2a antibody responses as well as cross-primed CTLs (Chen et al.,

2016; Horner et al., 2001). A second proof of concept (POC) experiment

cross-linked HIV gp120 protein to CpG, which elicited antibody, and CD41

and CD81 T cell responses (Tighe et al., 2000). Several other TLRs includ-

ing DC-SIGN, and CD91 (a heat shock protein receptor), have been targeted

by ligand-antigen fusions in POC experiments (Chen et al., 2016).

Antibody-based dendritic cell�targeted vaccines

Monoclonal antibodies have been developed against several DC receptor pro-

teins including CLRs, in order to target antigens to DCs and elicit immune

responses. Antigens can be attached to antibodies via chemical conjugation

or, more commonly, genetic fusion. Targeting of specific DC subsets can be

achieved by selecting specific receptors, for example langerin/CD207 is
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mainly expressed by subsets of LCs and DDCs, while BDCA-2 (CLEC4C) is

expressed mainly by pDCs (Chen et al., 2016). DEC-205 is expressed by

CD81 DCs, LCs, DDCs, and B cells. Antigens fused to an anti-DEC-205

monoclonal antibody to achieve DC targeting include Survivin, HIV gag,

ovalbumin (Ova), and HER2/neu. The stimulation of antigen-specific immu-

nological responses requires an adjuvant, for example CpG; in the absence

of adjuvant, DEC-205 targeting can induce tolerance (Hawiger et al., 2001;

Lahoud et al., 2012). One study showed that anti-DEC-205 antibody-Ova

injected into mice via the skin experienced very rapid uptake by LCs which

promoted T cell immunity (Flacher et al., 2010). Ova-conjugated anti-DEC-

205 antibodies produce strong MHC-I cross-presentation to CD8 T cells if

CD81 DCs are targeted, and elevated Ova presentation to MHC Class II

when targeting CD82 DCs (Bonifaz et al., 2002, 2004).

DNGR1 is highly expressed by CD81 DCs and minimally by pDCs.

Antigens targeted to DCs with an anti-DNGR1 antibody stimulate antigen-

specific CTL responses in mice, via cross-presentation (De Souza Apostólico

et al., 2019; Sancho et al., 2009).

Murine CD11c has also been explored as a vaccine target in POC experi-

ments. It is found in every DC subset (including CD81 DC and CD82 DC)

at high levels. It is, therefore, a good target for triggering both the humoral

and cellular immune responses. An antibody specific for murine CD11c

combined with antigens and targeted to DCs will generate antigen-specific

B-cell immune responses after a single immunization.

Fc receptors, which recognize IgG, IgA, and IgE (FcγR, FcαR, and

FcεR), participate in many immune-related processes including ingestion of

cells by phagocytosis, antigen presentation, and immune complex�mediated

DC maturation. Prostate-specific antigen conjugated to monoclonal antibo-

dies recognizing FcγR was internalized and cross-presented by humanized

THP-1 cells (Sancho et al., 2009).
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S., Jagirdar, R., Gewirtz, A., Akira, S., & Núñez, G. (2006). Regulation of Legionella pha-

gosome maturation and infection through flagellin and host Ipaf. Journal of Biological

Chemistry, 281(46), 35217�35223. Available from https://doi.org/10.1074/jbc.M604933200.

Andersen-Nissen, E., Smith, K. D., Strobe, K. L., Rassoulian Barrett, S. L., Cookson, B. T.,

Logan, S. M., & Aderem, A. (2005). Evasion of Toll-like receptor 5 by flagellated bacteria.

Proceedings of the National Academy of Sciences of the United States of America, 102(26),

9247�9252. Available from https://doi.org/10.1073/pnas.0502040102.

Apostolopoulos, V., Thalhammer, T., Tzakos, A. G., & Stojanovska, L. (2013). Targeting anti-

gens to dendritic cell receptors for vaccine development. Journal of Drug Delivery, 1�22.

Available from https://doi.org/10.1155/2013/869718.

Aragane, Y., Maeda, A., Schwarz, A., Tezuka, T., Ariizumi, K., & Schwarz, T. (2003).

Involvement of dectin-2 in ultraviolet radiation-induced tolerance. Journal of Immunology,

171(7), 3801�3807. Available from https://doi.org/10.4049/jimmunol.171.7.3801.
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Introduction

This chapter focuses on the evaluation of potential antigenic targets and can-

didate vaccines including the use of genetic studies, protein studies, and

immunogenicity assessment. These can be used to determine the efficacy of

candidate vaccines and approaches to inducing and maintaining protective

immune responses. Established immune parameters enable the prediction of

the level of protection provided by the candidate vaccine against disease or

infection, known as correlates of protection. The methods described here can

also be used during clinical testing and immuno-monitoring. Some of the

methods, for example those described under the genetic and protein studies,

can be applied to any antigen, while those described in section “Other meth-

ods of in vitro evaluation of immunogenicity” are mainly applicable to

Plasmodium-specific antigens.

Antigen selection for new vaccines

The first vaccines were whole viruses or bacteria (killed or attenuated), and

contained antigens vital in inducing a protective immune response, similar to

that produced by exposure to the target pathogen (Cunningham et al., 2016).

However, these vaccines were sometimes highly immunogenic, caused

adverse reactions, and could generate pathology that was close to that pro-

duced by the infection targeted by the vaccine (Cunningham et al., 2016). As

a result of this, new approaches such as subunit vaccines that only contain

key pathogen�derived components are mainly being used for modern vac-

cine design. Subunit vaccines consist of one or more specific antigens of the

pathogen and are produced through genetic engineering or purification
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methods (Wang et al., 2020). Indeed, a large number of severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) vaccines expressing only the

spike protein have been developed. The spike protein (S protein) that covers

the surface of SARS-CoV-2 binds to angiotensin-converting enzyme 2 recep-

tors on the surface of human cells and mediates viral entry into the cell

(Letko et al., 2020). The S protein induces neutralizing antibodies (Bisht

et al., 2004; Yang et al., 2004) that are protective, making it an appropriate

antigen candidate for SARS-CoV-2 vaccines (see Chapter 8).

Several factors have to be considered when selecting the appropriate candi-

date antigens. Antigens need to be able to stimulate innate and T-cell-

dependent responses, and produce a strong B-cell (antibody) response that

leads to the neutralization and elimination of pathogens (Tan et al., 2016).

Also, candidate antigens should be able to protect against different strains/

mutations of the same pathogen (Tan et al., 2016), so should possess sequences

common to the majority of pathogen strains. Antigenic drift (minute antigenic

changes caused by mutations that lead to new strains) and antigenic shift

(major antigen changes that lead to a new subtype of a virus) have to be con-

sidered when selecting candidate antigens, as this enables the selection of

strain-transcending vaccines (Carrat & Flahault, 2007; Tan et al., 2016).

Antigens have to be evaluated for immunogenicity in vivo, ideally using

animal models of infection that mimic human disease, which can elucidate

whether the vaccine-induced immune response can confer protection against

infection (Brinks et al., 2011). Cell-based in vitro assays can be used to evalu-

ate antibody function, for example, to test whether antibodies generated

in vivo (e.g., in mice, rats, or rabbits) can neutralize pathogen in a cellular

infection model. After suitable antigens have been selected for vaccine devel-

opment, appropriate vaccine delivery systems such as viral vectors have to be

considered and tested (see Chapter 2). The resulting candidate vaccines are

then formulated with a variety of additional components such as adjuvants

(see Chapter 9), stabilizers, and/or preservatives. Formulation of candidate

vaccines, the use of adjuvants, and the choice of an optimal vaccine delivery

system can enhance the immunogenicity and potency of the vaccine. New vac-

cine formulations are manufactured to good manufacturing practice (GMP)

(see Chapter 10) and tested in clinical trials as described in Chapter 11.

Genetic studies

Candidate antigens can be evaluated as recombinant proteins, expressed in a

variety of genetically engineered cell lines including bacterial, yeast, or

mammalian. They can also be expressed from RNA, DNA, or viral vectors.

Genetic engineering is used in making tools for the evaluation of candidate

antigens; for example, it may sometimes be helpful to make a modified form

of a pathogen that infects mice (e.g., Plasmodium berghei) engineered to

express an antigen from a similar pathogen that infects humans (e.g.,
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Plasmodium falciparum) to evaluate human vaccines in mice. These patho-

gens may also be engineered to express fluorescent or luciferase reporters

under the control of a promoter that allows for evaluation of immune

responses to antigens, for example by measuring the reduction in pathogen

fluorescense.

Expression of the antigenic target gene of interest

Candidate antigens can be cloned and expressed to evaluate immunogenicity

directly in vivo. In the laboratory, various steps are involved in cloning the

gene that encodes the protein of interest. After the expression of the protein

has been induced in a genetically modified host system, it is purified and

characterized. The two broad steps involved in expressing an antigen are dis-

cussed below.

Cloning of the target antigen of interest

The process begins with the construction of plasmids expressing the gene

that encodes the target antigen. Genetic sequences encoding a part or the

whole of an antigenic target can be cloned into a plasmid to express the cor-

responding amino acid sequence in an artificial expression system. In the

design and construction of such plasmids, there are several considerations

including codon optimization of the antigen for expression in the chosen sys-

tem (e.g., mammalian cells, yeast, or bacteria), the inclusion of sequences

for initiation/termination of transcription, and translation, a promoter appro-

priate for the expression system, a gene encoding a selectable marker for

antibiotic resistance, and restriction enzyme sites for subcloning procedures

(Rosano & Ceccarelli, 2014). After a gene has been cloned, it is then

expressed. It is to be noted that cloning is technically challenging and

requires careful training.

Numerous candidate subunit vaccines under development today were first

cloned, then expressed and analyzed. For example, the malaria vaccine can-

didate MSP-142 was isolated using restriction cloning by Christian and col-

leagues. MSP-142 is the C-terminal subunit of the Plasmodium merozoite

surface protein 1 (MSP-1) and it was demonstrated that polyclonal serum

raised against this antigen recognized native MSP-1 in Plasmodium-infected

red blood cells (Epp et al., 2003). The method described below is restriction

cloning, but other newer methods of cloning are now popular. The

transmission-blocking malaria vaccine candidate P. falciparum P48/45 has

been expressed using a “gene insertion/marker out” (GIMO) transfection and

selection method (Othman et al., 2018). For an overview of other cloning

methods, please see Basic Science Methods for clinical researchers (Bertero

et al., 2017).
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Protocol

1. Select/design the target antigen to be expressed, as an amino acid

sequence.

2. Choose an expression system. The expression system consists of the cell or

microorganism that synthesizes the antigen, the expression cassette con-

taining the gene to be cloned, and the expression vector. The type of

expression system chosen will determine if codon optimization is neces-

sary. Codon optimization is a process that improves translation efficiency;

for example, when expressing a eukaryotic gene in a prokaryotic system,

some codons may need to be replaced as the prokaryotic organism is

biased toward using specific codons for certain amino acids. Several in sili-

co codon optimization tools exist, including IDT and Genewiz, and gene

synthesis companies utilize their own proprietary software.

3. Design the nucleotide sequence that encodes the target antigen. This can

be obtained from any nucleic acid database including GenBank. If codon

optimization is needed, the entire artificial gene encoding the target antigen

is synthesized using a specialist gene synthesis company. Alternatively, the

amino acid sequence of a target gene can be obtained from a protein data-

base and back-translated to a nucleotide sequence, based on the codon fre-

quency table for the selected expression system (Mazumdar et al., 2010).

4. Design primers complementary to the target gene. Software such as

Snapgene can be used, and the specificity and heterodimerization of the pri-

mers must be analyzed, for example using NCBIblast or IDT. Sequences

encoding a restriction site (with a few additional flanking nucleotides to

facilitate efficient enzymatic cleavage) can be included in the primer

sequence. Primers are synthesized commercially. This step is not required

for de novo synthesis of a codon-optimized version of the antigen.

5. Amplify the gene encoding the target antigen from a DNA template (e.g.,

the extracted genome of a target pathogen) in a process called polymer-

ase chain reaction (PCR). Please refer to any biotechnology book on how

to carry out PCR. This step is not required for the codon-optimized anti-

gen approach.

6. Clone the expression cassette or codon-optimized synthetic gene (con-

taining the necessary restriction site provided by the gene synthesis com-

pany) into an expression vector, under a promoter that is appropriate for

the selected expression system. The promoter can be inducible, for exam-

ple by the inclusion of the lac operator, as shown in the plasmid map in

Fig. 4.1, which is activated upon the addition of isopropyl-β-D-thiogalac-
topyranoside (IPTG). The gene can also be fused in frame with a hexa-

histidine or other affinity tag at its N or C terminus, to enable

purification of the expressed protein. This creates the expression con-

struct. There are numerous commercially available expression vectors

into which the gene of interest/expression cassette can be inserted.
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7. A microorganism, usually the Escherichia coli BL21 strain, is trans-

formed with the expression plasmid. Please see the linked protocol

below. There are also several cell-free expression systems.

The plasmid modified here is the same plasmid used in the link below. The

plasmid map shows the different parts of an expression vector and does not rep-

resent an actual plasmid that has been used to express the MTRAP antigen.

FIGURE 4.1 MTRAP (a malaria antigen) in the multiple cloning site between T7 and SP6

polymerase transcription initiation sequences. There is no affinity tag in this plasmid that can be

used to purify the expressed protein.
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Restriction cloning can be used to create a luciferase reporter vaccine,

i.e. a genetically modified whole-cell vaccine that expresses luciferase. The

resulting genetically-modified organism (GMO) can be used to study the bio-

distribution of a vaccine in order to determine the best route of administra-

tion. A step-by-step process for generating a transgenic line is presented here

(https://doi.org/10.17504/protocols.io.btsxnnfn). Whole sporozoite vaccines

have been evaluated in this way (Ploemen et al., 2013).

Expression and purification of the recombinant antigen

There are various platforms for the expression of recombinant proteins as

presented in Table 10.1 of the GMP chapter, but E. coli has become a partic-

ularly popular platform (Rosano & Ceccarelli, 2014) and is suitable for

small-scale laboratory experiments. We will focus on using this organism

transformed with a plasmid containing an IPTG inducible promoter. The fol-

lowing procedure can be used for the expression and purification of a recom-

binant target antigen.

Protocol

1. Grow the transformed E. coli BL21 strain in a shaking incubator

(220 rpm) at 37�C in Luria Broth (LB) containing an antibiotic destroyed

by an enzyme encoded by the expression construct.

2. When the optical density of the broth culture at 600 nm reaches 0.6�0.7,

induce expression by 1 mM IPGT for 3 hours.

3. Harvest cells by centrifugation for 10 minutes at 5000 g. Wash in PBS

and centrifuge again.

4. Disrupt the cells by sonication or use French Press Lysis at 1000 p.s.i.

Enzymatic disruption of the cell membrane using lysozyme is also feasi-

ble. Alternatively, you can use a combination of both. Centrifuge and

save the supernatant and the pellet.

5. Detect the presence of the target antigen in the soluble (supernatant) and

insoluble (pellet) fractions using western blotting.

6. After the antigen has been detected, then a large-scale expression process

is repeated to produce enough protein for purification and use in subse-

quent studies.

7. Size exclusion chromatography, or affinity purification using glutathione-

S-transferase or histidine binding resins, can be used to purify the proteins.

Genetically modified whole organisms in vaccine studies

GMOs can be rationally engineered as attenuated live vaccines. Reasons for

such engineering may include:

1. Generation of a mutant strain of the organism that will be unable to cause

disease (e.g., by deleting genes that cause pathogenicity).
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2. Generation of transgenic pathogens that can infect animals, containing

target antigens from human pathogens. This is used to provide a proof of

concept. For example, several chimeric rodent malaria parasites expres-

sing human Plasmodium proteins have been developed (reviewed in

Othman et al., 2017) and a quick protocol for generating these has been

published (Salman et al., 2015).

GMOs can also be used to determine if an antigen is essential for the sur-

vival of the pathogen, which is a desirable attribute for a vaccine candidate,

for example, by genetic knockout of the antigenic target. Immune responses

targeting essential proteins are more likely to prevent infection than those

targeting redundant pathways.

Designing genetically engineered live-attenuated vaccines

This approach involves attenuating the virulence of a pathogen, through

genetic modification of specific gene(s) required by the pathogen to cause

disease or to survive long enough to cause disease. The approach has been

applied to bacteria and parasites. In the bacteria Acinetobacter baumannii,

Pseudomonas aeruginosa, and Staphylococcus aureus, the genes encoding

glutamate racemase and D-amino acid transaminase have been inactivated

so that the resulting mutant is incapable of converting specific substrates to

D-glutamate. D-Glutamate is an essential component of bacteria peptidogly-

can, and the live-attenuated vaccines in this study were D-Glu auxotrophic

strains, preventing their long-term survival (Cabral et al., 2017).

Among the parasites, Plasmodium has been the focus of engineered live-

attenuated vaccines. This is exemplified in the design of P. falciparum Δp52
sporozoites. The sporozoites of this malaria parasite have their p52 gene dis-

rupted using single cross-over integration, and their growth is arrested after

hepatocyte invasion. Immunity is developed against the attenuated organism

due to its ability to initiate and establish infection, just like the wild-type par-

asite, but the infection does not progress to the blood stage, which causes

malaria symptoms. These sporozoites were referred to as P. falciparum

genetically attenuated sporozoites (GAS), developed by Shahid Khan and his

colleagues (van Schaijk et al., 2008) and have been also referred to as P. fal-

ciparum genetically attenuated parasites (PfGAP).

A p362/p522 double knockout line of P. falciparum became the first

GAP to be used in a human trial as a whole organism malaria vaccine can-

didate (Spring et al., 2013), because for P. falciparum Δp52 GAS reversal

to the wild-type parasite can occur at low frequency that could result

in breakthrough infections (van Schaijk et al., 2008). Unfortunately, there

was one breakthrough infection out of the six volunteers in the p362/p522

trial (Spring et al., 2013), but the production of antibodies and cytokines

was induced. This problem was solved by knocking out an additional

gene, sap1, in PfGAP3KO, a potential whole organism vaccine candidate
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(Kublin et al., 2017), although cryopreservation may reduce its efficiency

as demonstrated for P. berghei (Prinz et al., 2018). It is noteworthy that

gene disruptions in Plasmodium can also be achieved using the novel FRT/

FLP-recombinase system (van Schaijk et al., 2010) or CRISPR-Cas9 (Cui

et al., 2021). Both GAS/GAP and radiation attenuated sporozoites (RAS)

induce comparable sterile immunity (Finney et al., 2014), but the advantage

of GAS/GAP over RAS is that uniformity of dosage (homogeneity of the

parasite genotype/phenotype) is not an issue, and so scaling up parasite

production is easier (van Schaijk et al., 2008).

After generation of GAS, the parasites have to be characterized, by

demonstrating that correct disruption of the target gene(s) was achieved,

assessing the adequacy of the attenuation and also hepatocyte invasion

and subsequent growth arrest. Then their ability to provide immunity will

be determined by measuring immune parameters, for example, using

fluorescence-activated cell sorting (FACS) in a flow cytometer to measure

lymphocyte induction (van Schaijk et al., 2008). Animal models provide a

good understanding of a potential vaccine candidate, so before PfGAP

was designed, p52 and/or its ortholog p36p (which are syntenic on chro-

mosome 10) were deleted in the rodent malaria parasites P. berghei (van

Dijk et al., 2005) or P. yoelii (Labaied et al., 2007) and assessed. In mice,

P. berghei Δp52 sporozoites (referred to as P. berghei p522GAP) induce

a long-lasting effector memory CD81 T cell response in the liver

(Douradinha et al., 2011), and this has been used as a correlate of protec-

tion in assessing candidate vaccines comprising GAS. Antibodies have

been also found to contribute to the induced sterile immunity (Finney

et al., 2014; Spring et al., 2013). The ability of such engineered whole

organisms to induce immunity can be evaluated using the methods dis-

cussed below.

Evaluation of a genetically attenuated parasite as an engineered
live-attenuated vaccine

Successful knockout of the target gene(s) can be assessed by genotyping,

using PCR or southern blotting. Characterization also involves testing the

ability of the parasite to produce gametocytes, which are needed to pro-

duce sporozoites in the mosquito. The ability of sporozoites to move

toward hepatocytes and invade them is determined by analyzing their glid-

ing motility and their ability to traverse the hepatocyte and establish an

infection. Finally, because reversal to the wild-type parasite is a possibil-

ity, the adequacy of the attenuation (is determined by analyzing develop-

ment in the hepatocyte, using immunofluorescence, or assessed in vivo

by infecting model animals and monitoring for any disease manifestation

(Annoura et al., 2012).
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The ability of the characterized GAS/GAP to produce sterile immunity or

at least induce immunity against malaria can be evaluated using various

methods that evaluate cellular and humoral immune responses, both of which

are required.

Methods used to evaluate cellular responses include the assessment of

CD4 and CD8 cytokine production. These cytokines can be detected in leu-

kocytes isolated from the liver and spleen after an experimental vaccination

in animals, or peripheral blood mononuclear cells (PBMCs) derived from the

whole blood of volunteers in a clinical study. Intracellular cytokine staining

(ICS) coupled with flow cytometry is a popular method, which is discussed

below. Quantitative PCR (qPCR) has also been used to measure cytokine

responses.

In evaluating humoral responses, analysis of the plasma concentration(s)

of antibodies to the immunodominant P. falciparum sporozoites antigens,

such as circumsporozoite protein (CSP) and apical membrane antigen 1

(AMA1), can be carried out by using enzyme-linked immunosorbent assay

(ELISA) or western blotting. The details of these techniques are discussed

below. These approaches should be followed by evaluating the ability of the

antibodies to inhibit sporozoite invasion of hepatocytes. This traditionally

involves a microscopy-based assessment of inhibition, however, a medium-

throughput, more reproducible flow cytometry�based inhibition of sporozo-

ite invasion assay can also be used (Kaushansky et al., 2012). Alternatively,

for more robust analysis, sporozoites expressing a reporter protein [e.g.,

green fluorescence protein (GFP)] can be used via a flow cytometric readout

(Rodrı́guez-Galán et al., 2017).

Animal models and controlled human malaria infection models can be

used to directly measure vaccine efficacy, providing that the proper ethical

approval and consent are obtained.

Basic protein studies

Enzyme-linked immunosorbent assay (ELISA)

ELISA is an assay technique used to detect small amounts of antibodies,

antigens, peptides, proteins, glycoproteins, and viruses in biological samples

(Alhajj & Farhana, 2020; Quintero-Ronderos et al., 2013). ELISAs can be

used to assess the humoral immune response, where B cells recognize for-

eign bodies (antigens) and produce antibodies against these antigens. Due to

the sensitivity and specificity of ELISAs, this assay is widely used in vaccine

research to evaluate antigenic targets, measure the immune response, and

evaluate vaccination-induced herd immunity. There are different types of

ELISAs including direct ELISA, indirect ELISA, competitive ELISA, and

sandwich ELISA (Fig. 4.2) (Alhajj & Farhana, 2020).

Vaccine development: from the laboratory to the field Chapter | 4 103



Direct ELISA

In a direct ELISA, an unknown quantity of antigen is immobilized on a

microtiter plate. A specific primary antibody conjugated to an enzyme such

as horseradish peroxidase (HRP) is then added to a plate to allow it to react

with the antigen. Subsequently, a colorless substrate is added to the plate

producing a colored product (considered as a positive result) that is measured

by a spectrophotometer or a plate reader (Berg et al., 2002; Sakamoto et al.,

2018). The colored product is proportional to the amount of antigen bound in

the initial reaction. Direct ELISAs are quicker than the other types of

ELISAs since this technique requires only a few steps and only one antibody

is used. However, direct ELISAs can have a high background since the

immobilization of antigens is unspecific.

Indirect ELISA

Indirect ELISAs involve immobilization of an antigen on a microtiter plate,

similar to direct ELISAs. An unconjugated primary antibody is added to the

plate and this binds the immobilized antigen. A secondary antibody conju-

gated to an enzyme is then added, which binds the primary antibody. The

substrate is then added for color development. Indirect ELISAs are com-

monly used in vaccinology to measure antibody responses, with serum sam-

ples providing the primary antibody. Indirect ELISAs are highly sensitive

FIGURE 4.2 A schematic representation of the different types of ELISAs. The different types

of ELISA include direct ELISA, indirect ELISA, competitive ELISA, and sandwich ELISA. E,

Enzyme; Ag, antigen.
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and cheaper than direct ELISA since fewer labeled antibodies are needed.

However, cross-reactivity between secondary antibodies may occur during

indirect ELISA (Alhajj & Farhana, 2020).

Competitive ELISA

Competitive ELISAs can detect the presence of antigens or antibodies,

although in the context of vaccine development they are more commonly

used to detect antibodies in serum. Typically, an enzyme conjugated anti-

body is used to detect antigen coated onto the ELISA plate. In the presence

of test sample (antibodies from serum) there is competition for antigen bind-

ing between the unconjugated serum antibodies and the conjugated detection

antibody, resulting in signal reduction. A positive test is therefore indicated

by the absence or reduction of color, and indicates that antibodies are present

in the serum. One of the major advantages of a competitive ELISA is that it

is highly sensitive, requires no sample processing, and can detect antigens of

small size, if the assay is formatted to detect antigen rather than antibodies

(Kohl & Ascoli, 2017). However, competitive ELISAs can be complex and

time-consuming to develop (Aydin, 2015).

Sandwich ELISA

Sandwich ELISAs are very effective in detecting the target antigen in an

unknown sample. The target protein must have at least two antigenic sites that

can bind two different antibodies. In a sandwich ELISA, a capture antibody

specific to the target antigen is used to coat a microtiter plate. Hydrophobic

interactions allow the antibody to adhere to the plate (Cafruny et al., 1986). The

antigen of interest is then added to the plate. In some wells, a known amount of

antigen is added to create a standard curve. The detection antibody conjugated

to an enzyme is added to the plate. This is known as direct sandwich ELISA. In

an indirect sandwich ELISA, an unlabeled detection antibody is added to the

plate followed by the addition of a conjugated antibody. The capture antibody

must be of different species to the detection antibody to prevent cross-reactivity

with the conjugated antibody in indirect ELISAs. Following the addition of the

detection antibody, the substrate is added for color development. Sandwich

ELISAs are more sensitive than the direct and indirect ELISAs since the antigen

of interest is detected by two antibodies. However, optimization of antibodies

can be problematic and cross-reactivity between capture and detection antibodies

might take place (Alhajj & Farhana, 2020).

Endpoint titer ELISA

Endpoint titer ELISAs can be used to monitor the immunogenicity of vac-

cine candidates. The endpoint titer is usually the highest or last dilution of a
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sample that gives a reading above the cut-off absorbance (which is the 3

standard deviations above the negative control) (Hartman et al., 2018; Miura

et al., 2008). Endpoint titer ELISAs differ from standard ELISAs in that no

standards are used in the assays.

Monitoring the immune response in vaccine research

After vaccination, the immune response to vaccines has to be assessed. The

immune response can be analyzed by measuring the total amount of antibo-

dies such as IgM, IgG, or IgA, usually in the serum of vaccinated patients.

In the early stages of a primary antibody response, B cells secrete IgM into

the blood (Clem, 2011; den Hartog et al., 2020). IgM only lasts a few weeks

in the blood and detection of IgM usually indicates recent exposure to an

infection or pathogen (den Hartog et al., 2020). Differentiation of B cells

results in an Ig class switch recombination from IgM to IgG, IgA, or IgE

(Roco et al., 2019; Siegrist, 2008). In the majority of vaccines, particularly

vaccines given via the intramuscular route, B cells mainly produce IgG (den

Hartog et al., 2020; Siegrist, 2008). The IgG response following vaccination

can last for months or years. ELISAs are commonly used in vaccine research

to measure the levels of antibodies, particularly IgM or IgG, in samples from

immunized patients. Below are examples of ELISA used in malaria and

coronavirus-19 (COVID-19) research to determine the antibody response fol-

lowing vaccination.

Malaria, a life-threatening disease caused by the Plasmodium parasite, is

responsible for an estimated 229 million cases and over 409,000 deaths

worldwide in 2019 (World Health Organization, 2020). Due to the severity

of this disease, vaccines such as RTS,S/AS01E have been developed to

reduce morbidity and mortality from malaria. RTS,S/AS01E is a virus like

particle composed of the hepatitis B virus surface antigen protein and a large

segment of the circumsporozoite protein (CSP) (Dobaño, Ubillos, et al.,

2019). To determine the immunogenicity of RTS,S/AS01E, studies by

Dobaño, Sanz, et al. (2019) used ELISAs to analyze CSP IgG plasma/serum

concentrations following immunization of volunteers with the vaccine. CSP-

specific IgG levels in the samples were detected using rabbit antihuman IgG

conjugated to HRP (Dobaño, Ubillos, et al., 2019). Results showed a signifi-

cant increase in IgG concentrations binding to CSP in the serum of immu-

nized individuals and indicated that the RTS,S/AS01E vaccine produced a

strong IgG response (Dobaño, Sanz, et al., 2019). This study is an example

of how ELISAs can be used to determine the immunogenicity of a vaccine.

The novel SARS-CoV-2 virus causes coronavirus disease 19 (COVID-19)

(Liu et al., 2020). COVID-19 has affected over 220 countries worldwide and

was responsible for over 195 million cases and 4.2 million deaths worldwide

as of July 28, 2021 (World Health Organization, 2021). SARS-CoV-2 has

four structural proteins including spike (S), envelope (E), membrane (M),
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and nucleocapsid (N) (Liu et al., 2020; Yoshimoto, 2020). The S protein and

the N protein are the main immunogens. Liu et al. (2020) used an ELISA

based on the recombinant SARS-CoV-2 N protein (rN) and recombinant

SARS-CoV-2 S protein (rS) to detect IgM and IgG antibodies in patients

who tested positive for COVID-19 (Liu et al., 2020). The rN and rS ELISAs

used sandwich and competitive ELISA principles to detect IgM and IgG,

respectively, in the serum of patients. Results showed an increase in IgM

and IgG levels against the rN and rS proteins were detected by both ELISAs,

with the highest sensitivity detected 10 days after disease onset (Liu et al.,

2020). The study indicated that rN- and rS-based ELISAs could be used as a

diagnostic method for detection of COVID-19 particularly 10 days after dis-

ease onset (Liu et al., 2020). ELISAs can be used to evaluate the immunoge-

nicity of COVID-19 vaccines and also to assess the prevalence of COVID-

19 in a population after vaccination.

General sandwich ELISA protocol

Sandwich ELISAs are widely used in vaccine research; a detailed protocol of

the sandwich ELISA technique is described below. Detailed protocols for direct,

indirect, and competitive ELISA can be found in Kohl and Ascoli (2017).

Materials and methods

96-well plate, Eppendorf tubes, multichannel pipettes, pipettes, pipette tips,

water bottle, troughs, aspirator, plate reader

Buffers

� Coating buffer, wash buffer—phosphate buffer saline (PBS)/Tween

(0.05%), PBS, blocking buffer, diluent buffer—1% BSA (bovine serum

albumin) in PBS, capture antibody, detection antibody, HRP or alkaline

phosphatase (AP) or β-D-galactosidase
� Substrates—for HRP, substrates used are TMB (3,30,5,50-tetramethylben-

zidine), o-phenylenediamine, and 5-aminosalicylic acid. For AP, the sub-

strate used is p-nitrophenyl phosphate

� 2M H2SO4 stop solution

Preparation of samples

1. Centrifuge samples, for example, serum from patients at approximately

3000 rpm for 10 minutes at 4�C.
2. Aliquot supernatant of serum into Eppendorf tubes and store at 280�C.
3. Remove samples from 280�C to thaw overnight the day before the

experiment.

4. After thawing, centrifuge samples at 10,000 rpm for 5 minutes at 4�C.
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5. Dilute samples in diluent buffer or blocking buffer before using in

experiments to obtain accurate results and to allow the sample absor-

bance values to fall within the range of the standard curve.

Sandwich ELISA procedure

1. Coat wells of a microtiter plate with a capture antibody diluted in the

coating buffer overnight at 4�C (Fig. 4.3).

2. Wash the 96-well plate with wash buffer to remove any unbound anti-

bodies. Remove excess buffer in microtiter plate using an aspirator

(Fig. 4.3).

3. Coat wells with blocking buffer for approximately 1 hour to block all

unbound sites, reduce background, and prevent false-positive results.

Aspirate wells after blocking (Fig. 4.3).

4. Add reconstituted standards and diluted samples to appropriate wells

(Fig. 4.3). Add positive and negative controls to the appropriate wells to

validate the experiment. Run standards, samples, and controls in dupli-

cate or triplicate for approximately 2 hours (duration depends on sam-

ples). A plate layout is needed in ELISA experiments to record

standards and samples added to wells.

5. Aspirate each well and wash with washing buffer (Fig. 4.3), 4 times. To

wash, fill each well with a wash buffer using a multichannel pipette or

a squirt bottle. Remove liquid in wells after each wash step to remove

unbound antigens and to reduce background noise. Excess liquid in

wells should be aspirated or decanted following the last wash.

6. Add diluted detection antibody to each well (Fig. 4.3), cover the plates

with an adhesive plastic, and incubate at room temperature for 2 hours.

Repeat the wash procedure in step 5.

FIGURE 4.3 Schematic of sandwich ELISA procedure.
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7. Add HRP (if detection antibody is not conjugated with HRP) for

30 minutes to 2 hours. Repeat the wash procedure in step 5.

8. Add substrate solution such as TMB to each well and incubate for about

30 minutes (exact time depends on the experiment and may require opti-

mization) at room temperature in the dark (Fig. 4.3).

9. Add stop solution to each well (Fig. 4.3).

10. Determine the optical density of each well using a microplate reader at

450 nm (Fig. 4.3).

The microtiter plate is coated with a capture antibody overnight.

Blocking buffer is added to each well and then samples are added. A detec-

tion antibody conjugated to an enzyme (E) is added and then the substrate is

added. Stop solution is added and the microplate is read in a plate reader.

The standard curve is plotted and results are calculated.

Data analysis

1. Calculate the average absorbance values of duplicate or triplicate readings.

2. Subtract the average zero standard (blank) from each standard, control,

and sample.

3. To create the standard curve, plot the mean absorbance of standards (Y-

axis) against the protein concentration (X-axis) using excel or a

suitable computer program.

4. Draw the best fit curve through the points in the graph plotted (Fig. 4.4).

5. To calculate the concentration of target proteins in samples, extend a hor-

izontal line from the absorbance value on the Y-axis to the standard curve

(Fig. 4.4). At the point of intersection draw a vertical line to the X-axis

and read the corresponding protein concentration (Fig. 4.4).

FIGURE 4.4 Schematic of a standard curve.
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6. If diluted samples were used in the experiment, multiply the concentra-

tion obtained from the standard curve by the dilution factor.

An example of how to generate a standard curve and determine the con-

centration of the protein of interest in an experimental sample.

Western blotting

Western blotting is a sensitive analytical technique used to detect a specific

protein, as well as posttranslational modifications, in a given sample (Mishra

et al., 2017). In this technique, sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) is used to separate a mixture of proteins based

on molecular weight. Subsequently, proteins are transferred from the gel to a

membrane [usually nitrocellulose or polyvinylidene fluoride (PVDF)] with a

high affinity for proteins. The hydrophobic binding sites on the membrane

are then blocked to reduce the nonspecific binding of detection antibodies to

the membrane. The membrane is incubated with a primary antibody that is

specific for the protein (antigen) of interest, forming an antigen�antibody

complex. A secondary antibody that is specific to the host species of the pri-

mary antibody (e.g., if a primary antibody is raised in a goat, an antigoat sec-

ondary antibody is used) is added to the membrane. This antibody is usually

conjugated to a fluorescent or chemiluminescent molecule, which will pro-

duce a detectable signal when a substrate is added. The signal intensity cor-

relates with the abundance of the target protein, which can be visually

assessed and also quantified using densitometry.

Detection of antibodies postvaccination and antigenic targets
in vitro using western blotting

Western blotting is a sensitive assay that can be used to monitor the immune

response after vaccination (Bisht et al., 2004; Yang et al., 2004). He et al.

(2004) developed a western blot assay for the detection of antibodies against

SARS-CoV infection using sera from SARS-CoV patients (Dowlatshahi et al.,

2021; He et al., 2004). Results showed that the western blot assay demon-

strated 98.3% specificity and 90.9% sensitivity in detecting antibodies against

SARS-COV, comparable with that of an immunofluorescence assay (He et al.,

2004). Data from the study indicated that western blotting could generally be

used in the clinical diagnosis of viral infections including SARS-CoV and also

in the detection of the antibody response produced after vaccination.

The leading vaccine candidate for malaria, RTS,S, contains the NANP repeat

region of the CSP protein. This vaccine has been shown to induce partial protec-

tion against P. falciparum infection, and elicit antibodies against CSP in

humans. Western blot assays are frequently used to verify the presence of spe-

cific antigens such as CSP in recombinant vaccines and are used as QC release

tests during GMP manufacture. Kumar et al. (2013) developed a western blot
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assay for the detection of recombinant PfCSP in P. falciparum sporozoites from

mosquito glands (Kumar et al., 2013). The assay was based on the immune

reaction between anti-PfCSP monoclonal antibodies and the NANP repeat of

PfCSP (Kumar et al., 2013). Results showed that the assay was sensitive and

could detect very small quantities of recombinant PfCSP. The western blot assay

can thus be used in estimating the immunological components present in a vac-

cine, and also in the quantification of CSP in sporozoite vaccines.

General western blot detailed protocol

Below is a detailed protocol of the western blotting technique.

Materials: Filter paper, membrane (PVDF, nitrocellulose), forceps;

Equipment: Power supply, gel-cutting knife, rocker platform, scanner,

tank transfer system;

Buffers (Table 4.1): Lysis buffer, loading buffer, running buffer, 13
transfer buffer, blocking buffer, washing buffer [1XTris-Buffered Saline

with Tween 20 (TBST)], PBS.

Antibodies: Primary antibody, secondary antibody. The primary antibody

used in western blot should be able to recognize denatured proteins and thus

should not be conformationally dependent.

SDS PAGE gel: Detailed protocols of preparation of SDS PAGE gels can

be found in a journal article written by Mahmood and Yang (2012).

Sample preparation

Proteins need to be extracted effectively from different samples such as cells or

tissues before western blotting. Lysis buffers break down the cell membranes,

releasing the intracellular contents of the cells. Protease and phosphatase inhibi-

tors are commonly added to the lysis buffer to prevent the degradation of the

extracted proteins at cold temperatures. The protein concentration of samples

may be determined through colorimetric assays such as the Bradford assay

(Desjardins et al., 2010) before being loaded onto an SDS-PAGE gel, to ensure

equal loading of samples. Samples must be diluted in a loading buffer made up

of a dye (such as bromophenol blue) and glycerol. Glycerol is added to the load-

ing buffer to increase the density of samples and the dye is added to aid in the

visualization of samples on the gel. Samples are then heated for approximately

5 minutes at 100�C to denature protein structure before loading.

Western blot procedure

The sequential steps needed to carry out a successful western blotting tech-

nique are highlighted in Fig. 4.5.

Samples are loaded onto the gel and electrophoresis is used to separate

proteins according to their molecular weight. After gel electrophoresis, a
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transfer sandwich is prepared and run in a transfer apparatus to enable the

transfer of proteins from the gel to the membrane. The membrane is

blocked and then incubated with a primary antibody. A secondary antibody

is subsequently added. Enhanced Chemiluminescence (ECL) is added to

the membrane and bands are visualized using a chemiluminescence imag-

ing system.

TABLE 4.1 Buffers required for western blotting.

13 SDS-PAGE running buffer (pH 8.3)

Chemical Final concentration Weight/Volume

Tris-base 25 mM 3.03 g

Glycine 192 mM 14.4 g

SDS 0.1% (w/v) 1 g

Makeup to 1 L with dH2O

1X Transfer buffer

Chemical Final concentration Weight/Volume

Tris-base 25 mM 6.06 g

Glycine 192 mM 28.8 g

Methanol 10% (v/v) 400 mL

Makeup to 2 L with dH2O

Washing Buffer 1X TBST (pH 7.6)

Chemical Final concentration Weight/Volume

Tris base 20 mM 2.4 g

NaCl 150 mM 8.0 g

dH2O � 800 mL

Total volume 1 L

Sample Buffer

Chemical Final concentration Weight/Volume

Tris HCl 150 mM 15 mL (of a 1 M
stock)

Glycerol 150 mM 25 mL

SDS 12% 12 g

Bromophenol 0.05% 0.05 g

Total volume 100 mL
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Gel electrophoresis protocol

1. Place the gel in the electrophoresis apparatus and fill the buffer cham-

bers with 1X running buffer to the indicator line on the chamber. Make

sure the running buffer completely covers the gels.

2. Carefully remove combs from the gel and wash wells with running

buffer.

3. Load equal amounts of protein into wells alongside a mixture of

protein molecular weight markers. The loaded samples should include

positive and negative controls. For quantitation, serial dilutions of a

protein standard (usually the protein of interest) can be added into

wells.

4. Place the lid on the gel tank and turn on the electrophoresis power pack.

5. Run the gel at 150 V for 2 hours or 200 V for 45 minutes or until the bro-

mophenol blue dye is at the bottom of the gel.

FIGURE 4.5 Schematic showing the sequential process of the western blot procedure.
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Protocol for transfer of proteins

1. Soak membranes, foam pads, and filter papers in transfer buffer. If a

PVDF membrane is being used, soak for 30 seconds in methanol before

moving to transfer buffer.

2. Remove gel plates from the apparatus and separate the plates using a

gel-cutting knife. Transfer the gel into 1X transfer buffer.

3. Create a transfer sandwich by installing the transfer cassette as follows:

Filter pad-foam pad-gel membrane-filter pad-foam pad.

4. Make sure there are no bubbles between any of the layers.

5. Close the transfer cassette and slot it into the electrode assembly mak-

ing sure the gel side of the cassette holder faces the cathode and the

membrane side faces the anode. Negatively charged proteins will

migrate toward the anode.

6. Fill the gel tank with transfer buffer ensuring the transfer sandwich cas-

sette is completely covered with the buffer.

7. Insert the black cathode lead (2) into the cathode jack and the red anode

lead (1) into the anode jack on the transfer tank.

8. Connect the anode lead and cathode lead to their corresponding power

outputs.

9. Turn on the power supply and run the transfer at 100 V for 1 hour.

10. When the transfer is over, turn off the power supply and disassemble

the transfer sandwich with forceps.

Immunostaining protocol

1. Stain membrane with Ponceau S to check if proteins have been trans-

ferred to the membrane.

2. Rinse off Ponceau S staining from the membrane with washing buffer.

3. Block membrane with blocking buffer for 1 hour.

4. Incubate the membrane with the primary antibody in blocking buffer at

4�C overnight or 1�2 hours at room temperature.

5. Wash the membrane three times with washing buffer for 5 minutes to

remove unbound antibodies.

6. Incubate the membrane with secondary antibody in blocking buffer for

1�2 hours at room temperature.

7. Wash membrane twice for 5 minutes with washing buffer to remove

any unbound antibodies.

8. Prepare ECL substrate following the manufacturer’s recommendations.

Apply substrate onto the blot for 1�5 minutes and remove excess reagent.

9. Cover membrane in plastic wrap. Remove air bubbles between the blot

and the surface of the plastic wrap.

