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To generate vaccine-mediated protection is a complex chal-
lenge. Currently available vaccines have largely been devel-
oped empirically, with little or no understanding of how they
activate the immune system. Their early protective efficacy is
primarily conferred by the induction of antigen-specific anti-
bodies (Box 2.1). However, there is more to antibody-
mediated protection than the peak of vaccine-induced
antibody titers. The quality of such antibodies (e.g., their
avidity, specificity, or neutralizing capacity) has been identi-
fied as a determining factor in efficacy. Long-term protection
requires the persistence of vaccine antibodies above protective
thresholds and/or the maintenance of immune memory cells
capable of rapid and effective reactivation with subsequent
microbial exposure. The determinants of immune memory
induction, as well as the relative contribution of persisting
antibodies and of immune memory to protection against spe-
cific diseases, are essential parameters of long-term vaccine
efficacy.

The predominant role of B cells in the efficacy of current
vaccines should not overshadow the importance of T-cell
responses: T cells are essential to the induction of high-affinity
antibodies and immune memory, directly contribute to the
protection conferred by current vaccines such as bacille
Calmette-Guérin (BCG), may play a more critical role than
previously anticipated for specific diseases like pertussis, and
will be the prime effectors against novel vaccine targets with
predominant intracellular localization such as tuberculosis.

New methods have emerged allowing the assessment of a
growing number of vaccine-associated immune parameters,
including in humans. This development raises new questions
about the optimal markers to assess and their correlation with
vaccine-induced protection. The identification of mechanistic
immune correlates—or at least surrogates—of vaccine efficacy
is a major asset for the development of new vaccines or the
optimization of immunization strategies using available vac-
cines. Thus, their determination generates a considerable
amount of interest. During the last decade, the increased
awareness of the complexity of the immune system and its
determinants, including at the host genetic level, indicated
that using system biology approaches to assess how various
processes and networks interact in response to immunization
could prove more illustrative than trying to isolate and char-
acterize a few components of vaccine responses.’ Delineating
the specific molecular signatures of vaccine immunogenicity
is beginning to highlight novel correlates of protective immu-
nity and better explain the heterogeneity of vaccine responses
in a population. The tailoring of vaccine strategies for specific
vulnerable populations, including very young, elderly, and
immunosuppressed populations, also largely relies on a better
understanding of what supports or limits vaccine efficacy
under special circumstances—at the population and individ-
ual levels. Lastly, the exponential development of new vaccines
raises many questions that are not limited to the targeted
diseases and the potential impacts of their prevention, but that
address the specific and nonspecific impacts of such vaccines
on the immune system and, thus, on health in general. These
immune-related concerns have largely spread into the
population, and questions related to the immunological
safety of vaccines—that is, their capacity for triggering
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non-antigen-specific responses possibly leading to allergy,
autoimmunity, or even premature death—are being raised.
Certain “off-targets effects” of vaccines have also been recog-
nized and call for studies to quantify their impact and identify
the mechanisms at play. The objective of this chapter is to
extract from the complex and rapidly evolving field of immu-
nology the main concepts that are useful to better address
these important questions.

HOW DO VACCINES MEDIATE PROTECTION?

Vaccines protect by inducing effector mechanisms (cells or
molecules) capable of rapidly controlling replicating patho-
gens or inactivating their toxic components. Vaccine-induced
immune effectors (Table 2.1) are essentially antibodies—
produced by B lymphocytes—capable of binding specifically
to a toxin or a pathogen.” Other potential effectors are cyto-
toxic CD8" T lymphocytes that may limit the spread of infec-
tious agents by recognizing and killing infected cells or
secreting specific antiviral cytokines and CD4* T-helper (Th)
lymphocytes. These Th cells may contribute to protection
through cytokine production and provide support to the gen-
eration and maintenance of B and CD8" T-cell responses.
Effector CD4" Th cells were initially subdivided into T-helper
1 (Th1) or T-helper 2 (Th2) subsets depending on their main
cytokine production (interferon-y or interleukin [IL]-4),
respectively. This dichotomy became outdated as Th cells were
increasingly shown to include a large number of subsets with
distinct cytokine-producing and homing capacities (see Table
2.1).> A recently identified critical subset of vaccine-induced
CD4" Th cells are follicular T-helper (Tth) cells: they are spe-
cially equipped and positioned in the lymph nodes to support
potent B-cell activation and differentiation into antibody-
secreting-cells’ and were identified as directly controlling anti-
body responses and mediating adjuvanticity.””” Another
important subset are T-helper 17 (Th17) cells which essen-
tially defend against extracellular bacteria that colonize the
skin and mucosa, recruiting neutrophils and promoting local
inflammation.®’ These effectors are controlled by regulatory T
cells (Tregs) involved in maintaining immune tolerance.”
Most antigens and vaccines trigger B- and T-cell responses,
such that there is no rationale in opposing vaccines favoring
antibody production (“humoral immunity”) and T-cell
responses (“cellular immunity”). In addition, CD4" T cells are
required for most antibody responses, whereas antibodies
exert significant influences on T-cell responses to intracellular
pathogens."

What Are the Main Effectors of
Vaccine Responses?

The nature of the vaccine exerts a direct influence on the type
of immune effectors that are elicited and that mediate protec-
tive efficacy (Table 2.2).

Capsular polysaccharides (PSs) elicit B-cell responses in
what is classically reported as a T-independent manner.'” The
conjugation of bacterial PS to a protein carrier (e.g., glyco-
conjugate vaccines) provides foreign peptide antigens that
are presented to the immune system and, thus, recruit
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BOX 2.1 Main Immunological Definitions

ADJUVANT

Agents that increase the stimulation of the immune system by
enhancing antigen presentation (depot formulation, delivery
systems) and/or by providing costimulation signals
(immunomodulators). Aluminum salts are most often used in
today’s vaccines.

AFFINITY, AVIDITY

Antibody affinity refers to the tendency of an antibody to bind to a
specific epitope at the surface of an antigen; that is, to the
strength of the interaction. Avidity is the sum of the epitope-
specific affinities for a given antigen. It directly relates to its
function.

AFFINITY MATURATION
Processes through which antigen-specific B cells undergo somatic
hypermutation and affinity-based selection, resulting in B cells that

produce antibodies with increased affinity over germline
antibodies.

ANTIBODIES

Proteins of the immunoglobulin family, present on the surface of B
lymphocytes, secreted in response to stimulation, that neutralize
antigens by binding specifically to their surface.
ANTIGEN-PRESENTING CELLS

Cells that capture antigens by endocytosis or phagocytosis,
process them into small peptides, display them at their surface
through major histocompatibility complex (MHC) molecules, and
provide costimulation signals that act synergistically to activate
antigen-specific T cells. Antigen-presenting cells include B cells,
macrophages, and dendritic cells, although only dendritic cells are
capable of activating naive T cells.

B LYMPHOCYTES

Cells that originate in the bone marrow, mature in secondary
lymphoid tissues, become activated in the spleen/nodes when
their surface immunoglobulins bind to an antigen, and differentiate
into antibody secreting cells (plasma cells) or memory B cells.

CARRIER PROTEIN

A protein that is used as a template to which polysaccharide
moieties are chemically conjugated to generate glycoconjugate
vaccines. It is believed that carrier proteins provide antigenic
epitopes for recognition by CD4* T-helper cells, in particular
follicular T-helper cells.

CD4* T-HELPER 1 LYMPHOCYTES

CD4* T cells that on activation differentiate into cells that mainly
secrete interleukin (IL)-2, interferon (IFN)-y, and tumor necrosis
factor (TNF)-B, exerting direct antimicrobial functions (viruses), and
essentially providing support to cytotoxic T cells and
macrophages.

CD4* T-HELPER 2 LYMPHOCYTES

CD4* T cells that on activation differentiate into cells that mainly
secrete IL-4, IL-5, IL-6, IL-10, and IL-13, exerting direct
antimicrobial functions (parasites) and essentially providing support
to B lymphocytes.

CD4* T-HELPER 17 LYMPHOCYTES

CD4* T cells that mainly secrete IL-17, IL-21, and IL-22 are
implicated in host defense against extracellular bacteria colonizing
exposed surfaces (airways, skin, gut).

CD8' T CELLS

Lymphocytes that specialize in the killing of infected cells, through
direct contact or cytokine (IFN-y, TNF-o) production.

CENTRAL MEMORY T CELLS

Memory T cells traffick through the lymph nodes, ready to

proliferate and generate a high number of effector cells in
response to specific microbial peptides.

CHEMOKINES

Small secreted proteins that function as chemoattractants,
recruiting cells that express the corresponding chemokine

receptors at their surface and thus migrating toward higher
concentrations of chemokines.

COSTIMULATORY MOLECULES

Molecules that become expressed at the surface antigen-
presenting cells on activation and deliver stimulatory signals to
other cells, namely T and B cells.

DENDRITIC CELLS

Cells that constantly sample their surroundings for pathogens
such as viruses and bacteria, detect dangers, and initiate immune
responses. Immature patrolling dendritic cells (DCs) have high
endocytic activity and a low T-cell activation potential. Contact
with a pathogen induces maturation and the expression of certain
cell-surface molecules, greatly enhancing their ability to activate T
cells.

EFFECTOR MEMORY T CELLS

Memory T cells patrol through the body to detect specific
microbial peptides and are capable of an immediate cytotoxic
function in case of recognition.

EXTRAFOLLICULAR REACTION

B-cell differentiation pathways that occur outside of germinal
centers in response to protein or polysaccharide antigens.
Extrafollicular reaction is rapid, generates B cells that are
short-lived (days), and produces low-affinity antibodies without
inducing immune memory.

FOLLICULAR DENDRITIC CELLS

Stromal cells in the spleen and nodes that on activation express
chemokines (notably CXCL13) to attract activated antigen-specific
B and T cells and thus nucleate the germinal center reaction.
Follicular DCs provide antiapoptotic signals to germinal center
(GC) B cells and support their differentiation into plasma cells or
memory B cells.

FOLLICULAR T-HELPER LYMPHOCYTES

CD4* T cells that on activation migrate toward follicular DCs and
provide critical help to germinal center B cells, influencing isotype
switching, affinity maturation, and differentiation.

GERMINAL CENTERS

Dynamic structures that develop in the spleen/nodes in response
to an antigenic stimulation and dissolve after a few weeks. GCs
contain a monoclonal population of antigen-specific B cells that
proliferate and differentiate through the support provided by
follicular DCs and T-helper cells. Immunoglobulin class-switch
recombination, affinity maturation, B-cell selection, and
differentiation into plasma cells or memory B cells essentially occur
in GCs.

Continued on following page
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BOX 2.1 Main Immunological Definitions (Continued)

ISOTYPE SWITCHING

Switch of immunoglobulin (Ig) expression and production from IgM
to IgG, IgA, or IgE that occurs during B-cell differentiation through
DNA recombination.

