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1 INTRODUCTION
Vaccines are well-established medical interventions capable of preventing in-
fectious disease. There are many notable vaccine success stories, starting more 
than 200 years ago with the earliest work by Jenner that led to a cowpox-based 
immunization to prevent smallpox disease. Subsequent work by Pasteur during 
the 19th century refined and consolidated the basis of vaccinology through the 
principles of isolation, inactivation, and administration of key components from 
disease-causing pathogens. Relatively soon, this basis had enabled the devel-
opment of several “first generation” vaccines that afforded protection against 
rabies, typhoid, cholera, and plague (within the 19th century), followed by 
tuberculosis, yellow fever, and pertussis by the first half of the 20th century. 
Breakthroughs in mammalian cell culture technology in the second half of the 
20th century led to the development of “second generation” vaccines, protecting 
against polio, measles, rubella mumps, and varicella (as reviewed previously1). 
In the late 20th century the first polysaccharide and glycoconjugate vaccines 
were developed, some of which have been refined and are implemented on a 
global scale.
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Despite estimates that vaccines have saved several hundred million cases 
of disease and more than 100 million deaths, there are still numerous patho-
gens causing globally significant morbidity and mortality, for which effective 
vaccines are not yet available. Here, we describe the existing and emerging 
technologies and strategies that we believe will be crucial for design of next 
generation vaccines to address unmet medical needs relevant across the world 
in the 21st century.

2 STRATEGIES FOR MODERN VACCINE DESIGN

2.1 Glycoconjugate Vaccines

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

A major breakthrough in the 1980–90s was the development and imple-
mentation of glycoconjugate vaccines, using CPS components chemically 
conjugated to carrier proteins,2 such as the chemically detoxified diphtheria or 
tetanus toxoids (DT or TT), or CRM197 a nontoxic mutant of diphtheria toxin.3 
Covalent coupling of CPS to a carrier protein enables recruitment of T-cell 
help, resulting in the generation of an affinity-matured and protective immune 
response in all age groups. The first glycoconjugate vaccine targeted Hib and 
dramatically reduced Hib meningitis and patient mortality following introduc-
tion in North America.4

While the great majority of Hib disease was caused by one serotype, more 
complex epidemiology exists for many other pathogens, for which several im-
munologically distinct serogroups (or serotypes) circulate and cause disease. 
For such pathogens, broadly protective glycoconjugate vaccines can be de-
signed by including multiple CPS serogroups in a “multivalent” formulation. 
For example, a highly successful 7-valent glycoconjugate vaccine against Strep-
tococcus pneumoniae conferred large reductions in pneumococcal meningitis 
and invasive pneumococcal disease in all age groups, between 1998 and 2007.5 
However, while such multivalent vaccines are broadly protective, there are now 
more than 90 distinct disease-causing pneumococcal serotypes, suggesting that 
an alternative pneumococcal vaccine based on one or a few highly conserved 
protein antigens, rather than a complex formulation of many different CPS com-
ponents, would increase breadth of protection and ease of manufacturing.6
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Glycoconjugate vaccines have also been developed and implemented to 
protect against Neisseria meningitidis. In 1999 a monovalent formulation was 
introduced in the United Kingdom to control the hyperendemic N. meningiti-
dis serogroup C (MenC). Routine nationwide implementation directly reduced 
MenC disease, acquisition and carriage, and conferred a herd protection effect.7 
Subsequently, tetravalent glycoconjugate vaccines have been licensed to protect 
against N. meningitidis serogroups A, C, W, and Y.8 Perhaps most remarkably 
of all has been the rapid development and broad deployment of the monova-
lent glycoconjugate vaccine (MenAfriVac™) to protect against MenA in sub-
Saharan Africa, a region that experiences annual meningococcal outbreaks and 
devastating epidemics. The MenAfriVac vaccine was pioneered by the “Men-
ingitis Vaccine Project” (MVP)9 and within a decade it was administered on 
a large public health scale in several neighboring African countries with ex-
cellent results both in preventing MenA disease and in eliminating carriage, 
likely aided by strong herd protection.10,11 Building on the success of the MVP, 
a similar pentavalent glycoconjugate vaccine to protect against MenACWYX 
is now under preclinical development. Promising preclinical studies have also 
shown that glycoconjugate vaccines of MenX CPS combined with CRM197 
could be developed to protect against MenX, currently emerging in Africa.12 
However, a glycoconjugate vaccine against MenB is generally not considered 
viable because the MenB CPS resembles a neuraminic acid moiety present on 
human tissues, shows poor immunogenicity in humans, and generated debate 
regarding the risk of undesirable autoimmune responses.13,14