10. Image the blot using film or a cooled charge-coupled device.

11. Use an image analysis software to quantify the protein band intensity.
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Flow cytometry

Flow cytometry is a technique used to measure the chemical and physical

characteristics of single cells in solution. It is used in different fields such as

molecular biology, immunology, virology, parasitology, and microbiology,

in research and clinical settings. In flow cytometry, a cell suspension is

injected into the central channel of a fluid system that is surrounded by a

physiological buffer of fast-flowing fluid known as the sheath fluid

(Suthanthiraraj & Graves, 2013).

As each cell goes through a laser beam, physical structures present in the

cell may be struck, resulting in the scattering of light (Cossarizza & Chang,

2018). Forward scatter (FS) is measured by a detector in front of the light

beam (McKinnon, 2018; Mealey & Long, 2018). Side scatter (SS) is mea-

sured by detectors found on the side of the light beam. FS is proportional to

the size of the cell or cell surface (McKinnon, 2018; Mealey & Long, 2018).

SS is proportional to cell granularity or internal complexity (Reggeti &

Bienzle, 2011). FS and SS can be used to differentiate different cell types in

a heterogeneous cell population. Although the light scatter signal is influ-

enced by particle size, other factors such as the wavelength of the laser,

refractive index, and sheath fluid can contribute to the light scatter signal

(Kerker, 1983; Loken & Houck, 1981; Reardon et al., 2014; Salzman et al.,

1979). The addition of fluorescent dyes, for example, propidium iodide or

fluorochromes (e.g., fluorescein isothiocyanate, phycoerythrin) to cells can

give quantitative and qualitative information relating to the structural proper-

ties of cells (Cossarizza & Chang, 2018; McKinnon, 2018). Fluorochromes

are commonly conjugated to antibodies recognizing specific cell surface

markers. In fluorescence flow cytometry, a peak is produced as the fluores-

cent labeled cells pass through the laser beam (Adan et al., 2017). Each fluo-

rescent dye or fluorochrome has its characteristic excitation and emission

spectra. Every cell in a sample that passes through the laser intercept is

recorded as a distinct event (McKinnon, 2018). The intensity or amount of

scattered light and fluorescent emissions is detected by photodiodes or photo-

multiplier tubes and converted into a voltage pulse (McKinnon, 2018).

Voltage pulses are then converted to channel numbers and stored by the cyt-

ometer computer system for analysis by a flow cytometry analysis program

(McKinnon, 2018; Mealey & Long, 2018).

Flow cytometry can be used to detect viral proteins such as the SARS-

CoV-2 spike protein. Lapuente et al. (2020) used flow cytometry to detect

IgG and IgM antibodies against SARS-CoV-2 spike proteins in human serum

samples (Lapuente et al., 2020). Antibodies against SARS-CoV-2 present in

the serum of patients bound to human embryonic kidney cells expressing the

SARS-CoV-2 spike protein (Lapuente et al., 2020). Bound antibodies were

then incubated with secondary detection antibodies and analyzed using flow

cytometry (Lapuente et al., 2020). Results showed that the flow cytometry
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assay detected 100% of IgM and IgG positive samples, with similar sensitiv-

ity to commercial ELISA and chemiluminescent immunoassays kits

(Lapuente et al., 2020). The flow cytometry assay was also highly sensitive

in detecting antibodies in PCR-confirmed SARS-CoV-2 positive patients

(Lapuente et al., 2020). Thus the flow cytometry�based serological assay

developed by Lapuente et al. (2020) can be used in seroepidemiological stud-

ies and evaluation of immunity of patients after vaccination.

General flow cytometry protocol

A detailed general protocol on flow cytometry (Fig. 4.6) can be found below.

This protocol was adapted from Biorad, and the Yale flow cytometry proto-

col (Biorad, 2016; Yale, 2019).

Samples are injected in sheath fluid, which focuses samples to the point

of laser intercept. Fluorescence signals and forward and side scattered light

are recorded for each cell as it passes through the laser beam.

Materials

Cells to be stained, PBS/BSA (containing 1% BSA), Fc blocking solution,

antibodies (primary and secondary antibody), Fc block, and 5 mL falcon tubes.

Flow cytometry procedure

1. Harvest, wash cells, and adjust cell number to a concentration between

13 105 to 13 107 cells/mL in ice-cold PBS/BSA.

2. Place 100 μL of cell suspension in a tube.

3. Add primary antibody to the cell suspension and incubate for

30 minutes.

4. Wash cells with PBS/BSA three times.

5. Centrifuge at 300�400 g for 5 minutes at room temperature and discard

the supernatant.

6. Add labeled secondary antibody and incubate in the dark for approxi-

mately 1 hour.

7. Wash cells with PBS/BSA three times.

8. Centrifuge at 300�400 g for 5 minutes at room temperature and discard

the supernatant.

9. Include control tubes in the experiment, one tube should contain only the

secondary antibody and the other tube should not contain an antibody.

10. Resuspend cells in 200 μL to 1 mL of cold (4�C) PBS or with 200 μL
of 0.5 mL paraformaldehyde in PBS if needed.

11. Keep samples on ice and run samples on the flow cytometer.

In flow cytometry, unstained cells should be included in the experiment

to check for autofluorescence. Fc block should be added to cells that express

high levels of Fc receptors to avoid nonspecific binding. This is a general
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protocol and hence cell preparations, controls, and antibody dilutions will

need to be evaluated before the experiment.

Other methods of in vitro evaluation of immunogenicity

Cytokine analysis

Cytokines, including interferons (e.g., IFN-γ), tumor necrosis factor (e.g.,

TNF-α), and interleukins (e.g., IL-2), can be analyzed following an experi-

mental vaccination schedule, EITHER DIRECTLY IN TISSUE/BLOOD, or

by detecting and measuring their production IN VITRO FROM ISOLATED

CELLS in the presence of the antigen. The aim of carrying out cytokine

analysis is to determine how immunity is mediated and regulated in the pres-

ence of an antigen. Cytokines are secreted by specific cells of the immune

system, as discussed in Chapter 1. Lymphoproliferative cellular responses

can also be assessed to determine immune competence. Cytokines can be

detected intracellularly, where the expression levels are determined by qPCR

or ICS. Secreted cytokines can be measured using an enzyme-linked immu-

nosorbent spot (ELISpot) assay, or a cytokine immunoassay kit. We will

focus on ICS combined with polychromatic flow cytometry. This approach

involves staining of stimulated PBMCs and then analysis with flow cytome-

try to detect expressed cytokines. It is a cutting-edge technique compared to

FIGURE 4.6 Schematic representation of flow cytometry.
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ELISpot and ELISA in the assay of cytokines; however, it needs to be cus-

tomized compared to the fit-for-all ELISA or ELISpot kits (Smith et al.,

2015). The method can be combined with ELISpot in the determination of

T-cell responses (Bliss et al., 2017). Other techniques, some of which are

more comprehensive in assessing T cell�mediated vaccine immunogenicity

in terms of phenotypic and multiparametric readout, have been extensively

reviewed elsewhere (Flaxman & Ewer, 2018).

Materials

� Freshly isolated whole blood/PBMCs.

� RPMI containing 10% heat-inactivated sterile FBS (screened for reactiv-

ity), 1% L-glutamine, and 1% pen/strep. AIM-V serum free medium can

also be used.

� FACS buffer (PBS containing 0.1% BSA and 0.01% sodium azide).

� 5 mL FACS tubes.

� Target antigen.

Sample preparation

Freshly drawn whole blood [for use of whole blood, please see Hanekom et al.

(2004)] or isolated PBMCs from heparinized whole blood can be used. To

obtain PBMCs, use LymphoprepTM to carry out density gradient centrifugation.

Resuspend the washed PBMCs in RPMI and use them immediately, or freeze

in FBS containing 10% DMSO and store in liquid nitrogen to be assayed later.

Perform cell counts and culture cells at 23 106 cells/mL in RPMI (below).

Procedure

1. If using frozen PBMCs, thaw rapidly in a water bath at 37�C and add

Benzonase 25 U/106 PBMCs to allow them to acclimatize. Leave for

2 hours.

a. To stimulate the PBMCs, add the antigen(s), positive control (1 μg/
mL Staphylococcal Enterotoxin B) or negative control (nothing).

b. Incubate overnight� at 37�C in FACs tubes, adding 1 μg/mL Brefeldin

A (BD Biosciences) and 1 μg/mL Monesin (eBioscience) or 3 μg/mL

Brefeldin A and Golgistop (1/2000 final concentration) after 2 hours of

incubation, and incubating for further 16 hours to inhibit secretion.

c. Wash cells in FACs buffer and stain for viability with LIVE/DEAD

Aqua amine-reactive dye for 20 minutes in the dark and at room

temperature.

d. Wash cells again with FACs buffer and permeabilize for 20 minutes

with cytofix/cytoperm. Wash in a 1:10 permeabilization buffer.

e. Add a cocktail of antibodies�� for surface and intracellular staining

and incubate for 30 minutes in the dark at room temperature���.
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f. Wash again in permeabilization buffer and resuspend in PBS contain-

ing 1% paraformaldehyde.

g. Acquire images on a suitable flow cytometer, for example, BDLSR

II, on the day of staining, followed by data analysis. In-depth training

is required for flow cytometry, including data analysis, especially for

ICS (Smith et al., 2015).

�Cells may need to be incubated for longer (up to 5 days) for weaker

immunogens or very low-frequency responder cells (a pilot experiment can

determine if this is needed). Inhibition of secretion should be done in the last

18 hours. ��Co-stimulatory antibodies may need to be added. ���Surface
staining may need to be done for longer or at 4�C depending on the antibo-

dies used (see protocol provided with each antibody).

Purification of antibodies (IgGs)

After animals or study subjects have been immunized with a target antigen/

vaccine candidate in preclinical or clinical studies, respectively, their immu-

noglobulins (Ig), specifically total IgG, is purified from sera and used to

investigate their ability to inhibit pathogen infection in vitro or in vivo. IgG

from the sera of control groups is also collected. Purification involves the

use of column chromatography, with various commercial columns available

each provided with the manufacturer’s instructions. Examples of commercial

columns and resins include protein G-Sepharose (Pharmacia), DEAE-

trisacryl M, and TALON metal affinity resin, which binds to His-tagged pro-

teins. Fractions from the columns are usually analyzed by SDS-PAGE or dot

blot assays. Traditional antibody purification chromatography involves the

exploitation of bacterially-derived protein A or G, which bind to Fc domains;

a more recently developed approach employs the use of Fc-binding peptides.

After the initial IgG separation, antigen-specific IgG can then be purified

from the total IgG using antigen affinity chromatography. Specific chroma-

tography columns can be generated by immobilizing antigens with a specific

affinity tag including His6 or the four amino acid affinity tag C-tag E-P-E-

A, on activated affinity resins. Purified antibodies can subsequently be exam-

ined using western blotting as explained in Section “Basic protein studies.”

The next three protocols are focused on Plasmodium antibodies.

Growth inhibition assay

Growth inhibition assay (GIA), also referred to as invasion inhibition assay,

measures the ability of antibodies to inhibit the replication of the merozoite

form of the malaria parasite in red blood cells, using parasite lactate dehy-

drogenase activity as a measure of parasite growth (Illingworth et al., 2019).

Slightly different versions of the assay are available, for example
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estimating inhibition of parasite invasion by microscopy (Mazumdar et al.,

2010). The preerythrocytic stage of the parasite’s life cycle involves the

invasion of hepatocytes by sporozoites and the ability of antibodies to reduce

such invasion can be determined using a similar assay (Shi et al., 1999). For

a more detailed protocol, please refer to the GIA SOP from the European

Malaria Reagent repository.

Materials

� Serum/purified IgG (test and preimmune or normal serum as control).

Both test and control IgG concentration should be the same.

� Late trophozoite-staged P. falciparum, synchronized and grown in com-

plete media containing 20% human serum and 25 ng/μL gentamycin, and

at 0.2%�0.4% parasitemia and 1% Haematocrit (Hct).

� AMA1 purified immunoglobulin antibody pool (BG98) as a positive con-

trol may be included.

� Sterile 96-well flat-bottom microculture plates.

� Media: RPMI (also called incomplete media), complete media [RPMI

plus some additives for Plasmodium culture (human serum at 10%)].

� Uninfected O1 human erythrocytes.

� ELISA flat-bottomed plates.

� Sterile PBS.

Sample preparation

Buffer exchange the purified IgG three times into incomplete media with

Amicon 10K MWCO centrifugal filtration devices. Preadsorb this purified

IgG (excluding those purified by the antigen-specific method) by incubation

with uninfected O1 erythrocytes at 100% Hct (100 μL per 1 mL of antibody)

for 1 hour to deplete antihuman erythrocyte antibodies. At the end of 1 hour,

centrifuge at 1000g for 5 minutes and collect the supernatant. The superna-

tant can be dialyzed with a Pierce MINI dialysis device into RPMI, to

remove any contaminating azide. Sterilize the IgG by filtering through a

0.22-μm filter and heat inactivate it at 56�C for 20 minutes. Determine the

concentration of the IgG and store it at 4�C until used. Grow parasites in

complete media containing 10% human serum before synchronization. After

synchronization, estimate the volume of culture needed for the assay and add

complete media to the parasites to give the required volume.

Procedure

1. Dilute IgG with preimmune or normal serum in 50 μL volumes, either a

single concentration or more than one dilution.

2. 100 μL of incomplete PBS should be placed in the wells at the outer rim

of the 96-well plate to prevent drying out of the cultures during incubation.
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3. Mix 50 μL/well of the trophozoites with prediluted test or control anti-

body samples, and culture separately in the different wells 96-well plate

(an ELISA plate can be used if materials are scarce). See Fig. 4.7 for an

example of a plate set-up. Make a smear of parasite suspension to repre-

sent a time 0 smear. Include a control with normal (uninfected) RBCs

with preimmune serum/control IgG, at the same Hct.

4. Incubate for 40 hours at 37�C in a similar gas mixture used to culture the

parasites. Include a moistened tissue or container of sterile water to pro-

vide humidity.

5. At the end of the culture period, detect parasites by making smears and

measure growth using the lactate dehydrogenase (LDH) method or flow

cytometry. If a lot of assay plates are handled, place those not being ana-

lyzed at 4�C until needed.

6. If using the LDH method, fill the required number of wells in a new

ELISA plate with 250 μL/well of ice-cold sterile PBS. Keep plate cold.

7. Transfer 50 μL of assay cultures starting from the one with the lowest con-

centration of IgG. Mix thoroughly before transferring into wells containing

the ice-cold PBS. Keep the row and column position consistent. Return the

plate to 4�C for flow cytometry (if doing this) and Giemsa staining.

8. Centrifuge the plate at 4�C, 1200 rcp for 10 minutes, and discard 240 μL
of supernatant carefully.

9. Store what is left in the wells at 220�C or 280�C for lysis of the RBCs in

the LDH assay. The plates should be covered and sealed with Saran wrap.

FIGURE 4.7 GIA 96-well plate setup.
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Growth inhibition by the test IgGs is carried out in triplicate for five

serial dilutions, and the undiluted stock. AMA1 IgGs can be tested alongside

in five serial dilutions and stock. Serial dilutions are indicated by curved

arrows. Test IgGs are represented in the upper six columns on the left-hand

side, consisting of three rows each. AMA1 IgG is in the bottom six columns

consisting of three rows each. The upper 2 columns (of three rows) on the

right-hand side with the red circles are the controls with uninfected RBCs,

while the bottom part is the control with Plasmodium iRBCs.

Data analysis

OD650 values obtained with test IgGs should be compared with those

obtained with parasites incubated with control serum and with uninfected red

cells. Percent inhibition for the test and positive control can be calculated as

follows: 1002 [(OD650 of infected RBCs with tested IgG2OD650 of nor-

mal RBCs only)/(OD650 of infected RBCs with control IgG2OD650 of

normal RBCs only)3 100].

Antibody-dependent cellular inhibition assay

This is an assay that evaluates inhibition of parasite growth by molecules

secreted during monocyte phagocytosis. In 1990, Bouharoun-Tayoun et al.

demonstrated that antibodies protective against malaria do not act directly

but inhibit blood-stage Plasmodium growth and invasion through the help

of monocytes (Bouharoun-Tayoun et al., 1990). This inhibition may be

concentration-dependent (Mazumdar et al., 2010) and has been suggested

as a good correlate of protection for vaccine studies (Tiendrebeogo et al.,

2015).

Materials

� Purified test IgG (from the sera of immunized individuals)

� Purified control IgG (from the sera of an immune-naive individual)

� Human monocytes

� Schizont-stage P. falciparum, synchronized and cultured in complete

media containing 10% serum, and at 0.5% parasitemia and 1% Hct

� 96-well flat-bottom microculture plate

� Media: RPMI (also called incomplete media), complete media [RPMI

plus additives for Plasmodium culture (human serum at 10%)]

Sample preparation

Purified IgGs should be prepared as described earlier. Purify the monocytes

from the blood samples of healthy human donors by using CD14 (monocyte/

macrophage) microbeads (Miltenyi Biotech) or Lymphoprep.
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Procedure

1. Distribute monocytes in each of the wells to be used at 23 106 and incu-

bate for 90 minutes at 37�C in a 5% CO2 gas mixture.

2. At the end of the incubation remove nonadherent cells by washing three

times with RPMI.

3. Coculture the adherent monocytes with P. falciparum-infected red blood

cells (RBCs) at the ratio of 200 RBCs per monocyte in complete media.

4. Add purified test IgG at the test concentration(s) to the cultures and incubate

at 37�C for 96 hours in the same gas mixture used to culture Plasmodium.

5. After 48 and 72 hours of incubation, add 50 μL of complete media to

each well.

6. At the end of the 96 hours, estimate the parasitemia of each well from a

Giemsa-stained thin smear of pRBCs counting against 10,000 erythro-

cytes per smear. Parasitemia can also be determined by other methods

(Shi et al., 1999).

7. Controls should include parasite alone, parasite1 control IgG, parasi-

te1monocytes, parasite1 test IgG without monocytes, parasites1 control

IgG1monocytes.

Data analysis

Calculate the specific growth inhibitory index (SGI) as follows: SGI5 12
[(percent parasitemia with monocytes and test IgG/percent parasitemia with

test IgG)/(percent parasitemia with monocytes and control IgG/percent para-

sitemia with control IgG)]3 100.

Antibody-dependent respiratory burst activity

The antibody-dependent respiratory burst (ADRB) assay assesses the ability

of antimerozoite antibodies to activate the release of reactive oxygen species

(ROS) from human neutrophils via Fc receptors in response to P. falciparum

blood-stage parasites. The assay complements GIA and antibody-dependent

cellular inhibition. The production of ROS can effectively inhibit the growth

of intracellular parasites, including Plasmodium. Several studies have dem-

onstrated the usefulness of the ADRB activity as a surrogate of protection.

This method has recently been standardized (Llewellyn et al., 2015) such

that it can now be used comparatively across various laboratories in the

malaria research community around the world.

RNA expression analysis

Other studies that can be used to evaluate the response to vaccination include

microarray analysis and qPCR, which analyze the transcriptional profile

of immune cells. These approaches can help to monitor immunogenicity and
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microbial burden in challenge studies, and estimate vaccine efficacy in the field,

as well as during vaccine development. They can be used to give an insight into

markers that correlate with protection following natural infection or controlled

infection experiments. For example, PBMCs can be collected before sporozoite

challenge, and protection/delay to parasitemia compared to control can be corre-

lated with the transcriptional profile. RNA can be extracted from stimulated

PBMCs (see the subsection on cytokine analysis) and used to carry out microar-

ray and/or qPCR (Dunachie et al., 2015). RNA analysis has also been used to

determine which factors contribute to the variable response to the hepatitis

B vaccine. IL-27 and C-X-C motif chemokine 12 were found to be lower in

nonresponders after the boost immunization (Qiu et al., 2018).

Conclusion

After a vaccine candidate has been designed and selected for investigation,

the recombinant protein or genetically attenuated live vaccine can then be

produced using a varity of approaches. The ability of the subunit protein or

whole organism to provide protection against disease manifestation or infec-

tion can be evaluated by determining the nature and level of immune

responses that are induced in vivo. Various methods of evaluating these

responses may either be generally applicable to any vaccine, or specific to

the particular pathogen under consideration.
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CD81 T cells and major histocompatibility complex class I
antigen presentation

Cellular immunity has a fundamental role in the immune response induced by

many vaccines to combat disease. This is of particular relevance for diseases

such as HIV and tuberculosis (TB), where protection cannot be conferred by

antibodies, or to enhance protection when antibodies are insufficient, as is the

case for malaria. Cellular immunity is mediated by T lymphocytes, also known

as T cells. To participate in the adaptive immune response, a naı̈ve T cell must

first encounter an antigen, engage with the antigen presenting cell (APC), and

then be induced to differentiate into effector cells capable of removing cells pre-

senting these antigens. This arm of the immune system promotes the killing of

infected cells, and in many cases will successfully eliminate reservoirs of

infection.

A primary immune response occurs by the activation of naı̈ve T cells in

response to antigen with subsequent differentiation and proliferation. This

response provides effector T cells and also generates immunological
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memory, conferring protection from subsequent challenge by the same path-

ogen, which is the fundamental basis of vaccine development. While CD41

T cells are important to mediate many aspects of the adaptive immune

response, CD81 T or cytotoxic T lymphocytes (CTL) are crucial in priming

and killing host cells infected with virus, intracellular bacteria, and protozo-

ans such as malaria (Bahjat et al., 2006; Junqueira et al., 2018; Wiesel et al.,

2009). Therefore vaccines should be designed to stimulate a strong CD81 T

cell response in order to improve efficacy, particularly in diseases caused by

intracellular pathogens where antibodies are not effective, such as HIV,

malaria, and TB (Rappuoli & Aderem, 2011).

Unlike antibodies, which recognize conformational epitopes exposed on

the surfaces of proteins with tertiary structure, CD81 T cells recognize 8�14

amino acid peptide fragments presented at the plasma membrane of cells,

associated with major histocompatibility complex class I (MHC-I) molecules

(Gomez-Perosanz et al., 2020; Sanchez-Trincado et al., 2017). MHC-I mole-

cules are expressed at the surface of all nucleated cells and can present peptide

fragments derived from proteins of intracellular pathogens (Hewitt, 2003), and

from the natural protein turnover resulting from cellular metabolism. These

peptides can be discriminated as nonself and self-peptides, respectively (Klein

et al., 2014), although a partial overlap between them has been hypothesized

(Calis et al., 2012; Frankild et al., 2008; Mansurkhodzhaev et al., 2021;

Mishto et al., 2021). Source antigens must be processed through a specialized

pathway before being presented by the MHC molecule (Fig. 5.1).

To generate optimal peptide epitopes, two key processing events exist

within the antigen presentation pathway. Proteins initially undergo fragmenta-

tion into peptides in the cytosol facilitated by the ubiquitin proteasome system,

or in some cases by other cytoplasmic proteases. This processing event is often

responsible for generating the final C-terminal residue of peptides that bind to

MHC-I. The transport from the cytoplasm to the ER requires an ER-resident

and heterodimeric peptide transporter, the TAP. Within the ER lumen, a mac-

romolecular peptide-loading complex (PLC) is formatted to associate the

MHC-I immature heavy chain and β-2-microglobulin. This event is coordi-

nated by chaperones calnexin (CNX), calreticulin (CRT), and ERp57, and the

peptide editor tapasin (Tpn) (Reeves & James, 2017). As TAP preferentially

transports peptides of 8�16 amino acids, peptides are often too long for

stable binding to MHC-I and require further processing. ERAP edits the pep-

tide repertoire by trimming N-terminal extensions of antigenic peptides, creat-

ing a pool of peptides with high affinity for MHC-I binding (Yewdell et al.,

2003). Finally, the MHC-I heterodimer is directed to the cell surface where it

will present the processed antigen to the CD81 T cell (Fig. 5.1).

Identifying antigenic epitopes generated by the antigen presenting path-

way is of great interest for a number of practical reasons, including under-

standing disease etiology, immune monitoring, developing diagnostic assays,

and especially designing epitope-based vaccines (Cosma & Eisenlohr, 2018).
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In this chapter, we will describe advanced tools for the identification of

CD81 T cell-specific peptides, with particular focus on immunopeptidomics,

which is of major importance for vaccine design and development.

Proteasome cleavage mechanisms

While the MHC-I antigen processing pathway involves degradation of cyto-

solic proteins in all nucleated cells, the MHC-II pathway processes and

FIGURE 5.1 Antigen processing and presentation to CD81 T cells. Antigenic peptides are gener-

ated in the cytosol (1), cleaved by the proteasome (2), and transported to the lumen of the endoplas-

mic reticulum (ER) by TAP (3). The heavy chain of MHC-I and -2-mibroglobulin are assembled by

chaperones and to form the PCL complex. An extra trimming of the peptides is performed by

ERAP. After loading the peptide, the MHC-I heterodimer is released from the ER (4) and exported

to the cell surface to present the antigen to CD81 T cells (5). The TCR/CD3/CD8 complex at the

surface of the CD81 T cell recognizes and binds to the pMHC-I complex at the surface of the nucle-

ated cell, establishing the immunological synapse and starting the cascade of events leading to CTL

effector functions.
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presents peptides derived from the endocytic pathway in APCs, such as den-

dritic cells, macrophages, and B cells. In the processing and presentation of

antigenic peptides bound by the MHC-I molecule, the ubiquitin-proteasome

system of eukaryotic cells plays an important role in proteolysis and

degradation.

During processing, antigenic proteins covalently bind multiple ubiquitin

molecules to become poly-ubiquitinylated (Song et al., 2009). The proteasome

is an adenosine triphosphate (ATP)-dependent multisubunit protease, responsible

for the degradation of cytosolic proteins (Rock & Goldberg, 1999). The most

common form of the proteasome is known as the 26S proteasome, which is

composed of a catalytic nucleus (20S) and two regulatory complexes (19S),

located on each side of the 20S nucleus (Kloetzel, 2001). The catalytic activity

of the proteasome is located in the β5 (X, LMP7), β2 (Z, MECL-1), and β1
(Y, LMP2) subunits of the 20S nucleus. The proteasome cleaves between resi-

dues known as P1 and P10, with the P1 residue forming the C terminus of a pep-

tide subsequently presented by MHC-I (Fig. 5.2) (Diez-Rivero et al., 2010).

Proteasomal degradation in the cytosol was experimentally shown to be

the event, which generates the C-termini of most antigenic peptides (Craiu

et al., 1997). The distribution of amino acids within peptide epitopes con-

firms a preference for hydrophobic and basic residues at the C termini

(Altuvia & Margalit, 2000).

Interferon-gamma (IFN-γ), an important cytokine in cell-mediated immu-

nity, enhances the efficiency of antigen presentation. In response to IFN-γ
receptor activation, immune cells produce the immunoproteasome

(Gaczynska et al., 1994). Simultaneously, IFN-γ can induce the expression

of the TAP transporter, ERAP1 peptide trimming enzyme, and MHC mole-

cules (Rock & Goldberg, 1999). This sequence of events will eventually

induce an adaptive immune response.

FIGURE 5.2 Peptide cleavage in the proteasome. Amino acid residues are named in function

to its proximity of the cleavage site. Amino acid residues from the cleavage site towards the N-

terminus are named P1-P2-P3-P4, whereas towards the C-terminus are named P1’-P2’-P3’-P4’.

Similarly, the corresponding sites in the protease are named S1-S2-S3-S4 or S1’- S2’- S3’- S3’,

respectively.
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Pioneering biochemical experimentation suggested that the catalytic subu-

nits of the immunoproteasome have greater ability to generate peptides with

C-terminal residues that better match the terminal (anchor) amino acid resi-

due preferences of MHC-I molecules (Toes et al., 2001), although more

recent studies proposed that such differences may be related to the number

of peptides produced rather than their variety (Calis et al., 2012; Frankild

et al., 2008; Mansurkhodzhaev et al., 2021; Mishto et al., 2021). Mice lack-

ing immunoproteasome catalytic subunits were shown to have defects in pre-

senting epitopes via MHC-I (not MHC-II), with substantial differences in the

MHC-I repertoire compared to wild type mice, leading to transplant rejection

of wild type cells (Kincaid et al., 2012).

Proteasome-mediated peptide hydrolysis generates canonical MHC-I-

bound peptides. A second mechanism that generates antigenic peptides has

been described over the first two decades of the 21st century: proteasome-

catalyzed peptide splicing (PCPS), which gives rise to noncanonical peptides,

was described for the first time in vertebrates in 2004 (Hanada et al., 2004;

Vigneron et al., 2004). This mechanism entails posttranslational excision of

a polypeptide segment followed by ligation of the newly liberated carboxy-

terminal and amino-terminal residues in the parental protein (Liepe et al.,

2018; Vigneron et al., 2004). The two splice-reactants can be generated

inside the proteasome by the cleavage of a single polypeptide (cis-PCPS).

This event occurs by an excision of a peptide sequence, followed by ligation

of the splice-reactants. When this takes place in the normal order, following

the orientation from N terminus to C terminus of the parental protein, is

named normal cis-PCPS; however it can also occur in the reverse order, giv-

ing rise to reverse cis-PCPS (Mishto & Liepe, 2017). Moreover, PCPS can

also arise between two splice-reactants originated from two different pro-

teins, named trans-PCPS (Fig. 5.3) (Berkers et al., 2015; Dalet et al., 2010;

Faridi et al., 2018; Mishto et al., 2012).

FIGURE 5.3 Mechanisms for generation of spliced peptides. Peptide splicing of cis-PCPS gen-

eration is represented by the junction of two non-adjacent peptide sequences (green, N-terminus

and red, C-terminus) originated from the same polypeptide (top). Trans-PCPS is represented by

the ligation of peptide sequences originated from two distinct polypeptide molecules (yellow and

black fragments, bottom).
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The importance of spliced epitopes for the immune response against infec-

tious diseases, cancer, and metabolic diseases is a recent topic in the field of

immunopeptidomics and antigen discovery, and has attracted enormous interest.

It has been shown that spliced peptides can trigger specific CTL responses

ex vivo/in vivo against Listeria monocytogenes infection (Plattel et al., 2017),

HIV infection (Paes et al., 2019), tumor-associated antigens (Ebstein et al.,

2016; Faridi et al., 2020; Michaux et al., 2014), and Type 1 diabetes (Gonzalez-

Duque et al., 2018). Proteasome-generated cis-spliced peptides have attracted

the attention of the scientific community, due to their biological importance and

relevance in the development of vaccination strategies based on CD81 T cells.

Spliced peptides may have a potential role in CD81 T cell tolerance

(Mansurkhodzhaev et al., 2021) and viral-induced autoimmunity (Mishto et al.,

2021), and clearly the immune response triggered by these peptides needs to be

further explored (Faridi et al., 2021).

Intracellular trafficking of peptides

The intracellular trafficking of peptides from the cytosol into the ER is a

fundamental part of the MHC-I antigen presentation pathway, and is

responsible for the selection of peptides matching in length and sequence

specificity for MHC-I molecules. TAP is a key molecule in this process

(Abele & Tampé, 1999). Peptides with a length of 8�16 amino acids are

preferentially transported by TAP, although longer peptides can also be

transported by a heterodimer formed by TAP, but with lower efficiency

(Koopmann et al., 1996).

The transport of peptides by TAP is a multistep process. Following

the binding of peptides of the preferred length, there is a slow isomeri-

zation of the TAP complex. The structural reorganization of the mole-

cule triggers peptide translocation across the membrane, which is ATP-

dependent (Knittler et al., 1999). Peptides with low affinity for MHC-I

are transported into the ER, but are not rapidly loaded into the MHC

molecule. As a result, low affinity peptides are available for export out

of the ER into the cytosol via the translocon channel Sec61 (Koopmann

et al., 1996).

The TAP1 and TAP2 proteins included in the TAP complex are normally

nonglycosylated, although glycosylation sites were identified in both the

cytosol and ER of insect cells (Meyer et al., 1994). Later, it was demon-

strated that under physiological conditions the TAP subunits are phosphory-

lated. These subunits form a molecular complex with other proteins: tapasin,

MHC-I heavy chain, and a phosphatase, responsible for the de-

phosphorylation of the macromolecule. This process is crucial for proper

TAP function, because if TAP is phosphorylated it is not able to transport

peptides into the ER (Li et al., 2000).
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Both proteasomal cleavage and TAP expression are regulated by cyto-

kines. The levels of MHC-I expression can be modulated by cytokines

such as IFN-γ (Zhou, 2009), IFN-alpha (IFN-α) (Coomans de Brachène

et al., 2018) and tumor necrosis factor-alpha (TNF-α) (Lavi et al., 1988).
Similarly to MHC-I, TAP1 and TAP2 are upregulated by these cytokines.

For example, TAP showed a significant upregulation after IFN-γ treat-

ment in a programmed cell death-ligand 1 (PD-L1) knock-out mouse

model (Stifter et al., 2020), and in IFN-γ-treated human renal carcinoma

cells (Seliger et al., 1997). While some cytokines lead to the overexpres-

sion of TAP, interleukin (IL)-10 causes downregulation of TAP1 and

TAP2, leading to a reduced expression of MHC-I on the cell surface

(Kurte et al., 2004). The balance between cytokines involved in patholo-

gies has important implications at the level of MHC-I presentation, with

consequences for CD81 T cell activity and the success of the immune

response against pathogens and malignancies.

Peptide binding affinity to major histocompatibility complex
class I

The successful activation of CD81 T cells depends in part on the binding

affinity of the MHC-I complex for the peptide on the surface of an APC.

This affinity depends on two factors: first, the peptide binding to MHC-I

involves a hydrogen bonding network between the N- and C-terminal

regions of the peptide and the H chain residues of the MHC, pockets A

and F, respectively, which are highly conserved interactions in different

MHC-I alleles (Wieczorek et al., 2017). These interactions contribute

more binding energy to MHC-I-peptide complexes than the peptide side

chain interactions, and they are regarded as the main limiting factor to the

size of the peptides presented by MHC-I molecules, which predominantly

8�10 amino acids (Rist et al., 2013). Some longer peptides, between 11

and 16 residues, can also bind to MHC-I, but in this case with lower affin-

ity (Speir et al., 2001).

Second, the MHC antigen binding groove has two (or less commonly

three) pockets that show a preference for one to five (more often one or two)

of the 20 possible amino acid side chains (Daniel et al., 1998). One of these

pockets always accommodates the COOH-terminus of the peptide. The resi-

dues lodged in the other pockets vary, depending on the shape, but are

almost always the second, third, or fifth amino terminal residue. The residues

that make up the crevices have highly variable shapes (Fig. 5.4) (Bjorkman,

1997; Yewdell & Bennink, 1999).

Various bioinformatic tools and resources that allow prediction of peptide

binding affinity to MHC-I molecules are provided on several publicly acces-

sible sites, including Immune Epitope Database and Analysis Resource (Kim
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et al., 2012), BIMAS (Parker et al., 1994), SYFPEITHI (Rammensee et al.,

1999), NetMHC (Jurtz et al., 2017), ProPred (Singh & Raghava, 2001), and

Multipred (Zhang et al., 2005). In general, MHC-I ligand prediction tools

scan the amino acid sequence of a protein to determine the ability of each

subsequence to bind to a specific MHC-I allele.

In silico methods for the prediction of proteasome cleavage sites were

developed using peptide ligands restricted to MHC-I and their C-terminal

flanking regions (Altuvia & Margalit, 2000). The main tools applied for

this approach are NetChop 3.1 (Keşmir et al., 2002), Paproc (Kuttler

et al., 2000), and improved Proteasome Cleavage Prediction Server

(iPCPS) (Gomez-Perosanz et al., 2020). A combination of experimentally

validated, in silico algorithms that predict both binding affinity and pro-

teasome cleavage sites may be the most appropriate methodology to iden-

tify peptides that are naturally processed and have high affinity for a

specific MHC-I allele, and are thus capable of inducing a strong cellular

immune response.

However, there remains a considerable discrepancy between peptides that

are predicted to be presented by MHC-I, and those that are validated by, for

example, mass spectrometry: in general, algorithms predict many peptides

that are not naturally presented, and the most immunogenic peptides may not

have the highest predicted binding affinity. There is a mismatch between pre-

dicted and actual (experimentally measured) peptide-MHC affinity, although

FIGURE 5.4 MHC-I structure. The MHC-I molecule is divided into three globular domains

named alpha-1, alpha-2 and alpha-3 (light blue). The second portion of the molecule is the small

globular Beta-2 Microglobulin (dark blue). The groove in between alpha-1 and alpha-2 helices

accommodates the peptide (yellow-green on top). Reprinted from Bjorkman, P. J. (1997). MHC

restriction in three dimensions: A view of T cell receptor/ligand interactions. Cell, 89(2),

167�170. https://doi.org/10.1016/S0092-8674(00)80195-6, Copyright (1997) by Cell Press, with

permission from Elsevier.
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a greater issue appears to be accurate prediction of proteasomal cleavage

resulting in cell surface presentation on MHC-I molecules.

Tools for discovering immunogenic peptides

The identification of epitopes (MHC-bound peptides with the capacity to

induce antigen-specific T cell activation) is very complex and depends on

several factors. For example, the MHC molecules are encoded in humans by

Human Leucocyte Antigen (HLA) genes that are highly polymorphic, giving

rise to different HLA alleles, each of which has unique peptide-binding spe-

cificities. These peptide-binding specificities can be either very restricted

(i.e., binding a small number of potential peptides) or promiscuous, and

some are well characterized whilst others are ill-defined. Additionally, varia-

tions in genetics and protein expression, combined with the specific require-

ments of proteolytic processing during antigen processing and presentation,

will all contribute to the diversity of peptide-MHC complexes (pMHC)

(Bassani-Sternberg et al., 2015).

The interaction between the TCR and pMHC, leading to a constructive

immunological synapse, is the basis of the adaptive immune response

(Fig. 5.1). The strength of the interaction between the TCR molecule and the

pMHC, known as affinity (Stone & Kranz, 2013; Tan et al., 2015), is gov-

erned by the TCR/pMHC transient half-life interactions (Bridgeman et al.,

2012), with TCRs that bind self-peptides tending to have lower affinity than

those recognizing pathogen-derived peptides (Bridgeman et al., 2012). TCRs

are promiscuous in nature, potentially recognizing multiple MHC-presented

peptides (Wooldridge et al., 2012).

TCR “deep sequencing” studies have been performed to analyze the T

cell repertoires of individuals. There is a large number of specific TCR

alpha- and/or beta-chains at a given time in a single individual, estimated to

be in the order of 1010 (Lythe et al., 2016). To accommodate the diversity

and complexity of these repertoires, large databases have been produced, and

data-mining efforts have been made to identify interesting TCR clonotypes,

such as the iReceptor Scientific Gateway (Corrie et al., 2018).

Affinity-based methods can generate informative data on the recognition of

antigens by T cells, such as pMHC-multimer surface staining of T cells; useful

reagents include barcode-labeled pMHC multimers (Bentzen et al., 2016) and

the commonly used tetramers (Klenerman et al., 2002). This method of T cell

recognition analysis, based on the affinity of the TCR/pMHC complex, can

identify high-affinity peptides that may be irrelevant and miss low-affinity epi-

topes that could be of biological importance (Dolton et al., 2018). Moreover,

high-affinity peptides could be decoy antigens produced by a pathogen to mis-

lead the immune response. This is the case for the peptide TB10.44�11, which is

highly expressed on macrophages infected with Mycobacterium tuberculosis
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(M.tb), but CD81 T cells specific for this peptide are not functional in killing

infected cells (Carpenter et al., 2016; Yang et al., 2018).

Given the diversity of HLA alleles and the size of the human proteome,

the number of short peptide sequences that could be processed and presented

by MHC molecules is very large, for self-peptides alone. The presentation of

nonself pMHC (e.g., from pathogens) able to induce antigen-specific T cell

activation adds to this complexity. The identification of pathogen-derived T

cell epitopes, and evaluation of T cells stimulated by these epitopes, includ-

ing memory CD81 T cells, is fundamental for successful vaccine design and

development. Direct epitope identification through analysis of pMHC com-

plexes by mass spectrometry, known as immunopeptidomics, brings a new

dimension to the complex field of antigen presentation and particularly to

the discovery of new vaccine targets able to induce CD81 T cells.

Immunopeptidomics

The group of peptides presented by MHC molecules at the cell surface

have been recently designated as the immunopeptidome (Caron et al.,

2015), although some studies refer at these peptides as the immunopro-

teome (Shetty et al., 2011; Testa, Shetty, Hafner, et al., 2012; Testa,

Shetty, Sinnathamby, et al., 2012). The immunopeptidome consist of all

peptides, self and nonself, processed by the antigen processing machinery

and presented by MHC molecules on the surface of host cells, regardless of

their biological function. Mass spectrometry�based immunopeptidomics

was first developed by Hunt et al. (1992), and since then several groups

throughout the world have been developing technology to improve the

identification of peptides presented by MHC-I and MHC-II, with or without

posttranslational modifications. The source material can be cells, tissues, or

organisms, and this method is not only useful in identifying immunogenic

epitopes for the design of better vaccines, but also to understand the molec-

ular mechanism of the immunological synapse.

Recent advances in immunopeptidomics based on new mass spectrometry

instrumentation such as the Orbitrap and quadrupole time-of-flight (TOF) tan-

dem mass spectrometer (MS/MS) instruments, combined with improvements in

data analysis, including the user-friendly software Peaks (Tran et al., 2019),

Mascot (Perkins et al., 1999), and MaxQuant (Cox & Mann, 2008), have led to

an unprecedented improvement in sensitivity. Currently, it is possible to identify

peptide sequences bound to MHC molecules at the femto molar scale

(Bettencourt et al., 2020). The immunopeptidomics method is shown here and

can be performed with some modifications (Fig. 5.5).

MHC-I-derived peptides are typically nine amino acid long; however,

shorter and longer sequences have been described, ranging from 8 to 14 amino

acids long (Ritz et al., 2016; Sanchez-Trincado et al., 2017). Even though dif-

ferent cell types express different numbers of MHC molecules at their surface
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at a given time point, based on the current methodology of liquid chromatog-

raphy (LC) tandem mass spectrometry and bioinformatics, the minimal

requirements for the identification of peptide sequences requires a sample size

of approximately 53 108 cells expressing approximately 23 105 MHC mole-

cules per cell (Bettencourt et al., 2020; Caron et al., 2015).

FIGURE 5.5 Immunopeptidomics experimental pipeline. Samples of different origin can be

analysed by immunopeptidomics. Here we show a typical infection experiment where a human

monocyte cell line (1), is differentiated into macrophages (2), followed by experimental infection

with a pathogen of interested (3). (4) Infected cells are lysed. (5) Anti-MHC-I antibody is cross-

linked to latex beads and added to the lysate, where the immunoprecipitation between pMHC-I

and antibody occurs (MHC-IP). (6) The MHC-IP is transferred to a column, and a sequence of

washing steps removes contaminant proteins (7), followed by a mild acid elution (MAE) that

will break down the MHC-I alpha and beta-2-microglobulin subunits, releasing the peptides

bound in the MHC-I pocket (8). (9) The peptides can be separated from the MHC-I subunits by

HPLC or C18 Spin columns. (10) A solution containing pure peptides presented by MHC-I

molecules is obtained. (11) The purified peptides can be analysed by mass spectrometry either

using Quadrupole Time of Flight Instruments (TOF) or Orbitrap Instruments. Red dots represent

peptides presented by MHC-I molecules. Green rods represent microorganisms to illustrate an

experimental infection with a pathogen of interest.
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The requirement for a relatively large sample size could be a drawback

in the identification of peptides presented by infected cells, as is the case for

malaria. As the rate of infection of hepatocytes by Plasmodium spp. is

extremely low, arguably 5% or less, identification of pathogen peptides by

mass spectrometry would require a higher number (in the order of 1010) of

infected hepatocytes at a 5% infection rate, making the production of the

required sample size extremely laborious and complex (Bettencourt, 2020).