MARGINAL ZONE
The area between the red pulp and the white pulp of the spleen.

Its major role is to trap particulate antigens from the circulation
and present them to lymphocytes.

PATTERN RECOGNITION RECEPTORS

Germline-encoded receptors sensing the presence of

infection via the recognition of conserved microbial pathogen-
associated molecular patterns and triggering innate immune
responses.

REGULATORY T CELLS

T cells that on activation differentiate into cells that express
specific cytokines (IL-10, transforming growth factor [TGF]-B/
surface markers) and act to suppress activation of the immune
system through various mechanisms, maintaining immune
homeostasis and tolerance to self-antigens.

RESIDENT MEMORY T CELLS

Effector memory T cells residing in specific tissues (lungs, gut,
skin) and conferring an immediate-early line of defense against
viral and bacterial pathogens.

SOMATIC HYPERMUTATION

A process that introduces random mutation in the variable region
of the B-cell receptor (i.e., immunoglobulin) locus at an extremely

high rate during B-cell proliferation. This mechanism occurs
through the influence of the activation-induced cytidine deaminase
enzyme and generates antibody diversification.

T LYMPHOCYTES

Cells that originate in the thymus, mature in the periphery,
become activated in the spleen/nodes if their T-cell receptors bind
to an antigen presented by an MHC molecule and they receive
additional costimulation signals driving them to acquire killing
(mainly CD8* T cells) or supporting (mainly CD4* T cells) functions.
T-INDEPENDENT B-CELL RESPONSES

Differentiation pathway of B cells, mainly elicited by
polysaccharides, that takes place in the marginal zone and
extrafollicular areas of the spleen/nodes. Its hallmarks are to be
rapid (days), while eliciting the transient (months) production of
antibodies of low affinity without inducing immune memory.
T-DEPENDENT B-CELL RESPONSES

Differentiation pathway of B cells elicited by protein antigens that
recruit T and B cells into GCs of the spleen/nodes. Its hallmarks
are to be slow (weeks), while eliciting long-lasting (years)
production of antibodies of high affinity and immune memory.
TOLL-LIKE RECEPTORS

A family of 10 receptors (TLR1 to TLR10), present at the surface
of many immune cells, that recognize pathogens through
conserved microbial patterns and activate innate immunity when
detecting danger.

TABLE 2.1 Effector Mechanisms Triggered by Vaccines

e Antibodies prevent or reduce infections by clearing extracellular pathogens through:
— Binding to the enzymatic active sites of toxins or preventing their diffusion
- Neutralizing viral replication (e.g., preventing viral binding and entry into cells)
- Promoting opsonophagocytosis of extracellular bacteria (i.e., enhancing their clearance by macrophages and neutrophils)

— Activating the complement cascade

e CD8' T cells do not prevent infection but reduce, control, and clear intracellular pathogens by:

— Directly killing infected cells (release of perforin, granzyme, etc.)
— Indirectly killing infected cells through antimicrobial cytokine release

e CD4* T cells do not prevent infection but participate in the reduction, control, and clearance of extracellular and intracellular pathogens by their

homing and cytokine-production capacities. Their main subsets include:

— Follicular T-helper (Tfh) cells producing mainly interleukin (IL)-21 and providing B-cell help
— T-helper 1 (Th1) effector cells producing interferon (IFN)-y, tumor necrosis factor (TNF)-o/TNF-, IL-2, and mainly involved in protection against

intracellular pathogens (viruses, Mycobacterium tuberculosis)

- Th2 effector cells producing IL-4, IL-5, IL-13, and responding to extracellular pathogens (bacteria and helminths)
— Th9 effector cells producing IL-9 and also responding to extracellular pathogens
— Th17 effector cells producing IL-17, IL-22, and IL-26 and contributing to mucosal defense (Streptococcus pneumoniae, Bordetella pertussis,

Mycobacterium tuberculosis)

antigen-specific CD4" Tth cells in what is referred to as a
T-dependent antibody response.’”'* A hallmark of T-dependent
responses, which are also elicited by toxoid, protein, inacti-
vated, or live attenuated viral vaccines (see Table 2.2), is to
induce higher-affinity antibodies and immune memory. In
addition, live attenuated vaccines usually generate CD8" cyto-
toxic T cells. The use of live vaccines/vectors or of specific novel
delivery systems seems necessary for the induction of strong
CD8" T-cell responses. Most current vaccines mediate their
protective efficacy through the induction of vaccine antibod-
ies, whereas vaccine-induced CD4"* T cells contribute to mac-

rophage activation and control of Mycobacterium tuberculosis'
and prevent varicella-zoster reactivation. In addition, CD8+ T
cells are also elicited."®

The induction of antigen-specific immune effectors (and/
or of immune memory cells) by an immunization process
does not imply that these antibodies, cells, or cytokines rep-
resent surrogates—or even correlates—of vaccine efficacy. This
requires the formal demonstration that vaccine-mediated pro-
tection is dependent—in a vaccinated person—on the pres-
ence of a given marker such as an antibody titer or a number
of antigen-specific cells above a given threshold.'”'®



TABLE 2.2 Correlates of Vaccine-Induced Immunity
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Vaccines Vaccine Type Serum IgG Mucosal IgG Mucosal IgA T Cells
Cholera Killed + +

Cholera Live, oral + +-

Diphtheria toxoid Toxoid ++ ()

Hepatitis A Killed +++

Hepatitis B (HBsAQ) Protein ++

Hio PS PS ++ )

Hib glycoconjugates PS-protein +H+ ++

Influenza Killed, subunit ++ (+)

Influenza intranasal Live attenuated ++ + + + (CD8")
Japanese encephalitis Killed ++

Measles Live attenuated +++ + (CD8")
Meningococcal PS PS ++ (+)

Meningococcal conjugates PS-protein +++ ++

Meningococcal group B Proteins

Mumps Live attenuated ++

Papillomavirus (human) VLPs +++ ++

Pertussis, whole cell Killed ++ +? (CD4")
Pertussis, acellular Proteins ++ +7? (CD4Y)
Pneumococcal PS PS + +)

Pneumococcal conjugates PS-protein +++ ++

Polio Sabin Live attenuated AHF “AF AHF

Polio Salk Killed ++ +

Rabies Killed +

Rotavirus VLPs ) ) ++

Rubella Live attenuated ++

Tetanus toxoid Toxoid ++

Tuberculosis (BCG) Live mycobacteria ++ (CD4%)
Typhoid PS PS + (+)

Varicella (chickenpox) Live attenuated ++ +? (CD4")
Varicella (zoster) Live attenuated ++ (CD4%)
Yellow fever Live attenuated ++

BCG, bacille Calmette-Guérin; Hib, Haemophilus influenzae type b; PS, polysaccharide; VLP, virus-like particle.
Note: This table may not be exhaustive and includes only currently licensed vaccines.

Antigen-specific antibodies have been formally demon-
strated as conferring vaccine-induced protection against many
diseases'’ (see Table 2.2). Passive protection may result from
the physiological transfer of maternal antibodies (e.g., tetanus)
or the passive administration of immunoglobulins or vaccine-
induced hyperimmune serum (e.g., measles, hepatitis, vari-
cella). Such antibodies may neutralize toxins in the periphery,
at their site of production in an infected wound (tetanus), or
in the throat (diphtheria). They may reduce binding or adhe-
sion to susceptible cells or receptors and limit viral replication
(e.g., polio) or reduce bacterial colonization (glycoconjugate
vaccines against encapsulated bacteria) if present at suffi-
ciently high titers on mucosal surfaces.”” The neutralization of
pathogens at mucosal surfaces is mainly achieved by the
transudation of vaccine-induced serum immunoglobulin (Ig)
G antibodies. Neutralization requires serum IgG antibody

concentrations to be of sufficient affinity and abundance to
result in “protective” antibody titers in saliva or mucosal secre-
tions. As a rule, such responses are not elicited by PS bacterial
vaccines but achieved by glycoconjugate vaccines, which may
prevent nasopharyngeal colonization or nonbacteremic pneu-
monia” in addition to invasive diseases.

Under most circumstances, inactivated vaccines do not
elicit sufficiently high and sustained antibody titers on mucosal
surfaces to prevent local infection. It is only after having
infected mucosal surfaces that pathogens encounter vaccine-
induced IgG serum antibodies that neutralize viruses, opso-
nize bacteria, activate the complement cascade (see Table 2.1),
and limit their multiplication and spread, preventing tissue
damage and, thus, clinical disease. That vaccines fail to induce
sterilizing immunity is not an obstacle to successful disease
control, although it represents a significant challenge for
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the development of specific vaccines against chronic viral
infection.

Current vaccines mostly mediate protection through the
induction of highly specific IgG serum antibodies (see Table
2.2). Live oral or nasal vaccines, such as rotavirus, oral polio,
nasal influenza, or cholera vaccines, induce serum IgA and
secretory IgA, which also help limit viral shedding on mucosal
surfaces.

Under certain circumstances, however, passive antibody-
mediated immunity is inefficient (tuberculosis). There is con-
clusive evidence that T cells are the main effectors of BCG,
even though specific T-cell frequency and cytokine expression
profiles do not correlate with protection in BCG-immunized
infants,'”? or in zoster immunized adults.”>** However, there
is indirect evidence that vaccine-induced T cells contribute to
the protection conferred by other vaccines. CD4* T cells seem
to support the persistence of protection against clinical pertus-
sis in children primed in infancy, after vaccine-induced anti-
bodies have waned,”””® and may contribute to the longer
vaccine efficacy of whole-cell pertussis vaccines.””* Another
example is that of measles immunization in 6-month-old
infants in whom antibody responses largely are not initiated
because of immune immaturity and/or the residual presence
of inhibitory maternal antibodies, but significant interferon
(IFN)-y-producing CD4" T cells are generated.””** The infants
remain susceptible to measles infection but are protected
against severe disease and death, presumably because of the
viral clearance capacity of their vaccine-induced T-cell effec-
tors. Thus, prevention of infection may be achieved only by
vaccine-induced antibodies, whereas disease attenuation and
protection against complications may be supported by T cells,
even in the absence of specific antibodies. The understanding
of vaccine immunology requires appraising how B- and T-cell
responses are elicited, supported, maintained, and/or reacti-
vated by vaccine antigens.