Glycoconjugate vaccines are also under clinical development to combat 
Group B streptococcus (GBS)15 and Salmonella Typhi.16 Further, while an early 
small-scale clinical trial using a glycoconjugate vaccine against Staphylococcus 
aureus was promising,17 subsequent S. aureus trials have failed, as discussed 
recently.18 Nevertheless, new trials are ongoing for a multivalent staphylococcal 
vaccine containing both protein and glycoconjugate antigens.19

Recent research has continued to build on the great achievements of the gly-
coconjugate vaccine field, especially by attempting to improve CPS production 
and conjugation methodologies. Standard glycoconjugates are prepared by CPS 
purification from the cultured pathogenic bacteria, followed by CPS fragmenta-
tion to generate poly- or oligosaccharides of specific composition and size. A 
recently developed alternative that avoids pathogen manipulation is the use of 
purified recombinant polymerases directing capsule biosynthesis to enable safer 
production of the CPS in vitro.20 Alternatively, the impurities and batch vari-
ability associated with bacterial CPS generation could be eliminated by using 
chemically synthesized oligosaccharides.21 Indeed, a synthetic oligosaccharide 
Hib vaccine showed clinical results comparable to those obtained using stan-
dard Hib vaccines.22 In any case, following CPS/oligosaccharide preparation, 
conjugation to the carrier protein is typically a chemical reaction that covalently 
attaches the oligosaccharide to one sort of amino acid (usually lysine, aspar-
tic/glutamic acid, or cysteine), available on the surface of the carrier protein. 
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The latter is therefore not a precisely defined site-specific conjugation, such 
that some variability in the glycoconjugate product is obtained. To reduce vari-
ability, a variety of chemistry-driven methods have been developed to enable 
controlled site-specific glycoconjugation, in principle offering to deliver glyco-
conjugate vaccines with better-defined labeling sites and stoichiometry.21 Alter-
native genetic-based approaches are also conceivable, where rare codons could 
direct the incorporation of nonnatural amino acids into a recombinant carrier 
protein to enable its site-specific labeling with defined oligosaccharides.21 Both 
these examples open the possibility to add saccharide units in selected well-
exposed regions of a carrier protein without masking its beneficial protective 
epitopes (Fig. 3.1).

FIGURE 3.1 Glycoconjugate vaccines. (A) Progression from plain polysaccharide antigens to 
polysaccharide-carrier glycoconjugates (right) enabled the development of more efficacious vac-
cines against Hib, S. pneumoniae, and N. meningitidis. Ongoing refinements in oligosaccharide pro-
duction processes, site-specific conjugation strategies, and the use of new carrier antigens that simul-
taneously present oligosaccharides and protective protein epitopes (♦) is expected to potentiate the 
development of novel well-defined glycoconjugates with enhanced safety and efficacy profiles (left). 
(B) An important new alternative approach to generate glycoconjugate vaccines is represented by the 
use of genetically modified Escherichia coli to directly produce recombinant glycoprotein antigens.
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Novel site-specific chemical glycoconjugation approaches have shown ini-
tial promise yet appear to be hampered by relatively low yields. One study 
demonstrating improved conjugation yields used a copper-free reaction mecha-
nism for tyrosine-specific labeling.23 Further, advances in the ability to directly 
produce protein antigens with posttranslational addition of specific polysac-
charides in E. coli has opened new possibilities to generate “bio-conjugate” 
vaccines.24 In preclinical studies, the approach was successful in generating 
antigens protective against S. aureus.25 Moreover, a promising bio-conjugate 
vaccine against Shigella dysenteriae was made using the polysaccharide com-
ponent of the Shigella O1 lipopolysaccharide conjugated to exotoxin protein A 
of Pseudomonas aeruginosa, and both the CPS and carrier components were 
immunogenic,26 suggesting that the bio-conjugate approach may be broadly ap-
plicable. Similarly, attempts to make hybrid antigens by combining CPS and 
protein carrier components that both target the same pathogen (rather than sim-
ply coupling the CPS to an unrelated carrier) have shown promise in preclinical 
studies targeting Clostridium difficile, by chemically conjugating the clostridial 
PSII polysaccharide and the TcdA and TcdB toxin proteins.27 Indeed, evidence 
that a protein can act both as CPS carrier and as an immunogen emerged from 
clinical studies using pneumococcal polysaccharides conjugated to protein D 
from nontypable H. influenzae.28 In such cases the design of conjugation sites 
should include structural considerations, such that CPS moieties do not perturb 
beneficial conformational epitopes on the carrier protein. Continued efforts in 
this arena will accelerate the journey toward “precision” bio/glycoconjugate 
vaccines safely produced in vitro with scalable production processes.