With the aim of epitope identification for improving the efficacy of the

bacille Calmette-Guerin (BCG) vaccine, cell cultures of macrophages were

infected with Mycobacterium bovis strain BCG at a high infection rate (30%

in vitro). Samples were sufficient in size for the identification of peptides

presented by MHC-I and MHC-II (Bettencourt et al., 2020). Applying mass

spectrometry and bioinformatics, the authors identified 94 mycobacterial

peptides presented by MHC-II and 43 presented by MHC-I, from 76 and 41

antigens, respectively. Three antigens (glfT2, fas, and iniB) were selected for

further validation of experimental vaccines against TB in a murine aerosol

M.tb challenge model. These antigens, when included in a heterologous viral

vector vaccine platform designed to boost BCG, conferred significant protec-

tion in mice, compared to BCG alone. Thus this study represents proof-of-

concept for the application of immunopeptidomics to identify novel vaccine

antigen candidates (Bettencourt et al., 2020).

Additionally, in the same study, the expression of BCG genes was deter-

mined in infected macrophages. This is particularly difficult to address,

because mycobacterial RNA is very diluted in the host RNA, requiring appli-

cation of a protocol developed for the purpose (Tailleux et al., 2008). The

antigens identified by immunopeptidomics were mapped onto the gene

expression data of all BCG genes. Interestingly, the expression of the peptide

antigens identified by immunopeptidomics correlated with the global gene

expression pattern in vivo, both for MHC-I and MHC-II presented peptides.

The positive correlation between peptide presentation by MHC molecules

and the gene expression of their source antigens is of major importance for

the shortlisting of antigen candidates in the design of new vaccines, includ-

ing neo-antigen vaccines in cancer (Bettencourt et al., 2020; Koşaloğlu-

Yalçın et al., 2020).

Vaccine design based on immunopeptidomics

Immunopeptidomics technology has allowed the identification of epitopes

presented by conventional MHC-I molecules in infectious diseases including

dengue (Testa, Shetty, Sinnathamby, et al., 2012), influenza (Testa, Shetty,

Hafner, et al., 2012), hepatitis B (Comber et al., 2014), hepatitis C (Wölk

et al., 2012), HIV (Ternette et al., 2016), TB (Flyer et al., 2002; McMurtrey

et al., 2017), and live attenuated vaccine BCG (Bettencourt et al., 2020).
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Interestingly, Leishmania MHC-II-bound peptides have been identified, and

vaccines based on these antigens developed (Mou et al., 2015) (Table 5.1).

To benefit from the cytotoxic potential of CTLs, immunopeptidomics has

been applied to identify tumor-specific neoantigens, which can then be incor-

porated into cancer vaccines. Peptides presented by MHC molecules have

been identified in ovarian cancer (Ramakrishna et al., 2003), melanoma

(Bassani-Sternberg et al., 2016; Ritz et al., 2016), B cell lymphoma

(Khodadoust et al., 2017; Lanoix et al., 2018), B cell acute lymphoblastic

leukemia (Laumont et al., 2018), lung cancer (Laumont et al., 2018; Shetty

et al., 2011), hepatocellular carcinoma (Altuvia & Margalit, 2000; Löffler

et al., 2019), colorectal cancer (Chen et al., 2018; Newey et al., 2019), and

breast cancer (Ternette et al., 2018) (Table 5.1).

Of note, a recent study in melanoma patients revealed that cancer cells

can be infected with several bacterial species and these cells present bacterial

peptides on MHC-I and MHC-II. The authors used 16S rRNA gene sequenc-

ing in combination with immunopeptidomics to identify 248 MHC-I and 35

MHC-II peptides from 41 bacterial species, presented on melanoma tumors

(Kalaora et al., 2021). The presence of microbial peptides can pose chal-

lenges for the correct identification of epitopes from cancer tissue by immu-

nopeptidomics, but could offer new treatment strategies to cancer patients

(Table 5.1).

Following the exciting and relevant discoveries made in recent years in

the field of immunopeptidomics, there is an anticipation of future work iden-

tifying peptides presented by MHC-I and MHC-II from tissues, primary

cells, and disease models of many other infectious diseases, cancers, meta-

bolic and nontransmissible diseases.

Methods for the validation of immunogenic peptides

Peptide identification by immunopeptidomics should be experimentally vali-

dated to verify biological relevance, especially for peptides with low pre-

dicted binding affinity for MHC. This is particularly relevant for infectious

diseases where a strong immune response is required to counter pathogen

attack. Diverse immunological approaches have been employed indepen-

dently from immunopeptidomics to confirm the validity and relevance of

these peptides. Methods commonly used include, but are not limited to, spec-

tral match validation (SMV), IFN-γ ELISpot, intracellular cytokine staining

(ICS), tetramer staining, the generation of peptide-specific CTL lines, and

CTL binding affinity (Table 5.1).

Briefly, these methods can be divided into: (1) technical validation, with

the purpose of confirming the peptide sequences identified by immunopepti-

domics were assigned correctly, and (2) biological validation, which is

employed to study and confirm the biological and immunological relevance

of the peptide sequences identified by immunopeptidomics.
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TABLE 5.1 Selected studies of antigen discovery through immunopeptidomics.

Condition Sample HLA Peptides identifieda Experimental validation

methods

References

Infectious diseases

Dengue JY cells and leukapheresis
generated dendritic cells
infected with DV2 and DV3,
respectively

HLA-
A,B,C

HLA-A2—3 Spectral match validation, CTL
generated against Dengue virus
epitopes, ELISpot

Testa, Shetty,
Sinnathamby,
et al. (2012)

Influenza Influenza-infected JY,
HepG2 cell lines and
monocyte-derived human
dendritic cells

HLA-
A,B,C

HLA-A2—6HLA-B44—
10HLA-B7—6

Peptide-specific CTL cell lines,
ELISpot and flow cytometry

Testa, Shetty,
Hafner, et al.
(2012)

Hepatitis B Hepatitis B infected cell line
HepDE19

HLA-
A,B,C

MHC-I—8 Peptide-specific CTL cell lines,
ELISpot, cytokine secretion
analysis, and flow cytometry

Comber et al.
(2014)

Hepatitis C UNS3-4A/A2-27.35 and
UHCV/A2-27 human
osteosarcoma-derived lines
engineered to express HCV

HLA-
A,B,C

HLA-A2—2 CTL cell lines raised against two
HCV epitopes

Wölk et al.
(2012)

HIV Cell line C8166 and primary
CD81 T-cell-depleted
PBMCs

HLA-
A,B,C

MHC-I—75 Spectral match validation, ELISpot Ternette et al.
(2016)

Tuberculosis U937 cell line transfected
with gene encoding
HLA-A�0201 and infected
with M.tb

HLA-
A,B,C

MHC-I—3 Generation of peptide-specific
CTL lines and CTL binding affinity

Flyer et al.
(2002)



Tuberculosis T cell clone D160 1�23,
infected with M.tb

HLA-E MHC-I—28 ELISpot, generation of T cell line
and tetramer staining

McMurtrey
et al. (2017)

BCG THP-1 cells infected with
BCG

HLA-
A,B,C,
DR

MHC-I—43MHC-II—94 Gene expression, spectral match
validation, ELIspot, vaccine
efficacy

Bettencourt
et al. (2020)

Leishmaniasis Murine bone marrow
dendritic cells infected with
Leishmania major

Mouse
MHC-
II (I-
Ab)

MHC-II—1 Tetramer staining and vaccine
efficacy

Mou et al.
(2015)

Cancer

Ovarian cancer Ovarian adenocarcinoma
line SKOV3 transfected with
HLA-A2.1 and OVCAR3

HLA-
A,B,C

HLA-A2—16 Spectral match validation,
peptide-specific CTL cell lines,
and CTL binding affinity

Ramakrishna
et al. (2003)

Melanoma Diverse commercial cell
lines and soluble HLA-I
complexes from sera of
melanoma patients

HLA-
A,B,C

Identified 22 MHC-I
peptides from known
tumor-associated
antigens

N/A Ritz et al.
(2016)

Melanoma Tumor tissue samples from
melanoma patients

HLA-
A,B,C

Numerous MHC-I and
MHC-II neoantigens;11
mutated peptide ligands

ELISpot in patient samples;
Reactivity of peptide-specific
T-cells derived from PBMC and
ex vivo expanded tumor-
infiltrating T cells;Intracellular
cytokine staining on T cell lines
coculture with neoantigens

Bassani-
Sternberg
et al. (2016)
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TABLE 5.1 (Continued)

Condition Sample HLA Peptides identifieda Experimental validation

methods

References

B cell
lymphoma

Tumor samples of 17
patients and two cell lines of
mantle-cell lymphoma

HLA-
A,B,C,
DR

Numerous neoantigens,
mostly from the
lymphoma
immunoglobulin heavy-
or light-chain variable
regions

Tetramers of neoantigen peptide-
HLA-Dr�0401 revealed peptide-
specific CD41 T cells in one out
of three patients;Isolated and
expanded neoantigen-specific
CD41 T cells able to mediate
killing of autologous lymphoma
cells

Khodadoust
et al. (2017)

B cell
lymphoma

Epstein�Barr virus
transformed cell line, and
human B acute
lymphoblastic leukemia cells
expanded in
immunodeficient mice

HLA-
A,B,C

Numerous peptides
identified using different
methods

N/A Lanoix et al.
(2018)

B cell acute
lymphoblastic
leukemia

Cells from four patients with
B-lineage acute
lymphoblastic leukemia

HLA-
A,B,C

MHC-I—12 Spectral match validation Laumont
et al. (2018)

Lung cancer Cells from three patients
with lung cancer

HLA-
A,B,C

MHC-I—15 Spectral match validation Laumont
et al. (2018)

Lung cancer Human lung
adenocarcinoma cell lines

HLA-
A,B,C

MHC-I—68 Spectral match validation, peptide
stability experiments, generation
of peptide-specific CTL lines,
ELISpot

Shetty et al.
(2011)



Hepatocellular
carcinoma

Samples from 16 patients
with hepatocellular
carcinomas

HLA-
A,B,C

Large numbers of MHC-
I peptides were
identified; no naturally
presented mutated
peptides were detected

N/A Löffler et al.
(2019)

Colorectal
cancer

Patient-derived organoids
from colorectal cancers

HLA-
A,B,C,
Dr,
DP,
DQ

Three mutated
neoantigens

N/A Newey et al.
(2019)

Colorectal
cancer

Colorectal carcinoma HCT
116 cell line

HLA-
A,B,C

10 mutated peptides N/A Chen et al.
(2018)

Breast Cancer HLA-A2-positive triple-
negative breast cancer
samples

HLA-
A,B,C

Increased abundance of
130 MHC-I peptides in
tumor samples

N/A Ternette et al.
(2018)

Microbiome

Melanoma
microbiome

Melanoma HLA-
A,B,C,
DR

MHC-I—248MHC-II—
35

Bacterial peptides were fed into B
cells. These were cocultured with
tumor-infiltrating lymphocytes.
Lymphocyte responses were
measured by flow cytometry

Kalaora et al.
(2021)

Studies focusing on MHC-I peptide identification in human samples were included. CTL, Cytotoxic T lymphocytes; MHC, major histocompatibility complex; M.tb,
Mycobacterium tuberculosis; N/A, not available.
aPathogenic peptides only, host peptides excluded.



The most common method for technical validation is the SMV, where syn-

thetic peptides are compared to a selection of peptides identified by immuno-

peptidomics (biological peptides). Briefly, the method consists of running the

synthetic peptides through the same experimental conditions as the biological

peptides, to analyze the following parameters: (1) the charge state of each pep-

tide, (2) mass over charge [m/z] of each peptide, (3) the intensity and distribu-

tion of each peak from each peptide sequence, and (4) the peptide specific

retention time on LC. Synthetic peptides matching these four parameters can

confirm that the biological peptide sequences were assigned correctly.

The most common biological validation methods are ELISpot, ICS, and tet-

ramer staining. The IFN-γ ELISpot (or ELISPOT) assay is a relatively quick

and simple method to evaluate the ability of peripheral blood mononuclear cells

(PBMC), or T cell subpopulations, to secrete IFN-γ upon contact with a peptide

of interest. Briefly, an antibody recognizing IFN-γ is coated on a supporting

membrane and a suspension of T cells is put in contact with the membrane. T

cells are “pulsed” with peptides or proteins of interest, and upon recognition of

specific peptides presented by MHC, IFN-γ is secreted and captured on the

membrane. It is detected by, for example, a biotinylated anti-IFN-γ antibody

and streptavidin-alkaline phosphatase. The resulting colored spots, each of which

represents an activated IFN-γ-producing T cell, can be quantified.

The ICS method requires a multiparameter flow cytometer, and is

described in more detail in Chapter 4: Vaccine Development: From the

Laboratory to the Field. In this method, subpopulations of immune cells are

sorted and intracellular cytokines are stained with specific antibodies. The

most common cytokines studied upon activation of CD81 T cells are IFN-γ,
TNF-γ, and IL-2. Tetramer staining also requires a flow cytometer: as dis-

cussed in the Section Tools for discovering immunogenic peptides, tetramers

are protein complexes composed of four stabilized soluble MHC molecules

bound to a peptide of interest. They are used to detect and quantify T cells

specific for that peptide.

The generation of peptide-specific T cell lines allows the recognition and

killing of cells presenting the target peptide to be studied; several strategies

have been employed to generate such lines (Sharma et al., 2019; Theaker

et al., 2016). All of these methods provide different types of information that

can be used alone or in combination to give additional insight into the bio-

logical function of a peptide sequence identified by immunopeptidomics.

Conclusions

The development of peptide-based vaccines to exploit the power of cytotoxic

CD81 T cells is in its infancy, and immunopeptidomics will have a crucial role

in the identification of the best immunogenic candidates. Due to the reduced

size of T cell-specific peptides compared to whole antigens, peptide-based vac-

cines could be designed to include epitopes from several antigens, against a
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multitude of diseases. Broadening the range of pathogen epitopes in a vaccine

could be a strategy to prevent the emergence of immune escape variants, a phe-

nomenon described in diverse pathogens, for example SARS-CoV-2 (Di Caro

et al., 2021). For this reason, vaccines should be designed to target highly con-

served T cell epitopes that are processed and presented by MHC molecules.

The successful design of peptide-based vaccines requires the consideration

of several characteristics, including high affinity binding of peptides to the

MHC molecules, as well as the presence of cleavage sites for the proteasome

(Doytchinova & Flower, 2006). Recently, new multidisciplinary approaches

combining the analysis of human immunology, structural biology, and micro-

bial genomics, termed “reverse vaccinology 2.0,” have been applied to the dis-

covery and design of vaccine antigens (Rappuoli et al., 2016). Ullah et al. for

example, utilized a combination of different immunoinformatic tools to design

subunit vaccines against Ebola virus. Potential MHC-I, MHC-II, and B cell

epitopes from three viral antigens underwent robust analysis of antigenicity,

allergenicity, toxicity, conservancy, and molecular docking analysis; EV-1,

EV-2, and EV-3 were then constructed as vaccine candidates (Ullah et al.,

2020). Additional in vitro and in vivo validation is likely to be required for the

candidates generated by reverse vaccinology studies.

In cancer, the challenge of peptide identification by immunopeptidomics

has additional complexity at several levels. The identification of peptide

sequences bound to MHC molecules by mass spectrometry requires a data-

base containing the proteome of interest to facilitate the correct identification

of a given peptide. Each cancer patient sample is a genetic entity in its own

right, due to mutations developed throughout the disease process. Therefore

RNA sequencing must be performed in the tumor sample, to generate a data-

base from which peptides will be identified. Moreover, the recently pub-

lished phenomenon of spliced peptides generated by the proteasome, which

can account for up to one-third of all peptides presented to CD81 T cells

(Liepe et al., 2016), brings additionally complexity to the peptide identifica-

tion process from cancer patients.

Immunopeptidomics is undoubtedly one of the most promising

approaches in improving future vaccine design. Using this method to better

understand the biology of peptide presentation by APCs and to unleash the

power of CD81 T cells could be instrumental for the treatment of a plethora

of infectious and nontransmissible diseases.
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Kurte, M., López, M., Aguirre, A., Escobar, A., Aguillón, J. C., Charo, J., Larsen, C. G.,

Kiessling, R., & Salazar-Onfray, F. (2004). A synthetic peptide homologous to functional

domain of human IL-10 down-regulates expression of MHC Class I and transporter associ-

ated with antigen processing 1/2 in human melanoma cells. The Journal of Immunology,

1731�1737. Available from https://doi.org/10.4049/jimmunol.173.3.1731.

Kuttler, C., Nussbaum, A. K., Dick, T. P., Rammensee, H. G., Schild, H., & Hadeler, K. P.

(2000). An algorithm for the prediction of proteasomal cleavages. Journal of Molecular

Biology, 298(3), 417�429. Available from https://doi.org/10.1006/jmbi.2000.3683.

Lanoix, J., Durette, C., Courcelles, M., Cossette, É., Comtois-Marotte, S., Hardy, M. P., Côté,
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Chapter 6

Virus-like particle vaccines

Ekta Mukhopadhyay, Adrian V.S. Hill and Ahmed M. Salman
Jenner Institute, University of Oxford, Oxford, United Kingdom

Introduction

Virus-like particles (VLPs) are noninfectious nanoparticles that are multi-

meric in nature and do not contain any genetic material (Qian et al., 2020),

expressing the desired antigen on the surface. Hence, VLPs morphologically

resemble viruses (Syomin & Ilyin, 2019). As many as 110 viral proteins

from over 30 viruses that can self-assemble into VLPs have been explored as

vaccines. A few examples of these are hepatitis B virus (HBV; Salman,

Montoya-Dı́az, et al., 2017), Papilloma virus, and bacteriophage Qβ (Alves

et al., 2017; Bárcena & Blanco, 2013). The resulting VLPs have been modi-

fied, for example, expression of repeated array of antigenic peptides on the

VLP surface to generate novel vaccines, and encapsulation of drugs and

nucleic acids inside the VLP for targeted delivery (Qian et al., 2020). As

VLPs lack genetic material (Roldão et al., 2017), they have no replication

capacity and are considered safe. Currently, there are several VLP-based

licensed vaccines for use in humans including Recombivax HB and Engerix-

B for HBV, Gardasil, Cervarix, and Gardasil-9 for human papillomavirus

(HPV), and Hecolin for hepatitis E virus (Qian et al., 2020). VLPs have been

successfully combined for example in Gardasil 9 (Yusupov et al., 2019), a

nine-valent HPV vaccine, providing protection against multiple strains of

HPV in a single formulation (Garg et al., 2020). The applications of VLPs

are not limited to use as vaccines and drug delivery vehicles, as they have

been explored for use in diagnostic imaging (Manchester & Singh, 2006),

tools for antiviral drug screening (Zhang et al., 2020) and catalytically active

antimicrobial systems (Patterson et al., 2014).

Immune response to virus-like particles

The biggest advantage of VLP vaccines is the expression of an immunodo-

minant epitope on the surface, eliciting high antibody titers (Caldeira et al.,

2020), and effective CD4 proliferative and cytotoxic T lymphocyte responses
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(Noad & Roy, 2003). As VLPs commonly have a diameter of 20�200 nm,

which is optimal for recognition by dendritic cells and other antigen-

presenting cells (APCs), they are transported to lymph nodes (LNs), and able

to induce a strong immune response (Qian et al., 2020). The VLPs that reach

the LNs are endocytosed by APCs, enter the T cell zone, and are processed

and efficiently presented by major histocompatibility complex class I, elicit-

ing cell-mediated immune responses (Mohsen et al., 2018). Unmodified

VLPs entering the B cell zone of the LNs are able to induce B cell receptor

cross-linking, thus triggering endocytosis, B cell proliferation, and activation.

Following activation, the B cells interact with Th cells leading to immuno-

globulin class switch and generation of B cell memory (Zepeda-Cervantes

et al., 2020).

Production of virus-like particles

For the production of VLPs with desired yield and purity, a number of para-

meters are crucial and need optimization. These include choice of expression

vector, upstream process parameters like media and growth conditions, and

time of induction (for an inducible protein subunit). High yields of VLP with

minimal contaminants, for example, host cell protein (HCP) and host cell

DNA require efficient reduction or removal steps to enhance purity of the

final product. Fig. 6.1 provides an overview of the VLP production process.

Further information relating to the manufacturing process is provided in

Chapter 10, GMP manufacture and quality control.

Expression systems

Various expression systems, such as bacteria, yeast, insect, mammalian,

avian, and plant, have been used for production of VLPs commercially (Ding

et al., 2018). This section describes some of the expression systems in wide-

spread use.

Insect cells

An insect cell and baculovirus expression vector system (BEVS) have the advan-

tages of high cell densities and protein expression, with eukaryotic post-

translational modifications (Fernandes et al., 2013). This expression system is

mainly free from adventitious agents as insect cells do not permit growth of many

mammalian viruses, with the exception of arboviruses (Kim & Kim, 2017). It

allows expression of individual proteins by coinfection with multiple baculoviruses,

each expressing a single protein, or via a single virus designed to express multiple

proteins (Kost et al., 2005). Insect cells can grow in serum-free media, eliminating

the risk of introduction of adventitious viruses requiring additional purification

steps (Vicente et al., 2011). The first VLP produced using this system was a Gag
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VLP for Feline immunodeficiency virus, used for analytical applications (Gopal &

Schneemann, 2018). GSK’s CervarixTM is a licensed VLP vaccine for HPV, to

protect against cervical cancer; it was produced using insect cells (Liu et al.,

2013), demonstrating that the expression system is scalable and highly productive

(Matsuda et al., 2020).

Spodoptera frugiperda (Sf9 or Sf21, Sf2) and Trichoplusia ni (T. ni or

High Five) are insect cells most commonly used for production of VLPs

(Fuenmayor et al., 2017; Lee et al., 2000). Sf2 holds an advantage over the

other types of cells, as they do not lyse on infection with baculovirus and

provide comparable high protein expression levels (Lee et al., 2000). There

are a few issues associated with BEVS: one of these is the similar size and

density of VLPs to budding baculoviruses released into the medium, making

separation in the downstream processing challenging. This is being addressed

by creation of a genetically modified VP80-null baculovirus lacking a key

structural protein (Yee et al., 2018). Although insect cells can add eukaryotic

glycosylation, they are less complex and less human-like; if glycosylation is

important for potency, insect cells can potentially be engineered to express

mammalian glycotransferases (Zitzmann et al., 2017).

Yeast

E. coli

Plant cells

Cloning of DNA

Baculovirus

Selec�on of expression vector Clone screening and selec�on

Small-scale cultures and growth 
op�miza�on

Protein expression op�miza�on

Downstream processing op�miza�on

VLP purity and yield analysis

Pilot run with op�mized process

Process fine-tuning

Finalized produc�on process

Overview of produc�on of VLPs

FIGURE 6.1 Overview of VLP production process and steps needing optimization: After selec-

tion of antigen, a DNA expression vector is constructed, and transfected into the cell system of

choice (e.g., Pichia pastoris yeast). Multiple clones are selected, propagated in small cultures,

and induced for expression analysis. The clone(s) with the ideal growth density and protein

expression capacity is expanded further and processed through steps of downstream processing

(VLP purification). Each stage requires optimization in terms of media and growth conditions,

ideal time of induction, and removal of impurities to improve product purity. After process and

analytical procedures are optimized, a pilot scale run is performed to review the whole process

and identify any steps that require fine-tuning, before the process is finalized and GMP manufac-

ture can be initiated.
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Yeast

Yeast is a unicellular eukaryote and has been widely used in production of

proteins and VLPs (Kim & Kim, 2017). As an expression system, yeast pro-

vides advantages including eukaryotic post-translational modifications, fast

growth, and low media and operation costs (Bill, 2015; Saraswat et al.,

2016). Commonly used yeast for VLP production are Saccharomyces cerevi-

siae, Hansenula polymorpha, and P. pastoris (Kumar & Kumar, 2019), with

P. pastoris providing more human-like glycosylation and H. polymorpha

providing less hyper-glycosylation, which helps correct protein folding

(Manfrão-Netto et al., 2019; Wang et al., 2013). H. polymorpha is also ther-

motolerant and can withstand temperatures up to 50�C (Manfrão-Netto et al.,

2019). Over the years, these strains have been modified by genetic manipula-

tion to obtain desired glycosylation profiles, which might be critical for the

activity of certain proteins or antigens contained in VLPs (Vieira Gomes

et al., 2018). Examples of licensed VLP vaccines produced using yeast

include Engerix-B, a Hepatitis B vaccine from GSK, and Gardasil for HPV,

from Merck and Co. (Shiyu Dai & Fei, 2018). In recent years, there has been

interest in using cell-free protein synthesis (CFPS) for proteins that are diffi-

cult to express, with promising early results for VLP production using a

P. pastoris CFPS (Spice et al., 2020).

We have growing in-house experience in Oxford of the use of a wide

range of VLPs to target malaria and other diseases by vaccination. Important

examples include the improved biosimilar of the RTS,S Plasmodium falci-

parum vaccine developed at Oxford, called R21 (Collins et al., 2017; Datoo

et al., 2021; Venkatraman et al., 2019) that has shown immunogenicity and

efficacy exceeding that of RTS,S (RTS,S Clinical Trials Partnership et al.,

2011, 2012) and the Rv21 vaccine for Plasmodium vivax (Salman, Montoya-

Diaz, et al., 2017) that is currently awaiting GMP manufacture before clini-

cal trials. Both VLP-based vaccines are made of hepatitis B fusion proteins

with most of the malaria circumsporozoite protein expressed in P. pastoris

and have proven their ability to induce very potent neutralizing antibody

responses. Recent field trial data for R21 suggest that, when used with a

saponin adjuvant, it induces the highest level of antigen-specific antibody

induced by any subunit vaccine for any indication (Collins et al., 2021;

Datoo et al., 2021).

Escherichia coli

Escherichia coli has been successfully used for the production of bio-

pharmaceuticals; of over 170 candidate VLP vaccines produced, approx-

imately 28% have been made using bacterial systems, mainly E. coli.

These include two licensed VLP vaccines, HeberNasvac for hepatitis B

and Hecolin for hepatitis E (Huang et al., 2017). Although lacking
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capacity for eukaryotic post-translational modifications, and issues with

expressing proteins over 60 kDa (Rosano & Ceccarelli, 2014), E. coli is

often the preferred choice for protein and VLP production due to the

high biomass achievable in commercial manufacture, especially for pro-

teins that can self-assemble into VLPs in vitro (Liew et al., 2010).

Plant cells

Plant cells have been used for production of proteins and VLPs as they pro-

vide an economical, speedy, and scalable platform (Chen & Lai, 2013). With

the availability of online immunoinformatic tools for antigen epitope predic-

tion, validation, and allergenicity evaluation, Ghorbani et al. developed a

platform to design a SARS-CoV-2 vaccine in plant cells (Ghorbani et al.,

2020). A number of VLPs are in early phase clinical trials and are produced

using various plants including potato, tobacco, spinach, and lettuce (Chen &

Lai, 2013), for example a Norwalk virus vaccine (Lai & Chen, 2012).

Manufacturing: upstream process

The initiation of the upstream process begins with starting a small-scale seed cul-

ture of the selected clone (with optimal expression yield), in a shake flask

(125 mL�1 L) (Mignaqui et al., 2020) or cryobags (Bogli et al., 2012). This is

expanded to a large culture, which can be (1) batch mode, where no further addi-

tion of media or additives takes place, (2) fed-batch mode, where media compo-

nents are added during culture to give high cell densities, or (3) continuous

cultivation, where fresh medium is continuously added (Fuenmayor et al., 2017).

For expansion of cells to large cultures using these modes, systems such as wave

bioreactors with capacity of 10�100 L, and disposable stirred tank bioreactors

up to 1000 L have been used (Durous et al., 2019). Parameters including pH, aer-

ation, temperature, dissolved oxygen, cell density, time of induction, and harvest

(Lai et al., 2019) are critical, and often optimized using small-scale laboratory

bioreactors (Tripathi & Shrivastava, 2019).

High cell densities are achievable, for example, E. coli can grow up to

14 g/L wet weight in Terrific medium broth in a baffled shake flask, and up

to 172 g/L wet weight in a 30 L fermenter using modified minimal medium

in a fed batch mode (Kangwa et al., 2015). Published data suggest yeast can

grow over 100 g/L in a fed batch mode, while insect cells can reach a cell

density of over 106 cells/mL in batch and fed batch modes (Shojaosadati

et al., 2008). For production of VLPs in plant cells, the gene of interest is

carried by plant-specific vectors, for example, pEAQ, using gram-negative

bacterium Agrobacterium tumefaciens. Infection of plant cells is initiated in

a culture or intact leaves using agroinfiltration, where transformed A. tumefa-

ciens are delivered using a syringe or vacuum. A protein yield of about

400 mg/kg of leaf weight was obtained with Norwalk virus capsid protein
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VLPs when plant cells were harvested 7 days postinfection (Lai & Chen,

2012). In the case of yeast, for example, P. pastoris, protein expression is

often driven by the strong AOX1 (Alcohol oxidase 1) promoter that is

induced by transferring cells from growth inducing media to media contain-

ing methanol. Hepatitis B surface antigen VLPs have been produced using

this system in a fed batch mode with a yield of 2.3 g/L after 90�100 hours

in media containing methanol (Gurramkonda et al., 2009).

Manufacturing: purification of virus-like particles
(downstream process)

The choice of expression system determines the first steps of purification. When

expressed proteins are capable of self-assembly, VLPs are harvested from the

cell cytoplasm or culture medium. At the optimum harvest time, clarification is

often the first step to obtain cells or media containing the VLPs, and remove con-

taminants like low-molecular-weight HCPs and DNA (Pattenden et al., 2005);

this is achieved by dead end and depth filters of 0.2�3 μm pore size (Moleirinho

et al., 2020). For isolation of VLPs from cells, the cell pellet is resuspended in

buffer containing detergent, for example, Triton X-100, and subjected to high

pressure homogenization (Mortola & Roy, 2004). This leads to cell breakage and

release of self-assembled VLPs (Milburn & Dunnill, 1994). In some cases, the

proteins translocate into the endoplasmic reticulum forming multilayer lamellar

structures, as seen in hepatitis B surface antigen produced in P. pastoris, and

require an additional step using detergents, to release VLPs comprising both lipid

and protein (Lünsdorf et al., 2011). For purification of VLPs released into the

culture media, postclarification, the supernatant is subjected to density gradient

or rate zonal ultracentrifugation to collect VLPs by sedimentation (Arevalo et al.,

2016; Van Zyl & Hitzeroth, 2016). As this approach is not scalable, chromatog-

raphy is considered to be a better option when large quantities are required.

VLPs can be purified using ion exchange chromatography by selective

adsorption of VLPs on the basis of charge (Goodridge et al., 2004) and elu-

tion using high salt concentration (Silva et al., 2020). Affinity chromatogra-

phy employing a classic bind-wash-elute approach is an alternative

purification approach for VLPs containing a tag, for example, immunoaffi-

nity chromatography (antigen�antibody interaction), or a poly-Histidine tag

binds to resins containing immobilized nickel ions (Zhao et al., 2019). The

bound VLPs are eluted using low pH (e.g., 0.1 M glycine-HCl, pH 2.5) for

antibody interactions, high concentration of imidazole for His-tagged pro-

teins (. 200 mM) or strong chelators (e.g., EDTA) (ThermoFisher

Scientific, 2011). Size exclusion chromatography is sometimes used as a

final polishing step for obtaining homogeneous population of VLPs, and

buffer exchange into a stable formulation buffer (Lagoutte et al., 2016;

Moleirinho et al., 2020).
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Major contaminants and removal strategies

Intermediate purification steps are often included for reduction or removal of

contaminants including HCP, host cell DNA, and endotoxin, to obtain a final

VLP product of desired purity. The type and levels of contaminants depend

on the particular expression system employed. In E. coli, HCP is less of a

concern than nucleic acid, and a digestion step using benzonase is often

incorporated at early stages of purification to reduce DNA levels

(Hillebrandt et al., 2020). While this might be more applicable at smaller

scales, Immobilized Metal Affinity Chromatography (IMAC) has been found

scalable and efficient in removing host cell nucleic acids and endotoxin

(Ongkudon et al., 2012). Ultrafiltration and ion-exchange chromatography

are also commonly used techniques for endotoxin removal (Magalhaes et al.,

2007). A recently developed CaptoTM Core700 resin allows exclusion of

large molecular weight contaminants (. 700,000 kDa), while smaller impu-

rities including partially assembled VLPs, and smaller HCPs, are retained in

the octylamine resin beads (Lagoutte et al., 2016). A anion exchange chro-

matography using a strong exchanger is the most widely used method for

removal or reduction of DNA, as this contaminant carries a negative charge.

Some resins with proven successful reduction in host cell DNA levels are Q

Sepharose Fast Flow, axial flow monolithic strong anion exchanger (CIM

QA), and axial flow membrane strong anion exchanger (Sartobind Q pico)

(Hernández et al., 2016).

Analytical tools for virus-like particles

Analytical qualification and quantification of VLPs is performed to deter-

mine the yield and purity at end of the process. These tools are also used

during process optimization steps as in Fig. 6.1, to quantitate the reduction

of a contaminant. Commonly used tools for analysis of VLPs are described

below.

Total protein and purity analysis

Coomassie or silver staining of proteins separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) provides a visual

representation of the total proteins present in VLPs, along with contaminat-

ing host cell or media proteins, separated by size. Western blotting (see

Chapter 4) is normally used for identification of specific protein sequences

in VLPs (Thompson et al., 2013). Bicinchoninic acid assay is commonly

used for quantifying total protein, reacting with peptides to produce a colori-

metric readout (Tang et al., 2011). Techniques such as SDS-PAGE and pep-

tide fingerprinting are used to assess the purity and confirm the composition

of the VLP (McCraw et al., 2018). For quantification of host cell DNA in
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the in-process controls, and final VLP formulation, real-time PCR is a highly

sensitive method with a limit of detection in the subpicogram range, while

cell-specific kits, for example, enzyme-linked immunoassays are useful tools

for quantifying residual HCPs (Weihong Wang, 2016).

Size and morphology confirmation

Transmission electron microscopy or scanning electron microscopy is used

for confirming the presence of VLPs, their morphology and size (González-

Domı́nguez et al., 2020; Pushko et al., 2005). This is usually performed by

adsorption of a sample on copper grids, and negative staining with uranyl

acetate (Krammer et al., 2010). Cryo-electron microscopy is used for detailed

study and structural guided evaluation of VLPs (McCraw et al., 2018).

Dynamic light scattering is a quick and highly sensitive, widely employed

method for determining the size and homogeneity of VLP population

(B0.1 nm�1 μm); it is based on light scattering caused by Brownian motion

of particles (Challener, 2015). Other techniques that provide high-throughput

quantification of VLPs include super-resolution fluorescence microscopy,

nanoparticle tracking analysis, and flow virometry (González-Domı́nguez

et al., 2020). High-performance liquid chromatography (HPLC)-based meth-

ods including reverse phase HPLC and high-performance size exclusion

chromatography (HP-SEC) are frequently used for estimating molecular

mass and size uniformity of VLPs, with HP-SEC able to separate monomers,

aggregates, and fragments depending on the pore size of the matrix (Ramesh

Kumar & Rathore, 2020; Yang et al., 2020). Analytical ultracentrifuge is

used for determining broad range size distribution of particles and can ana-

lyze particles ranging from 100 Da to 109 Da (Berkowitz, 2015).

Composition analysis

Western blotting with antibodies specific for a particular protein sequence

can confirm the presence of an antigen band of the correct size. Mass spec-

trometry is a robust and highly sensitive method that can confirm protein

identity and provide additional information on amino acid composition and

post-translational modifications (Ramesh Kumar & Rathore, 2020).

Differential scanning calorimetry and differential scanning fluorescence use

thermodynamic parameters to analyze critical structural changes, to predict

the thermal stability of VLPs (Yang et al., 2020).

Conclusion

This chapter reviews the application of VLPs as vaccines, and the process

involved in production and analysis. There is a need for process development

and optimization at each stage of VLP production, to obtain a final product
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of the desired yield and purity, with system- and process-related contaminant

quantities within an acceptable range, defined by regulatory guidelines for

vaccines used in clinical trials. For upstream steps, the choice of the expres-

sion system, media, and scale-up parameters is crucial as it defines the

downstream processes needed for the effective removal of contaminants,

without affecting the overall yield and product quality.
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Introduction

Over the past decades, extensive research in immuno-oncology has given

insights into how immune responses can be manipulated to overcome the

immunosuppressive and evasive mechanisms of tumor cells and the tumor

microenvironment (TME), and thus serve as an effective strategy for cancer

therapy (Malonis et al., 2020). Targeted tumor therapy aims to identify spe-

cific antigens on tumor cells that can be recognized by the immune system,

thus potentially producing an effective antitumor immune response and

immunologic memory that ensures a long-lasting antitumor immunity (Qin

et al., 2019). Unlike healthy cells, most tumor cells are characterized by over-

expression or mutation of certain endogenous proteins. Any overexpressed or

mutated gene product is a potential cancer vaccine target (Malonis et al.,

2020).

Vaccination is a feasible therapeutic strategy for the treatment of cancers

(Yu & Liu, 2018). The goal of a cancer vaccine is to activate a patient’s

immune system to recognize and effectively eliminate tumor cells (Vergati

et al., 2010; Zhang et al., 2019) without damaging healthy cells (Lee et al.,

2018). The potential target for an immune response can be either tumor-

specific antigens (TSAs) found exclusively on tumor cells, or tumor-

associated antigens (TAAs) overexpressed on tumor cells and also present at

some level in healthy tissues. Theoretically, TSAs are the ideal target for

cancer immunotherapy because of their tumor specificity, and, in some cases,

their role in tumor development and progression. However, one major chal-

lenge with targeting TSAs is the fact that most mutations are unique to a spe-

cific tumor, thus requiring personalized immunotherapy to be developed for

each patient. The main problem with targeting TAAs is that they are poor
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immunogens and can easily evade immune surveillance, due to acquired tol-

erance for self-antigens (Vergati et al., 2010).

In principle, a cancer vaccine is designed to stimulate a patient’s den-

dritic cells (DCs), which are professional antigen-processing cells (APCs).

The DCs engulf and process the tumor antigens introduced by the vaccine,

then migrate to lymph nodes where they present antigen-derived peptides on

their cell surface complexed with major histocompatibility complex (MHC) I

or II molecules, to activate T cells. Activated T cells proliferate and differen-

tiate into effector CD81 cytotoxic T and CD41 T helper cells (Zhang

et al., 2019). These cells exit the lymph nodes and then recognize specific

MHC-peptide complexes on the tumor cell surface, resulting in tumor cell

killing (Zhang et al., 2019). In addition, costimulatory receptors are induced

and cytokines are released, enhancing antitumor immune responses (Qin

et al., 2019). In theory, the immune response induced by the vaccine could

either eliminate the tumor or keep it under continuous immune surveillance,

delaying relapse and prolonging patient’s survival. Unlike other standard

treatments for cancer such as surgery, chemotherapy, radiotherapy, and

immune checkpoint inhibitors, vaccine-based cancer therapy may be the only

treatment that can induce life-long immunity (Vergati et al., 2010).

Another major goal for cancer vaccine strategies is to overcome tumor-

related immunosuppression. Preclinical studies have revealed that vaccines

alone may not be powerful enough to surmount the complex immunosup-

pressive mechanisms found within the TME (Yu & Liu, 2018). The TME is

made up of various cell types (see Fig. 7.1), and extracellular molecules

expressed by tumor cells, stromal cells, and immune cells (Labani-Motlagh

et al., 2020). Immunosuppression within the TME plays a key role in tumor

progression, metastasis, and drug resistance and is triggered by several fac-

tors such as hypoxia, myeloid-derived suppressor cells (MDSCs), production

of nitric oxide (NO), increased secretion of immune inhibitory cytokines

including interleukin (IL)-10 and transforming growth factor (TGF)-β, T cell

exhaustion, histocompatibility antigen (human leukocyte antigen, HLA)-G

secretion by cancer cells, inhibition of natural killer (NK) or NKT cells,

expression of monocyte chemoattractant proteins like C�C motif chemokine

ligand 2 (CCL2), and infiltration of tumors by Tregs (Labani-Motlagh et al.,

2020; Tsai et al., 2014).

In addition to cancer cells, various immune cells involved in the antitu-

mor immune response are also found in the TME. They include CD8 T cells,

NK cells, Treg cells, NKT cells, DCs, macrophages, and MDSCs.

Alongside vaccines, various immunological products have been devel-

oped for the treatment of cancer (Fig. 7.2). Cancer vaccines can be combined

with these products and other conventional cancer therapy, and this may

amplify the clinical response via synergistic pathways (Fig. 7.3). For

instance, vaccines combined with immune checkpoint blockade therapy (e.g.,

anti-programmed cell death 1 (PD1) antibodies) have been successful both in
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FIGURE 7.2 Antitumor immunological products.

FIGURE 7.1 Various cell types found in the tumor microenvironment.
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preclinical tumor models and in the clinic (Yu & Liu, 2018). In a study

by Ott et al. (2017), two out of six melanoma patients who received a

neoantigen-based vaccine experienced tumor recurrence but after subsequent

treatment with anti-PD1 therapy, there was total regression of the tumor with

clonal expansion of the repertoire of neoantigen-specific T cells.

There are various products currently used in cancer immunotherapy,

either alone or in combination to achieve effective antitumor immunity.

They include cancer vaccines, growth factors, cytokines, immune checkpoint

inhibitors, monoclonal antibodies, and interferons (IFNs).

Recent advances in vaccine research have led to the emergence of various

types of cancer vaccines that have achieved some therapeutic effects in

the clinic. Nevertheless, several issues still exist in implementing these vac-

cines universally, including patients with poor levels of antitumor immune

response (Qin et al., 2019). In addition, some tumor indications are far less

susceptible to vaccination and immunotherapy in general than others—for

example, melanoma is particularly responsive due to the high tumor mutation

rate (Ott et al., 2017; Sahin et al., 2017). Other tumor indications are more

immunosuppressive with lower levels of T cell infiltration. There are various

strategies for targeting therapeutic vaccines to tumor cells as discussed

below.

Types of cancer vaccines

Cancer vaccines can be classified as prophylactic/preventive, and therapeutic

(Qin et al., 2019; Vergati et al., 2010). Preventive vaccines are given as

FIGURE 7.3 The multiple obstacles to effective antitumor immune responses following suc-

cessful priming of tumor antigen-specific T cells by a vaccine. Each obstacle offers opportunities

for therapeutic intervention to increase vaccine efficacy. From Vermaelen, K. (2019). Vaccine

strategies to improve anti-cancer cellular immune responses. Frontiers in Immunology, 10, 8.

https://doi.org/10.3389/fimmu.2019.00008.
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prophylaxis for cancers caused by oncogenic pathogens including human

papilloma virus (HPV) and hepatitis B virus (HBV) (Qin et al., 2019).

Currently, HPV and HBV vaccines are commercially available and have

greatly helped to reduce the incidence of cervical cancer and liver cancer,

respectively. In contrast, therapeutic vaccines can target tumor cells by

“inducing autoimmune responses in a targeted manner” (Qin et al., 2019).

Different approaches have been utilized in the development of therapeutic

cancer vaccine candidates, including whole tumor cell vaccines, DC vac-

cines, DNA vaccines, mRNA-based vaccines, peptide-based vaccines, and

viral vector vaccines (Qin et al., 2019; Yu & Liu, 2018).