FROM INNATE TO ADAPTIVE IMMUNITY
ACTIVATION: THE FIRST STEPS
AFTER IMMUNIZATION

Novel adjuvants essentially enhance vaccine responses by
modulating innate immunity, which shapes adaptive
responses.”*** Indeed, the induction of antigen-specific B- and
T-cell responses requires their activation in the draining lymph
nodes by specific antigen-presenting cells (APCs), essentially
dendritic cells (DCs) that must be recruited into the reaction.
Immature DCs patrol throughout the body. When exposed to
pathogens in the tissues or at the site of injection, they undergo
brisk maturation, modulate specific surface receptors, and
migrate toward secondary lymph nodes, where the induction
of T- and B-cell responses occurs. The central role for mature
DCs in the induction of vaccine responses reflects their unique
capacity to provide antigen-specific, costimulation signals to
T cells; these “danger signals” are required to activate naive T
cells.”” The very first requirement to elicit vaccine responses is
to provide sufficient “danger signals” through vaccine antigens
and/or adjuvants (Fig. 2.1) to trigger an inflammatory
reaction that is mediated by cells of the innate immune
system.*" 7

DCs, monocytes, and neutrophils express sets of receptors
directed against evolutionarily conserved pathogen patterns
that are not contained in self-antigens and are readily identi-
fied as “danger.”*” Through these pattern-recognition recep-
tors, among which Toll-like receptors fulfill an essential role
(Table 2.3)," these host cells sense the potential danger when
they encounter a pathogen and become activated (Fig. 2.2).
They modulate the expression of their surface molecules and

produce proinflammatory cytokines and chemokines, "’

which result in the extravasation and attraction of monocytes,
granulocytes, and natural killer cells and the generation of
an inflammatory microenvironment (see Fig. 2.1) in which
monocytes differentiate into macrophages and immature DCs
become activated.’ This activation modifies the expression of
homing receptors at their surface and triggers DC migration
toward the draining lymph nodes (see Fig. 2.2). In the absence
of danger signals, DCs remain immature: On contact with
naive T cells, T cells do not differentiate into immune effectors
but into regulatory CD4" T cells that maintain immune
tolerance."

Live viral vaccines most efficiently trigger the activation
of the innate immune system through multiple pathogen-
associated signals (such as viral RNA), allowing their
recognition by pattern-recognition receptors (see Table 2.3)."
Following injection, viral particles rapidly disseminate
throughout the vascular network and reach their target tissues.
This pattern is very similar to that occurring after a natural
infection, including the initial mucosal replication stage for
vaccines administered through the nasal and oral routes. DCs
are activated at multiple sites, migrate toward the correspond-
ing draining lymph nodes, and launch multiple foci of T- and
B-cell activation. This sequence provides a second explanation
of the generally higher immunogenicity of live versus “nonlive”
vaccines (Table 2.4).”” Another consequence of this early dif-
fusion pattern is that the site and route of injection of live viral
vaccines are of minor importance; for example, the immuno-
genicity and reactogenicity of measles vaccine is similar fol-
lowing intramuscular or subcutaneous injection,*’ and measles
vaccine may be administered by aerosol. Live bacterial vac-
cines, such as BCG, multiply at the site of injection, where
they generate a prolonged inflammatory reaction, but also at
a distance, with the preponderance for local draining lymph
nodes.

Nonlive vaccines, whether containing only proteins, PS,
glycoconjugates, or inactivated microorganisms (see Table
2.2), may still contain pathogen-recognition patterns. In the
absence of microbial replication, however, vaccine-induced
activation remains more limited, in both time and space.
Nonlive vaccines essentially activate innate responses at their
site of injection (see Fig. 2.1). Their site and route of admin-
istration are, thus, more important. The high number of DCs
in the dermis allows a marked reduction (e.g., 10-fold) of the
antigen dose with intradermal immunization. This advantage
of the dermal DC concentration is applied to the prevention
of rabies in many countries and could prove useful against
additional targets as novel microneedle and needle-free
devices become available for intradermal administration.*!
Patrolling DCs are also numerous in well-vascularized muscles,
which is the preferred route of injection for nonlive vaccines.
They are fewer in adipose tissues, such that subcutaneous
injections may be less effective than intramuscular injections
under conditions of limited immunogenicity, as demonstrated
for adult immunization against hepatitis B.*> Despite many
efforts, immunization through the mucosal route remains
limited to a few live vaccines. The extreme difficulty in produc-
ing nonlive mucosal vaccines reflects the need to overcome a
large number of physical, immunological, and chemical bar-
riers, which requires the use of live vaccines or strong adju-
vants. This fact is not trivial, as unfortunately illustrated by the
association of a novel adjuvanted inactivated intranasal influ-
enza vaccine with Bell palsy.*

Following their activation, DCs migrate toward the local
draining lymph nodes, for example, the axillary and inguinal
area following deltoid and quadriceps injection, respectively.
That primary immune responses to nonlive vaccines are
essentially focal and likely contribute to the fact that the
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Figure 2.1. Initiation of a vaccine response. Following injection (7), the pathogen-associated patterns contained in vaccine antigens attract
dendritic cells, monocytes, and neutrophils that patrol throughout the body (2). Elicitation of sufficient “danger signals” by the vaccine antigens
(Ag)/adjuvants (Adj) activates monocytes and dendritic cells (3); the activation changes their surface receptors and induces their migration along
lymphatic vessels (4), to the draining lymph nodes (5) where the activation of T and B lymphocytes will take place.

TABLE 2.3 Recognition of Vaccine Determinants by Human Pattern-Recognition Receptors

Receptors Ligands Demonstrated Ligands in Vaccines

TLR1 Certain bacterial lipoproteins

TLR2 Peptidoglycan, lipoproteins, glycolipids, BCG, Hib-OMP, pneumococcal PS

lipopolysaccharides

TLR3 Viral double-stranded RNA Poly I:C (in clinical trial as adjuvant)

TLR4 Bacterial lipopolysaccharides BCG, pneumococcal PS, HPV-VLPs, AS02, and AS04 adjuvants

TLR5 Bacterial flagellins Flagellin (in clinical trial as adjuvant)

TLR6 Lipoteichoic acid, lipopeptides

TLR7 Single-stranded RNA Yellow fever, live attenuated influenza, whole-cell influenza, TLR7
agonists (in clinical trial as adjuvants)

TLR8 Single-stranded RNA Yellow fever

TLR9 Unmethylated CpG oligonucleotides Yellow fever, TLR9 agonists (in clinical trial as adjuvants)

TLR10 Unknown

NALP3 Multiple Alum

NOD1, NOD2 Peptidoglycans Pneumococcal PS

BCG, bacille Calmette-Guérin; CpG, cytosine phosphate guanine; Hib, Haemophilus influenzae type b; HPV, human papillomavirus; NALP, Natch
domain, Leucine-rich repeat, and PYD-containing protein; NOD, nonobese diabetic; OMP, outer membrane protein; PS, polysaccharide; TLR,

Toll-like receptor; VLP, virus-like particle.

simultaneous administration of several distinct vaccines may
take place without immune interference if vaccines are admin-
istered at distant sites in different limbs draining into distinct
lymph node areas. Most nonlive vaccines require their formu-
lation with specific adjuvants to induce danger signals and

trigger a sufficient activation of the innate system. The under-
standing of the mode of action of current and novel adjuvants
markedly increased during the last few years, with the long-
used aluminum salts revealing some of their secrets.*” Although
the adjuvants currently in use do not trigger the degree of
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Figure 2.2. Extrafollicular and germinal center responses to protein antigens. In response to a protein antigen reaching lymph nodes or
spleen, B cells capable of binding to this antigen with their surface immunoglobulins (7) undergo brisk activation. In an extrafollicular reaction (2),
B cells rapidly differentiate in plasma cells (3) that produce low-affinity antibodies (of the immunoglobulin [Ig] M * IgG/IgA isotypes) that appear
at low levels in the serum within a few days after immunization (4). Antigen-specific T-helper (Th) cells (5) that have been activated by antigen-
bearing dendritic cells (DCs) trigger some antigen-specific B cells to migrate toward follicular dendritic cells (FDCs) (6), initiating the germinal
center (GC) reaction. In GCs, B cells receive additional signals from follicular T cells (Tfh) and undergo massive clonal proliferation; switch from
IgM toward IgG, IgA, or IgE; undergo affinity maturation (7); and differentiate into plasma cells secreting large amounts of antigen-specific anti-
bodies (8). At the end of the GC reaction, a few plasma cells exit nodes/spleen and migrate to survival niches mostly located in the bone marrow,
where they survive through signals provided by supporting stromal cells.

TABLE 2.4 Determinants of Primary Vaccine Antibody Responses in Healthy People

Determinants Mechanisms (Presumed)

VACCINE TYPE

Live vs inactivated Higher intensity of innate responses through the synergistic activation of several PRRs, higher antigen content following
replication, and more prolonged antigen persistence generally result in higher Ab responses to live than to inactivated
vaccines.

Protein vs polysaccharide  Recruitment of T-cell help and induction of GCs (i.e., memory induction) results in higher and more prolonged Ab
responses to protein or glycoconjugate than to PS vaccines.

Adjuvants Modulation of antigen delivery and persistence (depot or slow-release formulations) and/or enhancement of Tfh
responses (immunomodulator) may support or limit Ab responses.

ANTIGEN NATURE
Polysaccharide antigens Failure to induce GCs limits immunogenicity.

Protein antigens Inclusion of epitopes readily recognized by B cells (B-cell repertoire), inclusion of epitopes readily recognized by Tfh,
elicitation of efficient follicular T-cell help, and the capacity of antigen to associate/persist in association with FDCs
result in higher Ab responses.

Antigen dose As a rule, higher Ag doses increase the availability of Ag for B-/T-cell binding and activation and for association with
FDCs.

VACCINE SCHEDULE

Interval between doses A 3-week minimal interval between primary doses avoids competition between successive waves of primary responses.

Genetic determinants The capacity of Ag epitopes to associate with a large panel of MHC molecules increases the likelihood of responses in

the population. MHC restriction may limit T-cell responses. Gene polymorphisms in molecules critical for B- and
T-cell activation/differentiation are likely to affect Ab responses.

Environmental factors Mostly unidentified

Age at immunization Early life immune immaturity or age-associated immune senescence

Ab, antibody; Ag, antigen; FDC, follicular dendritic cell; GC, germinal center; MHC, major histocompatibility complex; PRR, pattern-recognition
response; PS, polysaccharide; Tfh, follicular T-helper cells.



innate immune activation that is elicited by live vaccines,
progress is being made: a single dose of the AS03-adjuvanted
influenza HIN1/09 vaccine in healthy children elicited anti-
body responses similar to those observed in convalescent chil-
dren"® and formulating the varicella-zoster-virus IgE protein
into the novel ASO1b adjuvant system conferred unprece-
dented vaccine efficacy in the elderly.”

VACCINE ANTIBODY RESPONSES
How Are Primary Antibody Responses Elicited?