2.2 Protein Subunit Vaccines and Structure-Based Antigen 
Design

While glycoconjugate vaccines have been highly effective, they are not the only 
modern vaccine strategy available. Indeed, several early protein-based vaccines 
have been very successful. Notably, by purification from host pathogens fol-
lowed by chemical inactivation, toxoid protein vaccines were developed in the 
early 20th century against diphtheria and tetanus; and, soon after, inactivated in-
fluenza virus vaccines were developed, using viral hemagglutinin purified from 
infected eggs as the main antigen. Later, in the 1980–90s, several bacterially 
produced protein subunit vaccines were licensed to protect against pertussis, 
and led to the proposal of a genetically detoxified form of the pertussis toxin 
(PT) that showed superior immunogenicity over chemically detoxified PT.29 
Finally, late in the 20th century, efforts to develop a vaccine against hepatitis B 
virus (HBV) led to the first widely implemented vaccines composed purely of a 
recombinant protein subunit (the HBV surface antigen, HBsAg).30

Subsequently, efforts to generate new recombinant protein-based vaccines 
were initiated for many other disease targets that had been difficult to address 
via previous technologies. One interesting example is the case of N. meningitidis 
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serogroup B (MenB), where a CPS-based vaccine was not feasible (mentioned 
earlier). Consequently, a protein-based subunit vaccine against MenB was 
sought. This challenge was greatly facilitated by the dawn of the genomic era 
at the turn of the 21st century, which accelerated the computational identifi-
cation and selection of potential meningococcal protein antigens, an approach 
now termed “reverse vaccinology.”31 Extensive computational and experimental 
screening led to the identification of three main protective protein antigens32 
and later the development and licensure of the first genome-derived recombi-
nant protein-based vaccine (Bexsero®) against MenB, approved by the Europe-
an Medicines Agency in 2013, and subsequently in over 35 countries.33 Reverse 
vaccinology has been applied to several other vaccine research programs, with 
promising results in the quest for protective antigens against GBS,34 extraintes-
tinal pathogenic E. coli,35 and S. aureus36 to name a few examples.

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

In addition to providing exquisitely detailed antigen characterization, it has 
also been demonstrated over the last decade that structural biology, powered 
by X-ray crystallography, electron cryomicroscopy (cryoEM), nuclear magnetic 
resonance spectroscopy, and computational studies, can make a very significant 
contribution to the design and optimization of vaccine antigens.37 A number of 
key studies demonstrating the combination of computational and structural bi-
ology in vaccine antigen design (an approach termed “structural vaccinology”) 
have been reported, as reviewed recently.38

Structural vaccinology is a multidisciplinary strategy that combines the 
insights gained through high-resolution structural and computational biology 
studies with neighboring fields such as formulation science, immunology, ani-
mal studies, and serology, in order to design, evaluate, optimize, and deliver 
leading candidate vaccine antigens. There are at least three key ways in which 
structural biology can support vaccine research. First, structural biology can 
highlight potential weaknesses in an antigen, such that issues of poor biochemi-
cal behavior can be resolved; as exemplified by studies leading to the design of 
a novel form of the respiratory syncytial virus (RSV) glycoprotein F antigen in 
a highly stable nonaggregating postfusion conformation capable of raising high 
titers of neutralizing antibodies in preclinical studies.39 Second, structural stud-
ies can reveal conformational heterogeneity in an antigen, which may suggest 
routes to engineer mutated forms of the antigen that adopt only the preferred 
conformation most likely to elicit the desired immune response. For example, 
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the crystal structure determination of the RSV F protein in complex with the 
Fab fragment of the human antibody D25 (specific for an antigenic site targeted 
by potently neutralizing antibodies) provided the first detailed insights into the 
atomic structure of the prefusion F conformation.40 Moreover, that structure 
enabled the design of site-directed mutations that locked the F protein in the 
prefusion conformation, via the introduction of stabilizing intramolecular di-
sulfide bonds and hydrophobic cavity-filling residues, yielding an immunogen 
capable of eliciting high-titers of RSV-specific neutralizing activity in mice and 
macaques.41 Third, when combined with epitope mapping studies that identify 
the regions of an antigen that are crucial for raising protective or neutraliz-
ing antibody responses, structural information can be used to generate novel 
immunogenic protein surfaces with enhanced breadth of coverage due to the 
introduction of epitopes from multiple pathogenic variants onto a single vac-
cine antigen. This strategy of epitope grafting was demonstrated by engineering 
the meningococcal factor H binding protein variant 1 to display more than 20 
surface-exposed residues from variants 2 and 3, thus generating a novel hybrid 
surface that conferred broader strain protection and overcame the issue of high 
sequence variability on meningococcal surface antigens.42