Whole tumor cell vaccines

Since tumor cells undergo high rates of mutation affecting multiple antigens,

an optimal approach would elicit a wide range of polyclonal tumor-specific

responses against numerous different epitopes. Whole tumor cell vaccines

offer this specific advantage, as they comprise multiple tumor antigens that

can be processed and presented by DCs to stimulate a strong polyclonal T cell

response against the tumor (Chiang et al., 2010, 2015; Yaddanapudi et al.,

2013). Stimulated CD41 T helper cells enhance the CD81 T cell response,

leading to a more robust antitumor immunity and long-term immunologic

memory (Chiang et al., 2015). Another advantage is that this approach is

suitable for use in all cancer patients irrespective of their HLA types (Chiang

et al., 2015; Vergati et al., 2010). The diversity of epitopes presented by

MHC I and MHC II may also stimulate innate immune responses (i.e., NK

cells, macrophages, and eosinophils) (Vergati et al., 2010).

Whole tumor cell vaccines can be classified as allogeneic (nonpatient-

specific) cell line vaccines and autologous (patient-specific) vaccines (Qin

et al., 2019; Vergati et al., 2010). The benefit of allogeneic vaccines is that

the tumor cells are re-engineered to remove oncogenicity but still retain all

of the immunogenic antigens, which can then induce antitumor immune

responses (Qin et al., 2019; Yu & Liu, 2018). Whole tumor cells can be

unmodified or engineered to express MHC, costimulatory molecules, or cyto-

kines (Vergati et al., 2010). However, due to their weak immunogenicity,

clinical responses have not been observed using tumor cell vaccines alone.

A stronger antitumor immune response can be induced when cell vaccines

are used in combination with adjuvants (Qin et al., 2019; Vergati et al.,

2010) such as granulocyte-macrophage colony stimulating factor (GM-CSF),

Bacille Calmette-Guerin (BCG) (Vergati et al., 2010), and cytokines (Qin

et al., 2019). Whole tumor cells can be administered in the form of

whole tumor cell lysates (Chiang et al., 2015; Vergati et al., 2010). Issues in

using autologous tumor cells include difficulty in harvesting large amounts

of patient-specific tumor tissue and producing vaccine preparations free

of oncogenic contaminants (Qin et al., 2019; Yaddanapudi et al., 2013).
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Conversely, the use of tumor cell lysates reduces the oncogenic potential

compared to whole cells (Qin et al., 2019).

Several vaccines derived from whole tumor cells or tumor cell lysates

have been tested in preclinical models and clinical trials over the last few dec-

ades. These include (1) OncoVAX, consisting of autologous irradiated tumor

cells combined with or without BCG as an adjuvant; (2) Reniale, a vaccine

for treating renal cell carcinoma (RCC), composed of a lysate of autologous

tumor cells preincubated with IFN-γ to improve the antigenicity of these cells,

and tocopherol acetate to protect cell membranes during the incubation;

(3) GVAX prostate cancer vaccine, which contains two irradiated allogeneic

cell lines of human prostate cancer, LNCaP, and PC-3, altered by ex vivo

transduction with an adeno-associated viral vector that encodes the human

GM-CSF gene (Vergati et al., 2010). In a phase III clinical trial, Melacine, an

allogeneic melanoma tumor cell lysate vaccine, was evaluated for minimal

residual disease in melanoma patients. The vaccine was reported to have a

significant beneficial effect on relapse-free and total survival for patients

who express HLA class I antigens A2 and/or C3 (Qin et al., 2019; Sondak &

Sosman, 2003). In RCC patients treated with autologous tumor vaccine, it was

noticed that survival of patients with progressive RCC was significantly

extended (Qin et al., 2019). In general, there is a low response rate with whole

cell tumor vaccines, indicating a need to further develop the approach (Qin

et al., 2019), for example by loading tumor lysates onto DCs. In line with

this, Cornelissen et al. (2016) and Wen et al. (2002) demonstrated that loading

DCs with autologous tumor lysates is capable of inducing antitumor immune

responses against mesothelioma and myeloma cells, respectively — further

detail is provided in the section on dendritic cell vaccines in this chapter.

Peptide-based vaccines

T cells identify their target antigens as small peptide fragments presented in

complex with MHC molecules on the cell surface; peptide epitopes can there-

fore potentially be utilized as antitumor therapeutic vaccines. Since peptide-

based therapeutic vaccines are aimed at eliciting specific T cell immune

responses against tumor antigens (Tsang et al., 2015; Yang & Zhang, 2020),

the peptides used should be both immunogenic and antigenic (Qin et al.,

2019). Peptide vaccines contain an MHC-binding antigenic epitope, and

are administered with a T cell�inducing adjuvant (Slingluff, 2011; Yang &

Zhang, 2020). The quality of the immune response generated is dependent on

the peptides and adjuvants used in the vaccine. For instance, vaccines con-

taining multiple peptides (compared to a single peptide) may yield better

immune responses; in one example, administration of multi-peptide mela-

noma vaccines resulted in a nearly 100% response rate (Tsang et al., 2015).

Compared to whole tumor cell vaccines, peptide-based vaccines have the

advantages of specificity, reduced risk of autoimmune response, ease and
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low cost of production in large quantities, and absence of neoplastic seeding

risk (Qin et al., 2019; Vergati et al., 2010). The success of this therapeutic

strategy thus far has been limited by: (1) the choice of antigenic peptides,

(2) poor immunogenicity, (3) escape through antigen mutation or loss, and

(4) their use is often HLA-restricted and limited to a subset of patients (usu-

ally HLA-A21 ) (Vergati et al., 2010; Yang & Zhang, 2020). The ability to

induce a balanced activation of CD41 and CD81 T cells is thought to be

vital for an effective, long-term antitumor immune response (Vergati et al.,

2010). Strategies for increasing the immunogenicity of peptide-based vaccines

include the use of (1) peptides with amino acid substitutions at anchor resi-

dues and heteroclitic analogs to increase MHC binding affinity, (2) multiple

variance long peptides, (3) a mixture of peptides derived from several specific

TAAs, (4) class I and II epitope hybrid vaccines, (5) DCs pulsed with peptide,

and (6) peptide vaccines in combination with other therapies (Tsang et al.,

2015), adjuvants, and cytokines such as GM-CSF (Qin et al., 2019).

Although there are doubts that peptide vaccines alone could significantly

affect disease progression, clinical trials have shown that combining these

vaccines with appropriate adjuvants and/or immunomodulatory agents may

result in improved clinical outcomes (Tsang et al., 2015). An example is the

HLA�A0201-restricted peptide vaccine, gp100:209-217(210M). In a phase

III clinical trial involving 185 patients with advanced melanoma at 21 cen-

ters, one of the treatment groups was given gp100:209-217(210 M) mixed

with incomplete Freund’s adjuvant, followed by a high-dose IL-2. This group

had significantly improved general clinical outcomes and longer progression-

free survival (PFS; 2.2 months vs 1.6 months; P5 .008), and longer median

overall survival (17.8 months vs 11.1 months; P5 .06), compared to the

treatment group that received only IL-2 (Schwartzentruber et al., 2011).

A vaccine composed of a mixture of a dozen peptides restricted to HLA-

A1, -A2, -A3, -A11, and -A24 can theoretically treat 85% of cancer patients,

thereby overcoming the problem of MHC restriction (Tsang et al., 2015). To

date, most epitope-based vaccines induce HLA-A2-restricted responses that

can kill tumor cells but are characterized by a limited lifespan in the absence

of CD4 helper T cells. Protein-based vaccines are capable of generating

stronger CD4 responses (MHC class II-restricted), but at the cost of inducing

cytotoxic T lymphocytes (CTLs) less effectively (Vergati et al., 2010). Post-

2010 most peptide vaccines target neoantigens. Ott et al. demonstrated that

neoantigen-specific peptide vaccines for melanoma are effective in combina-

tion with a T cell�inducing adjuvant, TLR3 agonist poly-ICLC (Hiltonol)

(Ott et al., 2017).

Dendritic cell vaccines

DCs are professional APCs that play a vital role in stimulating cell-mediated

immunity, and thus are key targets in cancer vaccine design (Qin et al.,
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2019; Yu & Liu, 2018). DC maturation is often impaired in cancer patients,

partly caused by cytokines such as vascular endothelial growth factor

(VEGF), which induces STAT3 expression and inhibits maturation.

Consequently, antigen presentation can be impaired, resulting in weak T cell

responses in these patients. To overcome this problem, DC vaccines are pre-

pared using DC precursors, such as elutriated monocytes (isolated from

blood using counter-flow centrifugation elutriation) that are matured in vitro,

away from the negative influences of the tumor environment. When DCs are

matured in vitro, they are induced to express higher levels of costimulatory

molecules and/or MHC molecules, which in turn boosts their immunogenic-

ity. To induce tumor-specific responses, DCs can be transduced ex vivo with

viral vectors that express tumor antigens (Maeng & Berzofsky, 2019).

DC vaccines are prepared by collecting patient monocytes and culturing

them in media containing cytokines such as GM-CSF and IL-4, which stimu-

late the monocytes to differentiate into DCs. The patient’s tumor antigens

are loaded into the DCs, thus forming an autologous antigen-pulsed DC vac-

cine (Maeng & Berzofsky, 2019; Qin et al., 2019). This can be achieved

through several methods including transfection, the fusion of DCs and tumor

cells, and loading with peptides, tumor RNA, DNA, whole cell lysate, and

apoptotic cells (Fry et al., 2009). Lipopolysaccharide, IFN, or a mixture of

cytokines is then used to induce maturation of the DCs, after which matured

DCs are harvested and re-administered to the patient (Maeng & Berzofsky,

2019). (Maeng & Berzofsky, 2019; Qin et al., 2019) DC vaccines are partic-

ularly efficacious in stimulating antitumor immune response through their

ability to enhance antigen presentation, prime naı̈ve CD81 T cells, and

stimulate differentiation of T cells into memory T cells (Qin et al., 2019).

Sipuleucel-T is a DC-based vaccine approved by the Food and Drug

Administration (FDA) that has achieved favorable results in the treatment of

metastatic prostate cancer (Maeng & Berzofsky, 2019; Qin et al., 2019; Yu

& Liu, 2018). Sipuleucel-T is prepared by incubating DCs with a recombi-

nant fusion protein combining the tumor antigen prostate acid phosphatase

(PAP) and GM-CSF (Razi & Rezaei, 2019; Yu & Liu, 2018). In a clinical

trial involving 512 patients with castration-resistant prostate cancer, it was

observed that the group of patients given Sipuleucel-T treatment attained a

4.1-month improvement in median survival and 22% decreased death risk

compared to the placebo group (Kantoff et al., 2010; Qin et al., 2019). Many

clinical and preclinical studies have also supported the potential of DC vac-

cines for further clinical development. For example, a DC vaccine generated

by pulsing DCs with tumor antigens survivin and MUC1, silenced with sup-

pressor of cytokine signaling 1 (SOCS1), and immune stimulating with

TLR5 agonist flagellin, was evaluated in a phase 1 open-label uncontrolled,

dose-escalation clinical trial for its safety and efficacy in 15 patients with

resected stage I�IIIA non-small cell lung cancer at three dose levels. Patients

tolerated the vaccine well, without dose-limiting toxicity and serious adverse event
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other than grade 1 flu-like symptoms. CD31CD41CD251 Foxp31 T regula-

tory (Treg) cell levels were significantly lower posttreatment. In the long-term fol-

low-up of the maximum dose group, one patient had died, one patient had

progressive disease, and the remaining seven patients had no recurrent disease

(Ge et al., 2017).

Another pilot clinical trial involving 25 platinum-treated, immunother-

apy-naı̈ve, recurrent epithelial ovarian cancer patients evaluated the safety

and effectiveness of a personalized DC-based vaccine generated by differen-

tiation of autologous DCs pulsed with oxidized autologous whole-tumor cell

lysate (OCDC), administered intranodally. The OCDC vaccine was adminis-

tered either alone (cohort 1, n5 5), in combination with bevacizumab

(anti-VEGF-A antibody) (cohort 2, n5 10) or bevacizumab plus low-dose

intravenous cyclophosphamide (cohort 3, n5 10) until disease progression or

vaccine exhaustion. The vaccine was well tolerated, induced T cell responses

to autologous tumor antigens including neoantigens, and prolonged patient

survival significantly, with 100% two-year overall survival rates for respon-

ders. The greatest improvements were achieved with the triple combination

of the vaccine plus bevacizumab and cyclophosphamide (Mastelic-Gavillet

et al., 2019; Tanyi et al., 2018).

Despite promising results, several factors could limit the effectiveness of

DC vaccines. This type of vaccine requires that the patient’s immune system

is functioning sufficiently (for instance, the absence of bone marrow depres-

sion induced by chemotherapy) before an adequate number of functional

DCs can be isolated from the patient (Qin et al., 2019; Yu & Liu, 2018). It is

also costly and laborious to manufacture personalized DC vaccines (Maeng

& Berzofsky, 2019; Qin et al., 2019). The route of injection and migration to

lymph nodes are also factors affecting the potency of DC vaccines (Yu &

Liu, 2018). Inconsistencies in the production and quality control of DC vac-

cines mean that analysis of small-scale studies is also difficult. There is no

consensus for measuring immune correlates and biomarkers to assess the

in vivo functionality of DC vaccines. For this approach to advance in the

clinic, innovative advances in DC vaccine production techniques and quality

control, and methods for optimizing vaccine delivery to enhance cross-

priming and overcome the suppressive TME are still needed (Maeng &

Berzofsky, 2019).

Nucleic acid vaccines

Nucleic acid vaccines contain DNA or RNA encoding target antigens. This

is an attractive vaccine strategy that makes it easy to administer multiple

antigens with a single vaccine, and activates both humoral and cellular

immune responses, thus reducing the chances of tumor evasion. One of the

benefits of nucleic acid vaccines over peptide-based vaccines is that they are

not limited by the patient’s HLA type. Nucleic acid vaccines have been
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proven to be nontoxic and tolerable (McNamara et al., 2015). Strategies for

developing DNA and mRNA cancer vaccines are further explained in the fol-

lowing subsections.

DNA vaccines

DNA vaccines are genetically engineered vaccines prepared by inserting

genes encoding tumor antigens (capable of stimulating both CD41 and

CD81 T cells responses) into a plasmid or recombinant viral vector (Maeng

& Berzofsky, 2019; Qin et al., 2019; Vergati et al., 2010). DNA vaccines

can also be modified to incorporate genes that encode immunostimulatory

molecules and enhance antitumor immunity (Qin et al., 2019). It has been

proven that DNA vaccines can elicit a strong immune response against weak

TAAs. The vaccine can be administered to the patient via intradermal, sub-

cutaneous, or intramuscular routes (Vergati et al., 2010). When administered,

the plasmid penetrates the “residential” APCs or surrounding cells like myo-

cytes, and the genes encoded in the plasmid are transcribed and translated

into the protein of interest (Maeng & Berzofsky, 2019).

DNA vaccines are advantageous over other approaches because they are

easy to manufacture at a large scale at low cost. Many phase I and II clinical

trials involving patients with prostate cancer, melanoma, colorectal cancer,

and head and neck carcinoma have been conducted to assess the effective-

ness of DNA vaccines targeting various TAAs [prostate-specific antigen

(PSA), PAP, gp100, carcinoembryonic antigen (CEA), hsp65]. The vaccines

were either administered alone or with a specific delivery system or adju-

vants; however, the sample sizes in some of these studies were too small to

detect any significant relationship between generating an immune response

and clinical outcomes in vaccinated patients (Vergati et al., 2010). A ran-

domized, double-blind, placebo-controlled phase IIb trial of a DNA vaccine

targeting HPV-16 and HPV-18 E6 and E7 proteins revealed that the vaccine

may be effective against cervical intraepithelial neoplasia 2/3 (Qin et al.,

2019). Only a few DNA vaccines have progressed to phase III clinical trials

(Qin et al., 2019).

Although DNA vaccines have promising characteristics, they tend to

induce an inferior immune response compared to peptide, cell-based, and

RNA vaccines. This could be as a result of ineffective delivery of DNA

into cells as a result of variable expression of nucleic acid-sensing pattern

recognition receptors (DNA PRRs). The DNA needs to penetrate both

cell and nuclear membranes of target cells to be transcribed. Due to the rela-

tively weak immunogenicity of DNA vaccines and doubts over their onco-

genic risk following integration into the host genome, there is now a greater

focus on RNA vaccines, which may be a safer alternative (McNamara et al.,

2015).
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mRNA vaccines

mRNA-based vaccines are considered safe because the transfected mRNA is

not incorporated into the host genome (Vergati et al., 2010). The mRNA is

composed of a cap structure at the 5’ end, the coding RNA for a target anti-

gen, and a poly-A tail. The mRNA can encode a single antigen, for example,

PSA or CEA, a mixture of antigens derived from allogeneic cancer cell lines

or autologous tumor mRNA (Vergati et al., 2010), or a string of epitopes

derived from mutated neoantigens (Pardi et al., 2018).

There are two types of mRNA used in vaccines: non-replicating mRNA

and self-amplifying mRNA. Self-amplifying mRNA has the advantage of

prolonged, elevated expression of the antigen due to its ability to replicate

intracellularly, resulting in better vaccine-induced immune responses.

Nonreplicating mRNA encodes only the target antigen, while both the target

antigen and viral replication machinery are encoded in self-amplifying

mRNA. Self-amplifying mRNA has the advantage of prolonged, elevated

expression of the antigen due to its ability to replicate intracellularly, result-

ing in better vaccine-induced immune responses (Heine et al., 2021; Pardi

et al., 2018). Both types of mRNA are used in producing vaccines for the

prevention of infectious diseases, while nonreplicating mRNA is used for

cancer vaccines (Heine et al., 2021).

Briefly, mRNA vaccine production starts with the identification and

design of the target antigen using computational methods. The gene encoding

the target antigen is cloned into a DNA vector and multiple copies of

in vitro transcribed (IVT) mRNA are then produced from the linearized

DNA template using bacteriophage-derived RNA polymerase such as T3,

T7, or SP6 RNA polymerase (Esprit et al., 2020; Miao et al., 2021). Various

strategies can be applied during or after the in vitro transcription process to

enhance the immunogenicity of IVT mRNA . These include:

1. The use of chemically modified nucleotides as building blocks decreases

innate immune sensing by RNA PRRs and enhances protein translation

(Esprit et al., 2020; Pardi et al., 2018).

2. Addition of a synthetic 50 cap and poly-A tail for stability and increased

protein translation (Esprit et al., 2020; Pardi et al., 2018).

3. Addition of regulatory elements in the 50and 30- untranslated regions

enhances mRNA stability and translation efficacy (Esprit et al., 2020;

Pardi et al., 2018).

4. Incorporation of an adjuvant to boost the immunogenicity of the mRNA.

This can be achieved by using traditional adjuvants or novel strategies

that leverage the intrinsic immunogenicity of mRNA or its ability to

encode immuno-stimulatory proteins (Esprit et al., 2020; Pardi et al.,

2018).

5. Separation and purification of the synthesized mRNA, which entail add-

ing DNase enzyme to degrade carryover DNA template; purifying the
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mRNA using LiCl/NaCl-EtOH precipitation or dT microbeads; removal

of contaminants like double-stranded RNA by RNA III treatment or

chromatographic methods such as reverse-phase fast protein liquid chro-

matography or high-performance liquid chromatography. All of these

approaches also decrease PRR sensing and enhance protein translation

(Esprit et al., 2020; Pardi et al., 2018).

Once the mRNA vaccine is administered and internalized by host cells

(DCs), the mRNA transcripts are translated directly into proteins in the cyto-

plasm. As with DNA vaccines, the resulting antigens are processed into pep-

tide fragments that bind to MHC I molecules and are presented on the APC

cell surface, thereby stimulating specific CTL responses (Lee et al., 2018;

McNamara et al., 2015; Vergati et al., 2010). The vaccines also induce

increased expression of cytokines and chemokines in the mature DCs (Lee

et al., 2018). Epitopes processed from the RNA-encoded antigens in the

cytoplasm are presented by MHC I instead of MHC II molecules on the sur-

face of DCs (Lee et al., 2018; McNamara et al., 2015), which means that

vaccines may fail to induce CD41 (helper) T cell responses. However,

research has shown that when a lysosomal targeting signal is incorporated in

the antigen-encoding mRNA sequence, helper T cell responses are stimulated

(McNamara et al., 2015).
There are two major approaches for delivering mRNA vaccines to DCs:

1. Ex vivo delivery: There are various techniques to deliver mRNA vaccines

encoding TAAs into a patient’s DCs in vitro, for example, physical trans-

fection methods such as electroporation and microinjection, and chemical

transfection agents such as positively charged lipids or polymers that

form lipoplexes through electrostatic interaction with negatively charged

mRNA. This delivery technique allows for precise control of the DC-

mediated immune reaction; however, it is time-consuming and costly

(Lee et al., 2018).

2. In vivo delivery: This involves direct delivery of mRNA into the patient;

several different delivery strategies have been developed to prevent dete-

rioration of the mRNA in the serum and for safe delivery to target cells

(Lee et al., 2018). Studies suggest that mRNA vaccines delivered system-

ically induce more potent immune responses than when delivered locally

via intramuscular or intradermal injections. Naked mRNA is unstable

(Sayour et al., 2018) and weakly immunogenic when administered via

i.m or i.d injections due to poor APC targeting and can be degraded

quickly when administered intravenously (Lee et al., 2018). A more effi-

cient response is achieved by combining the vaccine with a delivery sys-

tem, for example liposomes. Liposomal delivery systems are used for

encapsulating mRNA to shield it from destruction by nucleases, enhance

cellular uptake, and also ensure its delivery to specific targets in vivo

(McNamara et al., 2015; Sayour et al., 2018). In addition to stabilizing
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mRNA, liposomes can also activate immune cells, especially when

they are also loaded with immunostimulatory molecules, for example

cytokines, and this intensifies the immune response to the vaccine

(Bringmann et al., 2010; Gu et al., 2020). An example is a cationic lipo-

some, N-[1-(2,3-dioleoloxy) propyl]-N,N,N-trimethylammonium chloride

1, otherwise known as DOTAP, which is the most widely used encapsu-

lating agent for mRNA (McNamara et al., 2015).

Clinical trials have assessed mRNA-transfected DCs or in vivo delivered

mRNA in patients with prostate cancer, RCC, ovarian cancer, lung cancer,

breast cancer, pediatric brain cancer, neuroblastoma, and melanoma, with

promising results. For instance, in a phase I clinical trial involving patients

with metastatic prostate cancer, PSA-mRNA-transfected DCs were adminis-

tered repeatedly and this candidate vaccine induced an increase in PSA-

specific CTL responses (Vergati et al., 2010).

RNA vaccines, like DNA vaccines, are easy to manufacture in a cell-free

system and have some additional benefits: unlike DNA, which needs to cross

both cell and nuclear membranes to be transcribed, mRNA only needs to

enter into the cytoplasm, where it is translated into the target antigen. RNA

has no oncogenic risk because it cannot integrate into the host genome.

Lastly, RNA can act as an adjuvant by stimulating costimulatory signals via

toll-like receptors TLR3, TLR7, and TLR8 (McNamara et al., 2015).

Novel trends in cancer vaccine development

Cancer stem cell vaccines

Cancer stem cells (CSCs) are a subpopulation of tumor cells having similar

features to normal stem cells, including the capability of self-renewal and

differentiation into multiple cell types within the tumor (Ayob & Ramasamy,

2018). CSCs are responsible for cancer initiation, maintenance, and progres-

sion (Islam et al., 2019). Additionally, they are not susceptible to chemother-

apy and radiation therapy and so play significant roles in tumor metastasis

and relapse after treatment (Lu et al., 2015; Yu et al., 2012; Yu & Liu,

2018).

Many cancer vaccines target “tumor differentiation” antigens expressed

by differentiated cells rather than the CSCs, which lack these antigens and

so escape immune attack. Therefore there is a rationale for developing CSC-

specific vaccines (Lu et al., 2015). It is thought that vaccines directed against

stemness-associated genes may be beneficial in the treatment of various

cancer types, and good candidates for a universal cancer vaccine. Despite

some stemness targets (i.e., genes or pathways) being specific to a given

tumor type, others may overlap and be shared by various cancer indications

(Dhodapkar & Dhodapkar, 2011). There are, however, potential risks associ-

ated with CSC vaccines such as immune tolerance to pathways shared
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between CSCs and normal adult stem cells; shared antigens between CSCs

and embryonic (fetal) stem cells may therefore be the most desirable targets

for generating tumor-specific immune responses (Dhodapkar & Dhodapkar,

2011).

A recent preclinical study using irradiated autologous induced pluripotent

stem cells (iPSCs) as a vaccine reported marked prophylactic and therapeutic

benefits, suggesting that oncofetal antigens may play important roles in anti-

tumor immunity. The iPSCs were irradiated to inhibit teratoma formation

and then coupled with the immunostimulatory adjuvant CpG. Immunizing

mice with this candidate vaccine induced the production of antibodies that

bound to iPSCs and tumor cells, increased levels of APCs, and also induced

tumor-specific CD41 and CD81 T cells (Ouyang et al., 2019). In another

murine model, ALDH high SCC7 squamous carcinoma and D5 melanoma

cells were highly enriched for CSCs, and vaccination with an ALDH high

CSC lysate�pulsed DC (CSC-DC) vaccine was able to induce a CSC-

specific cytotoxic T cell response. Further studies in this model demonstrated

that dual blockade of PD-L1 and CTLA-4 in combination with a CSC-DC

vaccine induced a more significant response than CSC-DC vaccine alone,

with the elimination of ALDH high CSCs in vivo (Zheng et al., 2018).

Neoantigen-based vaccines

Tumor cells are prone to somatic mutation due to their genetic instability,

often leading to the expression of novel or mutated tumor-specific proteins

known as neoantigens (Kiyotani et al., 2018; Peng et al., 2019; Shindo et al.,

2019). Although neoantigens are mostly unique [RA1] [Z2] to each patient,

shared neoantigens also exist in many patients, for example the bcr-abl

gene fusion occurring in CML patients (Biernacki & Bleakley, 2020), and

common mutations seen in melanoma, thyroid carcinoma, and pancreatic

cancer (Zhao et al., 2020), including oncogenic mutations in RAS and p53.

Neoantigens are highly tumor-specific, usually immunogenic, and can escape

central (thymic) immune tolerance (Aldous & Dong, 2018; Kiyotani et al.,

2018; Shindo et al., 2019). This is in contrast to more conventional TAA-

directed cancer vaccine targets that can potentially induce central and periph-

eral tolerance, since TAAs can also be expressed by normal cells, leading

to low vaccination efficacy (Shindo et al., 2019). Neoantigens can stimulate

both CD41 and CD81 T cells immune responses (Peng et al., 2019);

hence they are regarded as ideal tumor-specific targets for personalized

cancer vaccines (Aldous & Dong, 2018). In addition, murine models have

indicated that efficacy is increased synergistically when a neoantigen-based

cancer vaccine is used in combination with immune checkpoint inhibitors

(Shindo et al., 2019).

Advances in next-generation sequencing technologies, bioinformatics,

and immuno-pharmacogenomics have all contributed greatly to the precise
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identification of cancer neoantigens, which is the basis for the success of this

therapeutic strategy (Fang et al., 2020; Kiyotani et al., 2018; Li et al., 2017;

Peng et al., 2019). Fig. 7.4 summarizes the process of neoantigen vaccine

design.

So far, a few clinical studies have demonstrated the antitumor potential

of neoantigen-based personalized vaccines in cancers such as melanoma and

glioblastoma (Fang et al., 2020). Clinical trials using neoantigen-targeting

cancer vaccines alone or in combination with immune checkpoint inhibitors

revealed that these vaccines can generate potent T cell responses against

those neoantigens, as well as antitumor responses in patients (Aldous &

Dong, 2018). Fang et al. (2020) conducted a clinical study to evaluate the

efficacy of neoantigen vaccine iNeo-Vac-P01, comprised of about 5�20

FIGURE 7.4 Mutations in tumor tissue produce neoantigens. Clonal neoantigens can be

expressed by a large number of proliferating tumor cells. Various software packages were used

to compare the sequence differences between tumor cells and normal cells, and to predict and

prioritize the immunogenicity of antigens for screening the optimal tumor neoantigens. Brief

illustration of neoantigen discovery and vaccine design. From Peng, M., Mo, Y., Wang, Y., Wu,

P., Zhang, Y., Xiong, F., Guo, C., Wu, X., Li, Y., Li, X., Li, G., Xiong, W., & Zeng, Z. (2019).

Neoantigen vaccine: An emerging tumor immunotherapy. Molecular Cancer, 18(1), 128. https://

doi.org/10.1186/s12943-019-1055-6.
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peptides, as a monotherapy in patients with advanced solid tumors. The per-

sonalized neoantigen vaccines evaluated in their study were designed using

bioinformatics analysis of whole-exome sequencing of tumor and peripheral

blood cell DNA, to identify patient-specific tumor mutations. Their results

showed that 20 out of the 22 patients enrolled had no or mild adverse reac-

tions, while two exhibited grade 3 or 4 acute allergic reactions only after

their sixth booster dose. The disease control rate, median PFS, and overall

survival at the 12th month were 71.4%, 4.6 months, and 55.1%, respectively.

Approximately 80% of individual peptides or peptide pools were able to trig-

ger specific (T cell�mediated) immune responses against neoantigens. This

study showed the neoantigen-based peptide vaccine, iNeo-Vac-P01, to be a

safe, effective vaccine that can be used to treat patients with advanced solid

tumors (Fang et al., 2020).

Personalized neoantigen RNA vaccines have shown promising results in

clinical trials. In one such study, Sahin et al. (2017) developed synthetic

RNA vaccines, each encoding five linker-connected 27-mer neoantigens.

Thirteen patients with stage III and IV melanoma were dosed with vaccine

percutaneously into inguinal lymph nodes under ultrasound control. Each

patient had received a maximum of 20 neoantigen vaccine doses by the end

of the treatment, which were well tolerated without any serious adverse

events. The vaccine enhanced preexisting weak responses against one-third

of the immunogenic neoantigens, and there was a significant decrease in

the cumulative rates of metastasis after vaccination, resulting in a sustained

PFS. Eight (of the 13) patients mounted strong immune responses postvacci-

nation and remained tumor-free throughout the follow-up period, and another

patient developed a response to the vaccination when combined with PD-1

blockade therapy (Li et al., 2017; Sahin et al., 2017).

Cancer vaccine delivery systems

Viral vectors

Viral vector systems have advantages over other approaches because of

their ability to deliver and express tumor antigen transgenes efficiently,

both in vitro and in vivo (Larocca & Schlom, 2011; Lundstrom, 2016). Other

features of viral vectors include low toxicity (Lundstrom, 2016) and the

ability to enhance the presentation of tumor antigens encoded in the vaccine

vector (i.e., recombinant virus), thus increasing immunogenicity (Larocca &

Schlom, 2011). Several viral species including alphaviruses, adeno-

associated viruses, adenoviruses, vesicular stomatitis virus, measles virus,

poliovirus, and HBV have been assessed for use as recombinant vectors for

vaccine delivery (Bolhassani & Zahedifard, 2012). Viral vector vaccines con-

taining antigens (TAA, or neoantigens) with or without costimulatory mole-

cules or cytokines, infect cells where the antigens are transcribed and
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translated, and then processed into epitopes and presented via MHC I on the

surface of infected cells, or MHC II on infected APCs (Maeng & Berzofsky,

2019). Viral vectors stimulate cytotoxic T lymphocyte responses that are

essential for antitumor immunity, and also induce antibody responses

(Bolhassani & Zahedifard, 2012).

The delivery route (such as intramuscular, oral, intrarectal, or aerosol) for

different viral vectors can determine the type of memory responses generated

against the transgene (Bolhassani & Zahedifard, 2012). Other studies have

demonstrated that antigens (peptides or soluble proteins) combined with

adjuvants, or other immunotherapies (e.g., whole tumor cell and DC vac-

cines) are less immunogenic than transgenes expressed by viral vectors.

Viral vectors designed for vaccine delivery are easier and cheaper to pro-

duce, purify, and store than vaccines complexed with adjuvant, or cellular

therapies, particularly those that are personalized (Larocca & Schlom, 2011).

The limitation of this delivery system is that some viral vectors can stimulate

the patient’s immune system to produce neutralizing antibodies to the vec-

tors, thereby resulting in a reduction in efficacy (Larocca & Schlom, 2011).

Nanocarriers

Nanocarriers are technological innovations that are used for delivering anti-

gens to induce antitumor immunity (Beg et al., 2020). Nanocarrier-based

strategies help to boost immunogenicity and antigen presentation by APCs,

elicit protective and specific T cell immune responses, and overcome immu-

nosuppression in the TME, thereby ensuring that both primary tumor and

metastasized cells are eliminated effectively (Yang & Zhang, 2020). Some

of the nanocarriers for cancer vaccine delivery that have produced promising

clinical results include nanoparticles, nanoemulsions, and liposomes. There

are also indications that nanocarriers may be useful for localized delivery of

cancer vaccines, with the help of targeting ligands (Beg et al., 2020).

Nanoparticles

Nanoparticles are globular particles with sizes ranging from 10 to 500 nm,

with hollow or solid cores that can hold genetic material (Beg et al., 2020).

Nanoparticles are often made of natural, semisynthetic, or synthetic poly-

mers, which are biocompatible and biodegradable. The most common nano-

particles used in therapeutics that have been approved by US FDA are

composed of poly(D,L-lactic-co-glycolic) acid (PLGA) and poly(lactic acid)

(PLA) polymers. PLGA and PLA-based nanoparticles are safe, nonimmuno-

genic, and very efficient in delivering vaccine adjuvants into target immune

cells (Beg et al., 2020). PLGA-based nanoparticles have been proposed as

suitable delivery vehicles for antigens in DC-based cancer vaccines (Shen

et al., 2006). PLGA nanoparticles protect the encapsulated antigenic peptide
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from degradation in vivo. The encapsulated antigens are then released in a

controlled manner, to ensure availability in vivo for continuous immune

stimulation (Jahan et al., 2018). A study in mice showed that PLGA nanopar-

ticles were effective in the delivery of TAA and TLR-4 ligand, thereby stim-

ulating sufficient CTL responses to inhibit tumor growth (Beg et al., 2020).

Liposomes

Liposomes are uni- or multilamellar spherical lipid vesicles with phospho-

lipid bilayers and a hydrophilic core (Beg et al., 2020). They are particularly

suitable for delivery in vivo because of the similarity between their mem-

brane structure and that of cell membranes, as well as the ease of loading

drugs into them. Furthermore, liposomes are biocompatible and biodegrad-

able (like nanoparticles), and they can stabilize therapeutic compounds and

enhance their biodistribution (Patra et al., 2018). They can be used to encap-

sulate and /or adsorb cancer antigens (in the form of proteins, peptides or

RNA) for delivery to immune cells. Normally, liposomes have little or no

intrinsic adjuvant properties, but they may be combined with adjuvants to

boost antigenicity and strengthen the humoral immune response. Liposomes

have recently been tested clinically as a vaccine carrier for delivery of

HPV16 E7, a protein that is involved in causing cervical cancer (Beg et al.,

2020). Another clinical study evaluated the safety and activity of tetravalent

RNA-liposomal cancer vaccines containing four TAAs in patients with

advanced melanoma. The study showed that the vaccines are safe and well

tolerated (Sayour et al., 2018).

Nanoemulsions

Nanoemulsions are colloidal dispersions with a globule size of 20�200 nm,

used in local or systemic delivery of antigens to boost the cellular immune

response (Beg et al., 2020). Nanoemulsions of approximately 100 nM can be

engulfed from the blood by macrophages of the reticuloendothelial system,

and can cross hepatic endothelium or spread to the spleen and bone marrow

through the lymphatic system. When the size of nanoemulsions is less than

50 nm, they can penetrate tumors following intravenous, intra-arterial, intra-

peritoneal, or oral administration (Shi et al., 2005). A nanoemulsion vaccine

coencapsulated with a gastric cancer-specific antigen MG7 mimotope peptide

and adjuvant CpG oligodeoxynucleotides 1645 was evaluated for its effects

on gastric cancer in a murine model (Shi et al., 2005). The vaccine was

reported to induce high levels of T cell and humoral immunogenicity, and a

significant tumor growth inhibition rate of 82.5%, demonstrating the promise

of this cancer vaccine approach, at least in animal models (Beg et al., 2020;

Shi et al., 2005).
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Nanocarrier vaccines are frequently deployed in place of viral vectors

as delivery vehicles for genes and antigens because they are highly stable

in vitro, strongly biocompatible, persistent in vivo, and biodegradable.

Further clinical studies are needed to evaluate the safety and efficacy of

nanocarriers for use in humans, as well as investigating their mechanism of

action in inducing systematic immune responses (Beg et al., 2020).

Summary

There have been intensified research efforts in cancer vaccine design and

development due to advances in the discovery of tumor antigens, approaches

to boost their immunogenicity, and a better understanding of mechanisms

involved in the presentation of these antigens by APCs and subsequently,

induction of immune responses. Currently, various cancer vaccine strategies

allow for optimal presentation of tumor antigens to immune cells, in combi-

nation with adjuvants, costimulatory molecules and/or with cytokines. These

combinations elicit humoral and cell-mediated immune responses that aim to

overcome tumor immunosuppression and destroy the target tumor. However,

except for some neoantigen vaccines, clinical efficacy has been poor. Some

vaccine approaches are restricted to a given cancer indication, a specific

MHC allele, or a specific patient (e.g., personalized neoantigen vaccines),

making deployment restrictive, complicated, and expensive. Several studies

have shown that clinical outcomes may be greatly improved when vaccines

are used in combination with other immunotherapeutic options, for example

checkpoint inhibitor antibodies. Additionally, biodegradable vaccine delivery

systems are under development to target antigens to APCs, ensuring long-

lasting antitumor immune responses.
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(2017). Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity

against cancer. Nature, 547(7662), 222�226. Available from https://doi.org/10.1038/

nature23003.

Sayour, E. J., Mendez-Gomez, H. R., & Mitchell, D. A. (2018). Cancer vaccine immunotherapy

with RNA-loaded liposomes. International Journal of Molecular Sciences, 19(10). Available

from https://doi.org/10.3390/ijms19102890.

Schwartzentruber, D. J., Lawson, D. H., Richards, J. M., Conry, R. M., Miller, D. M., Treisman, J.,

Gailani, F., Riley, L., Conlon, K., Pockaj, B., Kendra, K. L., White, R. L., Gonzalez, R., Kuzel,

T. M., Curti, B., Leming, P. D., Whitman, E. D., Balkissoon, J., Reintgen, D. S., . . . Hwu, P.

(2011). gp100 peptide vaccine and interleukin-2 in patients with advanced melanoma. The New

England Journal of Medicine, 364(22), 2119�2127. Available from https://doi.org/10.1056/

NEJMoa1012863.

Shen, H., Ackerman, A. L., Cody, V., Giodini, A., Hinson, E. R., Cresswell, P., Edelson, R. L.,

Saltzman, W. M., & Hanlon, D. J. (2006). Enhanced and prolonged cross-presentation fol-

lowing endosomal escape of exogenous antigens encapsulated in biodegradable nanoparti-

cles. Immunology, 117(1), 78�88.

Shi, R., Hong, L., Wu, D., Ning, X., Chen, Y., Lin, T., Fan, D., & Wu, K. (2005). Enhanced

immune response to gastric cancer specific antigen peptide by coencapsulation with CpG

oligodeoxynucleotides in nanoemulsion. Cancer Biology & Therapy, 4(2), 218�224.

Shindo, Y., Hazama, S., & Nagano, H. (2019). [Cancer vaccine focused on neoantigens]. Gan

To Kagaku Ryoho. Cancer & Chemotherapy, 46(9), 1367�1371.

Slingluff, C. L. (2011). The present and future of peptide vaccines for cancer: Single or multiple,

long or short, alone or in combination? Cancer Journal (Sudbury, Mass.), 17(5), 343�350.

Available from https://doi.org/10.1097/PPO.0b013e318233e5b2.

Sondak, V. K., & Sosman, J. A. (2003). Results of clinical trials with an allogenic melanoma

tumor cell lysate vaccine: Melacine. Seminars in Cancer Biology, 13(6), 409�415.

Tanyi, J. L., Bobisse, S., Ophir, E., Tuyaerts, S., Roberti, A., Genolet, R., Baumgartner, P.,

Stevenson, B. J., Iseli, C., Dangaj, D., Czerniecki, B., Semilietof, A., Racle, J., Michel, A.,

Xenarios, I., Chiang, C., Monos, D. S., Torigian, D. A., Nisenbaum, H. L., . . . Kandalaft,

L. E. (2018). Personalized cancer vaccine effectively mobilizes antitumor T cell immunity

in ovarian cancer. Science Translational Medicine, 10(436). Available from https://doi.org/

10.1126/scitranslmed.aao5931.

198 Vaccinology and Methods in Vaccine Research

https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1186/s12943-019-1055-6
https://doi.org/10.2174/1871520618666181109151835
https://doi.org/10.1016/B978-0-12-814039-0.00009-6
https://doi.org/10.1038/nature23003
https://doi.org/10.1038/nature23003
https://doi.org/10.3390/ijms19102890
https://doi.org/10.1056/NEJMoa1012863
https://doi.org/10.1056/NEJMoa1012863
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref40
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref40
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref40
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref40
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref40
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref41
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref41
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref41
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref41
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref42
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref42
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref42
https://doi.org/10.1097/PPO.0b013e318233e5b2
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref44
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref44
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref44
https://doi.org/10.1126/scitranslmed.aao5931
https://doi.org/10.1126/scitranslmed.aao5931


Tsai, M.-J., Chang, W.-A., Huang, M.-S., & Kuo, P.-L. (2014). Tumor microenvironment: A

new treatment target for cancer. ISRN Biochemistry, 2014, 351959. Available from https://

doi.org/10.1155/2014/351959.

Tsang, K. Y., Jochems, C., & Schlom, J. (2015). Insights on peptide vaccines in cancer immuno-

therapy. In P. A. Ascierto, D. F. Stroncek, & E. Wang (Eds.), Developments in T cell based

cancer immunotherapies. Cancer drug discovery and development. (pp. 1�27). Humana

Press, Cham. ,https://doi.org/10.1007/978-3-319-21167-1_1..

Vergati, M., Intrivici, C., Huen, N.-Y., Schlom, J., & Tsang, K. Y. (2010). Strategies for cancer

vaccine development. Journal of Biomedicine & Biotechnology, 2010. Available from

https://doi.org/10.1155/2010/596432.

Wen, Y.-J., Min, R., Tricot, G., Barlogie, B., & Yi, Q. (2002). Tumor lysate-specific cytotoxic T

lymphocytes in multiple myeloma: Promising effector cells for immunotherapy. Blood, 99(9),

3280�3285.

Yaddanapudi, K., Mitchell, R. A., & Eaton, J. W. (2013). Cancer vaccines: Looking to the

future. Oncoimmunology, 2(3), e23403.

Yang, J., & Zhang, C. (2020). Regulation of cancer-immunity cycle and tumor microenviron-

ment by nanobiomaterials to enhance tumor immunotherapy. WIREs Nanomedicine and

Nanobiotechnology, 12, e1612. Available from https://doi.org/10.1002/wnan.1612.

Yu, Z., Pestell, T. G., Lisanti, M. P., & Pestell, R. G. (2012). Cancer stem cells. The

International Journal of Biochemistry & Cell Biology, 44(12), 2144�2151. Available from

https://doi.org/10.1016/j.biocel.2012.08.022.