B cells are essentially activated in the lymph nodes draining
the injection site. Vaccine antigens reaching the subcapsular
sinus by free-fluid diffusion are taken up by specific subcap-
sular sinus macrophages and translocated into the B-cell zone.
The B cells equipped with surface B-cell receptors*’ capable of
binding to the vaccine antigens are activated and migrate to
the interface between the B-cell (follicle) and the T-cell zones.
There, B cells engage T cells and initiate their proliferation.
The cumulative amount of costimulation signals received by
B cells determines their fate.”® Protein antigens (which are
taken up and displayed as small peptides on the surface of
APCs) activate Tth cells. This induces a highly efficient B-cell
differentiation pathway, through specific structures (germinal
centers [GCs|) in which antigen-specific B cells proliferate and
differentiate into antibody-secreting plasma cells or memory
B cells.”" Polysaccharide antigens that fail to recruit Tfh cells
into the response do not trigger GCs, such that they elicit only
short-lived plasma cells resulting in weaker and less durable
antibody responses with no immune memory.

T-Dependent Responses to Protein Antigens

The Extrafollicular Reaction. Naive B cells generated in the
bone marrow (BM) reside in lymph nodes until they encoun-
ter a protein antigen to which their specific surface IgM recep-
tor binds. Antigen binding initiates B-cell activation and
triggers the upregulation of CCR7, a chemokine receptor that
drives antigen-specific B cells toward the outer T-cell zone of
lymph nodes.”” At this location, vaccine antigen-specific B cells
are exposed to recently (<24 hours) activated DCs and T cells
that have upregulated specific surface molecules and, thus,
provide B-cell activating signals. This T-cell help rapidly drives
B-cell differentiation into Ig-secreting plasma cells that
produce low-affinity germline antibodies, in what is called the
extrafollicular reaction (see Figs. 2.2 and 2.3).”

Ig class-switch recombination from IgM toward IgG, IgA,
or IgE occurs during this differentiation of B cells, through the
upregulation of the activation-induced deaminase enzyme.
Both CD4* Th1 and Th2 cells exert essential helper functions
during the extrafollicular differentiation pathway, and the
engagement of their CD40L molecules with CD40 on B cells
may skew class-switch recombination into particular Ig classes
and subclasses. In rodents, IFN-y-producing Thl T cells
promote a switch toward IgG,,, whereas Th2 cells essentially
support the generation of IgG, and IgE (via IL-4) and IgGy,
and IgG; (via transforming growth factor [TGF]-B).”* The situ-
ation is less clear-cut in humans, where IgG, antibodies fre-
quently predominate regardless of the polarization of T-cell
help. The extrafollicular reaction is rapid, and IgM and low-
level IgG antibodies appear in the blood a few days after
primary immunization (see Figs. 2.2 and 2.3). These antibod-
ies are of germline affinity, as there is no hypermutation or
selection process during the extrafollicular reaction. This extra-
follicular reaction is short-lived, as most cells die by apoptosis
within a few days. Consequently, its role in vaccine efficacy is
limited to a few months.
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The Germinal Center Reaction. Antigen-specific B cells that
receive sufficient help from antigen-specific activated Tth cells
proliferate in specialized structures, the GCs, in which they
differentiate into plasma cells or memory B cells.””*® The
induction of GCs is initiated as a few antigen-specific activated
B cells upregulate their expression of CXCR5 and migrate
toward B-cell follicles, where they are attracted by CXCL13-
expressing follicular DCs (FDCs). The FDCs fulfill an essential
role in B-cell responses: they attract antigen-specific B and Tth
cells and capture/retain antigen for extended periods. B cells
attracted by antigen-bearing FDCs become the founders of
GCs (see Fig. 2.2). Receiving additional activation and survival
signals from the FDCs and Tfh cells,”**” notably through
IL-21,°% B cells undergo massive clonal proliferation—such
that each GC is constituted by the progeny of a single antigen-
specific B cell. This intense proliferation is associated with two
major events: Ig class-switch recombination from IgM toward
IgG, IgA, or IgE, and maturation of the affinity of B cells for
their specific antigen. This process results in the higher pro-
duction of antibodies with a higher antigen-binding capacity
(see Fig. 2.3).

The maturation of B-cell affinity results from an extensive
somatic hypermutation process within the variable-region
segments of Ig genes.”” In a small minority of B cells, the
introduction of mutations in their Ig genes increases the affin-
ity of their surface IgG for antigen. This enables these B cells
to efficiently compete for binding to the small amounts of
vaccine antigens that are associated with the surface of FDCs
(see Fig. 2.2). B cells process these vaccine antigens into small
peptides that they display at their surface through major his-
tocompatibility complex (MHC) class II molecules. MHC-
peptide complexes thus become available for binding by the
specific subset of CD4" Tfh cells.’®*” These Tfh cells, which
express CXCR5, migrate toward CXCL13-expressing FDCs.
Differing from Th1 and Th2 cells by their chemokine recep-
tors, transcription factors, surface markers, and interleu-
kins,”**” they are uniquely equipped to provide efficient B-cell
help through a series of costimulation molecules, including
CD40L, ICOS (inducible T-cell costimulator), the IL-10 B-cell
growth factor, and IL-21.°*"" The cellular interactions between
antigen-specific GC B cells, antigen-bearing FDCs, and
antigen-specific Tth cells (see Fig. 2.2) result in the prolifera-
tion, survival, and selection of B cells that have the highest
possible antigen-specific affinity. They also provide the signals
required for the subsequent differentiation of GC B cells
toward plasma cells secreting large amounts of specific anti-
bodies or toward memory B cells. Tth cells have thus been
identified a major determinant of adult and early life B-cell
vaccine responses.’”

The development of this GC reaction requires a couple of
weeks, such that hypermutated IgG antibodies to protein
vaccine antigens first appear in the blood 10 to 14 days after
priming (see Fig. 2.3).”” Feedback mechanisms terminate GC
reactions within 3 to 6 weeks, a period during which a large
number of antigen-specific plasma cells will have been gener-
ated. It is the magnitude of GC responses, that is, the quality
of DC, B-cell, Tth-cell, and FDC interactions, which controls
the intensity of B-cell differentiation into plasma cells and
thus the peak of IgG vaccine antibody reached within 4 to 6
weeks after primary immunization (see Fig. 2.3).

T-Independent Responses to Polysaccharide Antigens

Bacterial (Streptococcus pneumoniae, Neisseria meningitidis, Hae-
mophilus influenzae, Salmonella typhi) PS antigens released from
the injection site reach the marginal zone of the spleen/nodes,
an area that is equipped by macrophages exhibiting a unique
set of scavenger receptors through the bloodstream. There, PS
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Figure 2.3. Correlation of antibodly titers to the various phases of the vaccine response. The initial antigen exposure elicits an extrafollicular
response (7) that results in the rapid appearance of low IgG antibody titers. As B cells proliferate in germinal centers and differentiate into plasma
cells, IgG antibody titers increase up to a peak value (2), usually reached 4 weeks after immunization. The short life span of these plasma cells
results in a rapid decline of antibody titers (3), which eventually return to baseline levels (4). In secondary immune responses, booster exposure
to antigen reactivates immune memory and results in a rapid (<7 days) increase (5) of IgG antibody titer. Short-lived plasma cells maintain peak
antibody levels (6) during a few weeks—after which serum antibody titers decline initially with the same rapid kinetics as following primary immu-
nization (7). Long-lived plasma cells that have reached survival niches in the bone marrow continue to produce antigen-specific antibodies, which
then decline with slower kinetics (8). Note: This generic pattern may not apply to live vaccines triggering long-term IgG antibodies for extended

periods.
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Figure 2.4. Extrafollicular B-cell responses to polysaccharide antigens. B cells use their specific immunoglobulin surface receptors (7) to
bind to the repetitive structures of polysaccharides reaching the marginal zone of spleen/nodes. In the absence of antigen-specific T-cell help,
B cells are activated, proliferate (2), and differentiate in plasma cells (3) without undergoing affinity maturation in germinal centers. These plasma
cells migrate toward the red pulp of the spleen (4), where they survive for a few weeks/months, secreting low levels of low-affinity immunoglobulin

(Ig) M, IgG, or IgA antibodies (5).

bind to marginal zone B cells, and their repetitive structure IgM to IgG/IgA, and—in rodents—rapidly produce essentially
crosslinks the Ig receptors on the B-cell surface.” This activates nonmutated, low-affinity, germline antibodies. Thus, PS
extrafollicular marginal zone B cells (Fig. 2.4).”® During the vaccines are generally known as triggering T-independent
week following immunization, B cells differentiate into responses characterized by the induction of moderate titers of
plasma cells, undergo some degree of isotype switching from low-affinity antibodies and the absence of immune memory.



In humans, PS immunization generates the production of
intermediate-affinity IgG antibodies bearing some somatic
mutations in their variable regions.®”®" One hypothesis is that
PS immunization activates “memory” B cells that have been
previously primed by cross-reacting PS bacterial antigens
somehow linked to protein moieties—and thus eliciting GC
responses.”” An alternative possibility is that the IgM*, IgD",
CD27" memory B cells that appear in the blood in response
to PS immunization may be recirculating splenic marginal
zone B cells.”” This hypothesis is concordant with the fact that
bacterial PS vaccines are poorly immunogenic in young chil-
dren, that is, before the maturation of the splenic marginal
zone.*®

After their differentiation in the extrafollicular pathway,
PS-specific plasma cells move toward the red pulp of the
spleen (see Fig. 2.4) where they persist for some time, before
their death by apoptosis and the waning of corresponding
antibody responses after a few months. As PS antigens do not
induce GCs, bona fide memory B cells are not elicited. Con-
sequently, subsequent reexposure to the same PS results in a
repeated primary response that follows the same kinetics in
previously primed as in a naive individual.”® Revaccina-
tion with certain bacterial PS may even induce lower anti-
body responses than the first immunization, a phenomenon
referred to as hyporesponsiveness,®”*” which is increasingly
reported”” > and where the molecular and cellular mecha-
nisms include vaccine-induced B cell depletion by apopto-
sis.”*” This phenomenon is time-limited, such that if sufficient
time elapses before the administration of a PS vaccine, the
B-cell pool would be replenished.

What Are the Determinants of Primary Vaccine Antibody
Responses? Numerous determinants modulate the intensity
of vaccine-induced GCs and, thus, of peak antibody responses
(Table 2.5). The main determinants are the nature of the
vaccine antigen and its intrinsic immunogenicity. For example,
tetanus toxoid is intrinsically a stronger immunogen than
diphtheria toxoid, which becomes more apparent in the face
of more limited immunocompetence, such as in preterm
infants.” Whether this difference reflects a higher capacity of
tetanus toxoid to provide antigenic epitopes that bind naive
B cells, the ability to generate cognate Tth-cell help for B cells,
and/or to their association with FDCs is unknown.