Structural vaccinology has been applied extensively in research toward a 
vaccine against human immunodeficiency virus (HIV). Efforts have focused on 
designing immunogens that raise protective antibody responses targeting the 
gp120 or gp41 components of the HIV envelope glycoprotein (Env) trimer, the 
only target for neutralizing antibodies. For example, the structure of CD4-bound 
gp120 was used for the rational design of a gp120 construct with mutations that 
lock it in the receptor-bound state, thus eliciting a greater proportion of an-
tibodies focused on conserved CD4 and coreceptor binding sites.43 Recently, 
cryoEM and crystal structures of HIV Env (in genetically engineered soluble 
and stabilized mutant forms) have been determined in complexes with broadly 
neutralizing Fab fragments.44–46 These structures have provided the molecular 
basis for the design of novel immunogens capable of eliciting broadly neutral-
izing antibodies against HIV Env, and it is now a major ongoing challenge to 
develop such research into efficacious vaccines.

In an even more creative fashion, structural vaccinology has been combined 
with nanobiology, via the design of self-assembling protein nanoparticles pre-
senting multiple copies of an antigen in an ordered array. For example, in seek-
ing to design a broadly protective influenza vaccine, a single genetic construct 
was used to encode an influenza hemagglutinin (HA) antigen followed by a 
C-terminal bacterial ferritin protein, thus generating nanoparticles composed 
of 24 ferritin protomers that self-assembled to display 8 copies of the trimeric 
HA in a native-like conformation, with the HA head projecting outward. In 
preclinical studies, this antigen-nanoparticle was successful in raising anti-HA 
antibodies targeting both the stem and the receptor-binding site in the head, and 
provided broader and more potent immunity than standard influenza vaccines.47 
More recently, the same authors also performed iterative structure-based design 
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to obtain a stable HA stem-only fragment displayed on ferritin nanoparticles. 
This novel HA stem-only nanoparticle lacked the immunodominant sequence-
variable head domain, focused the immune response onto the immunogenically 
subdominant highly conserved stem region of HA, and conferred heterosub-
typic protection in preclinical studies.48

The benefits of combining structural vaccinology and nanobiology are man-
ifold. The considerably larger antigen-nanoparticle is more immunogenic than 
the individual recombinant proteins, the multiple copies in ordered arrays en-
hance B-cell receptor avidity and mimic the surface of the natural pathogenic 
organism, and the ability to genetically encode antigen display on a nanoparticle 
means that a precisely controlled number and orientation of antigenic constructs 
can be achieved, potentially allowing focusing of the immune response against 
a carefully selected region of the antigen identified previously by epitope map-
ping. It emerges from these pioneering studies that structural vaccinology has 
the potential to drive the design of promising new vaccine candidates, and this 
ability is inextricably linked to obtaining high-quality structural information, 
which is somewhat unpredictable and a potential hurdle, but which is becom-
ing easier to overcome due to continuous improvements in protein crystallogra-
phy38 and major breakthroughs in cryoEM.49 These purely structural techniques 
can be effectively combined with the complementary ability to reliably perform 
mapping of conformational epitopes in solution via hydrogen–deuterium ex-
change mass spectrometry (HDX-MS).50 Because structural vaccinology is also 
dependent on the ability to perform epitope mapping using antibody reagents, 
several recent technological advances in human B-cell cloning and antibody 
production have potentiated structure-based antigen design enormously, and 
these breakthroughs are discussed later.