Yu, C., & Liu, H. (2018). New strategies to improve therapeutic vaccines. In S. S. Athari (Ed.),

In Immunoregulatory aspects of immunotherapy. IntechOpen. ,https://doi.org/10.5772/

intechopen.74900..

Zhang, L., Huang, Y., Lindstrom, A. R., Lin, T. Y., Lam, K. S., & Li, Y. (2019). Peptide-based

materials for cancer immunotherapy. Theranostics, 9(25), 7807�7825. Available from

https://doi.org/10.7150/thno.37194.

Zhao, W., Wu, J., Chen, S., & Zhou, Z. (2020). Shared neoantigens: Ideal targets for off-the-

shelf cancer immunotherapy. Pharmacogenomics, 21(9), 637�645. Available from https://

doi.org/10.2217/pgs-2019-0184.

Zheng, F., Dang, J., Zhang, H., Xu, F., Ba, D., Zhang, B., Cheng, F., Chang, A. E., Wicha, M. S., &

Li, Q. (2018). Cancer stem cell vaccination with PD-L1 and CTLA-4 blockades enhances the

eradication of melanoma stem cells in a mouse tumor model. Journal of Immunotherapy

(Hagerstown, Md.: 1997), 41(8), 361�368. Available from https://doi.org/10.1097/

CJI.0000000000000242.

Approaches to cancer vaccination Chapter | 7 199

https://doi.org/10.1155/2014/351959
https://doi.org/10.1155/2014/351959
https://doi.org/10.1007/978-3-319-21167-1_1
https://doi.org/10.1155/2010/596432
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref48
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref48
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref48
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref48
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref49
http://refhub.elsevier.com/B978-0-323-91146-7.00003-2/sbref49
https://doi.org/10.1002/wnan.1612
https://doi.org/10.1016/j.biocel.2012.08.022
https://doi.org/10.5772/intechopen.74900
https://doi.org/10.5772/intechopen.74900
https://doi.org/10.7150/thno.37194
https://doi.org/10.2217/pgs-2019-0184
https://doi.org/10.2217/pgs-2019-0184
https://doi.org/10.1097/CJI.0000000000000242
https://doi.org/10.1097/CJI.0000000000000242


This page intentionally left blank



Chapter 8

Vaccines against SARS-CoV-2
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The COVID-19 pandemic

In late December 2019, the World Health Organization was notified of a

cluster of cases of pneumonia caused by an unknown infectious agent in

Wuhan City, China. Two weeks later the genetic sequence of a virus isolated

from samples collected from a number of cases implicated a novel coronavi-

rus as the cause of the outbreak. In late January 2020, the virus had caused

nearly 8000 cases and spread to 18 countries beyond China leading the

Director-General of WHO, Dr. Tedros Adhanom Ghebreyesus, to declare

this novel coronavirus outbreak a Public Health Emergency of International

Concern (PHEIC). Cases were rising very rapidly in five of the six WHO

regions, particularly in Italy, Iran, South Korea, and Japan and human-to-

human transmission was strongly indicated. This was only the sixth PHEIC

to have been declared since International Health Regulations were enacted in

2005 and early modeling of virus transmission indicated that self-sustaining

outbreaks in major cities were inevitable necessitating large-scale public

health interventions (Wu et al., 2020). In March 2020, WHO characterized

the outbreak as a pandemic, based on the rapid spread of infections and

severity of disease caused. By the first week of April 2020, some 3.9 billion

people globally, more than half the world’s population, were placed under

some form of lockdown. By the end of 2020 this novel coronavirus and the

disease it causes, now titled COVID-19, had caused more than 1.9 million

deaths globally and more than 89 million confirmed infections, likely with a

significantly higher number of unconfirmed infections.

Strategies to contain the pandemic have focused on well-established prin-

ciples of infection control including promoting good hand hygiene, avoiding

large gatherings, wearing suitable personal protective equipment (PPE) such

as masks and face-coverings, isolating cases, and identifying close contacts

through rigorous contact tracing. Other potential interventions to control the

pandemic have included the evaluation of existing drugs and treatments to
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determine efficacy against SARS-CoV-2 as well as the development of novel

therapeutics. The careful evaluation of new and existing treatments through

well-designed and executed clinical trials, such as the RECOVERY trial, led

to the identification of existing medicines including dexamethasone that

could substantially improve outcomes for COVID-19 patients on ventilators

or receiving oxygen. It was also clear from the early stages of the pandemic

that safe and effective vaccines that could be effectively deployed would

also be a crucial component of controlling infection and reducing mortality.

In April 2020, a target product profile for COVID 19 was published by

WHO with the minimal target for vaccine efficacy of 50% and an array of

candidate vaccine against SARS-CoV-2 entered clinical trials (WHO Target

Product Profiles for COVID-19 Vaccines, 2020).

However, assessing the clinical efficacy of novel vaccines against SARS-

CoV-2 in conventional Phase 3 randomized clinical trials (RCTs) presented a

number of challenges due to the ongoing pandemic, including highly variable

rates of transmission with waves of infection peaking and troughing unpre-

dictably country by country. Another challenge was defining appropriate

clinical endpoints, which ranged from preventing infection and disease

through to preventing intensive care admission and death, with impact on

virus shedding and transmission also likely to be a valuable endpoint in the

elimination stage of the pandemic response (Hodgson et al., 2021).

Furthermore, the clinical severity and mortality rates of COVID-19 disease

vary widely with risk factors including age, sex, and ethnicity with older

adults, males, and minority ethnic groups at greater risk of severe disease

and death.

Prior to COVID-19, PHEICs had been declared five times: twice for

Ebola outbreaks (2018 in Kivu and 2014 in West Africa), Zika virus in

2016, polio in 2014, and swine flu in 2009 (Mullen et al., 2020). The

International Health Regulations, implemented in 2005 following the out-

break of SARS coronavirus, confer a legal responsibility on states to respond

rapidly to the declaration of a PHEIC. Of previous PHEICs, the Zaire Ebola

(ZEBOV) outbreak in West Africa that began in December 2013 in Guinea

and rapidly spread to neighboring Liberia and Sierra Leone provided the best

forewarning of what might occur in a modern global pandemic. This out-

break gave rise to 28,646 confirmed cases and 11,323 deaths with a mortality

rate of 40%, with a substantial burden among frontline healthcare workers

(HCWs) in the early months of the epidemic (WHO, 2016).

In contrast to the COVID-19 pandemic, several vaccines against Ebola

virus disease (EVD) were already manufactured and in early-stage clinical

development. Therefore the scientific response mainly focused on accelerat-

ing existing vaccine candidates through Phase 1 and 2 studies to facilitate

large-scale Phase 3 efficacy trials with the aim of securing Emergency Use

Authorization (EUA). This would allow these existing vaccines to be used to

protect frontline HCWs in high-risk regions and to control new outbreaks at
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a local level with a strategy known as ring vaccination where all household

and close contacts of known EVD cases were vaccinated to prevent further

transmission (Merler et al., 2016). This ring vaccination approach was also

incorporated into a novel clinical trial design for a Phase 3 efficacy trial of

the recombinant Vesicular Stomatitis Virus (rVSV)-ZEBOV, which demon-

strated up to 100% vaccine efficacy from 10 days after vaccination (Henao-

Restrepo et al., 2017). The rVSV-ZEBOV vaccine and another vectored vac-

cine approach based on a heterologous prime-boost approach with an

adenovirus-based priming vaccination (Ad26.ZEBOV) and a poxvirus

booster dose (MVA BN Filo) were both subsequently licensed and deployed

in later outbreaks of EVD in the Democratic Republic of Congo (Tomori &

Kolawole, 2021).

In response to the EVD outbreak in West Africa, the WHO, with scien-

tists and public health experts, produced the “Blueprint for R&D

Preparedness” to accelerate research and development (R&D) for pathogens

with epidemic potential. This generated a priority list of pathogens for which

diagnostics, vaccines, and therapeutics were urgently needed to control

potential future outbreaks. The priority list included EVD, Rift Valley fever

virus (RVFV), Lassa fever, Middle Eastern respiratory syndrome (MERS),

and severe acute respiratory syndrome (SARS) coronaviruses as well as a

putative unidentified pathogen, named “Disease X.” This acknowledgment

that future pandemics would occur and require a rapid response provided

substantial impetus for the research community to prioritize research toward

interventions and for funders to support these programs of work. It led to the

development of novel vaccine candidates against MERS and RVFV based on

the same adenoviral-based vector technology that were the mainstay of vac-

cines against EVD, due to the large-scale manufacturing potential, cost-

effectiveness, safety, and immunogenicity.

The spike protein of the SARS-CoV-2 virus

The SARS-CoV-2 virus is comprised of four structural proteins including

envelope, membrane and, most relevant to vaccine design, spike (S). These

are all present in the surface envelope of the virus. Nucleocapsid protein, the

fourth structural protein, is within the ribonucleoprotein core. S protein med-

iates recognition of the host cell receptor, the dimeric human angiotensin-

converting enzyme 2 (ACE2), to commence viral entry into cells. The homo-

trimeric S protein comprises an apical S1 subunit, which permits ACE2 bind-

ing via the receptor-binding domain (RBD), and a basal S2 subunit,

responsible for membrane fusion. Upon fusion, S protein sheds the S1 sub-

unit and exhibits a postfusion conformation and, when produced through

recombinant expression, the S protein is metastable in a prefusion conforma-

tion. Indeed, due to the apical accessibility of the S1 subunit, it is immuno-

dominant during SARS-CoV-2 infections and neutralizing epitopes are found
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mainly on the RBD. Stabilization and abundant expression of S protein in

the prefusion state are thought to increase the quality and quantity of

vaccine-induced antibodies. Most vaccines approaches have focused on using

the prefusion S protein or RBD as antigenic targets.

COVID-19 vaccine development

Conventional vaccine platforms have had tremendous success in the control

and elimination of several human infectious diseases. Since the beginning of

this century alone, vaccine platform technologies have been advancing rap-

idly. A remarkable feature of COVID-19 vaccine development is the diver-

sity of the platforms used for SARS-CoV-2 vaccines. These have included a

similar technique to that applied centuries ago in smallpox vaccine develop-

ment, using modified or killed whole organism, as well as protein-based vac-

cines and nanoparticle constructs. Newer approaches have included

recombinant viral vectors and nucleic acids and, interestingly, it is these

more novel technologies that have reached licensure and widespread use

first. Each approach or platform has unique benefits and drawbacks compris-

ing development time, scalability, cost, stability, as well as safety, immuno-

genicity, and efficacy profiles. This section will review the approaches that

have been taken, their unique characteristics and how they went from con-

cept to implementation, with a particular focus on nucleic acid-based and

viral vector vaccines (Fig. 8.1).

Nucleic acid�based vaccines

Nucleic acid�based vaccines offer a cost-efficient and scalable approach to

SARS-CoV-2 vaccine development. These vaccines can consist of DNA or

RNA.

DNA vaccines

DNA vaccines contain a synthetic DNA sequence encoding the vaccine anti-

gen. Bare DNA can be injected and taken up by antigen-presenting cells

(APC) or APC can be transfected with the antigen DNA construct.

Subsequent expression and presentation of the target antigen lead to antibody

production and induction of antigen-specific CD41 and CD81 T cells.

DNA vaccines continue to face several challenges to become an effective

vaccination platform. Following the initial proof of concept in the 1990s,

most of the successes in preclinical studies have not yet persisted into the

clinic phases of development. The main hurdle for this platform is low

immunogenicity in larger animals and humans. This has resulted in various

approaches to improve immunogenicity, for example, by (1) antigenic codon

optimization, MHCI/II combination and fusion with invariant chain, (2)
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encoding molecular adjuvants, (3) optimization of the vector backbone (the

segment of the DNA not required for eukaryotic expression), and (4) the use

of hybrid or specific promoters (Hobernik & Bros, 2018). A persisting con-

cern regarding DNA vaccines has been the hypothetical potential for integra-

tion into host DNA resulting in dysregulated gene expression, although the

risk of this is thought to be very low. While DNA uptake efficiency can be

increased by using electroporation (Hobernik & Bros, 2018), this can also

differentially shape the adaptive immune response (Haidari et al., 2017),

therefore it remains unclear whether electroporation remains an effective

strategy to improve immunogenicity directed against all pathogens (Wang

et al., 2004). Prior to the pandemic, no DNA vaccine had been licensed for

use in humans, but a DNA vaccine had been licensed for equine use against

West Nile Virus in 2005 (Kaiser & Barrett, 2019). While the quality and

safety considerations for human vaccines differ, regulators have therefore

had at least some experience with this platform (Word Health Organization,

2007).

A number of studies showed the induction of nAb (neutralizing antibody)

and cellular immunity using DNA vaccines against SARSCoV1 (Lundstrom,

2020; Roper & Rehm, 2009), though these approaches have limited utility in

preventing significant disease upon challenge in animals. Several groups

FIGURE 8.1 Approaches to COVID-19 vaccine development. An overview of different vac-

cine platforms for SARS-CoV-2 vaccine development. These vaccines types will be discussed

further in this chapter. Adapted from “Approaches to viral vaccine development,” by BioRender.

com (2021). Retrieved from https://app.biorender.com/biorender-templates
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have progressed DNA vaccine candidates in the search for SARS-CoV-2

vaccines and this platform accounts for approximately 10% of candidates in

clinical development. These have had modest success in inducing favorable

safety, tolerability, and immunogenicity profiles in phase I and II clinical

trials (Tebas et al., 2021).

Messenger RNA vaccines

Messenger RNA (mRNA) vaccine candidates have had an unprecedented

role in the initial response to the COVID-19 pandemic. mRNA vaccines con-

tain an RNA strand that codes for the target antigen. mRNA vaccines work

using the same principles as DNA vaccines; however, they bypass nuclear

translocation and transcription as these steps have already taken place syn-

thetically. When the vaccine is administered, the mRNA uses host cell

machinery for in vivo translation. This produces the target antigen and initi-

ates an adaptive response, usually involving both humoral and cellular

immunity.

Progressing mRNA vaccines from concept to feasibility required several

technical challenges to be iteratively overcome before the pandemic that

began in 2019. One of these was the immunogenic and resultant labile nature

of in vitro�transcribed mRNA. The Weissman lab provided seminal contri-

butions in this area by investigating the impact of nucleoside modification

(Karikó et al., 2005, 2008). Unmodified RNA signals through human TLR3,

TLR7, and TLR8, but this innate immune identification is abrogated if the

RNA is constructed with modified nucleosides. These modifications provide

mRNA with enhanced stability and translational capacity as well as dimin-

ished in vivo vector immunogenicity. A crucial step for the immunogenicity

of an mRNA vaccine is the delivery of the construct into the cytoplasm of

an APC. Liposomes complex with mRNA and can be endocytosed or

directly fuse with a cell membrane, releasing mRNA into the cytoplasm. To

this end, synthetic lipid nanoparticle formulation of mRNA demonstrates

increased antigen production and immunogenicity in vivo (Geall et al.,

2012). Two types of synthetic mRNA vaccines have emerged: conventional

nonreplicating mRNA vaccines and self-amplifying mRNA vaccines

(Fig. 8.2). Nonreplicating mRNA-based vaccines include an open reading

frame (ORF) encoding the target protein antigen, flanking untranslated

regions, a 50 cap, and a poly(A) tail (Pardi et al., 2018). In self-amplifying

vaccines, the ORF also encodes the replicative machinery derived from

mRNA viruses allowing increased intracellular self-amplification and protein

expression (Ljungberg & Liljeström, 2015). Self-amplification allows dose

sparing and increased immunogenicity, compared to conventional mRNA

vaccines (Vogel et al., 2018).

It was around 30 years between mRNA first being demonstrated as a vac-

cine technology and its worldwide deployment to improve human health
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during the COVID-19 pandemic. In 1990, Wolff et al. showed that direct

injection of mRNA into murine skeletal muscle could express the encoded

protein (Wolff et al., 1990). Twenty-two years later, Petsch et al. were the

first to report the application of mRNA vaccination to infectious disease,

showing immunogenicity or protective effects against influenza A virus

infection in mice, ferrets, and pigs (Petsch et al., 2012).

mRNA-1273, an mRNA vaccine developed by Moderna, Inc., was the

first vaccine against SARS-CoV-2 to enter human trials, with the first volun-

teer receiving the vaccine 10 weeks after the pathogen sequence was pub-

lished. Since then, approximately 15% of global SARS-CoV-2 clinical

vaccine development efforts have centered on mRNA vaccines (World

Health Organization, 2021). mRNA-1273 and BNT162b—another vaccines

developed by BioNTech, Pfizer, and Fosun Pharma—are two mRNA candi-

dates that have performed exceedingly well in safety, immunogenicity, and

efficacy trials, as well as postlicensure evaluation. Separate clinical trials of

over 30,000 individuals showed that both vaccine candidates conferred

.90% efficacy at preventing COVID-19, including severe disease, and apart

from short-lived local and systemic reactions, no safety concerns were identi-

fied (Baden et al., 2021; Polack et al., 2020). Following authorization for

emergency use in various jurisdictions in late 2020 and early 2021, observa-

tional studies of vaccinated individuals and in mass-vaccination settings sug-

gested that both mRNA vaccines were effective against a broad range of

COVID-19-related outcomes, consistent with data from the RCTs (Dagan

et al., 2021; Keehner et al., 2021; Thompson et al., 2021).

FIGURE 8.2 mRNA-based vaccines. This is an example of a lipid nanoparticle-encapsulated

mRNA vaccine encoding the SARS-CoV-2 Spike (S) protein. The RNA component may be

comprised or includes self-amplifying, uridine-containing mRNA or nucleoside-modified RNA

regions. Adapted from “COVID-19 vaccine candidate: mRNA-1273,” by BioRender.com (2021).

Retrieved from https://app.biorender.com/biorender-templates
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While the development of mRNA vaccines generally follows a structure,

the process details mostly remain proprietary and not publicly available, pos-

ing regulatory and manufacturing challenges, particularly during the

COVID-19 pandemic. The first step in the process is prioritization and selec-

tion of the antigen by sequencing and bioinformatic methods, followed by

synthesis and cloning of a template plasmid DNA. mRNA is then transcribed

from the template by a phage DNA-dependent RNA polymerase in vitro.

Following this, the RNA may be complexed in lipid nanoparticles. mRNA

vaccine thermal stability is a key challenge. The cold chain requirement is

high—demanding ultra-low temperatures for long-term storage, conventional

freezers for medium-term storage, and fridge storage in the short-term until

administration. It may prove difficult to ensure transportation and storage of

COVID-19 mRNA vaccines under these requirements in low- and middle-

income countries (LMICs). Rapid, inexpensive, and scalable manufacturing

due to the high yields of in vitro transcription reactions has been touted as

an advantage of mRNA vaccines (Pardi et al., 2018). The antigen, however,

is not the only component of the vaccine and the antigen delivery molecules

and purification processes, currently require proprietary, bespoke, and novel

compounds and components.

Prior to the pandemic, many regulatory jurisdictions did not have guide-

lines that specifically addressed mRNA vaccines (Hinz et al., 2017). As reg-

ulatory experience with mRNA vaccines increases, there will likely be

harmonization and more consistency among regulators regarding the quality

and considerations of the mRNA vaccine development process. Specific reg-

ulatory considerations include the purity of the mRNA, the fraction of full-

length transcripts, short transcripts, and double-stranded mRNA, and the pro-

portion of capped and polyadenylated mRNA (Knezevic et al., 2021).

Viral vector vaccines

Viral vectored vaccines can infect host cells and deliver transgene products

that encode antigenic proteins for production inside the cell. The vectors are

usually genetically adapted to be replication deficient and for reduced viru-

lence. Nonreplicating vectors enter cells and produce the antigen of interest,

but, importantly, no new viral particles develop. The most commonly used

nonreplicating viral vectors include adenoviruses and poxviruses. Replicating

viral vectors can also be used in SARS-CoV-2 vaccine design as they simu-

late the natural process of infection, have self-adjuvanting properties, and are

potentially more potent than nonreplicating viral vectors (Bezbaruah et al.,

2021).

Nonreplicating viral vectors constitute about 15% of the COVID-19 vac-

cine candidates in development in early 2021. Most of these use adeno-

viruses as the vector and the majority encode the SARS-CoV-2 spike

protein. Human adenoviruses have a good safety profile and are highly
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immunogenic; however, preexisting immunity (“antivector immunity”) can

hamper the induction of immunity against the encoded antigen. To overcome

this issue, animal adenoviruses can be used as the vaccine vector. This

approach has been used by the AstraZeneca/University of Oxford COVID-19

vaccine program, using the vector ChAdOx1 derived from chimpanzee ade-

novirus Y25 (Fig. 8.3). A single dose of nonhuman adenoviruses can still

induce antivector immunity, however, potentially affecting the potency of

booster doses. Notwithstanding apprehensions about antivector immunity,

many of the adenovirus-based SARS-CoV-2 vaccines were initially trialed

and planned to be given as single dose vaccines (Flanagan et al., 2020). In

early 2021, multiple adenoviral-based vaccines had been either approved for

general use or authorized for emergency use in various constituencies. The

replicating viral vectors that have been developed clinically against COVID-

19 have been based on measles and recombinant vesicular stomatitis viruses

and contribute a small proportion of vaccine candidates progressing into

development.

Previous vaccine development against SARS-CoV-1 and other corona-

viruses provided a foundation on which to progress and deploy viral vector

vaccines against SARS-CoV-2. In animal challenge studies, high titers of

neutralizing antibodies to SARS-CoV-1 and MERS virus correlated with pro-

tection against disease (Flanagan et al., 2020). Vesicular stomatitis virus,

measles virus, and adeno-associated virus-vectored vaccines had been shown

FIGURE 8.3 Viral vector-based vaccines. This is an example of an engineered adenovirus

capable of producing the spike (S) protein of SARS-CoV-2. The vector (virus transporting the

transgene of interest) may be an adenovirus or other immunogenic replicating or nonreplicating

viruses. Adapted from “COVID-19 vaccine candidate: AZD1222,” by BioRender.com (2021).

Retrieved from https://app.biorender.com/biorender-templates
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to be immunogenic and protect against challenge with SARS-CoV-1 in ani-

mal models (Roper & Rehm, 2009); however, none of these were trialed

clinically. The only SARS-CoV-1 vaccines to reach clinical trials were based

on inactivated virus, protein subunit, and DNA approaches (Padron-

Regalado, 2020). By contrast, MERS vaccines trialed clinically were based

on DNA and viral vector platforms (Folegatti et al., 2020; Koch et al.,

2020).

In an example of the versatility of vaccine platform technologies, after

the publication of the SARS-CoV-2 genome, a promising candidate directed

against MERS, ChAdOx1 MERS, was repurposed to encode the full-length

codon-optimized spike protein of SARS-CoV-2. ChAdOx1 is a recombinant

E1 E3-deleted vector with comparable immunogenicity, but lower human

seroprevalence, relative to other simian adenoviruses (Dicks et al., 2012).

Preclinical studies demonstrated ChAdOx1 MERS to be highly immuno-

genic, to induce both polyfunctional CD81 T cells and neutralizing antibo-

dies, and to be protective in transgenic mice, nonhuman primates and in

natural transmission settings among dromedary camels (Alharbi et al., 2017,

2019; Munster et al., 2017; Van Doremalen et al., 2020). Data from a phase

1 clinical trial showed that ChAdOx1 MERS was safe and well tolerated at

the doses the ChAdOx1 COVID-19 vaccine has been given, and immuno-

genic against MERS virus peptides within 1 month of vaccination (Folegatti

et al., 2020).

The laboratory, clinical, and regulatory experience with ChAdOx1

MERS allowed this vector to be quickly reengineered and trialed against

SARS-CoV-2. ChAdOx1 nCoV-19, otherwise known as AZD1222 or

Vaxzevria, was the first SARS-CoV-2 vaccine to enter phase 3 clinical trials

worldwide. It demonstrated a vaccine efficacy of over 70% against COVID-

19. Similar to other front-runner vaccines, the vaccine was shown to have

100% efficacy against severe disease and death. Large-scale prospective

observational studies have shown that after a single dose of ChAdOx1

nCoV-19, the vaccine effect is over 85% for reduced COVID-19 hospitaliza-

tion and a reduction in infection risk of up to 60% (Menni et al., 2021;

Vasileiou et al., 2021; Voysey, Clemens, et al., 2021; Voysey, Costa

Clemens, et al., 2021).

Several factors have allowed ChAdOx1 nCoV-19 to be a key component

in meeting the global demand for COVID-19 vaccines. Prior to the pan-

demic, large-scale manufacturing and distribution had been performed for a

viral vectored vaccine; doses of the modified vaccinia Ankara vector were

produced in the tens of millions for the US government’s smallpox vaccine

program, thus demonstrating the feasibility of upscaling production. The pro-

cess of ChAdOx1 manufacture builds on well-established methods involving

replication in mammalian cells, and cultivation and purification of the virus,

allowing yields of up to 53 1013 purified virus particles per liter of culture

(Fedosyuk et al., 2019; Kallel & Kamen, 2015).
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Early on in the pandemic AstraZeneca established partnerships and tech-

nology transfer agreements with large-scale vaccine producers experienced

in cell-based medicines, GMP manufacturing, and aseptic filling of sterile

products. In particular, a partnership with the Serum Institute of India, the

world’s largest vaccine producer at that time, enabled very large-scale pro-

duction at low cost to ensure availability of vaccine to LMICs. These factors

have allowed the vaccine to be produced in vast quantities at a low price. As

the vaccine can be refrigerated rather than frozen for medium-term storage

(up to 6 months), it is suitable for deployment in LMICs where distribution

of vaccines at fridge temperature is well established. The regulatory environ-

ment for approval of COVID-19 vaccines has also facilitated rapid access to

viral vector platforms. Despite the first viral vector vaccine being licensed in

2019, for prophylaxis against Dengue virus disease, there has been interna-

tionally accepted and specific regulatory guidance on the quality, nonclinical

and clinical aspects of viral vector vaccine development since 2010

(Nakayama & Aruga, 2015; Sakurai et al., 2019).

Antigen-presenting cell-based vaccines

To mount an effective adaptive immune response, APCs are required to pro-

cess and display fragmented antigens on their cell surface. APC-based vac-

cines are designed with this in mind and bypass all the in vivo steps leading

up to this point. Conventionally, an individual’s dendritic cells are harvested,

expanded, and altered to present the target antigen, and infused back into the

same individual. There are a handful of APC-based vaccines being devel-

oped clinically against COVID-19, although all of these also require coad-

ministration of, or modification by, recombinant viral vectors (Word Health

Organization, 2021). Thus far, this relatively nascent platform technology

has been prohibitively cost- and labor-intensive for large-scale deployment.

The cold-chain and IV infusion requirements for such a cell-based vaccine

also encumber the deployment of these vaccines on a large scale, particularly

given that multiple doses are often required for potent immunogenicity. As a

result, no vaccines for infectious diseases have been fully or partially

licensed based on this novel platform (Van Riel & De Wit, 2020).

Protein-based vaccines

Protein-based vaccines encompass vaccines derived from protein purified

from the SARS-CoV-2 virus or infected cells, recombinant protein or virus-

like particles (VLP). Protein-based vaccines often need to be formulated

with an adjuvant to evoke a sufficiently strong immune response for lasting

protection.

A major consideration when manufacturing protein-based vaccines is the

recombinant protein production platform. Several systems are available,
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including mammalian, yeast, bacterial, insect and plant-based expression,

which can be differentiated by varying yields, safety, speed, scalability, regu-

latory compliance and cost (Shin et al., 2020). Conventionally, bioreactors

and mammalian, bacterial or yeast cell cultures have been used in large-scale

manufacturing processes but these platforms are expensive and are vulnera-

ble to human pathogen contamination (Schneemann & Young, 2003; Vieira

Gomes et al., 2018). New manufacturing platforms have been proposed, such

as plant-based protein expression, and it has been suggested these have the

potential to rapidly meet global demand requirements in response to pan-

demics (Shin et al., 2020). A successful example of this was during the 2014

Ebola outbreak; an antibody cocktail named ZMapp was produced by molec-

ular farming of a plant-based expression system (Davey et al., 2016).

However, during the COVID-19 pandemic, successfully licensed vaccines

have relied on either mammalian or bacterial systems.

Virus-like particles

VLPs are multimeric molecules that can self-assemble into viral structures

but are noninfectious because they contain no viral genome and nonstructural

proteins. This platform has generated increased interest in contemporary vac-

cine design owing to its good safety profile and the capacity to target the

vaccine to dendritic cells (Zhao et al., 2014). VLPs, being composed of viral

structural proteins, mimic pathogen-associated molecular patterns, and their

interior surface elements can be packaged with TLR ligands (Mohsen et al.,

2017). Therefore, these vaccines can act as self-adjuvants, allowing efficient

activation and amplification of antigen-specific immune response. VLP vac-

cines also provide enhanced stability and a lower propensity for degradation

compared to constructs in DNA and RNA, protein subunit, peptide vaccines.

A further advantage of the VLP display platform is its modularity and scal-

ability. Peptides can be adapted as new information about SARS-CoV-2 and

further variants emerge.

The developmental track record for VLP-based vaccines provides opti-

mism for their implementation as COVID-19 vaccines. Numerous VLP-

based vaccines are already commercially available such as vaccines against

Human Papilloma Virus and Hepatitis B Virus (HBV). In addition, the first

licensed malaria vaccine, RTS,S/AS01, is based on the HBV VLP and

recently entered an implementation pilot study across Africa. Several VLP-

based SARS-CoV-2 vaccines are in preclinical development and this plat-

form accounts for 5% of clinical stage candidates, all in early phase

development.

Protein subunit

The most prevalent approach in developing vaccines against COVID-19 is

based on protein (or peptide) vaccines. More than 30% of all candidates in
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clinical trials are protein subunit-based. Compared to nucleic acid, viral vec-

tor and VLP-based vaccines, they are simple and cheap to make, and

they are safer than whole organism-based methods (Flanagan et al., 2020).

Protein subunit-based vaccines, however, often lack sufficient immunogenic-

ity and require adjuvants and multiple doses to induce robust responses

(Richmond et al., 2021). Protein-based vaccines have the advantage of a

broader immune response, compared to peptide approaches, but can lose

immunogenicity if the vaccine is based purely on conformational epitopes.

Peptide-based vaccines include important T and B cell immunogens, often of

15�30 amino acids in length, and are designed to specifically target immu-

nity. However, these types of vaccines are hampered by HLA restriction for

recognition of T cell epitopes, absence of receptor cross-linking in the case

of B cell epitopes, absence of cross-reactive or heterosubtypic immunity and

difficulties in inducing long-lasting immunity. Previous experimental experi-

ence with peptide-based vaccines is considerable, particularly against viral

pathogens, but none have been licensed for use in humans (Di Natale et al.,

2020).

Whole organism-based vaccines

Whole organism-based vaccines were crucial to the widespread improvement

in human health throughout the 20th century and continue to be critical for

protection against disease and death. Whole organism-based approaches can

contain noninfectious inactivated virus, or live-attenuated virus, which can

stimulate a robust immune response but does not cause disease.

It is difficult to develop whole virus-based vaccines against outbreak

pathogens, such as SARS-CoV-2, quickly, because of the time, knowledge

and stringent biosecurity requirements. Lengthy and wide-ranging safety

testing would be needed to confirm that live attenuated viruses are safe

and do not readily revert to wild type (leading to the situation where

vaccine-related SARS-CoV-2 infection may reintroduce COVID-19 to a

region that is not sufficiently vaccinated). There would also be a

requirement for very large amounts of virus to be grown in biosafety level 3

(BSL3) conditions for these approaches. BSL3 would also be required

throughout quality control processes as well, including potency, sterility and

purity testing.

Live attenuated virus vaccines

Live attenuated vaccines mimic the natural infection process and, conse-

quently, they can be sufficiently immunogenic with a single nonadjuvanted

administration. Attenuation would traditionally involve SARS-CoV-2 to be

altered through passage such that it loses enough virulence factors so as to

not cause pathology. A more novel approach has been to attenuate virus
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through reverse genetics by inserting site-directed mutations into genes asso-

ciated with virulence. This has shown promise in SARS-CoV-1 and MERS-

CoV vaccine development (Almazán et al., 2013; Regla-Nava et al., 2015).

Such reverse genetics techniques require sufficient knowledge of the genes

that are important for viral replication and confirmation that the inserted

mutations are stable. A key aspect of this vaccine approach is to balance

attenuation with replication. Virus that is excessively attenuated may not rep-

licate enough to be immunogenic (Chen & Chen, 2020). Unfortunately, these

vaccines are also often contraindicated in special risk groups, for example

individuals who are pregnant or immuno-compromised. Live attenuated virus

vaccines against SARS-CoV-2 currently represent less than 2% of the total

candidates in clinical development.

Inactivated virus vaccines

Isolation, inactivation and administration of a virus are a well-established

method for vaccination. The whole virus can be used after inactivation or

alternatively, antigenic sections can be purified to generate a subunit vaccine.

Generally, these vaccines are considered safer than live-attenuated vaccines

however they are also less immunogenic and may need an adjuvant. Less

than 15% of candidates currently in clinical development are based on inacti-

vated SARS-CoV-2.

Inactivation, by chemicals (e.g., formaldehyde), heat or radiation, have

all been trialed in vaccine development against other coronaviruses.

Unfortunately, vaccine-induced disease enhancement has been a cause for

apprehension in SARS-CoV-1 and MERS-CoV-inactivated vaccine develop-

ment. Such effects were first seen in the 1960s, when a formalin-inactivated

respiratory syncytial virus (RSV) vaccine induced predominantly nonneutra-

lizing antibodies, and previously seronegative children had worse RSV out-

comes and hospitalization rates compared to controls (Kim et al., 1969).

Comparably, immunization with a gamma radiation inactivated MERS vac-

cine and, separately, a UV radiation inactivated SARS-CoV-1 vaccine led to

eosinophilic pro-inflammatory lung pathology on challenge with live virus

(Agrawal et al., 2016; Bolles et al., 2011). It has recently been shown that

the choice of adjuvant and inactivation method may alter the propensity for

a vaccine to cause eosinophil-mediated vaccine-related pathology (Deng

et al., 2018). Due to the sequence homology between SARS-CoV-2, SARS-

CoV and MERS-CoV, early in the pandemic antibody-dependent enhance-

ment (ADE) and vaccine-associated enhanced respiratory disease (VAERD)

were seen as potential safety issues (Lambert et al., 2020; Zellweger et al.,

2020). Thus far, definitive VAERD and ADE have not been described in

SARS-CoV-2 vaccine animal studies, phase 3 trials or postlicensure surveil-

lance (Kim et al., 1969). More data are needed on whether waning antibody

titers could increase the risk of ADE after subsequent virus exposure.
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Future vaccine requirements and challenges

Despite widespread acknowledgment after the Ebola outbreak in 2014 that

large scale disease outbreaks have the potential to pose a severe threat to

human health and economic security (Piot et al., 2019), most countries were

poorly prepared to deal with the COVID-19 pandemic. The combination of

globalization with environmental, political and socioeconomic causes is

increasing the conditions in which novel infectious diseases can emerge.

Investment in public health systems and infrastructure in individual coun-

tries, combined with effective global surveillance and communication are

key to the response to new emerging pathogens. However, significant and

sustained investment in R&D on pathogens with pandemic potential is also

crucial, particularly for Disease X situations. To facilitate this, WHO pro-

duced an R&D blueprint for action to prevent epidemics to improve emer-

gency preparedness, highlight the importance of research in the response to

epidemics and to promote coordinated research and product development

activities.

Another initiative established in 2016 was the Coalition for Epidemic

Preparedness Innovation (CEPI), a global partnership focused on developing

vaccines and diagnostics for emerging pathogens and to ensure

equitable access to those vaccines. CEPI’s approach was to accelerate vac-

cine development against pathogens with known threats as well as funding

the development of technologies to facilitate rapid development of vaccines

against previously unknown pathogens with a target of 16 weeks from identi-

fication of antigen to release of vaccine for clinical trials. However, respond-

ing to an outbreak of a novel pathogen with a vaccine requires much more

than just generation of material for clinical trials, and significant obstacles

must be overcome after acceptable safety and efficacy of any candidate vac-

cine has been demonstrated. Deployment of any new medicinal product

requires either licensure or use under EUA regulations on a country-by-

country basis meaning that each national medicine regulatory authority must

undertake its own review process prior to grant EUA. This is extremely

time-consuming and results in substantial duplication of effort. While it is

essential that each country’s national regulator gives assurance that a new

product is suitable for its own citizens, some elements of the review process

could be shared, such as audits of manufacturing facilities to accelerate the

approval process.

Other obstacles to deployment of new vaccines under EUA include the

availability of large-scale manufacturing capacity, with much of the available

capacity centered in a few mostly high-income areas, such as the UK,

Europe, North America and India. As a result, during the first six months of

the COVID-19 vaccine rollout, only 1 dose in LMIC was given for every 73

doses administered in the developed world, as high-income countries priori-

tized vaccination of their own citizens over supporting global vaccine
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distribution. COVAX was established by CEPI, WHO and GAVI to both

accelerate vaccine manufacturing and ensure equitable access to COVID-19

vaccines for every country in the world, potentially providing doses for up to

20% of each country’s population. However, COVAX was dependent on

individual countries and manufacturers providing doses for distribution to

LMIC and delays with supply reduced the ability of COVAX to meet the

enormous demand for doses in the initial stages of the vaccine rollout. Only

1.3 billion doses of vaccine were pledged to COVAX in 2021, well short of

the estimated 2 billion doses required. Democratization of vaccine supply

through the establishment of more manufacturing capacity globally, particu-

larly in LMIC, would ensure equitable access to vaccines in future

pandemics.

In addition to manufacturing capacity, specialist reagents and supplies are

also required for large-scale manufacturing, many of which are only pro-

duced by a few suppliers, creating bottlenecks. Furthermore, supplies for

administering vaccines and related equipment, such as fridges, freezers and

thermally insulated transport packaging are also required at enormous scale

for vaccines to be distributed to populations. All this infrastructure and logis-

tic capacity is essential, requiring significant national planning and invest-

ment by governments, and for this to be maintained and renewed between

pandemics. In the case of COVID-19, the clinical development of safe and

effective vaccines was relatively easily achieved, however, much needs to be

improved to ensure successful large-scale manufacturing, deployment and

equitable access to those vaccines once approved for use.
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Introduction

Vaccine adjuvants (derived from the Latin “adiuvare”—to help) were first

described by Ramon as “substances used in combination with a specific anti-

gen that produced a more robust immune response than the antigen alone”

(Ramon, 1924). From the serendipitous observation that horses with an

inflammation at the site of toxoid injection had greater vaccine efficacy,

Ramon linked acute inflammation with a more potent immune response to a

vaccine, and proceeded to test a range of foodstuffs and other substances as

additives to veterinarian vaccines (Ramon, 1925).

Since these seminal discoveries, a plethora of immunological agents have

been trialed as adjuvants, especially in a veterinary context. In terms of their

function and role in inducing the immune response, adjuvants are best

described as diverse compounds that fall on a spectrum of functions, ranging
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from predominantly enhancing antigen presentation and delivery to acting as

immunostimulants, with the precise immunological mechanisms still poorly

understood (Fig. 9.1).

Today, there are a few adjuvants in use in human vaccines, and many

more in vaccines for animals. The few approved for people are the aluminum-

based salts (longest established and the only adjuvant type licensed for use as

a separate medicinal product), MF59, developed by Novartis and licensed as

part of flu (influenza) vaccines, and adjuvant systems AS01, AS03, and AS04,

developed by GlaxoSmithKline (GSK) and licensed as part of vaccines against

shingles (AS01), flu (AS03), hepatitis B (HepB, AS04), and Human Papilloma

virus (HPV, AS04). More recently, vaccines have been approved that contain

the CpG adjuvant (hepatitis B vaccine Heplisav) and Matrix M adjuvant

(Covid-19 vaccine NVX-CoV2373 by Novavax).

Antigen presentation

When antigens are delivered as a vaccine, for example, subcutaneously, the

host starts to eliminate the “foreign body.” The elimination is especially

rapid for vaccines delivered to mucosal surfaces (e.g., intranasally), as muco-

ciliary clearance may result in a half-life of 15�20 minutes. It is essential

that this rate of removal should not exceed the time it takes for antigen to

encounter immune cells if a successful immune response is to be initiated.

Adjuvants may preferentially augment lymphatic uptake of antigens instead

of uptake into the plasma, ensuring an adaptive immune response is initiated

in secondary lymphoid organs. This may be assisted by using larger mole-

cules and nanoparticles, which are too large to enter the circulation and can

slowly be taken up by the lymphatic system.

Antigen stabilization

Following delivery, antigens may rapidly degrade, and adjuvants have a key

role in preventing this. Antigens can be complex molecules comprising pro-

teins, peptides, toxoids, polysaccharides, conjugates, or other compounds.

FIGURE 9.1 Adjuvants can be described within a spectrum of functions ranging from antigen

delivery to immune stimulation.
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Thus lipophilicity, ionic strength, pH, and other factors postimmunization

need to be considered in inducing an effective immune response against the

desired epitopes. Vaccines comprising messenger RNA (mRNA) are espe-

cially fragile, and require appropriate formulation to prevent destruction.

Right place, right time

Adjuvants should promote an environment at the injection site (or mucosal

surface) that ensures sufficient recruitment of antigen presenting cells

(APCs). Injectable vaccines will generate IgG responses whereas mucosal

vaccination will also induce IgA antibodies—acting as a security system to

prevent microbe entry into the mucosa.

Immunogenicity

Improving the immunogenicity of weak antigens has enabled the design of

safer vaccines. The earliest vaccines were live (including live attenuated)

pathogens that did not require adjuvants (Singh & O’Hagan, 2003). However,

many of these are not appropriate for immuno-compromised individuals, in

whom vaccination may cause actual pathological infection (Troy et al., 2013),

as has been reported for the Zostavax live attenuated shingles vaccine

(Bharucha et al., 2017). The development of the AS01 adjuvant by GSK

has led to the Shingrix vaccine based on a recombinant subunit antigen, which

is safe in immuno-compromised people and has 97.2% efficacy in adults

over 50 (Cunningham et al., 2016). It should be noted, however, that the

inflammatory response induced by adjuvants may itself be pathological—and

so the balance between adjuvanticity and toxicity must be carefully assessed.

Dose sparing

As early as the 1930s, Volk reported on the superiority of two doses of an

alum-adjuvanted tetanus vaccine over three doses of the nonadjuvanted vac-

cine (Volk & Bunney, 1939). In addition, each adjuvanted dose can achieve

the same effect with less antigen. This reduces the production cost, as well

as improving the speed of production—which is critical in a pandemic situa-

tion. The reduced requirement for booster shots additionally increases vacci-

nation coverage and compliance.

Adjuvant potency is strongly influenced by the immune response required

to confer protection against a given pathogen, for example, disease suscepti-

bility to humoral versus cell-mediated immunity, and the degree to which

the adjuvant promotes these immune mechanisms. Apart from aluminum-

based compounds, new adjuvants are licensed as part of a specific vaccine

formulation, rather than as an independent component.

Understanding the mode of action has allowed selection of adjuvants that

are likely to promote the most effective immune response for a particular

Adjuvants, immunomodulators, and adaptogens Chapter | 9 225



disease—for instance preferentially inducing either a Th1 or Th2 response.

The first immune response to antigen may direct subsequent immune

responses. Optimization of adjuvant-induced immune responses may be

determined in early trials (Kester et al., 2009), or predicted based on existing

understanding of immune response in a disease and adjuvant mechanisms

likely to augment them. A notable example of this is AS03, observed to pro-

mote the activation of naı̈ve B cells and broaden their specificity (Ellebedy

et al., 2020)—which is of particular importance for a pandemic influenza

vaccine (Henry et al., 2018; Pulendran et al., 2021).