The markedly different outcomes of immunization with
plain bacterial PS and with protein-conjugated glycoconju-
gates®” highlight the differences between the extrafollicular
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and the GC reactions. It is only when capsular PS are conju-
gated to a protein carrier driving effective Tth differentiation
that PS-specific B cells are driven toward GC responses, receive
optimal cognate help from carrier-specific Tth cells, and
differentiate into higher-affinity antibody-producing cells,
longer-lived plasma cells, and/or memory B cells. Protein anti-
gens exhibit markedly distinct carrier properties—regardless of
their capacity to induce B- and Th-cell responses.”””® That
these differences may reflect differences in Tfh induction is a
likely hypothesis.”*" The limited number of potent carrier
proteins implies that an increasing number of conjugate vac-
cines rely on the same carriers (e.g., CRM,,;, tetanus or diph-
theria toxoids), with the risk of limiting anti-PS responses to
individual conjugate vaccines (carrier-mediated epitope sup-
pression) and resulting in vaccine interference.®"*> This
phenomenon may be abrogated by replacing full-length
proteins with peptides lacking B-cell epitopes,*® suggesting
that carrier-mediated epitope suppression essentially reflects
the competition of carrier- and PS-specific B cells for activation/
differentiation signals and factors.

Another determinant of the magnitude of primary
vaccine antibody responses (see Table 2.5) is the use of an
optimal dose of antigen, which may be determined only
experimentally. As a rule, higher doses of nonlive antigens—
up to a certain threshold—elicit higher primary antibody
responses. This may be particularly useful when immuno-
competence is limited, for example, for hepatitis B immuniza-
tion of patients undergoing dialysis.***> Remarkably, a limiting
dose of antigen may restrict primary antibody responses but
increase B-cell competition for FDC-associated antigens and,
thus, result in a more stringent selection of higher-affinity GC
B cells and stronger secondary responses (see subsequent
text). Alternatively, adjuvants increasing inflammation at the
injection site and, thus, cell recruitment and cell-mediated
antigen transport toward lymph nodes, improve antibody
responses despite a reduced antigen dose.*® Little is known
about factors that support or limit the affinity maturation
process®”*¥ which may be modulated by carrier proteins® and
adjuvants.”’”

The nature of the vaccine directly influences the activation
of innate immunity and, thus, vaccine responses. The stron-
gest antibody responses are generally elicited by live vaccines
that are “naturally adjuvanted,” because they activate innate
reactions, and, thus, support the induction of adaptive
immune effectors in addition to providing a replicating
antigen. Nonlive vaccines frequently require formulation with

TABLE 2.5 Determinants of the Duration of Vaccine Antibody Responses in Healthy People

Determinants

Mechanisms (Presumed)

VACCINE TYPE

Live vs inactivated
within the host.

Live vaccines generally induce more sustained Ab responses, presumably through Ag persistence

Polysaccharide antigens

Failure to generate Tth cells and GCs limits the induction of memory responses and of high-affinity
long-lived plasma cells.

VACCINE SCHEDULE
Interval between primary doses

A minimal interval of 3 weeks between primary doses allows development of successive waves of

Ag-specific primary responses without interference.

Interval before boosting

A minimal interval of 4 months between priming and boosting allows affinity maturation of memory

B cells and thus higher secondary responses.

Age at immunization

Early life immune immaturity and age-associated immunosenescence limit the induction/

persistence of long-lived plasma cells.

Environmental factors Mostly unidentified.

Ab, antibody; Ag, antigen; GC, germinal center; Tfh, follicular T-helper cells.
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adjuvants that enhance and shape vaccine immune responses
through a variety of mechanisms.”**” The potency of the
immune system indeed resides in its highly polymorphic
nature, enabling sufficient immunological diversity to over-
come a high number of diverse pathogens. This diversity
impacts vaccine responses.”’ Probing how host genetic markers
may result in variations of vaccine-induced responses is
expected to identify gene polymorphisms that predict the like-
lihood of successful or adverse vaccine outcome, whereas epi-
genetic studies may help reveal how environmental influences
affect innate and adaptive immune responses.’” This work is
still in its infancy, but holds great promise, especially when
combined with novel systems vaccinology approaches.” ¢
Immune competence obviously affects vaccine antibody
responses, which are limited at the two extremes of life (see
subsequent text), and by the presence of acute or chronic
diseases, acute or chronic stress, and a variety of factors affect-
ing innate and/or B- and T-cell immunity.

Few nonlive vaccines (e.g., hepatitis A and human papil-
lomavirus [HPV] vaccines) induce high and sustained anti-
body responses after a single vaccine dose, even in healthy
young adults. Primary immunization schedules therefore
usually include at least two doses, optimally repeated at a
minimal interval of 3 to 4 weeks (longer intervals enhancing
rather than reducing the responses) to generate successive
waves of primary B-cell and GC responses. These priming
doses may occasionally be combined into a single “double”
dose, such as for hepatits A or B and for HPV
immunization.” ' In any case, vaccine antibodies elicited
by primary immunization with nonlive vaccines eventually
wane (see Fig. 2.3).

What Controls the Persistence of Vaccine Antibody
Responses? Antigen-specific plasma cells elicited in spleen/
nodes after immunization have only a short life span, such
that vaccine antibodies rapidly decline during the first few
weeks and months after immunization. A fraction of plasma
cells that differentiated into GCs, however, acquire the capac-
ity to migrate toward long-term survival niches that are mostly
located within the BM, from where they may produce vaccine
antibodies during extended periods."”*"'”

Some GC-induced plasma cells are attracted toward the BM
compartment by cells that provide the signals required for
their long-term survival.”>'°*"'” In such BM niches, plasma cell
survival and antibody production may persist for years. The
duration of antibody responses reflects the number and/or
quality of long-lived plasma cells generated by immuniza-
tion'”: In the absence of subsequent antigen exposure, anti-
body persistence may be reliably predicted by the antibody
titers that are reached 6 to 12 months after immunization, that
is, after the end of the short-term plasma cell response (see
Fig. 2.3). This is illustrated by the accuracy of mathematical
models predicting the kinetics of anti-hepatitis B surface
antigen (HBsAg),"® anti-hepatitis A,"" or anti-HPV"*>'?
antibodies.

A few determinants of the persistence of vaccine antibody
responses (see Table 2.5) have been identified. The nature of
the vaccine has a crucial role: only live attenuated viral vac-
cines or virus-like particles induce antibody responses that
persist for several decades, if not lifelong, in absence of sub-
sequent antigen exposure and reactivation of immune memory.
In contrast, the shortest antibody responses are elicited by PS
antigens, which fail to trigger Tth/GC responses and thus do
not elicit high-affinity plasma cells capable of reaching the BM
survival niches. Antibody persistence may also be modulated
by the use of adjuvants."*"* Vaccine schedules also control
antibody magnitude and persistence. Closely spaced (1-2
weeks) primary vaccine doses may be administered when a

rapid induction of protection is desirable, for example, before
travel. However, this raises less-persisting responses than when
the same number of vaccine doses are given at longer intervals
(1-2 months),"*"” reflecting the generation of fewer post-GC
B cells capable of long-term survival and thus requiring later
boosting. Optimal recall and anamnestic responses require
longer intervals of at least 3 to 4 months, with longer intervals
associated with generally greater responses (see below).

Age at immunization also modulates vaccine antibody per-
sistence, which is shorter at the two extremes of life (see sub-
sequent text). Certain conditions may also limit the persistence
of vaccine antibody responses because of enhanced catabo-
lism (as in HIV)"® or the loss of antibodies in the urinary or
digestive tract. The identification of the mechanisms that
support or limit the persistence of vaccine antibody responses
represents a major challenge.

What Are the Hallmarks of B-Cell Memory Responses?
Memory B cells are generated during primary responses to
T-dependent vaccines.””""” They persist in the absence of anti-
gens but do not produce antibodies (i.e, do not protect),
unless reexposure to antigen drives their differentiation into
antibody-producing plasma cells. This reactivation is rapid,
such that booster responses are characterized by the rapid
increase to higher titers of antibodies that have a higher affin-
ity for antigens than do antibodies generated during primary
responses (Table 2.6).

Memory B cells are generated in response to T-dependent
antigens, during the GC reaction, in parallel to plasma cells
(Fig. 2.5).°1%12% At their exit of GCs, memory B cells acquire
migration properties toward extrafollicular areas of the spleen
and nodes. This migration occurs through the bloodstream,
in which postimmunization memory B cells are transiently
present on their way toward lymphoid organs.

It is essential to understand that memory B cells do not
produce antibodies—that is, they do not protect. Their partici-
pation in vaccine efficacy requires an antigen-driven reactiva-
tion that may occur in response to endemic pathogens, to
colonizing or cross-reacting microorganisms (“natural boost-
ers”), or to booster immunization. The activation of memory
B cells results in their rapid proliferation and differentiation
into plasma cells that produce very large amounts of higher-
affinity antibodies.'*’ As the affinity of surface Ig from memory
B cells is increased, their requirements for reactivation are
lower than for naive B cells: memory B cells may thus be
recalled by lower amounts of antigen and without CD4* T-cell
help, although T-cell help supports a second round of GC
responses, further magnifying the level/persistence of antibod-
ies.'”" Antigen-specific memory cells generated after primary
immunization are much more numerous (and better fit) than
naive B cells initially capable of antigen recognition.”>"”” Thus,
the first hallmark of the memory responses (see Table 2.6) is

TABLE 2.6 Hallmarks of Memory B-Cell Responses

Memory B cells:
® Are generated only during T-dependent responses inducing
follicular T-helper cells and thus germinal center responses

Are resting cells that do not produce antibodies

Undergo affinity maturation during 4-6 months

Rapidly (days) differentiate into antibody-secreting plasma cells on
reexposure to antigen

Differentiate into plasma cells that produce high(er)-affinity
antibodies than do primary plasma cells
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Figure 2.5. Generation of B-cell memory responses. Memory B cells are generated in response to T-dependent antigens (7), during the
germinal center (GC) reaction (2), in parallel to plasma cells. At their exit of GCs, these B cells do not differentiate into antibody-secreting plasma
cells but into memory B cells (3) that transiently migrate through the blood (4) toward the extrafollicular areas of spleen and nodes (5). They
persist there as resting cells until reexposed to their specific antigens (6). On secondary antigen exposure, memory B cells readily proliferate and
differentiate into plasma cells (7) secreting large amounts of high-affinity antibodies that may be detected in the serum (8) within a few days after
boosting. Ag, antigen; BM, bone marrow; FDC, follicular dendritic cell; IgG, immunoglobulin G; Th, T-helper.

to generate significantly higher antibody levels than primary
immunization. Should this not be the case, the effective
generation or persistence of memory B cells should be
questioned.

The reactivation, proliferation, and differentiation of
memory B cells occur without requiring the induction and
development of GC responses. This process is, thus, much
more rapidly completed than that of primary responses. A
window of 4 to 7 days after H. influenzae b (Hib) PS immuni-
zation was reported as sufficient for high levels of PS-specific
vaccine antibodies to appear in the blood of previously primed
infants."”” The rapidity with which antigen-specific antibodies
appear in the serum is, thus, another hallmark of secondary
responses (see Table 2.6). Slower antibody kinetics suggests
that memory B-cell induction, persistence, and/or reactivation
may have been suboptimal.