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

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

The extra-follicular aforementioned response is followed by formation of 
the germinal center (GC) in the lymphoid organs. The GC reaction is driven by 
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the presence of the antigen on the surface of the follicular dendritic cells (FDCs) 
in the form of immune complexes, and the antigen:antibody immune complexes 
continuously stimulate resident antigen-specific B cells.51 The interaction of 
B cells with follicular helper T cells (TFH) within the GC drives proliferation, 
isotype switching, somatic hypermutation, and affinity maturation of the BCR 
leading to the generation of memory B cells and long-lived plasma cells that 
produce high-affinity somatically mutated antibodies of switched isotypes (typ-
ically IgG).52 Plasma cells with higher affinity for the antigen that emerge from 
GCs can migrate to the bone marrow, where they persist in specialized survival 
niches.53 This pool of long-lived plasma cells continuously secretes antibodies, 
and is therefore responsible for sustained serum antibody levels even in the 
absence of antigen.51 Memory B cells generated by a GC reaction recirculate in 
secondary lymphoid organs and peripheral blood, are highly capable of captur-
ing the antigen due to their high affinity BCR, and can be triggered to proliferate 
and differentiate into antibody-secreting plasma cells once they reencounter the 
antigen. Typically, the newly generated plasma cells reach a peak level in the 
blood on day 7 after antigenic boost and antibody titers concomitantly increase 
in the serum.54

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

Nearly all licensed vaccines confer protection against infectious diseases 
by stimulating the production of antibodies by B cells, but the nature of a suc-
cessful antibody response has been difficult to capture. The isolation and char-
acterization of the antibodies produced by the antigen-specific B-cell repertoire 
has therefore acquired importance in the last decades, to dissect the response to 
vaccine antigens. Antibodies consist of heavy (m, a, g, d, ε) and light chains (k, 
l), are linked by disulfide bonds, and each chain contains variable and constant 
domains. Antigen binding occurs in the variable domain, which is generated by 
recombination of a finite set of tandemly arranged variable (V), diversity (D), 
and joining (J) germline gene segments. This process, called VDJ recombina-
tion, assures a high diversity of the antibody repertoire and allows antibodies 
to recognize an extraordinary variety of antigens. Diversity in the antibody rep-
ertoire is mainly concentrated at the variable site of the heavy chain (IgH VDJ 
gene segment), also known as the IgH complementarity-determining region 3 
(CDR-H3), the most diverse component in terms of length and sequence and the 
principal determinant of antibody specificity.55

A milestone in the understanding of antibody responses has been the de-
velopment of technologies for the production of human monoclonal antibodies 
(mAbs) by using Epstein–Barr (EB) virus transformation,56 by phage display,57 
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in genetically modified mice,58,59 by stimulation with TLR agonists,54 or by pro-
ducing human hybridomas60 for immortalization of antibody-producing B cells. 
Since 2008, advances in sequencing technologies have enabled the amplifica-
tion and cloning into expression vectors of both the heavy and light chain im-
munoglobulin (Ig) genes from single B cells,61 allowing isolation and synthetic 
production of human mAbs by transfection of producer cells in vitro. To date, 
this technology has been mainly applied to identify high-affinity influenza-spe-
cific antibodies62 and to isolate broadly neutralizing antibodies (bnAbs) against 
HIV.63 These first examples of the isolation and characterization of bnAbs in-
duced by infection have highlighted that understanding the mechanisms leading 
to the elicitation of neutralizing antibodies can aid the design of more effective 
vaccines. Such methods have been used to investigate mAbs generated against a 
variety of antigens, and have allowed characterization of “key” antibodies with 
a protective role in response to vaccines against influenza, tetanus, Hib, and 
some serotypes of S. pneumoniae as well as to natural infection (reviewed in64). 
Nonetheless, one key limitation is the low-throughput of single B-cell cloning 
technology used to isolate mAbs, such that we can only interrogate a miniscule 
slice of the full antibody repertoire.