Both historically and today, vaccine development is focused on the anti-

gen and its immunogenicity. Though there have been noteworthy achieve-

ments in improving existing vaccines and delivery systems (Cervantes et al.,

2012; Greenwood, 2014), when studies using a “standard” adjuvant fail to

show the desired response, researchers often look to modify the antigen

rather than search for an alternative adjuvant that may provide the right sub-

type of immune response. This has resulted in few adjuvants being licensed

and may represent a good opportunity for improvements in vaccination

through optimization of adjuvant systems.

Application

The choice of an adjuvant in any application depends on a number of factors:

(1) vaccine antigen characteristics, such as type of antigen, size, and electric

charge; (2) purpose—therapeutic vaccines (e.g., for cancer) generally have a

higher reactogenicity threshold than prophylactic vaccines, especially for

pediatric use; (3) route of immunization—not all adjuvants are suitable for

administration via specific routes; (4) nature of the desired immune response,

for example, antibody or T-cell response, Th1 or Th2.

Adjuvant testing and down-selection, preclinically as well as clinically, is

carried out in association with a chosen antigen. The immunogenicity and

potential to enhance vaccine efficacy of a given adjuvant will depend on

both the vaccine platform deployed and on the specific antigen of interest.

Methods used for adjuvant testing are the same as those applied to vaccine

assessment, described in Chapter 4, Vaccine development: from the labora-

tory to the field.

Here we describe a variety of commonly used vaccine adjuvants and

compounds with the ability to stimulate the immune system, or to enhance

vaccine efficacy in some other way.

Aluminum-based adjuvants

Origin and chemical composition

In 1926 Alexander Glenny was investigating the immune response to diphther-

iae antigen precipitated with salts (Glenny et al., 1926). Glenny worked with

226 Vaccinology and Methods in Vaccine Research



potassium alum (KAl(SO4)2:12 H20) that can precipitate proteins when mixed

under the right set of chemical conditions. This approach is referred to as

“alum-precipitated vaccines.” When injected into guinea pigs, 1.0 c.c. of pre-

cipitated diphtheriae antigen resulted in the same magnitude of antitoxin titers

as 5.0 c.c. of soluble toxoid without alum.

This first approach, however, had several disadvantages. For example,

since the precipitate was formed in the presence of the antigen, the alumi-

num adjuvant could not be characterized before mixing with antigen. In

addition, the resulting precipitate may vary depending on the protein formu-

lation, including buffer ions that could coprecipitate with the antigen.

Finally, the approach required working aseptically, since sterilization by

autoclaving would destroy heat sensitive antigens. Although this technology

is now widely considered obsolete, there are still a few examples of vaccines

prepared using precipitation.

The shortcomings of alum-precipitation were overcome when it was found

that it was possible to adsorb protein antigens onto preformed “gels” of both

aluminum hydroxide and aluminum phosphate in the form of hydrated colloid

suspensions (Lindblad & Duroux, 2016). Both aluminum hydroxide and alumi-

num phosphate can be precipitated using different aluminum salts as starting

materials; the resulting physico-chemical characteristics of the formulations

reflect both the chemical starting material and the chemical process (Hem &

White, 1984). For example, the electrical charge of aluminum hydroxide adju-

vant particles is influenced by the presence of di- or trivalent anions in the

process. Most importantly, with this advance it was now possible to standard-

ize and characterize aluminum adjuvants before mixing them with the more

costly antigen, and the adjuvant can be autoclaved to achieve sterility before

mixing. The approach is known as “aluminum-adsorbed vaccines” in contrast

to “alum-precipitated vaccines” mentioned earlier.

Relevant parameters for comprehensive characterization of aluminum

adjuvants comprise the following, although no commercial supplier offers

the entire range as standard: (1) chemical composition, (2) pH, (3) sterility,

(4) protein adsorption capacity, with a model antigen in a standardized set-

up, (5) particle size distribution, (6) zeta-potential, (7) point of zero charge

measured in a standardized set-up, (8) absence of pyrogenicity/endotoxin.

Application

The use of aluminum adjuvants has been reviewed in more detail (Lindblad,

2004). Aluminum adjuvants have a track record of more than 80 years in

commercial production of both human and veterinary vaccines. In addition

to this, the protein adsorption capacity of aluminum hydroxide has also been

used for purification of blood products, such as blood clotting Factor VIII

for the treatment of hemophilia, although the aluminum hydroxide itself is

removed during the process and is not part of the final product.
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Aluminum adjuvants are generally not used in live-attenuated vaccines,

only in killed/inactivated vaccines and subunit/recombinant vaccines.

Aluminum adjuvanted vaccines are frost sensitive and must not be exposed

to temperatures that introduce a risk of freezing (Kurzatkowski et al., 2013).

Tables 9.1 and 9.2 present an overview of both human and veterinary

vaccines adjuvanted with aluminum adjuvants.

In addition to these examples, aluminum adjuvants are also part of sev-

eral novel vaccines in clinical testing, for example, the Takeda vaccine TAK

426 against Zika virus (https://clinicaltrials.gov/ct2/show/NCT03343626).

Mechanism of action

The mechanism of action of aluminum adjuvants is overly complex.

Originally it was suggested that they delayed clearing of antigen from the

injection site by forming an antigen depot. This explanation was, however,

TABLE 9.1 Examples of human formulations containing aluminum

adjuvants (alphabetical listing of pathogens).

Prophylactic vaccines Therapeutic vaccines

Bacterial antigens Viral antigens Adsorbed allergens

Bacillus anthracis (Anthrax) COVID-19 Corona
virus

Alternaria alternate

Bordetella pertussis (Whooping
cough)

Hepatitis A virus Artemisia vulgaris

Clostridium botulinum�

(Botulism)
Human Papilloma
virus

Canis familiaris

Clostridium tetani (Tetanus) Inactivated
poliovirus

Dermatophagoides farina

Corynebacterium diphtheriae
(Diphtheria)

Influenza A
/Vietnam (H5N1)

Dermatophagoides
pteronyssinus

Hemophilus influenzae type B
(HiB infections)

Japanese
Encephalitis virus

Equus caballus

Streptococcus pneumoniae
(pneumococcal disease)

Felis domesticus

Phleum pratense

Secale cereal

�Typically used for high-risk laboratory and military personnel.

228 Vaccinology and Methods in Vaccine Research

https://clinicaltrials.gov/ct2/show/NCT03343626


soon challenged and is now considered inadequate. Instead, two other

mechanisms, both supported by experimental data, have been put forward;

for a more in-depth discussion, please see Lindblad and Duroux (2016).

Back in 1985, Mannhalter and co-workers convincingly showed that

aluminum-adsorbed tetanus toxoid was more efficiently taken up by APCs

compared to the corresponding soluble protein (Mannhalter et al., 1985)

resulting in a positive impact on the T-cell proliferative response. A likely

explanation is that APCs take up antigen more effectively by phagocytosis

than pinocytosis. After uptake by dendritic cells (DCs), aluminum adjuvanted

vaccines have been shown to stimulate the formation of the NALP3 inflam-

masome and secretion of the pro-inflammatory cytokines IL-1β and IL-18

(Li et al., 2007, 2008).

TABLE 9.2 Examples of veterinary vaccine formulations containing

aluminum adjuvants (alphabetical listing of pathogens).

Prophylactic vaccines

Bacterial antigens Viral antigens

Avibacterium paragallinarum Bovine coronavirus

Clostridium chauvoei Bovine rotavirus

Clostridium haemolyticum Bluetongue virus

Clostridium novyi Duck virus hepatitis

Clostridium perfringens Feline calicivirus

Clostridium septicum Feline leukemia virus

Clostridium tetani Feline rhinotracheitis virus

Eschericia coli Parainfluenza-3 virus

Erysipelothrix rhusiopathiae Rabies virus

Hemophilus somnus

Leptospira interrogans

Pasteurella multocida

Pasteurella trehalosi

Pseudomonas aeruginosa

Salmonella Dublin

Salmonella enteritidis

Salmonella typhimurium
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Type of immune response induced

The general perception is that aluminum adjuvants elicit a predominantly Th2

response. Grun and Maurer demonstrated in 1989 (Grun & Maurer, 1989) that

anti-IL-1α or anti-IL-4 was able to inhibit an antigen-specific T-cell prolifer-

ative response after immunization with aluminum adjuvant (but not if the

mice were immunized with Freund’s Complete Adjuvant). In addition, the pro-

liferative responses were inhibited by anti-CD4 antibody, regardless of the

adjuvant used. These data indicated that proliferating CD41 T-cells from

mice immunized with aluminum adjuvant were of the Th2 subset. It is worth

noting recent work that indicates that by reducing the particle size into the

nanoparticle range, aluminum hydroxide may in fact also stimulate a Th1

response (Orr et al., 2019). Until 1997, aluminum hydroxide and aluminium

phosphate, together with the calcium phosphate adjuvant, remained the only

adjuvant licensed for use in humans across Europe and North America, until

the licensing of the MF59-adjuvanted flu vaccine (O’Hagan et al., 2013).

Emulsion-based adjuvants

Origin and chemical composition

The first oil-rich adjuvant was Freund’s adjuvant, introduced in 1937 and used

in both human and animal vaccines (Stills, 2005). However, due to numerous

postimmunization side effects it was withdrawn from clinical use and new

emulsion-based adjuvants with a better safety profile were developed.

Emulsions are defined as mixtures of two immiscible liquids, typically

composed of oil droplets suspended in an aqueous dispersion medium, creating

an oil-in-water system (O/W), or aqueous droplets suspended in an oil

medium, forming a water-in-oil system (W/O). Another more complex system

is a double-emulsion, that is, water-in-oil-in-water (W/O/W) that consists of

water droplets suspended in larger oil droplets, which again are suspended in

an aqueous dispersion medium. Stable emulsions require the addition of an

appropriate surfactant (Tween 80, Kolliphor, Labrasol), which reduces the

interfacial tension and prevents spontaneous aggregation (Xi et al., 2009).

Small droplet size (,30 nm) gives transparent or translucent optical proper-

ties, whereas larger particles result in a more opaque/white appearance.

Emulsion can be manufactured by methods that require low-energy (spontane-

ous emulsification, phase inversion method), high-energy (high pressure homo-

genizers, sonicators), or a combination of the two (Kotta et al., 2015).

Application

Emulsions can be supplied as liquids, aerosols, or sprays, and delivered by different

routes (e.g., topical, oral, intranasal, or pulmonary), offering a broad and diverse

potential in vaccine development (Lemoine et al., 2020; Razim et al., 2021).
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Emulsion-based adjuvants used in licensed human and veterinary vaccines as well

as those studied in clinical trials are summarized in Table 9.3.

MF59 and AS03 are the only emulsion-based adjuvants licensed for

human use, both based on a squalene oil in water (O/W) emulsion. In addi-

tion, MF59 contains two nonionic surfactants, Tween 80 and Span 85, and a

citrate buffer as an aqueous dispersion medium. AS03 comprises two oils:

squalene and α-tocopherol (bioavailable form of vitamin E) and polysorbate

80 surfactant in phosphate-buffered saline. MF59 is licensed for use in sea-

sonal influenza vaccines, and has also been tested clinically with HIV, RSV,

and COVID-19 vaccine candidates (Table 9.3).

Many more emulsion-based adjuvants are approved for use in animal

vaccines, as the veterinary market is more competitive and economically

oriented with less strict regulations. Montanide ISA are a series of adjuvants

approved for use in animals, differing in the ratio of ingredients and the size

of emulsion droplets, suitable for use with inactivated or live antigens in a

wide range of species (Ibrahim et al., 2015).

Mechanism of action

Emulsion adjuvants induce a strong humoral response and the mechanism of

action is dependent mostly on the type of emulsion. Activity of O/W emul-

sions is based on localized chemokine and cytokine induction leading to

enhanced recruitment of APCs. W/O emulsions, due to a slow and sustained

release of the antigen (depot effect), enhance antigen engulfment and presen-

tation by APCs. W/O/W emulsions combine fast and extended release that

allow both instant and prolonged stimulation of the immune cells (Bozkir &

Hayta, 2004) (Fig. 12.2) and offer a significant dose sparing effect (Caillet

et al., 2010) (Fig. 9.2).

The complex mechanism of action of emulsion-based adjuvants is exempli-

fied by MF59, one of the most versatile and promising adjuvant of this type.

MF59 increases vaccine effectiveness among vulnerable populations such as

the elderly (Domnich et al., 2017) and young children (McGuire et al., 2018;

Zedda et al., 2015), by multiple mechanisms including induction of robust

humoral responses, pro-inflammatory cytokines, and chemokines, as well as

promotion of antigen uptake, processing, and presentation. MF59 creates an

immuno-competent environment and recruits immune cells to the site of injec-

tion (SOI) where it is taken up by neutrophils, monocytes, DCs, and B cells,

and transported to the draining lymph nodes (dLN) (O’Hagan et al., 2012).

Monocyte recruitment leads to their differentiation into DCs, which represent

the major source of antigen-loaded and activated APCs after vaccination with

MF59 in combination with antigen (Cioncada et al., 2017). MF59 is of particu-

lar interest because it elicits a persistent response to vaccination, by localizing

in the subcapsular sinus and promoting the accumulation of unprocessed anti-

gen, simulating a depot effect (Cantisani et al., 2015). It increases the
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TABLE 9.3 Summary of emulsion-based adjuvants used in licensed human and veterinary vaccines.

No. Name Type Mechanism of action/type of induced

response

Vaccines/examples of tested antigens

Emulsion adjuvants in human licensed vaccines

1 MF59 O/W Induction of cytokines and chemokines,
enhancing antigen uptake, processing, and
presentation/humoral response

Fluad, Focetria, Celtura, Fluad Quadrivalent. Also,
Aflunov, used in veterinary vaccines.

2 AS03 O/W APCs recruitment and activation, induction
of cytokines and chemokines/cellular and
humoral response

Pandemrix, Arepanrix

Emulsion adjuvants in veterinary licensed vaccines

1 Montanide ISA W/O, O/W,
W/OW

Humoral and cellular response, Th1-biased Newcastle disease in chickens, Mycoplasma
hyopneumoniae in pigs, FMD in swine and cattle,
various infections in farmed fish

2 Emulsigen O/W Immune cells recruitment, induction of
cytokines at the site of injection, depot effect/
humoral and cellular response

Aptovac, Biofel PCH/FMD and flu in pigs, A2HV-1,
Mycoplasma bovis, Staphylococcus aureus, and
Staphylococcus chromogenes in cattle

3 MetaStim O/W Induction of cytokines and expression of
APC surface antigens/humoral and cellular
response, Th1-biased

Pyramid, Fostera PCV MetaStim/Equine influenza virus in
horses, BRD



Emulsion adjuvants in clinical trails

1 Montanide ISA 51 W/O Depot effect/humoral and CTL response Flu (phase II, NCT03180801), malaria (phase II,
NCT02083068), SARS-CoV-2 (phase I NCT04546841)

2 AS02 O/W Release of endogenous danger signal,
maturation of DCs/cellular and humoral
immunity

Malaria (many studies in all phases), tuberculosis (phase
II, CT00146744, NCT00397943), HIV (phase I,
NCT00027365), hepatitis B (phase III, many studies),
pneumonia (phase II, NCT00307528)

3 GLA-SE O/W TLR4 agonist/Th1, IgG2-skewed antibody
response

Schistosomiasis (phase II, NCT03041766,
NCT03799510); HIV (phase I, NCT03409276,
NCT03856996); malaria (phase I, NCT01540474,
NCT02647489); tuberculosis (phase II, NCT03806686);
flu (phase II, NCT01991561, NCT01147068); Leishmania
(phase I, NCT01751048); RSV (phase I, NCT02289820)

4 MAS-1
(MER4101)

O/W Th2-type and humoral response, T
cell�based immune regulatory control

Flu (phase I, NCT02500680)

5 Nanoemulsion O/W Dendritic cell (DC) maturation, TLR2 and
TLR4 activation/humoral response, systemic
and mucosal Th1 and Th17 responses

Anthrax (phase I, NCT04148118), flu (phase I,
NCT01354379)



differentiation of germinal center B cells in secondary lymph nodes, along

with enhancing the frequency of T follicular helper cells (Lofano et al., 2015).

Using systems serology, Boudreau et al. showed that MF59 induced antibody

responses that strongly stimulated neutrophil-phagocytosis and complement

activity, and a weak recruitment of NK cells and monocyte-phagocytosis,

compromised by the lack of FCGR3A receptor-binding capacity by MF59-

induced antibodies (Boudreau et al., 2020).

Saponins

Origin and chemical composition

Saponins are naturally found glycosides with a wide range of properties

including the ability to modulate mammalian immune responses at low

doses. Extracts from the bark of the South American tree Quillaja saponaria

Molina have been known to possess potent adjuvant activity since as early as

1925 (Ramon, 1925; Warshakoon et al., 2009), with the immunomodulatory

components subsequently purified to an enriched mixture, known as Quil A,

in 1974 (Dalsgaard, 1974). Further purification by reverse-phase chromatog-

raphy identified fractions with potent adjuvant activity and low toxicity, in

particular QS-21 that has since become one of the most widely studied sapo-

nin adjuvants (Kensil et al., 1991).

FIGURE 9.2 Mechanism of action of emulsion-based adjuvants.
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Saponins consist of one or more hydrophilic sugar chains attached via

ester bonds to a hydrophobic aglycone backbone. This amphipathic structure

is considered to be essential for adjuvant activity (Oda et al., 2000, 2003).

Due to the inherent lability of ester linkages, these saponins are susceptible

to spontaneous hydrolysis and the formation of inactive or toxic byproducts,

creating challenges in formulation and storage of saponin adjuvants (Cleland

et al., 1996). A further challenge arises from the affinity of the aglycone for

cholesterol in cell membranes (Bangham, 1972), which, while important for

adjuvanticity, can also result in hemolytic toxicity (Sun et al., 2009).

However, this property also enables their formulation into secondary struc-

tures in the presence of cholesterol, which can reduce hemolytic activity

while retaining adjuvanticity, activities that are structurally independent

(Oda et al., 2000). These drawbacks may also be overcome by the chemical

synthesis of optimized analogs (Fernández-Tejada et al., 2014, 2017).

Examples include liposomes, such as the AS01 adjuvant system, and immune

stimulating complexes (ISCOMs).

Application

Quil A, a heterogeneous mixture of approximately 25 different saponins, was

initially used in a commercial veterinary foot-and-mouth disease vaccine

(Dalsgaard, 1978) and has since been used in a variety of other veterinary

vaccines (Macy, 1997; Santos et al., 2007). However, its use in humans is

limited by its toxicity. In contrast, the more purified fraction QS-21 has sig-

nificantly reduced toxicity enabling its use in clinical trials (Kashala et al.,

2002; Schijns & O’Hagan, 2006), although it is associated with injection site

pain, sometimes accompanied by mild flu-like symptoms, which may be

modulated by vaccine formulation (Bigaeva et al., 2016; Petrovsky, 2015;

Waite et al., 2001).

In preclinical animal models, QS-21 has demonstrated the ability to aug-

ment responses to weakly immunogenic antigens including protein (Ma

et al., 1994), glycoprotein (Newman et al., 1992; Powell et al., 1994), pep-

tide (Kim et al., 1999), polysaccharide (Coughlin et al., 1995), and DNA

(Sasaki et al., 1998). In combination with conjugate antigens, QS21 has

shown superior capacity to induce IgG antibodies in cancer vaccine trials

including melanoma (Slingluff et al., 2001), breast (Gilewski et al., 2000,

2007), and prostate (Gin & Slovin, 2011), and has proven well-tolerated and

immunogenic, although the vaccines themselves have often been insuffi-

ciently efficacious (Eggermont et al., 2010).

QS-21 has also been used as an adjuvant in experimental prophylactic

vaccines against infectious diseases including bacterial (Coughlin et al.,

1995; Ma et al., 1994), parasitic (Kashala et al., 2002), and viral (Newman

et al., 1992; Powell et al., 1994) pathogens, demonstrating a dose sparing

effect of up to 100-fold (Wyde et al., 2001) and reduction in the number of
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doses required for effective immunization in baboons (Powell et al., 1994)

and humans (Evans et al., 2001). However, to-date QS-21 has only been

licensed for use in human vaccines as part of the adjuvant system AS01 (see

Section “GSK adjuvant systems”).

Mechanism of action and type of immune response induced

The mechanism of action is not yet completely understood, and it is unlikely

that a universal mechanism will be applicable to all saponins (Marciani,

2018). When studied as part of adjuvant systems, QS-21 has been shown to

be a potent activator of the inflammasome (Detienne et al., 2016; Marty-

Roix et al., 2016), a crucial step in activating innate immunity and inducing

cell recruitment. However, individual saponins have been noted to differ in

their ability to induce either Th1 or Th2 adaptive immunity (Marciani, 2018;

Press et al., 2000), likely reflecting the specific chemical composition (Oda

et al., 2003).

The aldehyde moiety of triterpene aglycone saponins is thought to

play a role in inducing Th1 responses through receptors such as CD2 on T

cells. This provides costimulatory signals to the T cell favoring high IL-2

and IFN-γ production indicative of Th1 immunity, and can substitute con-

ventional CD28 costimulation that is susceptible to CTLA4-mediated

downregulation (Marciani, 2003). However, this costimulation only acti-

vates T cells in the presence of TCR ligation provided by APCs such as

DCs. In DCs, exogenous antigen and saponins such as QS-21 enter via

cholesterol-dependent endocytosis, mediated by the saponin’s affinity for

cholesterol, where QS-21 is then thought to disrupt the endosomal/lyso-

somal membrane allowing escape of the antigen into the cytosol and

cross-presentation on MHC class I (Den Brok et al., 2016). Consequently,

this activates CD8 T cell-mediated immunity important for protection

against intracellular pathogens, and which is often lacking in responses to

subunit vaccines.

Delivery of antigen to MHC class II is thought to be restricted by acyla-

tion of fucospyranosyl residues in the oligosaccharide chain of QS-21,

which sterically hinders binding to receptors such as DC-SIGN on DCs, and

prevents receptor-mediated endocytosis from delivering exogenous antigen

to the conventional MHC II presentation pathway (Marciani, 2018).

Deacylation of these chains, such as in the semisynthetic QS-21 analog QT-

0101 or following QS-21 degradation, enables delivery of antigen to MHC

class II and resultant Th2-mediated humoral responses (Marciani, 2014;

Marciani et al., 2001). These Th2 responses may be more effective in com-

bating neurodegenerative or autoimmune disorders with Th1-mediated

pathologies. However, this phenomenon also illustrates the danger of saponin

instability that can result in changes to the nature of immunity generated

(Marciani et al., 2001).
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Immune stimulating complexes

Origin and chemical composition

ISCOMs are spherical open cage-like structures, typically 40 nm in diameter

(Fig. 9.3), that are spontaneously formed when cholesterol, phospholipids,

and Quillaja saponins are combined with a specific stoichiometry (Morein

et al., 1984). By being bound to cholesterol and phospholipid, the saponin is

blocked from interacting with the cell surface cholesterol, preventing its

cytolytic activity. Today, Quillaja saponins formulated into ISCOMs are vir-

tually free of side effects when combined with vaccines in clinical trials.

The active component in the nanoparticles is the Quillaja saponin, either

in a semipurified (Quil A), or highly purified form such as QS21. Quillaja

saponin has also been separated by HPLC into subfractions, named QH-A

(most hydrophilic fractions) and QH-C (most hydrophobic fractions, includ-

ing QS21). Fractions QH-A and QH-C are used separately to form ISCOMs

with distinct properties, such as the ISCOM-MATRIX M1 now owned by

Novavax and used in their COVID-19 vaccine.

Cholesterol is not only used as a structural component of the ISCOM

cages, but most importantly also to block the cytolytic effect of the saponin.

FIGURE 9.3 Electron micrograph of 40 nm spherical ISCOM particles. Cholesterol and

Quillaja saponins form hexagonal rings glued together by lipid, for example, phosphatidylcho-

line, to form the structure.
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It should be noted that, due to the potential contamination by BSE, animal

cholesterol is avoided and cholesterol of plant origin is used. Phospholipids

act as a glue in forming the three-dimensional, cage-like structures. Recent

study shows although it is possible to form ISCOMs without the phospholi-

pids, exceedingly high energy must be introduced into the process that would

hamper large-scale production (Hu et al., unpublished).

Two types of ISCOMs are described in the literature. The first is classic

ISCOM, formed by the combination of cholesterol, saponin, phospholipid, and

protein (initially viral envelope proteins, such as influenza). The second is

known as ISCOM matrix, also called empty ISCOMs or ISCOMATRIX with-

out the inbuilt viral proteins, which has the advantage of versatility and ease

of use by simple admixture with the antigen of choice (Sjölander et al., 1998).

Application

Foot and mouth disease virus was a huge global burden in bovine and por-

cine species, causing suffering in animals and enormous economic losses

until the introduction of mass vaccination in the 1950s. The vaccine

deployed was adjuvanted with alum and Quillaja saponin.

Later, Quillaja saponin in particulate form, that is, ISCOMs became

available, which are almost free from side effects (Morein et al., 1984).

ISCOM-based vaccines have been shown to be effective against a sub-

stantial number of pathogens in several species. In laboratory animals,

ISCOMs containing antigens from a variety of pathogens have been tested

for immunogenicity and immune protection, including picornavirus in dogs

(Osterhaus et al., 1985), feline leukemia virus (Osterhaus et al., 1989), CDV

in seals (Putkonen et al., 1994), Mycoplasma gallisepticu (Sundquist et al.,

1996), and avian influenza H5N1 (Rimmelzwaan et al., 1999) in chickens.

Most significantly, several experimental ISCOM vaccines have been tested

in primates against lentivirus infections, that is, HIV-1, HIV-2, and simian

immune deficiency virus with protective efficacy varying between 40% and

100% among eight studies (Hu et al., 1998; Osterhaus et al., 1992). Antigens

from bacterial species and parasites such as malaria have also been shown to

evoke protective responses when combined with ISCOMs, with a highly

promising malaria vaccine R21 in Matrix M (Novavax) adjuvant showing

77% efficacy in the field and currently entering large Phase III trials in chil-

dren in Africa (Datoo et al., 2021). Most recently, a COVID-19 vaccine con-

taining Matrix M adjuvant has shown high (90%) protective efficacy in

Phase III trials and is likely to become the first ISCOM-based vaccine

approved for use in humans (Mahase, 2021).

Mechanism of action and type of immune response induced

ISCOMs can deliver antigens via both the cytosol and the endosomal path-

ways, leading to, respectively, MHC class I and II antigen presentation and
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resulting in the induction of both cell- and antibody-mediated immune

responses (Hu et al., 1998; Sjölander et al., 1998). It is thought that the

membrane-disrupting properties of the saponin component of the ISCOM/

ISCOMATRIX adjuvant might aid endosomal escape, thereby releasing anti-

gen to the cytosol and aiding cross-presentation (Pearse & Drane, 2005;

Villacres et al., 1998). Several cytokines are stimulated by ISCOM adju-

vanted experimental vaccines encompassing a mixed Th1/Th2 profile, as

well as upregulation of cell surface makers including MHC class II mole-

cules, which was observed both in animals and man (Sjölander et al., 2001).

TLR agonists

Origin and chemical composition

At the 1989 Cold Spring Harbor Symposium, Charles Janeway predicted that

pattern-recognition receptors (PRRs) represent the link between innate and

adaptive immunity (Janeway, 1989). In the subsequent years, several innate

signaling molecules, designated as Toll-like receptors (TLRs), were discovered.

In 1998, it was shown that TLR4 recognizes, and signals in response to, bacte-

rial lipopolysaccharide (LPS) (Poltorak et al., 1998). This was followed by

the identification of cytidine-phospho-guanosine (CpG) DNA as a TLR9 ago-

nist (Hemmi et al., 2002) and imidazoquinolines as TLR7 agonists through a

MyD88-dependent signaling pathway (Hemmi et al., 2002). After another

decade, it was discovered that TLR8 can sense bacterial RNA and single-

stranded viral RNA within the phagosomal vacuoles (Cervantes et al., 2012).

TLRs are transmembrane receptors predominantly expressed by innate

immune cells and can be classified into cell surface and intracellular TLRs

expressed on the surface of endosomes (described in more detail in Chapter 3,

“Dendritic Cells as Vaccine Targets” Activation of the TLR signaling cascade

links innate with adaptive immunity, giving TLR agonists the potential to stimu-

late an effective immune response against pathogens, vaccines, or tumor cells.

Importantly, mRNA vaccines act as self-adjuvating agents that can stimulate

innate immunity through TLR3, TLR7, TL BuR8, RIG-I, and MDA5, eventually

inducing antibody secretion by adaptive mechanisms (Zhang et al., 2019).

Application, mechanism of action, and type of immune response
induced

Each TLR agonist family has a different application and mode of response;

these are described later for each subset of agonists.

TLR3 agonists

Poly-IC12U (Ampligen, Hemispherx) and poly-ICLC (Hiltonol, Oncovir)

represent modified variants of the synthetic dsRNA molecule poly-IC.

Poly-IC12U promotes a dose-sparing effect when coadministered with the
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antiretroviral drug zidovudine, as a therapeutic treatment for HIV-1

(Martins et al., 2015). In vitro studies documented the ability of poly-

IC12U to activate DCs (Martins et al., 2015). Subcutaneous administration

of a sister compound, poly-ICLC, was found to markedly increase the

immunogenicity of a peptide vaccine against ovarian cancer in a clinical

trial (Sabbatini et al., 2012). In vivo, poly-ICLC induces a clear Th1 pheno-

type characterized by the induction of IL-12, TNF-α, IFN-γ, IL-6, and type

I IFN, as well as the chemokines KC, MCP1, MIP1-α, and MIP1-β
(Martins et al., 2015).

TLR4 agonists

Monophosphoryl lipid A (MPL), an LPS-derivative, was the first FDA-

approved TLR agonist for use in humans, as part of the papillomavirus vac-

cine Cervarix, and the EU-authorized hepatitis B vaccine Fendrix (Reinke

et al., 2020). Clinical trials of the herpes zoster vaccine Shingrix illustrate

the benefits from MPL as an adjuvant, showing superior protection in older

adults and efficacy in immuno-compromised individuals (Heineman et al.,

2019). While LPS-induced signaling is predominantly transmitted via

MyD88, MPL is a TIR-domain-containing adapter-inducing interferon-β
(TRIF)-biased agonist of TLR4, which might explain its reduced toxicity

(Luchner et al., 2021). To expand the beneficial effects of MPL, a synthetic

compound GLA in stable emulsion (GLA-SE) was developed. A GLA-SE

adjuvanted H1N1 influenza vaccine demonstrates dose-sparing capacity,

which would be of particular benefit in a pandemic scenario (Pillet et al.,

2018). GLA-SE also showed promising results as an adjuvant in the ID93

tuberculosis vaccine (Coler et al., 2018) and in the immunotherapeutic treat-

ment of cancer (Somaiah et al., 2017). GLA increases humoral and cellular

immunogenicity through APC-induced production of inflammatory cytokines

such as IFN-γ, TNF, IL-2, and IL-1β (Reinke et al., 2020).

TLR5 agonist

Mobilan, an adenovirus-based vector for intratumor delivery that encodes

human TLR5 and its ligand flagellin, induces strong adaptive antitumor

immune responses (Li et al., 2007, 2008). Entolimod, a pharmacologically opti-

mized flagellin derivative, has shown potential for immunotherapy against

cancer in combination with radiotherapy in mouse tumor models (Li et al.,

2017). In the first completed clinical study in prostate cancer patients, mobilan-

induced stronger NF-κB signaling than entolimod, and led to the recruitment of

innate immune cells, including neutrophils and NK cells (Eremina et al., 2020).

TLR7/8 agonists

Clinical use of topical imiquimod (Aldara Imiquimod 5% cream) is EU autho-

rized for external genital warts, superficial basal cell carcinoma, and actinic
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keratosis. Topical imiquimod was tested in clinical trials as an adjuvant for

testis-cancer antigen NY-ESO-1 immunotherapy in patients with high-risk

melanoma and for treatment of breast cancer skin metastases (Li et al., 2017),

demonstrating tolerability and systemic immune responses (Adams et al.,

2012, 2008). TLR7/8 agonists such as imiquimod have been shown to activate

APCs, induce humoral and cellular immunity, and especially enhance Th1

responses (Luchner et al., 2021). Originally thought to be nonfunctional,

TLR8 is now known to have a complex signaling mechanism that includes

cross-talk with other endosomal TLRs (Cervantes et al., 2012). It is also impli-

cated in the generation of autoimmunity (Guiducci et al., 2013).

TLR9 agonists

Synthetic oligodeoxynucleotides (ODN) are immuno-stimulatory through

unmethylated CpG motifs (Scheiermann & Klinman, 2014). CpG 1018 is

included in the FDA-approved hepatitis B vaccine HEPLISAV-B (Fox,

2017). In clinical studies against anthrax, malaria, and influenza, CpG-

adjuvanted vaccines demonstrated enhanced immunogenicity with no appar-

ent adverse reactions, even in immuno-compromised individuals, as well as

improved sero-protection and dose-sparing effects. CpG induces the expres-

sion of NLRP3, ASC, caspase-1, and IL-1β in a TLR9-dependent fashion

(Reinke et al., 2020). Combining the immuno-stimulatory effect of CpG-

ODN and poly-IC has led to the design of IC31, which has shown promising

results in the first clinical trial of the tuberculosis vaccine candidate H56:

IC31 (Luabeya et al., 2015).

Nanoparticles

Origin and chemical composition

Delivery of an antigen in a particulate form, either encapsulated or surface

adsorbed to polymeric nanoparticles, facilitates sensing and uptake by APCs.

Polymers are attractive materials for formulating nanoparticulate adjuvants

because of their biocompatibility, biodegradability, and low toxicity (Peres

et al., 2017). Polymeric nanoparticles enable sustained release of antigen and

improve the stability of labile antigens from in vivo enzymatic degradation

(Wibowo et al., 2021). Surface modification of nanoparticles with ligands or

antibodies targeting various PRRs can enhance active targeting of antigen to

specific APCs. In addition, nanoparticles enable codelivery of vaccine anti-

gens with immunostimulatory components to induce a synergistic effect. A

variety of natural and synthetic biodegradable polymer-based nanoparticles

have been developed and tested to enhance immunogenicity for vaccine

delivery (Table 9.4). Importantly, vaccine antigens encapsulated in polymer-

based nanoparticles and administered through the mucosal route are pro-

tected from degradation and released locally to stimulate potent mucosal
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TABLE 9.4 Examples of natural and synthetic polymer-based nanoparticulate adjuvants.

Polymer

type

Name Advantages Disadvantages Vaccine antigen

cargo

Natural
polymers

Chitosan Nontoxic, cationic, biocompatible, biodegradable,
mucoadhesive, easily modified, humoral, and
cell-mediated immunity

Low water soluble, weakly
immunogenic, poor
strength

Protein, peptide,
DNA, RNA

Starch Nontoxic, degradable, abundant, cheap Water resistant, poor
mechanical properties

Protein, peptide

Dextran Hydrophilic, strong humoral immunity Rare adverse reactions Protein, peptide

Alginate Biodegradable, mucoadhesive Anionic (limited delivery
system properties)

Protein, peptide

Cellulose Abundant, cheap, sustainable Rare adverse reactions Protein, peptide

Inulin Nontoxic, biocompatible, biodegradable � Protein, peptide

Pullulan Nontoxic, biocompatible, biodegradable Weakly immunogenic Protein, peptide,
DNA, RNA

Hyaluronic acid Hydrophilic, biocompatible, biodegradable,
transdermal immunization

� Protein, peptide,
DNA



Synthetic
polymers

Poly(lactic-glycolic acid)
(PLGA)

Biocompatible, biodegradable, low toxicity, induces
IgG responses

Low antigen loading Protein, peptide,
DNA

Polylactic acid (PLA) Biocompatible, biodegradable, low toxicity, induces
CD81 T cells

Low antigen loading Protein, peptide,
DNA

Polymethyl methacrylate
resin (PMMA)

Biocompatible Monomer is cytotoxic Protein, peptide

Polyethylene glycol (PEG) Flexible, hydrophilic Poor antigen loading Protein, peptide

Polyethyleneimine (PEI) Intrinsic immunomodulation Low transfection Protein, peptide,
DNA

Polycaprolactone (PCL) Biocompatible, biodegradable, low toxicity Not intrinsically
immunogenic

Protein, peptide

Polyphosphazenes Biodegradable Unstable Protein, peptide

Polyanhydrides Biodegradable, low toxicity Poor antigen loading Protein, peptide

Dendrimers Biocompatible, multivalent Low cytotoxicity Protein, peptide,
DNA, RNA



immunity (Rose et al., 2018). Natural polymers are a renewable resource that

can be degraded into water, carbon dioxide, and inorganic small molecules,

and are classified as nontoxic, biocompatible, and biodegradable materials

(Wibowo et al., 2021).

Application

Chitosan, starch, dextran, alginate, cellulose, inulin, pullulan, and hyaluronic

acid are some examples of natural polymers that have been explored as adju-

vants in vaccine formulations (Han et al., 2018; Rose et al., 2018; Wibowo

et al., 2021). Synthetic polymers include poly(lactic-glycolic acid) (PLGA),

poly(lactic acid) (PLA), polymethyl methacrylate resin (PMMA), poly(ethyl-

ene glycol) (PEG), polyethylenimine (PEI), poly(ε-caprolactone) (PCL),

polyphosphazenes, polyanhydride, and dendrimers. Synthetic polymers are

produced through chemical synthesis and serve as excellent vaccine adju-

vants due to their biocompatibility, biodegradability, and low cost (Han

et al., 2018). Despite several advantages, natural polymers provide restricted

immune modulation compared to the synthetic polymers and are often com-

bined with synthetic polymers or inorganic materials to develop hybrid sys-

tems with improved properties (Rose et al., 2018). Nanoparticles prepared

from cationic polymers have been shown to deliver nucleic acids including

mRNA. Examples of polymers used for in vivo delivery of mRNA include

derivatives of PEI, poly(amido-amine), poly-lysine, chitosan, and poly-beta

amino-esters (Chahal et al., 2016; Kaczmarek et al., 2016; Kauffman et al.,

2016). Recently, lipid polymer hybrid nanoparticles formed by integrating

lipid and polymeric nanomaterials are being developed for the delivery of

mRNA vaccines (Zhao et al., 2018).

Mechanism of action and type of immune response induced

The immunomodulatory properties of nanoparticulate adjuvants have been

attributed to several mechanisms: a depot effect, inflammasome activation,

complement activation, immune cell recruitment, PRR-dependent signal

transduction, repetitive antigen display, MHC class I or II antigen presenta-

tion, T-cell differentiation, and release of cytokines or chemokines

(Pulendran et al., 2021). Several methods are available for the formulation of

polymer-based nanoparticles such as solvent evaporation, emulsification-

solvent diffusion, and nanoprecipitation (Vauthier & Bouchemal, 2009).

However, irrespective of the preparation method the shape, size, and chemis-

try (surface charge, hydrophobicity, stability) of nanoparticles govern their

ability to trigger or block immune pathways and consequently their adjuvant

function (Bookstaver et al., 2018). Polymer nanoparticulate adjuvants have

shown great promise in potentiating the immunogenicity of vaccines (Han

et al., 2018; Wibowo et al., 2021). However, further research efforts are
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required to confirm their safety profile, exact molecular and immunological

mechanism of adjuvant potentiation, and development of novel nanoparticu-

late adjuvants for specific disease antigens.

Liposomes

Origin and chemical composition

The term liposome is a broad definition for vesicles composed of lipid

bilayers enclosing an aqueous compartment. They were first described by

Bangham et al. in 1965 (Bangham et al., 1965) with the discovery that phos-

pholipids dispersed in water form closed vesicles. Liposomes, formed by

self-assembly upon dispersion of certain amphiphilic lipids in aqueous

buffer, were initially utilized as model membranes (Bangham, 1972; Lasic,

1998). Shortly after their discovery, the application of liposomes as drug

delivery systems was suggested by Gregoriadis and Ryman (Gregoriadis

et al., 1971; Gregoriadis & Ryman, 1972), which led to extensive research

programs within the pharmaceutical industry and academia.

Liposomes consist of amphiphilic lipid bilayers whose hydrophobic

regions will orient toward each other, and the hydrophilic regions will orient

toward the aqueous phase in which the lipids are suspended; the adjacent

lipid molecules are held together by van der Waals forces. This results in the

spontaneous formation of lipid spherules that surround internal aqueous

spaces. The polar region typically consists of a phosphate group, an acidic

group and/or tertiary or quaternary ammonium salts, and can either be

charged or neutral, depending on the composition of the lipid head-groups.

The apolar region typically consists of one or more long fatty acid chains

with .8 carbons with/without cholesterol (Apolinário et al., 2021).

Application

The application of liposomes as vaccine delivery systems was first investi-

gated in the early 1970s, with the discovery of improved antibody responses

to diphtheria toxoid formulated with liposomes (Allison & Gregoriadis,

1974). Numerous vaccines formulated with liposomes have since reached

clinical trials and even been approved for human use, namely, Mosquirix

and Shingrix, both containing different versions of the liposome-based AS01

adjuvant (Didierlaurent et al., 2017). Currently, there is a growing number of

drug products approved for human use, not limited to vaccines (Doxil/

Caeylx, AmBisome/Abelcet, DepoDur, Mosquirix, Shingrix), with the lipo-

somes improving the delivery of drugs and excipients to their target-sites, or

forming a drug depot and subsequently reducing systemic toxicity.

The liposome composition and preparation method influence important phys-

icochemical characteristics that will affect their functionality. These include
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particle size, membrane fluidity, hydrophobicity, and surface charge (Blakney

et al., 2019; De Serrano & Burkhart, 2017; Hamborg et al., 2014; Henriksen-

Lacey et al., 2010, 2011; Hussain et al., 2014; Perrie et al., 2013). The versatil-

ity of liposomes allows incorporation of different types of molecules into the

same liposome dispersion, for example, lipid- and/or nucleic acid�based

immuno-stimulators and protein-based antigen.

One good example of this is the AS01 adjuvant, which is based on phos-

phatidylcholine/cholesterol liposomes containing the two immunostimulants

MPL (TLR4 agonist) and saponin QS-21. MPL has highly apolar regions

and formulation in liposomes will improve its stability as well as immunoge-

nicity. QS-21 on the other hand is a water-soluble amphiphilic triterpene gly-

coside with hemolytic activity, which can be eliminated by formulation into

liposomal membranes (Didierlaurent et al., 2017). Several the liposome-

based adjuvants in clinical development, including ALFQ (Alving et al.,

2020) and GLA-LSQ (Baldwin et al., 2021; Friedman-Klabanoff et al.,

2021), are remarkably like AS01 containing both MPL and QS-21 incorpo-

rated into phosphatidylcholine/cholesterol-based liposomes.

Adjuvants based on other liposome backbones in clinical development

include the CAF adjuvants. CAF01 and CAF09b are both based on cationic

liposomes incorporating different immuno-stimulators (Pedersen et al.,

2018). Here the liposomes incorporate apolar glycolipid monomycoloyl glyc-

erol (MMG, a Minkle agonist) in the apolar region while adsorbing the water

soluble negatively charged double-stranded RNA compound polyinosinic:

polycytidylic acid (poly I:C; TLR3/MDA5/RIG-I agonist) on the cationic

surface (Korsholm et al., 2014; Schmidt et al., 2016, 2019).