Another hallmark of memory B cells is that they display
and secrete antibodies with a markedly higher affinity than
those produced by primary plasma cells, as a result of somatic
hypermutation and selection. The affinity maturation process
that is initiated within the GCs extends for several months
after the end of the GC reaction. Consequently, vaccine anti-
bodies with higher than baseline avidity (defined as the sum
of epitope-specific affinities) for antigen are induced only
when sufficient time has elapsed after priming.'*"'** A “clas-
sical” prime-boost immunization schedule is, thus, to allow 4
to 6 months to elapse between priming and booster doses,
hence the generic “0-1-6 month” (prime-prime-boost) sched-
ule. Secondary antigen exposure (see Table 2.6) thus results in
the production of higher-affinity antibodies than primary
responses.'”® Notably, this may not be the case when “natural”
priming, for example, through cross-reactive bacteria, has
occurred prior to immunization.

What Are the Determinants of B-Cell Memory Responses?
The factors that drive the differentiation of antigen-specific GC
B cells toward plasma cells or memory B cells are poorly
understood.” In response to protein antigens, both cell popu-
lations are generated in the same GCs, and their differentia-
tion pathway differs only late in the GC reaction. As a rule,

factors enhancing plasma cell differentiation and primary
antibody responses (such as increasing the antigen dose or
using adjuvants) also support the induction of memory B cells
(Table 2.7). Postbooster antibody titers are, therefore, higher
in people with stronger primary responses. For example,
higher postbooster anti-HBsAg responses are observed in
people with high (e.g., 2100 IU/L) rather than intermediate
(10-99 1U/L) anti-HBsAg after their primary vaccination.'””'**
This is likely to reflect the induction of a larger pool of memory
B cells.

The dose of antigen is also an important determinant of
memory B-cell responses (see Table 2.7). At priming, higher
antigen doses generally favor the induction of plasma cells,
whereas lower doses may preferentially drive the induction of
immune memory.'”” Closely spaced primary vaccine doses
may be beneficial for early postprimary antibody responses
but not for postbooster antibody responses, as illustrated with
meningococcal group C glycoconjugates.*” As a rule, acceler-
ated schedules in which a 4- to 6-month window is not
included between priming and boosting result in significantly
lower booster responses'” (see Table 2.7). At the time of
boosting, a higher antigen content raises stronger booster
responses, presumably by recruiting more memory B cells into
the response. This is illustrated by higher antibody responses
of children immunized with a higher-antigen-dose pertussis
vaccine'” or primed with a glycoconjugate vaccine and boosted
with a higher concentration PS (20-50 ug of PS) when com-
pared with the glycoconjugate (1-3 pg of PS) vaccines."””'*’

Residual titers of vaccine antibodies present at time of
boosting directly influence vaccine antibody responses. As a
rule, secondary responses to live attenuated viral vaccines are
minimal, since preexisting antibodies neutralize the vaccine
virus before in vivo replication. Consequently, even multiple
doses of live attenuated vaccines do not have undesirable
effects. Responses to nonlive vaccines are also negatively
influenced by residual vaccine antibody titers. This may
reflect the formation of antigen-antibody complexes that
reduce the load of antigen available for B-cell binding and/or
antibody-mediated negative feedback mechanisms acting
directly on B cells through, for example, fragment ¢ (Fc)
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TABLE 2.7 Determinants of Secondary B-Cell Responses

Determinants Mechanisms (Presumed)

Postprimary antibody titers

As plasma cells and memory responses are generated in parallel in GCs, higher postprimary Ab titers reflect

stronger GC reactions and generally predict higher secondary responses.

Residual antibodies at boosting

Neutralization of live viral vaccines; negative feedback mechanisms on nonlive vaccines.

Lower antigen dose at priming

A limited quantity of antigen may induce B-cell differentiation away from PCs and toward memory B cells (?).

Longer intervals before boosting

A minimal interval of 4-6 months is required for optimal affinity maturation of memory B cells.

Higher antigen dose at boosting

A higher availability of antigen may drive higher numbers of memory B cells into differentiation.

ANTIGEN AVAILABILITY
Exogenous exposure

Exposure to exogenous antigens may reactivate or favor the persistence of memory B cells.

Localization

Memory B cells reactivation requires antigens to reach the draining lymph nodes and not be restricted on

mucosal surfaces (HPV, pertussis [7]).

In vivo persistence

Antigen persistence may reactivate or favor the persistence of memory B cells.

Ab, antibody; GC, germinal center; HPV, human papillomavirus; PC, plasma cell.

receptors. Consequently, people with residual antibodies to a
given antigen may show only a limited increase of their anti-
body responses.

The persistence of memory B cells is of utmost importance
for long-term vaccine efficacy. Antigen persistence may extend
for prolonged periods on the surface of FDCs (see Table 2.7)
and contribute to the duration of immune memory."** This is
likely to contribute to the extended (indefinite?) memory to
live attenuated vaccines, recently exemplified by repeated
administration of smallpox vaccines decades after priming.'*’
Fortunately, memory B cells survive for prolonged periods
(e.g., several decades), even in the absence of reexposure to
antigen.** It has been suggested that memory B cells undergo
a certain degree of homeostatic polyclonal activation."’
Although this does not seem sufficient to maintain antibody
responses,'*® it likely contributes to their persistence and the
replenishment of BM plasma cells.

The demonstration of the persistence of memory B cells
long after vaccine antibodies have eventually disappeared, and
of their brisk reactivation on antigen exposure, has direct con-
sequences for immunization programs. First, it implies that
an immunization schedule should never be started all over
again—but continued where interrupted, regardless of the
duration of the interruption. Second, it implies that certain
immunization schedules may not need to include booster
doses, if the individual is exposed to regular natural boosters.
It is intriguing to note, that in the absence of childhood boost-
ers, up to 50% of adolescents or young adults primed against
tetanus or hepatitis B in infancy might not raise anamnestic
responses, suggesting that infant-induced vaccine memory
may not last forever."””'*

Immune Memory and Vaccine-Induced Protection: A Race
Between Reactivation and Microbial Invasion? All existing
vaccines, except T-independent PS, induce immune memory.
Nevertheless, vaccine efficacy may be short-term, as illustrated
following infant immunization against group C meningo-
coccus."! Demonstration of priming—or “boostability”—is
therefore not a surrogate marker for long-term vaccine efficacy.
This requires identifying the determinants that contribute to—
or limit—the persistence of vaccine efficacy. One hypothesis
is that this essentially results from the race between the reac-
tivation of immune memory and disease pathogenesis.'*’

It is generally considered that protection by toxoid-based
vaccines requires the presence of antitoxin antibodies at time
of toxin exposure/production. Persisting immune memory

is also not sufficient to protect against acute hepatitis B after
the waning of vaccine-induced antibodies.'** "> However, pro-
gression to chronic liver disease has not been reported in fully
immunized vaccine responders. That immune memory is suf-
ficient to protect against chronic hepatitis B suggests that viral
replication and reexposure to HBsAg efficiently drive vaccine-
induced memory cells into effector cells before the end of the
viral incubation period (4-12 weeks). This process requires
enough HBsAg-specific memory B cells to be stimulated, to
persist, and to be capable of reactivation even several decades
after infant priming. It remains to be defined whether T-cell
memory responses contribute to the maintenance of vaccine-
induced protection after waning of anti-HBsAg antibodies.
Glycoconjugate vaccines against encapsulated bacteria
illustrate the importance of immune memory for vaccine effi-
cacy and some of its limitations. Glycoconjugate priming
elicits a bona fide GC reaction, with the induction of high-
affinity memory B cells that can be rapidly (4-7 days) recalled
on PS immunization.'” Efficient priming (i.e., induction of
immune memory) is readily demonstrated in children primed
in infancy."**"” However, immune memory can be seen in
children with Hib vaccine failure,'*® indicating that their res-
ervoir of memory B cells did not protect them against invasive
disease, perhaps through a failure of avidity maturation.'*” The
discrepancy between the existence of memory B cells and the
lack of protection may again reflect the race against microbial
invasion: the time required for production of sufficient levels
of circulating antibodies could be too long to interrupt bacte-
rial invasion. Notably, secondary vaccine failures have been
relatively rare and primarily observed in countries using an
early accelerated infant schedule without a booster dose, " the
use of diphtheria, tetanus, and acellular pertussis (DTaP)/Hib
vaccines with lower Hib immunogenicity is also associated
with vaccine failure.”” Similarly, glycoconjugate vaccines
against group C meningococcal disease proved much more
efficacious during the first year after infant priming than during
the following 3 years."' Thus, infant immunization fails to
induce sustained protection against group C meningococcus,
despite the induction and persistence of immune memory.'*
The requirement for boosters to confer long-term vaccine pro-
tection is also well illustrated for pertussis, for which boosters
are required to extend protection beyond childhood.'” An
interesting observation is that vaccine-induced memory per-
sists following pertussis immunization—as illustrated by
anamnestic responses to a booster dose—but is not sufficient
for protection. Yet the incubation period of pertussis exceeds



4 to 7 days. An interesting hypothesis is that as Bordetella per-
tussis bacteria essentially remain on the mucosal surfaces, anti-
gens may fail to efficiently reach the vaccine-induced B and T
cells residing in the lymph nodes. For example, the prompt
reactivation of immune memory is not sufficient to control
polio viral replication in the digestive tract."”*

Live attenuated viral vaccines (measles, rubella) are consid-
ered the prototype inducers of lifelong immunity, although
prolonged immunity is also induced by certain nonlive vac-
cines (hepatitis A, HPV, inactivated poliovirus vaccine, rabies).
This derives in part from the induction of sustained antibody
responses, which, however, tend to slowly decline in the
absence of recurrent exposure,'”® and might eventually result
in a growing proportion of seronegative vaccinated young
adults, including women of childbearing age. Whether the
reactivation of immune memory will be sufficient to curtail
the replication process and confer protection against measles,
rubella, or varicella, and whether adult booster doses may
become needed after microbial control, are essential ques-
tions. The resurgence of mumps outbreaks in fully vaccinated
young adults may reflect the induction of low numbers of
memory B cells"”® and demonstrates that secondary vaccine
failure may occur even with live attenuated vaccines.'”” The
questions, which are central to sustained vaccine efficacy, are
usually unresolved at the time of registration of a new vaccine.
For example, to vaccinate young girls against HPV requires
reassurance that vaccine protection will extend during several
decades. HPV infection of the basal epithelial cells can occur
within minutes and is not followed by any antigen exposure
to the immune system. Thus, antibody persistence will be
required for sustained protection. Remarkably, however, the
concentration of vaccine antibodies required to neutralize
HPV at the site of entry is so minute'”® and vaccine-induced
community-protection so efficient that boosters may indeed
not be needed.
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Thus, one may expect questions related to the nature (size,
type, responsiveness) of the pool of memory cells elicited by
various immunization schedules and the relative contribution
of long-term antibodies and immune memory to protection
to be at the core of many vaccine studies in the next decades.