Recent advances in next-generation sequencing (NGS) technology have 
enabled the sequencing of antibody genes from millions of cells simultane-
ously, giving a high-resolution characterization of the antibody sequence 
repertoire, and of the changes that occur following vaccination.65 These ap-
proaches have yielded important insights into the B-cell response and have 
raised the possibility of using specific antibody sequences as measures of vac-
cine immunogenicity. The antibody repertoire has been examined using NGS 
after vaccination with influenza and tetanus.66,67 These studies revealed minor 
changes in the VDJ segment usage, and the size and diversity of the differ-
ent B-cell lineages after vaccination, but they have opened up the possibility, 
through the analysis of the B-cell repertoire of different individuals, to identi-
fy “antibody signatures” (common Ig VDJ sequences) providing insights into 
the adaptive immune responses elicited by vaccination. The majority of pub-
lished studies are consistent with the notion that while the VH gene repertoire 
is highly private (unique to an individual) a small number of CDR-H3 appear 
to be shared among different individuals (ie, are stereotypical or public). Boyd 
and coworkers68 observed convergent antibody signatures (stereotyped CDR-
H3 sequences) in patients experiencing acute dengue infection, suggesting 
that Ig-sequencing aimed at detecting stereotypical responses could be used 
as a tool for identifying common sequences induced by vaccine antigens or 
pathogens in different individuals.

Further, analyses of the human antibody repertoire offer the novel possi-
bility of tracing the evolutionary paths that lead to the generation of broadly 
neutralizing Abs (bnAbs) targeting conserved antigenic epitopes. The avail-
ability of new techniques to isolate human mAbs, combined with the abil-
ity to determine protein structures in atomic detail, allows to finely describe 
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antigen:antibody interactions. Such high-resolution epitope mapping enables 
the design of novel immunogens and vaccination schedules that will elicit an 
immune response driven by a B-cell clonal selection that leads to the production 
of the best bnAbs69,70 (Fig. 3.2). Many advances in this field have been driven 
by the quest for a vaccine to prevent HIV infection, but should be applicable to 
combat other pathogens like pandemic influenza and RSV.

Finally, in recent studies, the analysis of the Ig gene repertoire has been 
combined with the mining of the antigen-specific mAb repertoire that com-
prises the human serum polyclonal response.71 The new perspective offered by 
combining the analysis of the B cell and antibody repertoire induced by tetanus 
toxoid (TT) vaccination has highlighted that the anti-TT serum IgG repertoire 
is composed of a limited number of antibody clonotypes (80–100) while the 
B-cell BCR repertoire diversity in the memory and plasmablasts compartments 
is orders of magnitude greater than that of the serological repertoire.72 This sug-
gests that most peripheral B-cell-encoded antibodies are unlikely to be present 
in detectable amounts as soluble proteins in blood or secretions and thus are un-
likely to contribute to humoral immunity, leaving unanswered questions regard-
ing the nature and dynamics that regulate the serological memory. Collectively, 
these examples of our growing understanding of the immune response high-
light a new era in which a detailed understanding of pathogenic antigen-specific 

FIGURE 3.2 Starting center-left, a schematic flow-path representation of how human B-cell rep-
ertoire analyses, the selection of protective antibodies, antibody and antigen (Ag) production can be 
combined with the structural characterization of a protective epitope (♦), followed by its selection 
over nonprotective epitopes (○ and ∆ within Ag, not targeted by protective Ab) in order to allow 
the rational design of novel immunogens.
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human immunology can drive vaccine development in the design of more ef-
ficacious vaccine antigens to prevent current and future pathogenic threats.

2.4 Nucleic Acid Vector Vaccine Delivery Systems

Most licensed vaccines used to date are based on immunizations that elicit a 
protective antibody response and indeed the correlates (or surrogates) of protec-
tion established are typically based on the functional antibody levels induced.73 
However, the immune system has evolved to be redundant, and nonantibody-
based cellular immune mechanisms, which can act alone or in synergy with an-
tibodies, can provide a major contribution to protection. With this in mind, sig-
nificant efforts have been made to design novel vaccines focused on induction 
of cellular responses able to promote clearance of some of the most challenging 
pathogens, which have so far proved recalcitrant to traditional vaccine design 
strategies, such as malaria, tuberculosis, HIV, hepatitis C virus, and Ebola virus.