Mechanism of action

The function of liposomes as delivery systems is primarily to act as a depot

for the vaccine antigens and to present/deliver the antigens and immuno-

stimulators to APCs. In addition, some liposome formulations have intrinsic

immuno-stimulatory activity, with the biological function highly dependent

on their physicochemical properties. In particular, the surface charge has a

major influence on the adjuvant effect and mechanism of action. Most

in vivo studies demonstrate that cationic liposomes are superior compared to

both anionic and neutral liposomes (Ma et al., 1994), due to an efficient

interaction between the cationic entities and the negatively charged cell sur-

face. Thus anionic liposomes interact with an extremely low percentage of

human and murine DCs in vitro, whereas the opposite is true for cationic

liposomes, leading to their localization in the endosomal compartment or the

cytoplasm (Foged et al., 2004) of the DCs. This has brought cationic lipo-

somes into focus as vaccine delivery systems.

Biodistribution of the vaccine might play an even bigger role mechanisti-

cally. The physicochemical properties of the liposomes very much define

246 Vaccinology and Methods in Vaccine Research



whether the liposomes form a depot at the injection site, localize in the local

dLNs, or distribute more systemically in the body. This factor is controlled

by the surface charge and particle size of the liposomes, and will determine

which type of immune cells the vaccine contacts, and thus the type of

immune response elicited.

Type of immune response induced

The addition of immuno-stimulators influences the resulting immune

response, with different responses (e.g., Th1/Th2/Th17) possible with a

certain combination of antigen, immuno-stimulators, and liposomal carrier.

Most liposome-based adjuvants have been associated with strong T-cell

responses, especially Th1 and Th17; however, this function is more depen-

dent on the incorporated immuno-stimulators, such as MPL, QS21, MMG,

poly I:C, etc., than on the intrinsic function of the liposomes themselves.

Exosomes

Origin and chemical composition

Exosomes are naturally occurring small membrane vesicles around

30�100 nm in diameter, first described in the 1970s (Couzin, 2005). They are

released from different types of immune cell, such as DCs, T and B cells,

mast cells, and macrophages, and found in most biological fluids as well as

cell culture supernatants (Keller et al., 2011). Exosomes have important func-

tional roles in transferring proteins, nucleic acids, and lipids between cells,

and thereby modulate cell�cell communication and immune regulation.

Application

Exosomes can also be engineered as potential delivery systems for proteins

and nucleic acids, due to their intrinsic nature as endogenous delivery sys-

tems (Arima et al., 2019), for example, delivering a protein antigen to APCs

(André et al., 2002). However, this is an emerging field with a limited num-

ber of studies to date. Anticoli et al. engineered exosomes that can form

in vivo and proposed an exosome-based vaccine platform that can activate

CTL against viral antigens (Anticoli et al., 2018; Di Bonito et al., 2017). The

approach involves an intramuscular injection of a DNA vector expressing

Human Papilloma Virus E7 protein (HPV-E7) fused to the C-terminus of an

exosome-anchoring protein, Nefmut. The E7 protein is known to induce a

strong antigen-specific CTL response. Different viral nucleoproteins and

other products from Ebola, flu, Crimean�Congo hemorrhagic fever, West

Nile virus, and hepatitis C virus were screened and found to incorporate into

exosomes efficiently, independent from their size (Di Bonito et al., 2017).
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An exosome-based vaccine containing the S (spike) protein of SARS-

CoV-1 has been explored: Kuate et al. engineered exosomes by replacing the

transmembrane and cytoplasmic domains of the S protein by those of glyco-

protein of the vesicular stomatitis virus (VSV-G). The immunogenicity and

efficacy of the S-containing exosomes were tested in mice alongside an ade-

noviral vector vaccine expressing the S protein, and both were found to

induce neutralizing antibody titers exceeding those observed in the conva-

lescent serum of a SARS patient (Kuate et al., 2007).

Exosomes could find an application in tumor vaccines and immunother-

apy. Mashioto et al. obtained exosomes from murine melanoma cells and

modified them with a CpG adjuvant (Morishita et al., 2016), observing an

enhanced antitumor effect following immunization. There are currently two

phase I and one phase II clinical trial in malignant melanoma and nonsmall-

cell lung carcinoma exploring the use of DC-derived exosomes (DEX) as

therapeutic antitumor vaccines (Nikfarjam et al., 2020).

Mechanism of action and type of immune response induced

Exosomes have an active role in inducing an immune response by antigen

transfer to DCs, T-lymphocyte activation via antigen presentation, and natu-

ral killer (NK) cell activation by binding NKG2D ligand binding (Théry

et al., 2009). The studies described earlier demonstrate that DEX-based

vaccines are safe and have the capability to trigger both the adaptive (T cell)

and the innate (NK cell) immune responses.

GSK adjuvant systems

Origin and chemical composition

In the late 1980s, GSK created the concept of so-called Adjuvant Systems

(AS) to facilitate the design of vaccines against difficult pathogens such as

HIV and malaria (Garçon & Di Pasquale, 2017). Immuno-modulating mole-

cules MPL-A (TLR4 agonist), QS-21 (saponin), and CpG ODN (TLR9 ago-

nist) were combined with aluminum salts, liposomes, or oil-in-water

emulsion with the aim of inducing additive, complementary, or even syner-

gistic effects on the immune response. Several AS resulted, of which AS01,

AS03, and AS04, are clinically relevant today (Table 9.5) (Garçon & Di

Pasquale, 2017; Laupèze et al., 2019).

Application, mechanism of action, and type of immune response
induced

Each AS has a different application, mode of action, and type of immune

response, and these are individually described below.
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AS01

AS01 is part of the approved herpes zoster (RZV/AS01, Shingrix), and

malaria (RTS,S/AS01, Mosquirix) vaccines.

It is a liposome-based formulation that contains the synthetic TLR4 ago-

nist MPL and the triterpene saponin QS-21. Mosquirix targets the P. falci-

parum circumsporozoite protein. It initially showed good efficacy in young

children in Africa, although the protection waned with time (Bejon et al.,

2008; Guerra Mendoza et al., 2019; Stoute et al., 1997). It is currently under-

going a WHO implementation program in several sub-Saharan countries.

The licensed Shingrix contains the varicella zoster virus glycoprotein E

in AS01. It has demonstrated high efficacy and good safety in older adults

(Cunningham et al., 2016; Lal et al., 2015; Laupèze et al., 2019). AS01 has

also been clinically assessed in candidate vaccines against tuberculosis and

HIV (Harrer et al., 2014; Penn-Nicholson et al., 2015).

A key feature of AS01 is that immunostimulants MPL and QS-21 syner-

gistically activate novel immunological pathways that are not triggered by

the individual components alone (Coccia et al., 2017; Del Giudice et al.,

2018): MPL activates TLR4 and induces NFκB signaling mainly via the

adapter TRIF (Luchner et al., 2021), whereas QS-21 is suggested to pro-

mote adjuvanticity through activation of MyD88 and Caspase-1 in resident

macrophages of the dLN (Detienne et al., 2016; Marty-Roix et al., 2016).

TABLE 9.5 GSK Adjuvant Systems.

Adjuvant

system

Composition Application (examples)

AS01 QS-211MPL1 liposomes Malaria� Herpes zoster� Malaria next
generation# Tuberculosis vaccine#
HIV vaccine#

AS02 QS-211MPL1O/W
emulsion

HIV vaccine† Tuberculosis vaccine†
Therapeutic melanoma vaccine†
Malaria vaccine†

AS03 Squalene O/W
emulsion1 vitamin E

Prepandemic H5N1 vaccine�

Pandemic H1N1 vaccine� SARS-CoV-
2 vaccine#

AS04 MPL adsorbed onto Al(OH)3
or AlPO4

HPV vaccine� Hepatitis B vaccine�

Herpes simplex vaccine†

AS15 CpG 79091QS-
211MPL1 liposomes

MAGE-A3 cancer immunotherapy†

�, Vaccines licensed or in Phase III trials; #, vaccines in Phase I or Phase II trials; †, vaccine
development discontinued.
Source: Adapted from (Garcon & Di Pasquale 2017).
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When combined in AS01, MPL and QS-21 synergistically induce the

release of IFNγ by NK cells in the dLN of immunized mice (Coccia et al.,

2017; Del Giudice et al., 2018). This mechanism is mediated by macro-

phages, IL-12, and IL-18, and eventually promotes a Th1-skewed immune

response characterized by the robust generation of antigen-specific poly-

functional CD41 T cells. Like the effects observed in mice, AS01 or RTS,

S/AS01 induced IFNγ production in dLN of nonhuman primates (NHPs)

and in the serum of healthy human individuals, respectively (Coccia et al.,

2017). Interestingly, a systems biology approach detected a negative corre-

lation between NK cell numbers in blood and protection against malaria

after RTS,S/AS01 vaccination, potentially due to enhanced recruitment of

NK cells to the SOI (Kazmin et al., 2017).

AS03

AS03 is an oil-in-water emulsion that contains alpha-tocopherol (vitamin E)

and is part of the approved prepandemic vaccine H5N1/AS03 and pandemic

H1N1/AS03 influenza vaccines (Arepanrix, Pandemrix) (Garçon & Di

Pasquale, 2017). AS03 was the adjuvant of choice as it induced elevated

levels of neutralizing antibodies, allowed antigen sparing, induced cross-

clade protection, and is suited for rapid large-scale manufacturing, all key

features in a pandemic situation (Chu et al., 2009; Garçon et al., 2012;

Laupèze et al., 2019). However, postlicensure real-world data indicated an

association between Pandemrix and narcolepsy, subsequently ascribed to

antigen mimicry rather than AS03 (Cohet et al., 2019). More recently AS03

has been used in the development of COVID-19 vaccine candidates

(Francica et al., 2021; Liang et al., 2021; Richmond et al., 2021).

In mice, AS03 activates the ER stress sensor IRE1α, contributing to the

robust release of pro-inflammatory cytokines such as IL-6 and MCP-1, even-

tually supporting the production of high-affinity Ag-specific antibodies

(Givord et al., 2018). It also modifies cytokine expression at the SOI,

increases antigen loading of monocytes, and induces recruitment of granulo-

cytes to the dLN (Morel et al., 2011). Furthermore, high-throughput B-cell

receptor sequencing in immunized people showed increased activation of

naı̈ve B cells and enhanced memory recall (Galson et al., 2016).

AS04

In AS04, the TLR4 agonist MPL is adsorbed onto either aluminum hydroxide

or aluminum phosphate, depending on the vaccine antigen. AS04 is part of

licensed vaccines HBV/AS04 (Fendrix) and AS04-HPV-16/18 (Cervarix)

against hepatitis B and human papillomavirus, respectively (Laupèze et al.,

2019). HBV/AS04 was designed to circumvent the reduced immunogenicity and

efficacy of aluminum salt-adjuvanted HBV vaccines in immuno-compromised
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individuals such as patients with renal insufficiency (Garçon & Di Pasquale,

2017). Importantly, in prehemodialysis and hemodialysis patients HBV/AS04

provided more rapid and durable protection, reducing the number of boosters

required and allowing dose sparing (Kong et al., 2008; Tong et al., 2005).

AS04-HPV-16/18 promotes long-lasting protection against HPV-16 and HPV-

18, which are the predominant cervical cancer inducing HPV strains (Naud

et al., 2014; Paavonen et al., 2009), and cross protection against other oncogenic

HPV strains (Paavonen et al., 2009). Both licensed AS04-adjuvanted vaccines

have an acceptable reactogenicity profile (Kong et al., 2008; Paavonen et al.,

2009; Tong et al., 2005).

In mice, AS04 mediates NFκB activation and cytokine secretion, leading

to increased numbers of Ag-loaded DCs and monocytes in the dLN, which

eventually enhances activation of T and B cells (Didierlaurent et al., 2009).

The driver of the innate cell activation is MPL-1, whereas the aluminum

hydroxide prolongs the cytokine response at the SOI, which may promote a

more effective adaptive immunity. Indeed, AS04-HPV-16/18 induced higher

antibody responses and memory B cells in mice, monkeys, and humans,

when compared to an HPV vaccine formulated in aluminum hydroxide only

(Giannini et al., 2006).

Using HBsAg as a model antigen, AS01, AS03, AS04, and aluminum salts

were compared in a clinical trial (Burny et al., 2017; Leroux-Roels et al., 2016).

Interestingly, AS01 induced the highest number of HBs-specific CD41 T cells

(Leroux-Roels et al., 2016), whereas the frequency of HBs-specific antibodies

and memory B cells was highest in AS01 and AS03 groups (Leroux-Roels

et al., 2016). Analysis of innate responses showed that the different AS activate

common pathways, with a higher magnitude response observed for AS01 and

AS03, which is an explanation for their enhanced potential to generate HBs-

specific adaptive responses (Burny et al., 2017; Leroux-Roels et al., 2016).

Cholera toxin

Origin and chemical composition

Cholera toxin (CT) is produced by the bacterium Vibrio cholerae. Although

its existence was first postulated by Koch in 1886, CT was discovered in

1959 with a report that cell-free V. cholerae culture filtrate can elicit a mas-

sive accumulation of fluid in ligated ileal loops of rabbits (De, 1959).

The active substance is a holotoxin composed of the central subunit A

(“Active”) with five subunits B (“Binding”) located peripherally (Bharati &

Ganguly, 2011). It was also demonstrated in 1968 that Escherichia coli

can produce enterotoxins (T. G. Evans et al., 2001). Heat-labile toxin (LT)

composed of LTA and LTB subunits is structurally and functionally closely

related to CT (Duan et al., 2019).
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Application

The activity of CT and LT has been examined in prophylactic vaccines

against bacterial, viral, and fungal pathogens for several decades in animal

models (Freytag & Clements, 2005). Both CT and LT were reported to be

potent mucosal adjuvants in animal models. However, they induced severe

diarrhea in humans when administered orally (Fukuyama et al., 2015) and

might lead to facial paralysis when administered by the nasal route (Mutsch

et al., 2004). To address the problem of toxicity, derivatives of toxins have

been developed and evaluated (Holmgren et al., 1993), showing similar adju-

vanticity to native CT in mice (Ågren et al., 1997; Eriksson et al., 2004). In

humans, there are several Phase I and II clinical trials completed or ongoing

with double mutant LT in the context of killed or attenuated enterotoxigenic

E. coli (ETEC) vaccines (Clements & Norton, 2018). Sublingual or oral vac-

cinations with ETEC vaccines administered with double mutant LT were

reported to be safe and immunogenic in Phase I clinical trials in adults

(Bernstein et al., 2019; Lundgren et al., 2014) and children (Qadri et al.,

2020). Recombinant CTB (the B subunit of CT) is used in the commercial-

ized oral cholera vaccine Dukoral and induces mucosal and systemic anti-

body responses following mucosal administration in humans (Bergquist

et al., 1997; Jertborn et al., 2001; Kozlowski et al., 1997).

Mechanism of action

The pentameric B subunit of CT (CTB) binds to the GM1 ganglioside recep-

tor found on a variety of cells including intestinal epithelial cells (Stratmann,

2015). CT is internalized into the endosomes before being transported as the

holotoxin to the Golgi and then to the endoplasmic reticulum. At this stage,

CTA (the A subunit of CT) ADP ribosylates the protein Gs leading to its

activation, which stimulates cyclic adenosine monophosphate (cAMP) pro-

duction. The increase of intracellular cAMP induces an osmotic movement

of water into the intestinal lumen causing diarrhea (Datta et al., 2010; Häse

et al., 1994; Vanden Broeck et al., 2007).

Type of immune response induced

CT has been shown to induce antigen-specific Th2 cytokine responses and

IgG1, IgE, and mucosal IgA secretion, while LT promotes mixed Th1 and

Th2 cytokine responses and IgG1, IgG2a, IgG2b, and mucosal-secreted IgA

(SIgA) responses in mouse models (Bowman & Clements, 2001). CT and

LT have been shown to induce IL-17-producing CD4 T cells in mice

(Brereton et al., 2011; Datta et al., 2010), influencing their ability to enhance

the SIgA response (Hirota et al., 2013).
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In vitro, CT can enhance antigen presentation and promote the prolifera-

tion/differentiation of B and T cells (Holmgren et al., 1993). LT was shown

to induce cell recruitment (Pizza et al., 2001; Ryan et al., 2000), DC matura-

tion, antigen presentation, and B/T cell activation (Petrovska et al., 2003;

Pitcovski et al., 2006).

Freund’s adjuvant

Origin and chemical composition

Incomplete Freund’s adjuvant (IFA) is composed of paraffin oil containing

mannide mono-oleate. Complete Freund’s adjuvant (CFA) additionally con-

tains killed mycobacteria (Billiau & Matthys, 2001). Originally, Jules Freund

observed that guinea pigs infected with Mycobacterium tuberculosis pro-

duced higher antibody responses. Similar results were observed with killed

M. tuberculosis in a water-in-paraffin emulsion (Freund, 1951; Freund et al.,

1937). Localized reactogenicity was attributed to impure emulsifiers and

today’s emulsion adjuvants contain highly purified and defined light mineral

oils with low toxicity (Chang et al., 1998).

Application

IFA was evaluated in nonhuman primates and humans in the context of an

influenza vaccine, demonstrating protection and immunogenicity without

major side effects (Davenport & Hennessy, 1956; Salk et al., 1953). In other

human studies with the tetanus toxoid vaccine (MacLennan et al., 1965) or

V. cholerae formulation (Ogonuki et al., 1967), the use of IFA was associ-

ated with SOI reactions. However, IFA is still evaluated in humans particu-

larly in the context of cancer therapeutic vaccines (Chang et al., 1998;

Pollack et al., 2020). Due to significant localized and systemic side effects,

CFA is considered too toxic for human use and it is limited to research stud-

ies in animal models (Stills, 2005).

Mechanism of action

IFA and CFA have been shown to act by a depot effect at the SOI leading to

a slow antigen release (Herbert, 1968), and enhanced antigen uptake (Lind,

1968; McDevitt et al., 1966). It has recently been demonstrated that IFA

could enhance Th1 responses, TLR signaling, and CD40 ligand expression in

the tumor microenvironment using melanoma peptides and a TLR3 agonist

tested on human skin biopsies (Pollack et al., 2020).
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α-GalCer

Origin and chemical composition

Adjuvants targeting unconventional T cells such as invariant natural killer T

(iNKT) cells have been considered, especially in the context of mucosal

vaccine development. iNKT cells have the potential to bridge innate and

adaptive immunity (Abautret-Daly et al., 2014) as they recognize glycolipids

presented by CD1d-expressing APCs. The antigen can be bacterial or vegetal

lipids such as α-GalactosylCeramide (α-GalCer), originally discovered in a

marine sponge more than 25 years ago (Cerundolo et al., 2010).

Application

Upon activation, iNKT cells can modulate DC- and B-cell activity and

induce activation of NK cells, leading to enhancement of adaptive immune

responses (Fujii et al., 2003; Hermans et al., 2003). Consequently, iNKT cell

agonists have been investigated as adjuvants to enhance immune responses

in immunotherapy and vaccination strategies. Some studies have demon-

strated the potential of the iNKT-cell activator α-GalCer as an oral adjuvant

to enhance intestinal and systemic immune responses induced by experimen-

tal whole-cell killed ETEC (Davitt et al., 2016), V. cholerae (Davitt et al.,

2019), and Helicobacter pylori (Longet et al., 2019) in mice. Even though

α-GalCer has been used in over 30 antitumor clinical trials (Zhang et al.,

2019), it has not yet been tested in prophylactic vaccinations in humans

(Cerundolo et al., 2010; Lindqvist et al., 2009).

Mechanism of action

T-cell receptors of iNKT cells can recognize lipid antigens presented by

MHC class I-like CD1d molecules expressed on DCs or B cells. It was

shown that iNKT cell activation could be mediated by direct recognition of

α-GalCer presented by CD1d molecules, or indirectly by stimulatory cyto-

kines (e.g., IL-12, IFNs) released by DCs following TLR signaling (Paget

et al., 2007; Salio et al., 2007).

Adjuvant properties of the microbiome

The microbiome is a complex community of diverse microorganisms

(viruses, including bacteriophage, archaea, bacteria, and fungi), protozoa,

and helminths, known collectively as microbiota, that inhabit a particular

environment in animals and humans (Desselberger, 2018). Most of the

microbiome is found in the intestinal tract (gut microbiota), although other

body areas have their own specific colonizers. Microecological balance, with

rich and diverse microbiota, is termed eubiosis, comprising a healthy state,
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that is, homeostasis between the host and microbiome (Li et al., 2019).

Ecological disturbance due to antibiotic usage, diet alteration or other rea-

sons, with reduced diversity, microbiota instability and opportunistic patho-

gen accumulation, is called dysbiosis, and can lead to pathological changes

including altered immune responses (Li et al., 2019).

The microbiome has a significant effect on the host’s innate and adaptive

immunity (Zheng et al., 2020), with a potential impact on responses to vaccines

(De Jong et al., 2020). Localized immune interactions, via APCs, B and T cells

that detect microbe-associated molecular patterns (MAMPs) or microbial meta-

bolites, are particularly intensive in the gastrointestinal tract (De Jong et al.,

2020). Microbiota can also influence immune reactions at distal locations, such

as lymph nodes, bone marrow, spleen, liver, and peritoneum. These interactions

could be mediated by dissemination of bacterial products (e.g., LPS), cell sig-

naling molecules, or microbiota metabolites (De Jong et al., 2020).

Various microbiota MAMPs, such as commensal (gut flora) DNA (Hall

et al., 2008), flagellin (Oh et al., 2014), Gram-negative bacteria LPS (Harris

et al., 2018), or conserved peptidoglycan motif muramyl dipeptide (Kim et al.,

1999), have been reported as vaccine potentiators (Magwira & Taylor, 2018).

Many different bacterial species, in distinct locations within the gut, have been

implicated in immune modulation (Oh et al., 2014). Several findings have

associated phyla Actinobacteria and Firmicutes with higher humoral and cellu-

lar responses, and phyla Proteobacteria and Bacteroidetes with lower responses

to vaccination (Zimmermann & Curtis, 2018).

Microbiota disbalance is most frequently and severely provoked by antibi-

otic exposure, promoting a dysbiosis, where normal microbiota subsets are

diminished or lost. This in turn reduces epithelial exposure to microbiota-

derived MAMP and PRR signaling, which leads to changes in downstream

regulation of innate defenses (Hosomi & Kunisawa, 2020), and reduction

in vaccine responses (Ciabattini et al., 2019; Hagan et al., 2019; Lynn &

Pulendran, 2018). Restoration of microbial homeostasis as a strategy to

improve vaccine responses can be achieved through: (1) increasing “good”

intestinal bacteria through use of prebiotics (Benyacoub et al., 2008) or probio-

tics (Zimmermann & Curtis, 2018); (2) selective depletion of harmful species

[use of narrow spectrum antibiotics (Harris et al., 2018) or bacteriophages]; (3)

fecal microbiota transplantation (Twitchell et al., 2016), or a combination of

these (Yitbarek et al., 2019). Achieving a healthy gut microbiome could have a

significant positive impact particularly in newborns and the elderly, who often

present with a decreased microbial diversity, making them (among other fac-

tors) less responsive to vaccination (Cianci et al., 2020; De Jong et al., 2020).

Plant-derived adaptogens

Medicinal plants present a rich sources of phytochemicals (bioactive nutrient

plant chemicals or nutraceuticals) characterized by diverse and pleiotropic
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properties including the ability to provide medical or health benefits (Di

Sotto et al., 2020).

Immunomodulatory properties are linked to several phytochemicals,

including polysaccharides, saponins, lectins, alkaloids, phenolics, glycopro-

teins, terpenoids, and fatty acids (Di Sotto et al., 2020; Reyna-Margarita

et al., 2019). Many plant polysaccharides can stimulate the immune system

by inducing T cells, cytokine production, and/or antibody responses.

Astragalus polysaccharides provide adjuvant capacity to various veterinary

(reviewed in Sun et al., 2009) and human (Du et al., 2012) viral vaccines.

A delta inulin derivative Advax has shown an adjuvanting effect with influ-

enza and hepatitis B surface antigens (Honda-Okubo et al., 2012; Saade

et al., 2013). In addition, plant polysaccharides demonstrate lower toxicity

than bacterial polysaccharides or synthetic compounds (Sun et al., 2018)

and can be administered orally or parenterally. Quillaja saponins are a potent

plant-derived adjuvant and are discussed earlier in this chapter. Lectins are

proteins that bind to carbohydrates present on the cell surface, resulting

in signal transduction and production of cytokines, primarily Th1, manifested

by elevated levels of IFN-γ (Souza et al., 2013). There are studies indicating

the possible utility of plant lectins as vaccine adjuvants for parasites of

veterinary (Neospora caninum, Leishmania) or human (Trypanosoma

cruzi, Paracoccidioides brasiliensis) relevance (reviewed in Reyna-Margarita

et al., 2019).

Adaptogens are a unique class of diverse compounds found in plants,

which may provide health benefits including modulation of immune responses

(Panossian, 2017; Ratan et al., 2021). One of the most researched adaptogenic

plants is Panax ginsen (Asian or Korean ginseng). Its main active components,

saponins (also known as ginsenosides), exhibit immuno-modulatory effects

when combined with different veterinary viral (Ginseng Leaf-Stem Saponins

and ginsenoside Rd) or protozoal (ginsenoside Rg1) vaccines (reviewed in

Ratan et al., 2021). An adjuvanting effect of purified ginsenoside Rb1 has also

been demonstrated in dairy cattle in immunization with Staphylococcus aureus

used for prevention of bovine mastitis (Hu et al., 1998; Osterhaus et al., 1992),

and for human vaccines, for example, a ginsenoside Rg1 nano-emulsion in

combination with hepatitis B surface antigen (HBsAg).

Comparison of the licensed Alhydrogel-adjuvanted vaccines against por-

cine parvovirus and Erysipelothrix rhusiopathiae with those supplemented

with ginseng extract (Rivera, Daggfeldt, & Hu, 2003; Rivera, Hu, & Concha,

2003) shows that (1) the ginseng fractions Rb1 and Rg1 are potent adjuvants

inducing higher or similar antibody titers than the Alhydrogel-adjuvanted

vaccines, and (2) the ginseng-supplemented vaccines favored IgG2, suggest-

ing ginseng as a cheap and safe alternative for improving the potency of

Alhydrogel-adjuvanted vaccines especially if the IgG2 response is needed.

Ginseng can stimulate basal NK cell activity and can activate macrophages

to produce reactive nitrogen intermediates and become tumoricidal, as well
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as increasing oxygen radicals scavenging and decreasing lipid peroxidation

(Liao et al., 2018).

Withania somnifera (L.) Dunal (Ashwagandha, Indian ginseng) contains

steroidal lactones and has shown potential as an oral immuno-potentiating

agent: mice given oral W. somnifera and immunized with Diphtheria-

Pertussis-Tetanus (DPT) vaccine, followed by challenge with live Bordetella

pertussis had a higher antibody titer and reduced mortality (compared to con-

trol animals with immunization and challenge alone) (Gautam et al., 2004).

The medicinal potential of Asparagus racemosus (Shatavari) is attributed

to the presence of steroidal saponins (or shatavarin) as well as sapogenins.

This traditional Ayurvedic plant may possess immuno-potentiating proper-

ties, based on an in vivo immunization studies with diphtheria, tetanus, per-

tussis (DTP) vaccine (Gautam et al., 2004) and hepatitis B surface antigen

(Sidiq et al., 2011).

The modulatory effects of curcumin, the principal curcuminoid of turmeric

(Curcuma longa) on the TLR4/MyD88/NF-κB signaling pathway, have been

demonstrated in different pathological conditions (summarized in Catanzaro

et al., 2018). TLR4 agonist-like properties have been observed for the polysac-

charide (1,4)-α-D-glucan, isolated from Tinospora cordifolia (Guduchi or

Giloy) (Raghu et al., 2009). Salidroside, a major component of Rhodiola rosea

L., was shown to possess l adjuvant activity by regulating humoral and cellular

immune responses to ovalbumin in mice (Guan et al., 2011).

The organo-sulfur compounds of Allium sativum (garlic) extract have

been shown to inhibit growth of tumors in animals, via the activation of NK

cells, stimulation of T lymphocytes and enhanced IL-2 production (Moutia

et al., 2018).

Zingiber officinale (ginger) is a rich source of volatile oils, mostly zingi-

berol, zingiberene, phellandrene, and linalool. Along with garlic extract, gin-

ger has been shown to modulate the innate immune response and enhance

clearance of multidrug resistant E. coli in chickens (Elmowalid et al., 2019).

Ginger essential oil was found to enhance the humoral immune response in

immuno-suppressed mice (Carrasco et al., 2009). Ginger has also shown as

promise in the prevention and treatment of inflammatory bowel disease and

colitis-associated cancer (Zhang et al., 2016) and immuno-modulatory prop-

erties in multiple sclerosis (Jafarzadeh & Nemati, 2018).

References

Abautret-Daly, A. E., Davitt, C. J. H., & Lavelle, E. C. (2014). Harnessing the antibacterial and

immunological properties of mucosal-associated invariant T cells in the development of

novel oral vaccines against enteric infections. Biochemical Pharmacology, 92(2), 173�183.

Available from https://doi.org/10.1016/j.bcp.2014.08.017.

Adams, S., Kozhaya, L., Martiniuk, F., Meng, T.-C., Chiriboga, L., Liebes, L., Hochman, T.,

Shuman, N., Axelrod, D., Speyer, J., Novik, Y., Tiersten, A., Goldberg, J. D., Formenti,

S. C., Bhardwaj, N., Unutmaz, D., & Demaria, S. (2012). Topical TLR7 agonist imiquimod

Adjuvants, immunomodulators, and adaptogens Chapter | 9 257

https://doi.org/10.1016/j.bcp.2014.08.017


can induce immune-mediated rejection of skin metastases in patients with breast cancer.

Clinical Cancer Research, 18(24), 6748�6757. Available from https://doi.org/10.1158/

1078-0432.CCR-12-1149.

Adams, S., O’Neill, D. W., Nonaka, D., Hardin, E., Chiriboga, L., Siu, K., Cruz, C. M.,

Angiulli, A., Angiulli, F., Ritter, E., Holman, R. M., Shapiro, R. L., Berman, R. S., Berner,

N., Shao, Y., Manches, O., Pan, L., Venhaus, R. R., Hoffman, E. W., & Bhardwaj, N.

(2008). Immunization of malignant melanoma patients with full-length NY-ESO-1 protein

using TLR7 agonist imiquimod as vaccine adjuvant. Journal of Immunology, 181(1),

776�784. Available from https://doi.org/10.4049/jimmunol.181.1.776.
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H. L., Dramé, M., Gillard, P., Hutagalung, Y., Tang, H., Teoh, Y. L., & Ballou, R. W.

(2009). Immunogenicity and tolerability of an AS03A-adjuvanted prepandemic influenza

vaccine: A phase III study in a large population of Asian adults. Vaccine, 27(52),

7428�7435. Available from https://doi.org/10.1016/j.vaccine.2009.07.102.

Ciabattini, A., Olivieri, R., Lazzeri, E., & Medaglini, D. (2019). Role of the microbiota in the

modulation of vaccine immune responses. Frontiers in Microbiology, 10. Available from

https://doi.org/10.3389/fmicb.2019.01305.

Cianci, R., Franza, L., Massaro, M. G., Borriello, R., De Vito, F., & Gambassi, G. (2020). The

interplay between immunosenescence and microbiota in the efficacy of vaccines. Vaccines,

8(4), 1�16. Available from https://doi.org/10.3390/vaccines8040636.

Cioncada, R., Maddaluno, M., Vo, H. T. M., Woodruff, M., Tavarini, S., Sammicheli, C.,

Tortoli, M., Pezzicoli, A., De Gregorio, E., Carroll, M. C., D’Oro, U., Piccioli, D., & Bayry,

J. (2017). Vaccine adjuvant MF59 promotes the intranodal differentiation of antigen-loaded

260 Vaccinology and Methods in Vaccine Research

https://doi.org/10.3389/fimmu.2017.00943
https://doi.org/10.1016/j.vaccine.2010.02.050
https://doi.org/10.1016/j.vaccine.2010.02.050
https://doi.org/10.4049/jimmunol.1400623
https://doi.org/10.1211/jpp/61.07.0017
https://doi.org/10.3390/molecules23112778
https://doi.org/10.1016/j.coi.2010.04.003
https://doi.org/10.1038/cmi.2012.38
https://doi.org/10.1073/pnas.1600299113
https://doi.org/10.1016/S0169-409X(98)00009-X
https://doi.org/10.1016/j.vaccine.2009.07.102
https://doi.org/10.3389/fmicb.2019.01305
https://doi.org/10.3390/vaccines8040636


and activated monocyte-derived dendritic cells. PLoS One, 12(10), e0185843. Available

from https://doi.org/10.1371/journal.pone.0185843.

Cleland, J. L., Kensil, C. R., Lim, A., Jacobsen, N. E., Basa, L., Spellman, M., Wheeler, D. A.,

Wu, J. Y., & Powell, M. F. (1996). Isomerization and formulation stability of the vaccine

adjuvant QS-21. Journal of Pharmaceutical Sciences, 85(1), 22�28. Available from https://

doi.org/10.1021/js9503136.

Clements, J. D., & Norton, E. B. (2018). The mucosal vaccine adjuvant LT(R192G/L211A) or

dmLT. MSphere, 3(4). Available from https://doi.org/10.1128/MSPHERE.00215-18.
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Häse, C. C., Thai, L. S., Boesman-Finkelstein, M., Mar, V. L., Burnette, W. N., Kaslow, H. R.,

Stevens, L. A., Moss, J., & Finkelstein, R. A. (1994). Construction and characterization of

recombinant Vibrio cholerae strains producing inactive cholera toxin analogs. Infection and

266 Vaccinology and Methods in Vaccine Research

https://doi.org/10.1016/0008-8749(89)90011-7
https://doi.org/10.1016/0008-8749(89)90011-7
https://doi.org/10.3109/08923973.2011.567988
https://doi.org/10.3109/08923973.2011.567988
https://doi.org/10.1080/21645515.2019.1586040
https://doi.org/10.1080/21645515.2019.1586040
https://doi.org/10.1084/jem.20131044
https://doi.org/10.1016/j.cell.2019.08.010
https://doi.org/10.1016/j.cell.2019.08.010
https://doi.org/10.1016/j.immuni.2008.08.009
https://doi.org/10.1016/j.bbamem.2014.04.013
https://doi.org/10.3390/polym10010031
https://doi.org/10.3390/polym10010031
https://doi.org/10.1016/j.vaccine.2013.10.030
https://doi.org/10.1016/j.chom.2018.07.005


Immunity, 62(8), 3051�3057. Available from https://doi.org/10.1128/iai.62.8.3051-

3057.1994.

Heineman, T. C., Cunningham, A., & Levin, M. (2019). Understanding the immunology of

Shingrix, a recombinant glycoprotein E adjuvanted herpes zoster vaccine. Current Opinion

in Immunology, 59, 42�48. Available from https://doi.org/10.1016/j.coi.2019.02.009.

Hem, S. L., & White, J. L. (1984). Characterization of aluminum hydroxide for use as an adju-

vant in parenteral vaccines. Journal of Parenteral Science and Technology, 38(1), 2�10.

Hemmi, H., Kaisho, T., Takeuchi, O., Sato, S., Sanjo, H., Hoshino, K., Horiuchi, T., Tomizawa,

H., Takeda, K., & Akira, S. (2002). Small anti-viral compounds activate immune cells via

the TLR7 MyD88�dependent signaling pathway. Nature Immunology, 196�200. Available

from https://doi.org/10.1038/ni758.

Henriksen-Lacey, M., Christensen, D., Bramwell, V. W., Lindenstrøm, T., Agger, E. M.,

Andersen, P., & Perrie, Y. (2010). Liposomal cationic charge and antigen adsorption are

important properties for the efficient deposition of antigen at the injection site and ability of

the vaccine to induce a CMI response. Journal of Controlled Release, 145(2), 102�108.

Available from https://doi.org/10.1016/j.jconrel.2010.03.027.

Henriksen-Lacey, M., Christensen, D., Bramwell, V. W., Lindenstrøm, T., Agger, E. M.,

Andersen, P., & Perrie, Y. (2011). Comparison of the depot effect and immunogenicity of

liposomes based on dimethyldioctadecylammonium (DDA), 3β-[N-(N0,N0- dimethylami-

noethane)carbomyl] cholesterol (DC-Chol), and 1,2-dioleoyl-3- trimethylammonium propane

(DOTAP): Prolonged liposome retention mediates stronger Th1 responses. Molecular

Pharmaceutics, 8(1), 153�161. Available from https://doi.org/10.1021/mp100208f.

Henry, C., Palm, A. K. E., Krammer, F., & Wilson, P. C. (2018). From original antigenic sin to

the universal influenza virus vaccine. Trends in Immunology, 39(1), 70�79. Available from

https://doi.org/10.1016/j.it.2017.08.003.

Herbert, W. J. (1968). The mode of action of mineral-oil emulsion adjuvants on antibody pro-

duction in mice. Immunology, 14(3), 301�318.

Hermans, I. F., Silk, J. D., Gileadi, U., Salio, M., Mathew, B., Ritter, G., Schmidt, R., Harris,

A. L., Old, L., & Cerundolo, V. (2003). NKT cells enhance CD41 and CD81 T cell

responses to soluble antigen in vivo through direct interaction with dendritic cells. Journal

of Immunology, 171(10), 5140�5147. Available from https://doi.org/10.4049/

jimmunol.171.10.5140.

Hirota, K., Turner, J. E., Villa, M., Duarte, J. H., Demengeot, J., Steinmetz, O. M., &

Stockinger, B. (2013). Plasticity of TH 17 cells in Peyer’s patches is responsible for the

induction of T cell-dependent IgA responses. Nature Immunology, 14(4), 372�379.

Available from https://doi.org/10.1038/ni.2552.

Holmgren, J., Lycke, N., & Czerkinsky, C. (1993). Cholera toxin and cholera B subunit as oral-

mucosal adjuvant and antigen vector systems. Vaccine, 11(12), 1179�1184. Available from

https://doi.org/10.1016/0264-410X(93)90039-Z.

Honda-Okubo, Y., Saade, F., & Petrovsky, N. (2012). AdvaxTM, a polysaccharide adjuvant

derived from delta inulin, provides improved influenza vaccine protection through broad-

based enhancement of adaptive immune responses. Vaccine, 30(36), 5373�5381. Available

from https://doi.org/10.1016/j.vaccine.2012.06.021.

Hosomi, K., & Kunisawa, J. (2020). Impact of the intestinal environment on the immune

responses to vaccination. Vaccine, 38(44), 6959�6965. Available from https://doi.org/

10.1016/j.vaccine.2020.08.079.
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(2013). Structural damages in adsorbed vaccines affected by freezing. Biologicals: Journal

of the International Association of Biological Standardization, 41(2), 71�76. Available

from https://doi.org/10.1016/j.biologicals.2011.10.011.

Lal, H., Cunningham, A. L., Godeaux, O., Chlibek, R., Diez-Domingo, J., Hwang, S. J., Levin,

M. J., McElhaney, J. E., Poder, A., Puig-Barberà, J., Vesikari, T., Watanabe, D., Weckx, L.,
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Introduction

Before a vaccine can enter clinical testing, it must be manufactured in com-

pliance with Good Manufacturing Practice (GMP) guidelines, also known as

current GMP, at a licensed manufacturing facility. The process is highly reg-

ulated to ensure that the vaccine is safe for human administration; similar

guidelines apply to veterinary vaccines. The regulations also ensure that the

process is reproducible from one batch to another, and that the vaccine is

tested to demonstrate that it is safe and biologically active. GMP manufac-

ture is expensive and time-consuming, and vaccine developers should allow

a minimum of two years for the entire process, including selection of a

suitable contract development and manufacturing organization (CDMO) and

outsourcing of any other parts of the supply chain [e.g., quality control (QC)

testing, and clinical trial packaging], auditing, contract negotiation, slot

booking, technology transfer of the manufacturing process and any bespoke

assays, GMP manufacture, and QC testing. As a product moves through its

life-cycle toward commercialization, further time is then necessary to allow

other activities to be undertaken including finalizing the manufacturing pro-

cess for larger-scale manufacture, process and analytical validation, and pre-

parations for regulatory submissions.

This chapter will describe key principles and processes for the biomanu-

facture of vaccines, focusing on subunit vaccines rather than whole organ-

isms (killed and attenuated pathogens). The GMP principles for manufacture

of subunit vaccines are not specific to vaccines, so can be applied equally to

monoclonal antibodies and other recombinant proteins. Adjuvant manufac-

ture is not covered.
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The principles of GMP focus on five key elements, which are often

referred to as the 5 Ps of GMP—people, premises, processes, products, and

procedures. Together these principles ensure that a manufacturing process is:

� Fully defined in terms of reagents, starting materials, and process. Every

variable, for example, cell density and permitted viability, temperature,

pH, and time, must be defined with acceptable limits of variation, justi-

fied with data. For example, the temperature of cell culture could be

37�C6 0.5�C (“37�C” would not be acceptable). The manufacturing pro-

cess should therefore be reproducible.

� Fully documented, with detailed standard operating procedures, manufactur-

ing or production batch records and a carefully controlled system of docu-

mentation that is subject to frequent internal review, and is auditable by

regulatory authorities and others.

� Carried out in a controlled environment or “Clean Rooms” to minimize

the risk that pathogens are introduced during the manufacturing process.

GMP facilities require sophisticated air handling units to control tempera-

ture, humidity, and air quality, and production staff are required to wear

appropriate protective clothing/equipment.

� Using GMP-compliant reagents, where possible animal free, to prevent

the risk of pathogens or transmissible spongiform encephalopathies

(TSEs) entering the GMP process. Particular attention is paid to the risk

from TSEs, such as in serum of animal origin, for which any use during

the research phase prior to GMP requires a detailed risk assessment.

Reagents should be of nonanimal origin, and careful testing of any mate-

rials and reagents, including cell lines, is required to demonstrate that

they are pathogen-free. Eggs are sometimes involved in manufacture, for

example of inactivated influenza vaccines, and these must be obtained

from certified pathogen-free flocks.

Regulation

GMP manufacture is governed by legally binding quality standards: in

Europe, for example, manufacturing guidelines are laid out in EudraLex

Volume 4 (EudraLex � Volume 4 � GMP guidelines, 2017), and quality

standards are described in the European Pharmacopoeia (Ph.Eur) (European

pharmacopoeia, 10th edition, 2019).

As well as national pharmacopoeias. The World Health Organization

(WHO) GMP guidelines, (Annex 2: WHO good manufacturing practices for

biological products, 2016) have been incorporated into the national medicine

laws of more than 100 countries and WHO also has its own pharmacopoeia

which, unlike Ph.Eur., is open access (International pharmacopoeia, 2020).

Various efforts to harmonize global pharmaceutical standards include the

International Council for Harmonisation (IHC) of Technical Requirements
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for Pharmaceuticals for Human Use guidelines (ICH guidelines, 2021).

Originally formed by the European Commission, US Food and Drug

Administration (FDA) and Japan MHLW/PMDA, the IHC currently has 17

members and 32 observers and has developed a range of guidelines including

Quality Guidelines to help harmonize global standards. Each country has its

own regulatory body that ensures compliance with the standards, for example

the Medicines and Healthcare products Regulatory Agency (MHRA) in the

United Kingdom and FDA in the United States. African countries have their

own regulatory bodies, and can also work under the African Vaccine

Regulatory Forum (AVAREF), which is a platform that brings together

national regulatory authorities and national ethics committees on the African

continent with the objective of strengthening clinical trial regulation in Africa.