T-Cell Vaccine Responses

How Do Vaccines Induce CD4" and CD8" T-Cell Responses?
The generation of CD4* Th-cell response begins when DCs
capture antigen in peripheral tissue and migrate to draining
lymph nodes, where T-cell vaccine responses are elicited in
parallel to B-cell responses (see Table 2.1). Thus, DCs fulfill a
pivotal role in initiating and shaping the immune response to
vaccine antigens.

Protein vaccine antigens are taken up by immature DCs
activated by local inflammation, which provide the signals
required for their migration to draining lymph nodes (see Fig.
2.1). During this migration, DCs mature and their surface
expression of molecules changes.””” Simultaneously, antigens
are processed into small fragments and displayed at the cell
surface in the grooves of MHC (human leukocyte antigen
[HLA] in humans) molecules. As a rule, MHC class I molecules
present peptides from antigens that are produced in the
cytosol of infected cells, whereas phagocytosed antigens are
essentially displayed on MHC class II molecules.'*’'*® Thus,
mature DCs reaching the T-cell zone of lymph nodes display
MHC-peptide complexes and high levels of costimulation
molecules at their surface."® CD4" T cells recognize antigenic
peptides displayed by class [ MHC molecules, whereas CD8"
T cells bind to class I MHC-peptide complexes (Fig. 2.6).'*
Their recognition is restricted to short peptides (8-11 [CD8"|
or 10-18 [CD4] amino acids) displayed on specific MHC
class I or II molecules, respectively. Antigen-specific T-cell
receptors may bind only to specific MHC molecules

> Cytotoxic T cells

Figure 2.6. Generation of T-cell effector responses. Antigens are phagocytosed by dendritic cells (DCs) (7), processed into small peptides,
and displayed at the cell surface in the groove of major histocompatibility complex (MHC) class | and/or class Il molecules (2). CD4+ T cells with
the appropriate MHC-peptide specificity are activated, provide activation signals to DCs (3), and differentiate in effector cells (4) that produce
preferentially T helper (Th)1 or Th2 cytokines. Th1 CD4* T cells support (5) CD8* T-cell differentiation, which is in contrast inhibited (6) by Th2-like
cytokines. CD8* T cells recognize MHC class |-peptide complexes (7) and differentiate into cytotoxic effector cells (8) capable of killing infected
cells (9) or pathogens. Ag, antigen; IFN, interferon; TNF, tumor necrosis factor.
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(e.g., HLA-A2), which differ among individual people and
populations. Consequently, T-cell responses are highly vari-
able within a population. These T-cell epitopes may be gener-
ated from any region of the vaccine antigens, whether the
peptide sequence is located within or at the surface of the
protein. This is in contrast with B-cell recognition, which is
essentially limited to conformational determinants consti-
tuted by amino acids at the antigen surface. This MHC-peptide
signal (signal 1) is not sufficient for activation of T cells, which
remain anergic or become tolerized in absence of costimula-
tion (signal 2). This ensures that only naive T cells binding to
the surface of activated DCs (i.e., DCs that have sensed danger
signals through their Toll-like receptors and responded by a
modulation of their surface or secreted molecules) receive the
costimulation signals required for their activation.'®*
Activated CD4" T cells essentially exert supportive functions
for DCs, to which they provide signals (CD40L, etc.) resulting
in further activation, for B cells (see Fig. 2.2) and for CD8*
cytotoxic T cells (see Fig. 2.6 and Table 2.8). They are elicited
by each vaccine type, except plain PS, which are not properly
displayed by MHC molecules. Thus, the demonstration of
postimmunization CD4" T-cell responses does not imply a
direct role in vaccine efficacy. CD4" T-cell activation by DCs
triggers their differentiation along distinct differentiation
pathways.'**'® By default, DCs essentially trigger the induc-
tion of Th2-type CD4" T cells producing IL-4, IL-5, and IL-13,
which are implicated in the defense against extracellular
pathogens such as helminths.'”” More potently activated DCs
release I1L-12p70, which induces the differentiation into Th1
cells that essentially produce IFN-y and tumor necrosis factor
(TNF)-o and, thus, contribute to the elimination of intracel-
lular pathogens directly (cytokine responses) and indirectly
through macrophage activation and support to CD8"* T-cell
differentiation (see Fig. 2.6)."*® Th1 and Th2 cells support
B-cell activation and differentiation during extrafollicular
responses, whereas Tfh CD4* cells provide critical help to GC
B cells (see Fig. 2.3)."” Under certain conditions, activated

TABLE 2.8 T-Cell Responses to Vaccines

DCs may also release IL-23, supporting the induction of
inflammatory Th17 cells by TGF-f and IL-6.

Numerous factors influence the preferential differentiation
of CD4" T cells toward the Th1, Th2, Tfh, or Th17 pathway.'”
The main determinant of CD4" T-cell differentiation is the
extent and type of DC activation by the innate system,'®
although a recent observation suggests that polarized CD4*
T-cell responses may result from preferential expansion rather
than priming.'”" Consequently, DCs are the primary target
for specific adjuvants, which may preferentially skew CD4*
responses toward Th1, Th2, or Th17 responses and impact the
differentiation of Tth cells, requiring their careful design and
selection.* 739172

CD8" T-cell responses are essentially induced as a result of
cross-presentation elicited by infectious, live attenuated vac-
cines that introduce antigens within the cell cytosol, ensuring
their access to MHC class I molecules.!*'”® However, novel
delivery systems such as live-vectored vaccines or DNA vac-
cines delivering antigens directly into the cytosol are now in
human trials.'”*

The activation of naive T cells by vaccine-bearing DCs may
also induce their differentiation into Tregs (see Table 2.8), a
heterogeneous population with many levels of complexity.'*'”
Vaccine-induced Tregs may use multiple mechanisms to sup-
press T-cell induction or proliferation: in draining lymph
nodes, they may prevent DC maturation, block the priming of
effector T cells, or destroy antigen-bearing DCs. These Tregs
may be elicited as feedback mechanisms to avoid excessive
and, thus, potentially harmful inflammatory responses. By
suppressing immune responses, Tregs may limit the efficacy of
vaccines, for example, when danger signals are insufficient to
elicit immunity, as in chronic infections and cancer.'”*"'"®
Defining the determinants of Treg differentiation may be
needed for novel immunization strategies such as therapeutic
vaccines. Preclinical studies indicate that adjuvants improving
the ratio of antigen-specific effector to Tregs enhance vaccine
immunity,'” opening interesting possibilities.

Type Mechanisms (Presumed) Function

CD4* T-helper cells

Th1 IFN-y production Extrafollicular B-cell help
Thi Cell contact, IFN-y Activation of CD8* T cells
Th1/Th2 Cell contact, CD40L Dendritic cell activation
Th2 IL-4, IL-5, IL-13 Extrafollicular B-cell help
Th2 Cell contact, IL-4 Suppression of CD8" T cells
Th17 IL-17, IL-21, IL-22 Mucosal inflammation
CD4" follicular T-helper cells

Tfh1 IFN-y Germinal center B-cell help
Tfh2 IL-4, IL-5, IL-13 Germinal center B-cell help

CD4" regulatory T cells Multiple mechanisms

Suppression of CD4*/CD8"* responses

CD8' T cells IFN-y, TNF-o

Killing of infected cells

Memory T cells

Effector memory T cells

Th1/Th2 cytokines, perforin, granzyme

Rapid secondary effectors responses in periphery

Central memory T cells IL-2, IL-10, CD40L

Delayed activation/proliferation in lymph nodes

Tissue-resident memory T cells

Th1/Th2 cytokines, perforin, granzyme

Tissue localization enabling immediate-early reactivation

IFN, interferon; IL, interleukin; Th, T-helper; TNF, tumor necrosis factor.



What Are the Determinants of Vaccine-Induced
T-Cell Memory?

Effector T-cell responses are short-lived, and most (>90%)
effector T cells die by apoptosis within a few days. Thus,
immune memory is essential to T-cell vaccine efficacy. It is
dependent on four main parameters: the frequency of antigen-
specific memory T cells, their phenotype, their persistence,
and their localization, a recently identified parameter (Table
2.9).174150181 Memory T cells may persist lifelong, even in the
absence of antigen exposure and despite their quality and
amount being set during the primary immune response.

The frequency of memory T cells directly reflects the mag-
nitude of the initial T-cell expansion and that of its subsequent
contraction during which few surviving cells differentiate
toward memory T cells. The main determinant of the expan-
sion phase is the level of or duration of antigen stimulation
present during priming.'® This is a major limitation for non-
replicating vaccines, which fail to reach sufficient antigen
content and typically require the presence of an adjuvant and/
or booster doses. The contraction phase and the transition
toward memory cells take place soon after antigen is cleared,
which occurs faster for nonreplicating vaccines. Current efforts
are, thus, oriented toward the optimization of the primary
expansion phase through adjuvants and/or booster adminis-
tration. As vaccine-induced immunity limits the subsequent
“take” of a live vaccine by inducing its rapid neutralization,
one attractive approach is the use of distinct vaccines for
priming and boosting, as the adenovirus priming-modified
vaccinia virus Ankara (MVA) boosting combination currently
considered against Ebola virus.'**"'%

The phenotype of memory T cells is also important. Two
main types of memory T cells have been identified (see Table
2.8) based on their phenotype and function, central memory
cells and effector memory cells."®” Central memory T cells
(Tcm), like naive T cells, but better equipped, preferentially
traffic through lymph nodes and BM and do not exhibit much
cytotoxic capacity but have a high proliferative potential. Their
role is to recognize antigens transported by activated DCs into
lymph nodes and to rapidly undergo massive proliferation and
differentiation, generating a delayed but very large wave of
effector cells.'™ Effector memory T cells (Tem), closer in phe-
notype to recently activated T cells, have a high cytotoxic
potential that enables them to immediately recognize the
pathogen. As they essentially lack lymph nodes homing recep-
tors, it was proposed that Tem recirculate from the blood
through nonlymphoid organs, monitoring tissues for the pres-
ence of specific microbial peptides.'®® A third type of memory

TABLE 2.9 Determinants of Memory T-Cell Responses

Main Factors Determinants

Frequency of memory T cells Magnitude of T-cell expansion
(initial antigen load, antigen

persistence)

Phenotype of memory T cells

Effector memory Induction favored by prolonged

antigen persistence

Tissue-resident memory

Central memory Induction favored by rapid

antigen clearance

Persistence of memory T cells Supported by interleukin

(D-15, IL-7
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T cells (resident memory T cells [Trm]) was recently recognized
as populations of memory T cells which remain settled within
specific organs such as the intestine, the lungs, the skin."® How
Trm cells are induced and maintained in the specific organs is
not yet fully deciphered, but as Trm were demonstrated as
central for the protection against mucosal infections, novel
vaccine strategies against viral (influenza, respiratory syncytial
virus [RSV]) or bacterial (pertussis) mucosal pathogens will
attempt their induction/maintenance.'”