In particular, CD8+ T-cell responses have been demonstrated to contrib-
ute to protection in both preclinical and clinical experiments.74 One way to 
elicit such CD8+ responses (which are poorly induced by conventional protein 
subunit antigens) is via the delivery of DNA vectors harboring genes encod-
ing intracellular antigen expression. Several approaches have been explored 
to achieve this aim, including the use of naked DNA fragments or virally 
derived systems based on alphavirus, poxvirus, vaccinia virus, or lentivirus. 
Replication-defective human adenovirus 5 (Ad5) vectors have been used for 
gene delivery in a number of vaccine development studies and showed promis-
ing immunological performance in preclinical and clinical trials, most impor-
tantly including the ability to induce relatively potent antigen-specific CD8+ 
T-cell responses in humans, for example, against HIV75 and Ebola.76 However, 
most humans have been previously exposed to Ad5 and thus present high titers 
of anti-Ad5-neutralizing antibodies, which limit the immunological potency of 
these vector delivery systems.

To circumvent the limitations of human adenoviral vaccine vectors, an alter-
native approach has been developed using related naturally occurring simian ad-
enoviral vectors isolated from chimpanzees and against which most humans do 
not display neutralizing antibody titers. From thousands of adenoviral strains, 
a library containing numerous replication-defective chimpanzee adenovirus 
(ChAd) vectors able to grow in human cell lines was developed and several 
were demonstrated to potently induce CD8+ T-cell responses in mice and ma-
caques, and some were shown to be safe and immunogenic in humans.77 The 
many noncross-reactive ChAd strains appear to be suitable candidates as vac-
cine delivery vectors, such that preexisting neutralizing antibodies should not be 
an issue for broad application of this strategy, which may enable a versatile “one 
vector—one disease” approach. Indeed, a number of studies have now dem-
onstrated that ChAd vectors have the essential properties required for human 
vaccine development, including immunogenicity, safety and ease of large-scale 
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manufacturing.78 Further recent developments in viral-based delivery of genetic 
vaccines include a heterologous prime-boost strategy based on the combina-
tion of a ChAd vector followed by a modified vaccinia Ankara (MVA) vector.79 
Promising results were obtained by generation of very high levels of both CD8+ 
and CD4+ T-cells specific for the hepatitis C virus antigens delivered geneti-
cally, suggesting that this approach may be suitable as a prophylactic HCV vac-
cine. The clinical efficacy of ChAd vectors is still to be fully demonstrated. 
However, in rapid response to the recent West African outbreak of Ebola virus 
that caused more than 8500 deaths, an expedited vaccine development program 
enabled a clinical trial to assess performance of a monovalent ChAd3 vaccine 
encoding the surface glycoprotein of Zaire ebolavirus. In Phase I trials, the vac-
cine was safe and immunogenic,80 further supporting the optimism surrounding 
ChAd technology.

For over 2 decades it has been known that RNA molecules can be used to ex-
press proteins in vivo,81,82 suggesting opportunities for RNA-based vaccines as 
an alternative strategy to elicit immune responses (reviewed elsewhere83). RNA 
vaccines display several advantages compared to DNA vaccines. RNA avoids 
the issue of possible integration of plasmid DNA into the genome of an immu-
nized host, and it is translated directly in the cytoplasm. Finally, the kinetics of 
antigen expression following RNA injection appear to peak and decay rapidly, 
while DNA administration can induce antigen expression persisting for many 
weeks.84 Overall, RNA-based vaccines better mimic antigen expression occur-
ring during an acute infection, which could induce stronger antigen-specific 
immune responses. The effectiveness of RNA vaccines may also be related to 
the fact that RNA is known to be a potent stimulator of innate immunity. Hence, 
the functionality of RNA vaccines involves at least two components: (1) local 
expression of antigen to facilitate presentation by MHC molecules and (2) en-
gagement of pattern recognition receptors to stimulate innate immunity leading 
to potentiation of antigen-specific immune responses.