The GMP manufacturing organization will certify that the vaccine has

been manufactured according to GMP regulations: this is known as “Release

to GMP.” In Europe (not the United States), certification is carried out by a

qualified person (QP), who has a legal responsibility for GMP compliance

and performs the first of a two-step process referred to as “Technical

Release,” followed by “Regulatory Release,” which confirms that all regula-

tory and ethical authorizations are in place.

GMP manufacture

Fig. 10.1 describes the entire production process, from development through

scale up, “engineering” (practice) run, GMP manufacture, and post-GMP

activities.

The manufacturing approach depends on whether a vaccine is based

on an intact pathogen (including killed/attenuated bacteria and viruses, or

for example an engineered viral vector), or whether it is a subunit vaccine.

Subunit vaccines, for example virus-like particles (VLPs) and soluble

FIGURE 10.1 Biomanufacturing process overview.
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proteins, can be expressed from bacteria, yeast, plant, insect, avian, or mam-

malian cells either engineered to express the vaccine subunit constitutively,

or transiently following induction. It is of the utmost importance to consider

the production system during the early stages of vaccine research and design,

to ensure that it can be made GMP-compliant.

GMP manufacture requires fully characterized starting materials which,

depending on the type of vaccine, can include a Master Cell Bank (MCB)

which expresses a recombinant protein or is permissive for replication of a

viral vaccine, and Master Seed Stocks of viruses or bacteria. Newer vaccine

approaches including RNA, DNA, and peptides require novel manufacturing

approaches. Table 10.1 summarizes common approaches to vaccine bioma-

nufacture, focusing on the Upstream Process (USP), that is the expression

system. Specific production processes are described in Chapter 6: Virus-Like

TABLE 10.1 Common approaches to vaccine biomanufacture.

Vaccine approach Manufacturing approaches

Whole cell bacterial vaccine
(attenuated or killed)

� Culture bacterial Master Stock in fermenter
� If required, inactivate bacteria (e.g. formalin,

heat, U.V.)

Viral vaccine (attenuated, killed
or viral vector expressing antigen
(s) from different pathogen

� Inactivated influenza: culture MVSS (master
viral seed stock) in pathogen-free eggs

� Culture MVSS with permissive cell line
(usually mammalian or avian) in bioreactor

� Purify virus from cells: usually virus is
purified from lysed cells rather than harvested
from cell media

� If required, inactivate virus (e.g. formalin,
heat, U.V.)

For viral vector vaccines which are non-
replicative in vivo, the cell line used for
manufacture must be modified to provide
any viral proteins required for viral assembly
in trans. If the antigen expressed from the viral
vector is toxic, it can be repressed during
biomanufacture, for example using a tetracycline
repression: a ’tet operator’ element in the
transgene promoter represses expression if the
virus is grown in cells expressing the tetracycline
repressor such as HEK293 T-Rex (ThermoFisher).

Recombinant subunit vaccine or
monoclonal antibody

Expression systems include:
� Bacteria, e.g. E.coli, with vaccines expressed

as soluble proteins or refolded from inclusion
bodies

(Continued )
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TABLE 10.1 (Continued)

� Yeast, most commonly Pichia pastoris, and
Saccharomyces cerevisiae

� Plants (a new approach), typically Nicotiana
benthamiana using a technique known as
agroinfiltration, using
recombinant Agrobacterium tumefaciens

� Insect cells, for example D melanogaster
Schneider-2 cells, or using baculovirus
infection of lines including Sf9 and Sf21

� Mammalian cells, most commonly HEK293
(human in origin) and CHO (Chinese hamster
ovary)

For ease of purification, a subunit vaccine is
usually secreted into the medium. This is not
always possible, for example in the manufacture
of Hepatitis B Surface Antigen VLPs, which
assemble inside cells.Expression can be
constitutive if the vaccine subunit is not toxic to
the expression system. If it is toxic the subunit
can be expressed following induction for a short
period during the USP, for example using a
methanol-inducible promoter in P. Pastoris It
should be noted that methanol induction may
not be suitable for large-scale manufacture, due
to the heat produced during production.
Which expression system to choose?
� Research work should investigate several

systems to establish which can produce a
correctly folded, stable, immunogenic
vaccine. Relative yields should be compared
as these have a high impact on cost of
manufacture.

� If glycosylation is important for potency/
stability (as it is for monoclonal antibodies)
then mammalian cells are the logical choice.

� Microbial/fungal systems tend to be cheaper,
partly because QC costs are much lower �
for example, they cannot support the
replication of viruses which infect humans.

Conjugate vaccines Conjugate vaccines consist of strain-specific
bacterial polysaccharide chemically conjugated
to a carrier protein (expressed and purified
separately prior to conjugation), for example
tetanus toxoid.Polysaccharides have previously
been isolated from bacteria grown in fermenters,
leading to issues with bacterial cell wall
contaminants and product heterogeneity. More

(Continued )
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Particle Vaccines (VLP manufacture) and Chapter 7: Approaches to Cancer

Vaccination (manufacture of RNA vaccines).

Some examples of approaches to vaccine manufacture are given in the

following publications:

� Vaccine production in yeast (Bill, 2015)

� Synthetic conjugate vaccines (bacterial polysaccharides) (Mettu et al.,

2020)

� RNA vaccines (Kis et al., 2019; Schlake et al., 2012)

� A soluble protein malaria vaccine candidate manufactured in insect cells

(Jing et al., 2018)

� Adenovirus vector vaccine manufacture (Fedosyuk et al., 2019)

� Attenuated whole virus vaccine manufacture, with Rabivax as an example

(Kulkarni et al., 2017)

TABLE 10.1 (Continued)

recently, oligosaccharides have been chemically
synthesised, and linked to synthetically made
carrier peptides.

RNA There are 2 types of RNA vaccine: mRNA and
saRNA (self-amplifying).
Production may involve the following steps:
� Produce DNA plasmid template (typically in

E. coli, requiring fermentation to amplify the
DNA);

� Produce RNA copies in cell-free system using
in vitro transcription e.g. with T7 purified
RNA polymerase;

� Remove DNA and purify RNA;
� Formulate e.g. in liposomes for effective

delivery in vivo

DNA The manufacturing process mimics the first part
of the RNA vaccine production process (see
above)

Peptides (typically for cancer
vaccines, in combination with
T-cell inducing adjuvant)

There are 4 possible production approaches
listed below, although most peptide vaccines are
made by chemical (usually solid-phase)
synthesis as this has become a rapid, cost
effective approach.
� Solid-phase synthesis
� Liquid-phase synthesis
� Enzymatic synthesis
� Recombinant production (expression from

engineered cell line)
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� GMP manufacture in plants (Kopertekh & Schiemann, 2019; Lamprecht

et al., 2016)

Vaccine purification

Vaccine purification or the downstream process (DSP) makes use of the vac-

cine’s size, charge, and sometimes binding affinity, compared to the charac-

teristics of contaminants present at the end of the USP. Examples of

purification strategies include the following:

� Separation based on size: centrifugation (including density gradient), size

exclusion chromatography, and filtration;

� Separation based on charge or hydrophobicity: anion/cation exchange

chromatography and hydrophobic interaction chromatography;

� Separation based on affinity: Monoclonal antibodies bind to Protein A

and Protein G via the Fc component, and affinity tags can be added to a

subunit vaccine which bind to affinity reagents, for example, an anti-

body/nanobody;

� Specific steps can be used to remove contaminants if required, for exam-

ple, benzonase can be used to digest DNA arising from lysed cells, and

for some product types (e.g., recombinant proteins manufactured using

a mammalian cell bank) specific steps need to be included in the

manufacturing process to inactivate/remove potential viral contaminants,

such as the use of a low pH hold step or nano-filtration.

Following completion of purification and typically after a single sterile

filtration step, the vaccine is known as the “Drug Substance” (DS or active

pharmaceutical ingredient). After final formulation, final sterile filtration,

and filling into vials/syringes, the vaccine becomes a “Drug Product” (DP).

It is common to carry out formulation studies during process development to

optimize vaccine stability, and to decide on the intended long-term storage

temperature of the DP. All buffer components and excipients should be

GMP grade where available, and permitted for administration into humans—

there is a searchable FDA list of acceptable inactive ingredients in drug

formulations (FDA approved ingredients, 2021) Fig. 10.2 shows the GMP

process from starting materials, through the USP and DSP to produce the

DS, ending will fill and finish, to produce a DP that is ready for deployment

in the clinic. Fig. 10.3 outlines post-GMP activities, including QC, stability,

and in vivo toxicity testing, which must be completed before regulatory per-

mission is sought for a clinical trial.

In process controls and final release testing

An integral part of GMP manufacture is QC testing during the process, and

of the final vaccine product, to ensure that it is safe to administer to humans
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and has the anticipated biological activity. “Safe” means below defined

levels of impurities that could cause toxicity, for contaminants including

pathogens, endotoxin, DNA, and chemicals. Each GMP manufacturing pro-

cess will require in process controls and product specifications for the MCB,

DS, and DP. The DP is also tested periodically to ensure that it is stable, and

assigned an expiry date based on ongoing stability data from representative

engineering batch(es). QC tests are carried out by the CDMO or outsourced

to specialist testing organizations. CDMOs have quality assurance depart-

ments to ensure adherence to GMP regulations, including thorough documen-

tation of testing and any deviations from expected results including out of

specification results.

Product specifications are set in advance of manufacture, and consist of a

set of QC tests to establish product identity, purity, and potency, together

with acceptance criteria. Required tests and acceptable limits for contami-

nants including endotoxin are defined in regulatory guidelines, and accep-

tance criteria are established during process development and testing of the

engineering batch. Each vaccine will require a unique specification, which

FIGURE 10.2 The GMP process. [This diagram indicates that Master stocks (of virus, bacteria,

or cell banks) are used directly in GMP manufacture: this may be the case, but it is also possible

that working stocks/cell banks are prepared from the Master stocks as an intermediate].

FIGURE 10.3 Postmanufacturing activities.
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depends on the type of vaccine and the manufacturing process used, in partic-

ular the cells used to produce/express the vaccine. It is essential for vaccine

developers to seek the advice of an expert in finalizing product specifications,

for example a QP (in Europe). If there is any doubt as to whether a particular

test or acceptance criterion will be permissible, regulatory authorities can

often be approached ahead of GMP manufacture for scientific advice.

Any vaccine manufacturing process which utilizes a cell line capable of

supporting replication of viruses pathogenic to humans (including mammalian,

avian, and insect cell lines) must be tested in viral clearance studies. These

studies test the ability of isolated purification steps from the DSP to remove

contaminating viruses. Known amounts of model viruses are spiked into puri-

fication intermediates, and virus recovery measured following each purifica-

tion step. The total log reduction in virus for the purification steps tested is

compared to the theoretical value estimated to be present in the MCB.

Tables 10.2 and 10.3 are illustrative examples of QC tests required at dif-

ferent stages of GMP manufacture. Product-specific specifications must in

all cases be developed in collaboration with qualified individuals, and in

accordance with the relevant regulatory guidelines. The QC tests described

are suitable for early-phase vaccine products in clinical development: later

phase/licensed vaccines are likely to require additional characterization. QC

tests need to be qualified for early stage trials, or validated, for later stages

in development. During GMP manufacture of viruses (killed/attenuated/viral

vectors), Master and Working Viral Seed Stocks (if used) would undergo QC

testing similar to that of the DS. RNA is becoming a more commonly used

vaccination strategy in the wake of Covid-19, and regulatory guidance for

this type of vaccine is being developed as a consequence (WHO guidelines

on QC testing of RNA vaccines, 2020)

TABLE 10.2 Examples of Master Cell Bank (MCB) specifications.

Type of test Examples Possible
specification

Identity/
Characterisation
(product)

� Detection of product (for example
Western blot, ELISA)

� Detection of product DNA, by PCR and/or
sequencing

Positive for
product

Identity (host cell
line)

� Random Amplified Polymorphic DNA
(RAPD) Assay

� Species-specific PCR (for species matching
cell bank and others)

Specific for
relevant
species

Purity and Safety:
Sterility

Growth in broths supporting bacterial/fungal
growth, typically for 14 days

Sterile

(Continued )
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TABLE 10.2 (Continued)

Purity and Safety:
Adventitious
agents

Mycoplasma: by PCR, in vitro indicator cells
or Agar and Broth

Negative

Spiroplasma: typically by PCR Negative

For vaccines made in mammalian/avian/
insect cells:
� Toxicity in vitro (co-cultivation with

relevant cell lines)
� Toxicity in vivo e.g. embryonated eggs,

suckling mice, guinea pigs
� PCR tests for specific viruses e.g. porcine/

bovine viruses if the starting material was
exposed to trypsin and/or bovine serum,
and viruses capable of infecting host cell
line

� F-PERT or Q-PERT (Fluorescent or
Quantitative product-enhanced reverse
transcriptase) assay for reverse
transcriptase activity, either in MCB or in
secondary detector cell line following
incubation with culture supernatant

� Transmission electron microscopy to look
for viral particles, bacteria, fungi � usually
of 200 cells

Negative

TABLE 10.3 Examples of drug substance and drug product specifications.

Type of test Examples Possible specification

Identity (product) Western blot (subunit vaccine)
DNA sequence (live vaccine)
Sequence of RT-PCR product
(RNA vaccine)

Positive for vaccine; no
mutations in DNA/RNA
sequence

Purity SDS-PAGE HPLC-SEC
Electron microscopy (VLP)

Depends on vaccine: .90%
for soluble protein

Extraneous
agents:Sterility

Growth in broths supporting
bacterial/fungal growth,
typically for 14 days

Sterile (no growth)

Extraneous
agents:Endotoxin
(LPS, or pyrogen)

Usually detected with Limulus
amebocyte lysate (LAL)
reagent, an extract of blood
cells (amoebocytes) from
the Atlantic horseshoe
crab Limulus polyphemus

Depends on vaccine, and on
dose. Typically ,10EU/ml

(Continued )
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TABLE 10.3 (Continued)

Type of test Examples Possible specification

which binds to endotoxin.
There are 3 possible readouts,
a) clotting (non-quantitative),
b) turbidity, and c)
colorimetric, in which the
enzymatic reaction cause a
yellow colour to develop upon
cleavage of the chromophore
p-nitroaniline. The endotoxin
level is determined by
comparison with a standard
curve.

Extraneous
(adventitious)
agents

Mycoplasma: by PCR, in vitro
indicator cells or Agar and
Broth

Negative

Spiroplasma: typically by PCR Negative

For vaccines made in
mammalian/avian/insect cells,
to detect contaminating
viruses:
� Toxicity in vitro (co-

cultivation with relevant
cell lines)

� Toxicity in vivo e.g.
embryonated eggs, suckling
mice, guinea pigs

� PCR tests for specific viruses
� Q-PERT assay to detect

retroviruses (by measuring
reverse transcriptase
activity)

� Replication Competent
Assay (RCA) for viral vector
vaccines (which are
replication incompetent)

For vaccines that are
themselves viruses, the vaccine
product can be removed using,
for example, a specific
antibody to permit testing for
contaminating pathogens

Negative

Quantification:
Concentration

� Protein concentration for
subunit vaccine, measured
by UV light absorbance

Within predetermined limits,
vaccine dependent

(Continued )

GMP manufacture and quality control Chapter | 10 291



TABLE 10.3 (Continued)

Type of test Examples Possible specification

(OD280) or BSA
(colorimetric assay using
Bradford reagent, compared
to standard curve);

� Viral particles/ml for whole
virus vaccine e.g. measured
by DNA/protein content

� In vitro infectivity titre (live
virus)

Quantification:
Potency

Product specific. Examples:
� ELISA assay with antibody

recognising a neutralising
epitope;

� Immunogenicity in vivo;
� In vitro infectivity titre (live

virus)
� CFU (colony forming units)

� live bacteria

Above predetermined limit,
vaccine dependent

Process residuals
(contaminants)

Host cell DNA by quantitative
PCR

# 10ng per dose

Host cell protein, usually by
ELISA assay

Typically ,10ng/ml

Specific cell line contaminant:
depends on contaminant e.g.
specific proteins detected by
W blot/ELISA

Vaccine dependent

Specific process contaminant
e.g. detergent, resin used in
chromatography or DNA
template/enzymes for RNA
vaccine. Assay is contaminant-
specific.

Vaccine dependent

Characterisation:
Appearance

Physical inspection: Colour,
opacity

Product dependent

Extraneous
agents:Visible
particles

Physical inspection Free of visible partilces

Extraneous
agents:Sub-
visible particles

A variety of techniques exist
including DLS (dynamic light
scattering), and microscopy

, 6000 / 10μm , 600 /
25μm

(Continued )
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Chapter 11

Testing vaccines: essential steps
in clinical trial design

Julia L. Marshall
The University of Oxford, Oxford, United Kingdom

Introduction

A vaccine clinical trial is a research study in humans which aims to investi-

gate or confirm clinical, pharmacological, or immunological effects of a vac-

cine to establish the vaccine’s safety and/or efficacy. This chapter outlines

the types of vaccine trials and the processes for delivering a trial including

the principles and application of good clinical practice (GCP), trial design,

documentation, regulatory requirements, and safety considerations. Assessing

vaccine efficacy is covered in Chapter 4, Vaccine development: from the

laboratory to the field.

Vaccine development pathway

Once a promising vaccine candidate has been chosen from preclinical stud-

ies, a vaccine goes through several phases of clinical trials in humans before

and after licensure (see Fig. 11.1). While preclinical testing is a crucial step

in vaccine development, human clinical trials are crucial. When tested in

humans, promising preclinical vaccine candidates may not be protective or

may cause unacceptable adverse event (AE) profiles.

Fig. 11.1 outlines the phases of vaccine development. The primary objec-

tive of Phase I studies are safety and dose finding. These studies are usually

the first time the vaccine has been given to humans and careful monitoring

starting with low doses, is required. Phase II trials aim to establish the effect

of the vaccine on the body by assessing protective immune markers. They are

also designed to detect any responses against the vaccine product itself

(e.g., vaccine vector antibodies) (Buttner & Muller, 2011; Medicines and

Healthcare Products Regulatory Agency [MHRA], 2012). A “first in human”

trial might be designed to establish initial safety and dose while also detecting

immune responses, and hence might be classified as a combined Phase I/II
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trial. Trial phases can be further subdivided into (a) and (b). For instance, a

Phase IIa trial is an earlier phase proof of concept trial perhaps investigating

several doses, whereas Phase IIb is a later stage trial which might focus more

on efficacy of an established dose (Buttner & Muller, 2011; MHRA, 2012).

Phase III trials are large trials which aim to confirm vaccine efficacy by

determining if the vaccine prevents natural infection. Depending on the inci-

dence of the disease in the community, Phase III vaccine trials can be costly

and time consuming. Challenge trials (controlled human infection models,

CHIM) can be a useful method to detect an efficacy signal at an early stage

of vaccine development (Gordon et al., 2017). CHIM trials, if carefully

designed to protect the safety of the volunteer, are a powerful tool to fast

track vaccine development, bypassing the need for costly time consuming

Phase II and Phase III field studies, especially where the incidence of natu-

rally acquired infection is low (WHO, 2016).

Ensuring the trial is designed correctly to answer the specific question or

objective is essential. Examples of appropriate trials designs for each phase are

shown in Fig. 11.1 (Buttner & Muller, 2011). Except for some Phase IV studies,

all clinical vaccine studies are interventional experimental trials, using an

Investigational Medical Product (IMP) and recording outcome. Randomized

double-blinded control trials are the gold standard for Phase III efficacy trials.

Variations on this design can include cross-over trials, ring vaccination trials dur-

ing epidemics such as Ebola (Henao-Restrepo, 2015), or other cluster randomized

control designs, to assess herd immunity in communities (Loeb et al., 2010).

Introduction to good clinical practice

GCP is a set of internationally agreed scientific and ethical principles that

determine the framework for conducting trials in humans. It is designed to

FIGURE 11.1 Vaccine development pathway. Phases of vaccine development.
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ensure the safety and wellbeing of trial participants and to protect their

rights. A human trial by its very nature is conducted to answer a question,

the outcome of which is unknown. Due to these uncertainties, the health of

participants may be put at risk. Clinical trials are an accepted necessary part

of medication and vaccine development, but the overall potential benefit for

society needs to be carefully balanced against the risk to the individual. In

the past, research has been conducted without consent and sometimes under

duress (e.g., Nuremburg trials; Tuskegee syphilis study). As a direct result of

the unethical practices carried out by medical professionals under the Nazi

regime during World War II, the Nuremberg Code was established in 1947.

This was the first international code of practice, highlighting the requirement

for informed consent. Following this, in 1964, the World Medical

Association developed a set of ethical principles around medical research,

“The Declaration of Helsinki” (World Medical Association, 2013). A revised

version of this declaration makes up the underlying principles of interna-

tional guidance around correct Clinical Trial conduct and most countries

legally require adherence to these principles.

The primary tenants of the declaration are minimizing risk to the partici-

pant; safeguarding participants; informed consent; adhering to an approved

research protocol; and ensuring data integrity (Council for International

Organizations of Medical Sciences [CIOMS], 2016).

The WHO provides international guidelines on the ethical running of

human trials, based on internationally accepted ethical principles of benefi-

cence, justice, and autonomy. At time of publication, the current guidelines are

the 2016 International ethical guidelines for health-related research involving

humans, published by The Council for International Organizations of Medical

Sciences (CIOMS), in association with the WHO, which is available for free

download (CIOMS, 2016). The CIOMS also provides GCP training, which is

available at the same website. For most countries, it is a legal requirement to

seek approval from a local ethics committee before trial commencement and

proof of this is usually a requirement for publication. The ethics committee’s

role is to ensure that the trial protocol adheres to these internationally accepted

ethical principles. In addition, if the trial is testing a new medication or vac-

cine planned for human use, most countries require prior approval from their

national medicines regulatory authority. There may also be other approvals

required before starting the trial, such as approval for collection and storage of

human tissue or ensuring compliance with data protection law. It is important

to check all local legal requirements during trial planning stages.

Consent

Enrolling volunteers who have freely and willingly provided fully informed

consent to participate in the trial is a cornerstone of GCP. Several criteria

need to be met to ensure integrity of this process:
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� Written information (participant information sheet, PIS) that is both com-

prehensible to the volunteer and comprehensive, that is, covers all trial

procedures and risks.

� Further explanation or translation of documents should be provided as

required.

� Sufficient time to read the information and consider any implications of

participation.

� Often a minimum period of at least 48 hours is stipulated between

providing the volunteer with trial information and asking them to sign

the consent.

� The PIS and all other participant facing documents must have been

reviewed and approved by an ethics committee to ensure the information

is accurate, understandable, and not coercive.

� The trial has been verbally explained to the participant and an opportu-

nity has been given to address any questions raised.

� The study staff undertaking the consent process must be appropriately

qualified.

� Staff must be trained in GCP, receive specific trial training, and have

sufficient clinical knowledge to address questions which may arise.

� Study staff must check volunteer understanding and assess volunteer

capacity to consent.

� Consider a written questionnaire to check comprehension of the trial.

� If the volunteer does not have capacity (i.e., if they are a minor or do

not have mental capacity), a guardian may consent on their behalf but

this procedure must be compliant with national law.

� Written consent must be obtained.

� Consider the need for a witness to co-sign consent if literacy may be

an issue.

� A copy is usually kept and filed as part of study documentation and a

second copy given to the volunteer.

� Ensure the volunteer is aware that they are free to withdraw their consent

at any point in the trial.

� If early withdrawal may cause safety issues for the participant, this

must be explained and an appropriate contingency plan included in

the protocol design to protect participant safety without the need for

further research procedures.

� Continued consent should with confirmed with the volunteer throughout

the trial process.

Good clinical practice compliant documentation

As a requirement of GCP, the trial must have a GCP-compliant protocol.

This document outlines in detail all aspects of how the trial is to be run. See

Table 11.1 for common sections contained in this document. An important
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TABLE 11.1 Example sections of a trial protocol.

Common protocol

sections

Description

General information Includes study title, authorization numbers from
regulatory bodies and ethics committees, sponsor, study
staff and roles, protocol number, and date.

Background information Including scientific justification for the trial.

Trial objective(s) Often divided into primary, secondary, and other/
exploratory. Each objective should be accompanied by
an endpoint including how and when this endpoint will
be measured. The primary objective should reflect the
research question. Its endpoint with outcome measures is
required for regulatory oversight and determines overall
trial conclusions.

Trial design Overview of planned trial visits (with diagram),
procedures that will occur at each visit, volunteer and
staff blinding, criteria for dose escalation (if applicable).

Selection of participants Inclusion and exclusion criteria of participants,
withdrawal criteria.

Trial treatments (e.g.,
vaccine, placebo)

Needs to include information about dosing, preparation,
GMP manufacture, receipting, storage, and destruction.

Assessment of safety Solicited adverse events, safety holding rules, data safety
monitoring committee oversight.

Assessment of efficacy Often defined in primary objectives and outcome
measures. Might include clinical (i.e., developing target
disease or infection) and/or laboratory assays.

Statistics Justification of sample size and power. Explanation of
any planned interim analyses. Planned inclusion/
exclusion of data from withdrawn participants.
Randomization plan.

Data management Data handling, record keeping, volunteer confidentiality,
e.g., outline what will be “source data,” i.e., primary
data source, length of time data is kept and how it is kept
secure.

Financing and insurance Proof that the trial is adequately financed to carry out all
planned procedures outlined in the protocol. Indemnity
insurance and insurance for participants in case of
medical need.

Publication policy Outline plans for publication including that consent will
be sought from participants for publication of
deidentified (“pseudonymized”) data

Appendices
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aspect of running a trial is ensuring that all logistical aspects are well thought

through as this helps to protect participant safety and enables collection of

high-quality data, the two tenants of GCP. A detailed protocol and related

documents such as standard operating procedures (SOPs) are therefore key

parts of trial planning.

Participant facing documents

Every written piece of information about the trial that participants will

receive needs to be approved by the ethics committee before use. These

documents may include the PIS, consent form, and any advertising materials

required to aid trial recruitment (including posters or radio text).

Participant information sheet

PIS provides all information about the planned trial needed for the volunteer

to make an informed decision about their participation in the trial. The lan-

guage used must be at a level that could be understood by the target audi-

ence. For instance, in the United Kingdom, this might be at a level

understandable by an average adult who has obtained formal education to

age 15. If necessary, the PIS should be provided in a range of languages.

Consent form

This must reference the PIS as this outlines what the volunteer is consenting

to. In addition, it is good practice to reference all pertinent research proce-

dures that the volunteer is consenting to as part of the trial. The consent

form might also include other aspects of the trial such as consent to store

data and research samples.

Other documents

These might include a letter to the participant’s family doctor to verify medi-

cal information (to confirm volunteer eligibility and safety) and to advise

the doctor of medical procedures that the volunteer has undergone. Other

required documents include case report forms, contracts, and SOPs.

Case report forms

These are the forms used to collect trial data and are either paper or elec-

tronic. If information is collected directly onto these forms, then the case

report form is the “source data.” Other source data might also be used to

input into the case report forms, for example, blood test results. In that case,

the source data are the laboratory report. The origin of all source data needs

to be outlined in the protocol (see Table 11.1). These case report forms need

to be carefully designed to maximize the quality of data collected, i.e., it is
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good practice to ensure clear precise questions and minimize the variability

of possible answers while still ensuring accurate data collection.

Contracts

These are situation specific but usually include agreements for site use;

financial arrangements; contracts with local laboratories or other service pro-

viders; legal compliance; material transfer agreements (if research samples

are being processed at another institution); confidentiality agreements; and

delegation of responsibility (see “Clinical trial roles and responsibilities”

section).

Standard operating procedures

These are often site-specific documents that outline in detail how particular

procedures described in the protocol are to be carried out. This is to ensure

research procedures are consistent between members of staff and between

participants.

Clinical trial roles and responsibilities

Every trial has a sponsor who has overall responsibility for the trial. For vac-

cine trials, this could be the pharmaceutical company or a research institute

such as a University. Noncommercial institutes often delegate responsibility

for running the trial to a Chief Investigator, though they usually retain

responsibility for financing, safety reporting, and legal aspects of the trial.

For academic institutes, the Chief Investigator is usually the person who has

conceived the research question, designed the trial, sourced the grant fund-

ing, and then sought Sponsor approval to run their trial. Depending on the

size of the trial, the Chief Investigator can then delegate responsibility to

specific research staff. If the trial is running across multiple sites, the Chief

Investigator may delegate responsibility to a Principal Investigator who will

then lead the trial at their site. Assigned responsibilities are outlined in the

delegation log. This is filed with training records, including GCP training,

and evidence of the relevant qualifications, to prove each delegated staff

member is qualified for the role they have been assigned. Staff who have not

had formal trial-specific training nor been formally delegated to a role within

the trial are not able to perform any trial procedures on the volunteer.

Ensuring quality

Collecting quality data that accurately reflect the effect of the vaccine on

the trial population is an important requirement of GCP. To ensure research

quality, there are several integral requirements. These include a well-

designed protocol, appropriately trained staff, using SOPs, and accurate data
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collection and recording; as described earlier in this chapter. To ensure com-

pliance, trials are subject to regular monitoring and may be audited by

the regulatory authorities. Any breach of protocol must be recorded and

reported, and processes put in places to avoid a repeat incident. If the breach

is assessed as being a serious breach of protocol or GCP, the regulatory

authority will mandate urgent reporting and may advise pausing the trial.

Depending on the regulatory authority, a serious breach may be defined as

something which puts the safety of participants or the scientific integrity of

the trial at significant risk (MHRA, 2004).

Data safety monitoring committee

Vaccine trials often have a data safety monitoring committee (DSMB) that

is made up of a panel of specialists who are independent to the trial.

The DSMB may also be called an independent data monitoring committee.

A DSMB committee may be a compulsory regulatory requirement. The com-

mittee is tasked with ensuring real-time quality, compliance, and safety of

the trial.

DSMB committees usually meet at regular preagreed intervals to review

safety data, and in addition may be called upon for advice between meetings

for any clinical concerns. Depending on their preagreed role, they may give

advice on pausing the trial, advising the regulatory authorities, adding in

additional safety assessments, or confirming escalation to the next planned

vaccine dose in a trial.

Trial steering committee

Some trials also have a trial steering committee (TSC) that is made up of

members of the research team and external advisors. This committee is

tasked with overseeing the general progress of the trial, thus helping to

ensure data integrity. Creation of a TSC may be particularly helpful if the

vaccine trial is of a complex design requiring input from a variety of specia-

lists, or if it is carried out over multiple sites, especially if international.

Safety

Screening

Following consent, all potential participants must undergo screening to

ensure that volunteers recruited into the trial meet the protocol’s inclusion

and exclusion criteria. The inclusion and exclusion criteria should be chosen

on the basis of the following factors:

� Maximizing safety of participants

� Reflect target population
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� Known contraindications to vaccine based on published literature, the

Investigator’s Brochure and/or Summary of Product Characteristics

� Safe and effective running of the trial including logistics and volunteer

ability to participate fully in the trial.

Screening participants for a clinical trial, therefore, usually involves a

medical history, physical examination, and investigations such as blood or

urine tests or radiological investigations. With volunteer consent, the screen-

ing process may also include seeking information from other sources such as

medical history from the volunteer’s doctor and previous participation in

other trials. Initial assessment of volunteer capacity to participate in the trial

should have also been completed as part of the consent process.

Medical cover

Appropriate medical cover to minimize risk to participants throughout the

trial must be carefully planned. If there is extremely limited safety data on

the trial vaccine or if there is a higher risk for serious systemic side effects

or anaphylaxis (e.g., due to intravenous instillation), continuous volunteer

monitoring in an inpatient unit might be appropriate. At a minimum, admin-

istration of the vaccine should take place in a clinical facility sufficiently

equipped with emergency resuscitation equipment, with an inpatient facility

nearby in case of a medical emergency. Volunteers should not be discharged

home until the clinician is happy that there is no immediate evolving AE.

Safety ring fencing needs to be in place. This could include ensuring the vol-

unteer has access to a nearby 24-hour research clinic (if close to the volun-

teer’s homes, e.g., in the same village) or a dedicated 24-hour contact phone

number to an appropriately qualified trial clinician. It is important to ensure

volunteers are aware of the importance of accessing appropriate medical care

to reduce the risk of causing harm. Following vaccination, volunteers should

also be formally followed up. The frequency and nature of this follow-up

depends on the risk assessment and the safety data collection requirements

(see “Adverse events” section). Follow-up visits could be phone calls, home

visits, or clinic appointments.

Adverse events

AEs must be collected in any trial that assesses vaccine safety. AEs are

defined as any untoward sign, symptom, or disease occurring or worsening

after delivery of the agent under investigation.

Solicited and unsolicited adverse events

It is important to outline in the protocol the AEs that are going to be specifi-

cally collected (or “solicited”). The choice of solicited AEs depends on the

Testing vaccines: essential steps in clinical trial design Chapter | 11 303



clinical situation, route of vaccination, and the known (“expected”) AEs for

that vaccine (e.g., as outlined in the Investigational Brochure). If this is the

first time, the vaccine is being tested in humans and hence there is a paucity

of “expected” AE data, solicited AEs could be chosen on the basis of known

AEs to similar vaccines, and from AEs seen in preclinical studies of that

vaccine.

If this is a later phase trial where the AEs of the vaccine are well

described, the Chief Investigator might decide not to collect these expected

AEs, but only record AEs that are unexpected or serious (see “Adverse event

assessment” section).

Table 11.2 shows a typical list of solicited AEs collected for an intrader-

mal injected vaccine or aerosol vaccination.

Subjective AEs can be collected through volunteer self-reporting on diary

cards, or at clinic visits. Objective AEs that are commonly recorded include

vital signs, local reactions, or specific investigations such as blood tests or

lung function tests. For an example of blood tests collected during a trial,

see Table 11.3 (Folegatti et al., 2020). To facilitate reporting, volunteers

can be given thermometers, tape measures, or other equipment to record AEs

at home, depending on volunteer literacy levels and infrastructure of the trial

setting.

TABLE 11.2 Example list of solicited adverse events following intradermal

vaccination over the deltoid (ID) or aerosol vaccination. (A) local injection

site, (B) local respiratory, or (C) systemic AEs after either ID or aerosol

vaccination.

a. Local AEs after ID

vaccination

b. Respiratory AEs after aerosol

vaccination

c. Systemic

AEs

Warmth Chest pain Fever

Itchiness Coughing phlegm Feverishness

Pain Coughing blood Malaise

Swelling Shortness of breath Arthralgia

Scaling Wheeze Nausea

Redness Sore throat Fatigue

Cough Headache

Myalgia

Source: Adapted from Manjaly Thomas, Z. R., Satti, I., Marshall, J. L., Harris, S. A., Ramon, R. L.,
Hamidi, A., Minhinnick, A., Riste, M., Stockdale, L., Lawrie, A. M., Vermaak, S., Wilkie, M.,
Bettinson, H., & McShane, H. (2019). Alternate aerosol and systemic immunization with a
recombinant viral vector for tuberculosis, MVA85A: A phase I randomized controlled trial. PLoS
Medicine, 16(4). https://doi.org/10.1371/journal.pmed.1002790.
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Apart from solicited AEs, it is common to also collect “unsolicited” AEs.

This is especially true in Phase I trials, where AEs related to the vaccine are

largely unknown and hence the Chief Investigator might plan to collect every

AE. In addition, Phase IV trials might only collect any unsolicited AE that

meets a certain severity threshold (see “Severity” section).

Recording adverse events

AEs can be recorded (on case report forms) by study staff as part of inpatient

assessment or at outpatient visits, phone interviews, or on take-home diaries.

There are advantages and disadvantages of each method and the decision

about frequency of AE recording is dependent on the kinetics of expected AEs

and the likelihood of volunteers retrospectively remembering these AEs. For

example, immediate vaccine reactions expected to occur in the first hour or

days following vaccinations might be recorded differently to longer term AEs.

Adverse event assessment

Three main assessments need to be made for each AE: relatedness, severity,

and seriousness.

Causality (relatedness)

The Chief Investigator, or an appropriately qualified delegated candidate, is

tasked with determining if AEs are related to the IMP, in this case the vaccine.

This should be done both in real time for AEs of concern (see below) and at

the end of the trial once all data are collected and quality controlled. This sec-

ond review is important as it is at this stage that subtle patterns might be picked

up, especially if the vaccine causes an AE that was not previously expected.

Ideally a second independent clinician should also make this assessment.

Criteria for determining relatedness need to be established in the protocol

and should be based on the following criteria:

� known or expected AE;

� proximal time course to vaccination; and

� AEs that are not clearly due to another cause.

TABLE 11.3 Laboratory parameters measured for Group 1 during the

Phase I/II Oxford AstraZeneca ChAdOx1 nCoV-19 SARs-CoV-2 trial.

Test Timepoint

Full blood count, sodium, potassium, urea, creatinine,
albumin, liver function tests

Day 0 (vaccination),
3, 7, 28
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On the basis of these criteria, the likelihood of relatedness is assigned (no rela-

tionship, unlikely, possibly, probably, or definitely). Any AEs considered at least

possibly related to the vaccine are classified as “adverse reactions” and should be

reported. Adverse reactions should be followed up until resolved or stabilized.

Severity

Each AE is also graded on severity. Grading criteria can vary depending on

the nature of the AE and the norms of clinical practice in the local area.

However, to ensure consistency between trials, it is good practice to use

internationally accepted graded criteria, using a marker of severity that is as

objective as possible (see Table 11.4) (Sibille et al., 2010). Grading criteria

for laboratory AEs can be adapted from the US Food and Drug

Administration toxicity grading scale adjusted for local laboratory ranges

(US Food & Drug Administration, 2007). Grading criteria for observations

and other planned AE measurements should also be written into the protocol.

Seriousness (serious adverse events)

Of primary importance is detecting any AEs caused by the vaccine that could

do serious harm to participants. Therefore any serious adverse event (SAE),

defined by the criteria in Fig. 11.2, must be reported to the relevant regula-

tory bodies overseeing the trial within the timeframe as per their guidelines

and as defined in the protocol. As part of this process, the SAE is assessed

for relatedness to the vaccine (see above). The SAE is of particular concern

if it was also “unexpected,” meaning it is not consistent with the reference

safety information for that vaccine, or as predefined in the protocol. In this

case, that AE is classified as a suspected unexpected serious adverse reaction

(SUSAR) and the timeframe for reporting is urgent. The trial may be paused

to allow for an appropriate review. Such a review may involve unblinding,

TABLE 11.4 Severity grading criteria for local and systemic adverse events

(AEs).

Grade 0 None

Grade 1 Mild: Transient or mild discomfort; no medical treatment required, does
not interfere with daily activity

Grade 2 Moderate: Moderate discomfort; interferes with daily activity; no
treatment required except simple analgesia

Grade 3 Severe: Significant discomfort; prevents daily activity or requires
treatment, hospitalization possible

Grade 4 Life threatening

Adjusted from the criteria used in clinical trial “Aerosol BCG challenge trial in healthy UK adults.”
Satti, I., Marshall, J. et al. Clinicaltrials.gov NCT02709278.
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seeking further medical information about the case in question and reviewing

safety data from other participants. A decision to continue is then taken, and

if continued, the trial may be recommenced with alterations, for example

with a lower dose or with more intense safety monitoring requirements.

Specific “holding rules” are often built into the trial protocol, especially in

Phase I trials, to ensure any non-SAE patterns are picked up early, ideally

preventing the occurrence of a SUSAR.

Not all SAEs need to be reported immediately to the regulatory authori-

ties if they are expected and this is made explicit in the protocol. For

instance, death from Ebola might be expected during an Ebola vaccine trial

that is being conducted during an epidemic. While this event would be

recorded as part of the collected efficacy outcome measures for the vaccine,

as these events would be expected during the trial, the regulatory authority

may not require these SAEs to be reported urgently as safety events, if deter-

mined to be unrelated to the vaccine.

Reporting requirements

The protocol needs to outline the plan for AE reporting. Apart from the urgent

reporting discussed above, local regulatory authorities and ethics committees

usually require periodic reporting during the trial, for example, submission of a

yearly drug safety update report and annual progress reports. The vaccine man-

ufacturer will also require reports of any AEs of interest, with a requirement

for a regular update of the investigator’s brochure. In addition, the sponsor,

grant funders, and other interested stake holders will stipulate timeframes for

reports, which may also include interim efficacy data and recruitment updates.

Other trial considerations

Reimbursement

Reimbursement for trial participation is an important ethical consideration. It

is unethical to require significant amounts of time from a participant without

FIGURE 11.2 Definition of a serious adverse event (SAE) as per the UK regulatory authority.

Note: The definition of an SAE may vary subtly between regulatory authorities so it is important

to check the criteria locally.
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reimbursement to cover potential loss of wages. Any costs incurred by the

volunteer for participating in the study, for example, bus fares to attend

clinic visits, should also be covered. However, if reimbursement levels are

too high, this could unduly influence a volunteer into participating in a trial.

Reimbursement must, therefore, be at a level suitable for that community

and reflective of trial commitments. For some trials, it may be sufficient

to provide a free meal on clinic attendance or a gift voucher. However, for

trials requiring inpatient admission or extensive time, monetary reimburse-

ment is appropriate. Ethical dilemmas may arise where the same trial is run

over multiple sites where the income levels of volunteers vary greatly. For

instance, reimbursement of d10 per hour at a UK trial site would be consid-

ered undue inducement at a trial site in Kenya. Yet volunteers across sites

must be seen to be treated the same. These issues need to be carefully con-

sidered during trial design. Input from the local community can be helpful,

and all reimbursements need to be approved by the local ethics committee.

Publication considerations

For publication, most journals require proof that a favorable opinion from

the relevant ethics committee and medicines regulatory authority was

received before starting the trial. The International Committee of Medical

Journal Editors (ICMJE) also stipulate that the trial must have been regis-

tered on a publicly accessible database before enrollment to avoid duplica-

tion of trial research and selective publication of results (The International

Committee of Medical Journal Editors, 2021). Examples of free databases

recognized by the ICMJE include the WHO International Clinical Trials

Registry Platform (ICTRP) and Clinicaltrials.gov (US National Library of

Medicine, 2020; WHO, 2021). Prominent medical journals also require sub-

mission of a CONSORT (CONsolidated Standards Of Reporting Trials)

checklist for randomized trials to ensure the trial has been correctly designed

and reported (CONSORT Transparent Reporting of Trials, 2021). Other pub-

lication stipulations could include confirmation that participants gave consent

for publication of data, and author compliance with the journal’s open access

data sharing policy.

Confidentiality and data control

It is essential that the personal information of participants is protected.

Confidentiality is an essential part of this process and trial information is

usually deidentified by assigning a volunteer number to a participant in lieu

of identifiable information such name or date of birth (officially this is

“pseudonymization” as the volunteer number is unique to that individual and

can be traced back to the participant). Identifiable information does usually

need to be collected, for example, for contact purposes, to pay the volunteer
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or to contact their family doctor. However, this information needs to be

securely stored and accessible to a limited number of staff. Trials must also

comply with local data laws which may dictate what data may be collected,

how it is stored and the length of time data can be stored for.

Final word

The COVID-19 pandemic which started in 2019 has once again highlighted

the risk to humanity of emerging pathogens. The rapid speed with which the

scientific community developed effective vaccines against the SARS-CoV-2

virus could not have occurred without clinical trials and the willingness of

participants around the world to volunteer for them. A well-designed GCP-

compliant clinical trial, as described in this chapter, is critical to the contin-

ued development of vaccines against these emerging and endemic pathogens.
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