Although studies in animal models seemed to be very promising, the fea-
sibility of using RNA as a new nucleic acid vaccine was initially challenged, 
due to the instability of naked RNA in the presence of tissue fluids and the 
uncertainty of developing reasonable manufacturing processes yielding a stable 
formulation. Nevertheless, several efforts have been made to increase the ef-
ficiency and stability of RNA-vaccines, focusing the research on delivery sys-
tems, adjuvants, and engineering of the RNA molecule. Encapsulation in lipo-
somes81 and complexation with cationic polymers85,86 can protect RNA from 
degradation and enhance cellular uptake. Moreover, self-amplifying replicons 
have the potential of capturing the advantages of both DNA vaccines and vi-
ral delivery while overcoming the drawbacks of each technology. Recently a 
self-amplifying RNA was encapsulated in lipid nanoparticles (LNPs) to imple-
ment the self-amplifying mRNA (SAM®) vaccine technology as a platform for 
multiple disease targets, showing promising results in animal models.87 These 
favorable observations led RNA-vaccines to move into human clinical trials as 
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immunotherapeutics in the “cancer-vaccine” field, taking advantage of the ex-
pression of specific markers by cancer cells to direct the immune response and 
attack the tumor. RNA vaccines against proteins produced in excess in tumor 
cells were used to formulate a vaccine against lung cancer, designing a vac-
cine with different antigens which is consequently better at targeting the tumor 
cells.88 Clinical studies in metastatic melanoma and renal cell carcinoma pa-
tients have shown the elicitation of antigen-specific immune responses (both 
antibodies and T cells).89 RNA-vaccines against prostate cancer and melanoma 
are currently in clinical trials. The use of RNA-vaccines for the prevention of 
infectious diseases is also under evaluation. Clinical trials have been performed 
with RNA replicon vaccines packaged in viral particles encoding for cytomega-
lovirus (CMV) gB and pp65/IE1 proteins. The vaccine has shown to be well 
tolerated and immunogenic in healthy CMV seronegative volunteers, with the 
added value of inducing CD8+ T-cell responses.90 A vaccine against rabies is 
currently in a clinical trial (https://clinicaltrials.gov/ct2/show/NCT02241135) 
while vaccines against influenza, HIV, or tuberculosis are still at the research 
stage.

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

2.5 Synthetic Viral Seeds for Rapid Generation of Influenza 
Vaccines

Because new influenza variants emerge and spread globally through human pop-
ulations so rapidly, it is not always possible with current health organizations 
and manufacturing capabilities to provide new, well-matched influenza vaccines 
in a timely manner. In pandemic scenarios, little if any vaccine has been avail-
able during the initial waves of virus spread.91 Recent efforts to improve vaccine 
responses to the emergence of new influenza variants have included research 
into universal influenza vaccines, increasing the number of strains in each vac-
cine, and increasing the speed of vaccine production. Indeed, synthetic biology 
now enables the rapid conversion of digitally transmitted sequences into genes 
that encode new influenza variants,92 thus providing a unique tool to rapidly 
respond to the need of pandemic vaccine availability.

The synthetic approach to generate vaccine viruses from sequence data 
has proven to be feasible, starting from the available hemagglutinin (HA) and 
neuraminidase (NA) gene sequences, and applying cell-free gene assembly 
techniques for rapid and accurate gene synthesis. Viral RNA expression con-
structs encoding HA and NA and plasmid DNAs encoding viral backbone genes 
were then used to transfect Madin–Darby canine kidney (MDCK) cells, quali-
fied for vaccine manufacture. Viruses for use in vaccines were rescued from 
MDCK cells with increased yield of the essential vaccine antigen, HA. The 

https://clinicaltrials.gov/ct2/show/NCT02241135
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implementation of synthetic vaccine seeds has demonstrated the capability of 
accelerating the response to influenza pandemics reducing the time required 
for vaccine manufacturing from months to weeks. In a recent emergency to 
respond to a potential influenza pandemic, the use of a synthetic seed virus, 
containing the HA and NA genes from a supplied A/H7N9 virus sequence, was 
investigated in conjunction with the MDCK cell culture technology. Together, 
these approaches resulted in impressively rapid vaccine production rates, much 
faster than currently possible with standard methods. Synthetic technology has 
been used to respond to the H7N9 influenza outbreak by producing a synthetic 
virus that was used to make a vaccine. In a Phase I trial the cell culture–derived 
H7N9 vaccine was safe and immunogenic, with significant and potentially pro-
tective immune responses after two doses in most subjects with no preexisting 
immunity to the H7N9 virus.93 This particular vaccine was stockpiled by the 
US Government before the second wave of the outbreak, and overall these ob-
servations have provided a strong rationale for further clinical development of 
synthetic vaccine reagents.

3 CONCLUSIONS AND FUTURE OUTLOOK

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

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

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

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

Collectively, all the advances outlined here demonstrate that the future is 
bright for the design and development of novel vaccines. Considering the ad-
ditional possibilities presented by their formulation and delivery using next-
generation technologies, including an increasing array of potent adjuvants 
(see chapter: Vaccine Adjuvants), these novel 21st-century vaccines have great 
promise to further reduce morbidity and mortality on a global scale.
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