Antigen persistence essentially controls the proportion of
Tcm and Tem memory cells (see Table 2.9): Tcm cells pre-
dominate when antigen is rapidly cleared, whereas Tem/Trm
cells become preponderant when antigen persists, such as in
chronic infections.'”*'**'® This is a challenge for novel non-
replicating vaccines that should induce and maintain sufficient
Tem/Trm cells for immediate clearance in infected tissues. The
long-term persistence of memory T cells is well established.
Through homeostatic proliferation, memory T cells may
persist lifelong, even without antigen exposure.'*'*""”! Studies
of the persistence of vaccinia-induced immune memory have
confirmed this observation in humans."”*""*

How Specific Are Vaccine Immune Responses?

The specificity of vaccine responses is at the center of many
debates. Ideally, one would want vaccine-induced responses
to be sufficiently broad to extend protection to nonvaccine
strains (e.g., for influenza, rotavirus, S. pneumoniae, or HPV
vaccines) and sufficiently restricted to not elicit cross-reactions
to allergens or self-antigens or other undesirable nonspecific
effects. The specificity of vaccine responses has received added
interest as a number of studies have also reported both posi-
tive and negative “nonspecific” effects of vaccinations in low
income countries."””"”°

As B cells recognize conformational epitopes constituted
by distant amino acids, they may bind to antigenic peptides
with distinct sequences: It has been estimated that roughly 5%
of monoclonal antibodies made against 15 viruses cross-
reacted with human proteins."”” That any viral infection is not
followed by the induction or flare of an autoimmune disease
highlights the importance of regulatory mechanisms suppress-
ing responses directed against self-antigens. Indeed, the
specificity of antibody responses is well controlled. Although
polyclonal stimulation has been suggested to activate memory
B cells of distinct specificities,*” this response is not associated
with antibody responses. Vaccination with tetanus toxoid was
found to expand specific and bystander memory T cells but
did not modulate antibody responses to unrelated antigens.'*®
Altogether, this indicates that the induction of cross-reactive
antibody responses is extremely limited, which may be impor-
tant in preventing undesirable reactions, but which limits the
efficacy of vaccine-induced antibody responses to very few
cross-reacting nonvaccine serotypes.'”’

T cells need to recognize only a few amino acids of anti-
genic peptides displayed by MHC molecules, which offers a
much greater potential for cross-reactivity. It has been esti-
mated that each T lymphocyte could potentially bind to a
million different peptides.””” In addition, memory T cells
readily respond to homeostatic cytokines, such that bystander
memory T cells of distinct antigen specificity may be tran-
siently activated and expand during a flu-like illness or an
immunization process.'”**® However, vaccine-induced exac-
erbations of autoimmune diseases are very uncommon,
probably reflecting the efficacy of regulatory mechanisms
limiting the intensity, scope, and duration of the immune
responses.’”*%?

The induction of cross-protective T-cell-mediated responses
has been repeatedly observed in murine experimental models,
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which suggests that cross-reacting viral vaccines could be
based on T-cell responses.”” Yet, convincing examples of het-
erologous protective immunity in humans are much more
limited, including neonatal BCG protects against leprosy,””
and smallpox vaccine protects against monkeypox.’” In con-
trast, the sharing of several T-cell determinants is not sufficient
for a single oral polio vaccine strain or influenza strain to
confer cross-protection. Consequently, it is tempting to con-
clude that heterologous protective immunity essentially
comes into play for T-cell-mediated rather than for antibody-
mediated protective responses. Accordingly, the heterosub-
typic immunity conferred by live attenuated influenza
vaccines’”*”” could be mediated by T cells and/or by mucosal
IgA antibodies.

Nonspecific effects of vaccines are occasionally associated
with the fear of immune overload and subsequent enhanced
vulnerability to infections, a theory not supported by
evidence.””**"

In addition to B and T cells, it was recently recognized that
innate cells such as natural killer (NK) cells and monocytes
acquire a “trained immunity phenotype” upon exposure to
certain pathogens and have given support to the idea that vac-
cines can have off-target effects. The epidemiological studies
on this subject have been done mainly by a group working in
Guinea-Bissau and their thesis is that live vaccines (including
BCG, measles, and oral polio vaccine [OPV]) can reduce mor-
tality caused by respiratory viral infections, whereas killed
vaccines, notably diphtheria, tetanus, and pertussis (DTP), can
reverse those effects and even increase mortality.”°*" Data
from some other regions are supportive of this theory.” "> As
most of the epidemiological studies have been nonrandom-
ized studies, this idea has been met with skepticism, particu-
larly as the causes of mortality have been ill-defined. Following
a systematic review, the World Health Organization (WHO)
Strategic Advisory Group of Experts (SAGE) on immunization
concluded that the available data suggest that BCG “has” and
measles vaccine “may have” beneficial effects on all-cause
mortality, whereas it neither excluded nor confirmed the pos-
sibility of beneficial or deleterious nonspecific effects of DTP
vaccines on all-cause mortality.”**"”

Immunologists have now begun to study this issue more
comprehensively. Evidence has accrued that BCG strongly
stimulates cytokine production and enhances responses to
other antigens,”**"” and NK cells—which can develop
memory’*’—are stimulated by BCG to respond to antigens
other than mycobacterial.””' The Danish strain of BCG used in
Guinea-Bissau is particularly strong in this respect.””” Humans
given BCG respond with Th1 and Th17 responses and their
stimulated monocytes show increased receptor expres-
sion.””*?** Wild measles virus infection in monkeys abolishes
immune memory to other antigens,””””** making it possible
that measles vaccine in addition prevents abolition by the
natural virus of the child’s ability to respond to other infec-
tions.””” The proposed negative effects of killed vaccines on
mortality remains for the moment based only on observa-
tion,””* although nonlive vaccines typically elicit preferential
Th2 responses which might hypothetically reduce the Thi
polarization elicited by live vaccines. This subject is one in
evolution and a randomized study has begun in Denmark that
should shed light on the importance, if any, of nonspecific or
off-target effects in a developed country.””®

Vaccine Responses at the Extremes of Age

The Challenges of Neonatal and Early Life Inmunization.
According to UNICEF estimates, 4 million infants younger
than 6 months die yearly of acute infections.””” In more devel-
oped countries, mortality has been reduced, but infections

represent a significant proportion of infant hospitalizations.
This disease burden is caused by a limited number of patho-
gens, such that the availability of a few additional vaccines
that would be immunogenic soon after birth would make a
huge difference. Early life responses markedly differ from
those elicited in mature hosts. The blunting of neonatal
immune responses has been regarded for many years as result-
ing from “neonatal tolerance,” reflecting the antigen naiveté
of the immune system and, subsequently, its immaturity.
Recent work has prompted a change of perspective, leading to
the recognition that the neonatal and early life immune
system is, in contrast, specifically adapted to the unique chal-
lenges of early postnatal life and develops over time through
poorly defined but tightly regulated processes.

These specific neonatal features first affect innate responses
as pattern-recognition receptors elicit responses biased against
the induction of proinflammatory cytokines, which could
cause harmful alloimmune reactions against maternal anti-
gens or excess inflammatory reactions.”*””*' In addition, many
factors determine the quality and quantity of infant antibody
responses: this includes the state of prenatal and postnatal
development of the immune system, the type of vaccine and
its immunogenicity, the number of doses and their spacing,
and the influence of maternal antibodies.””* ***

Early life immune responses are characterized by age-
dependent limitations of the magnitude of responses (Table
2.10). Antibody responses to most PS antigens are not elicited
during the first 2 years of life, which is likely to reflect numer-
ous factors, including the slow maturation of the splenic mar-
ginal zone, %" limited expression of CD21 on B cells, and
limited availability of the complement factors.”*® Although
this may be circumvented in part by the use of glycoconjugate
vaccines, even the most potent glycoconjugate vaccines elicit
markedly lower primary IgG responses in young infants.”*’

Early life antibody responses are directly determined by the
prenatal (e.g., gestational age”®) and the postnatal age at
immunization.””® Accelerated infant vaccine schedules in
which three vaccine doses are given at 1-month intervals (2,
3,4 or 3, 4, 5 months) result in lower immune responses than
schedules in which more time elapses between doses (2, 4,
6 months) or between the priming and boosting dose (3, 5,
12 months). However, the magnitude of infant antibody
responses to multiple dose schedules reflects the interval
between doses, with longer intervals eliciting stronger
responses, and the age at which the last vaccine dose is admin-
istered. That postnatal immune maturation is required for
stronger antibody responses is best demonstrated by compar-
ing antibody responses to single-dose vaccines given to anti-
gen-naive infants of various ages.””””*" These studies may be
confounded by the persistence of maternal antibodies, which
negatively influence infant antibody responses in both epitope
and titer specific manners.”""**> Thus, multivariate analyses of
the data for a large number of infants are required to identify
the main determinants of vaccine antibody responses.”*’

The induction of B-cell responses is critically dependent on
components of the local microenvironment. However, blood
is the only accessible compartment in infants and the factors
that specifically limit the magnitude of early life antibody
responses are difficult to study. Studies in which vaccines rou-
tinely administered to human infants were administered at
various stages of the postnatal maturation to infant mice indi-
cated that the same limitations of antibody responses are seen
in both humans and mice, reflecting similar postnatal con-
straints.””® These animal models showed that limitations of
antibody responses in early life result from the limited and
delayed induction of GCs in which antigen-specific B cells
proliferate and differentiate. This was first shown to essentially
reflect the delayed development of FDCs required to nucleate
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TABLE 2.10 Limitations of Vaccine Responses at the Extremes of Life (Mechanisms Presumed)

IN EARLY LIFE
Limited magnitude of Ab responses to PS

Immaturity of marginal zone; low CD21 expression on B cells; limited availability of

complement

Limited magnitude of Ab responses to proteins

Limited GC responses (delayed FDC development?); inhibitory influence of maternal
antibodies

Short persistence of Ab responses to proteins

Limited establishment of bone marrow plasma cell pool (survival niches?)

Shorter duration of immune memory (7?)

Limited GC responses (magnitude of initial memory B-cell pool?)

Limited IFN-y responses

Suboptimal antigen-presenting cell/T-cell interaction (IL-12, IFN-o)

Limited CD8* T-cell responses (?)

Insufficient evidence

Influence of maternal antibodies

Inhibition of B-cell but not T-cell responses

IN ELDERLY PEOPLE
Limited magnitude of Ab responses to PS

Low reservoir of IgM* memory B cells; weaker differentiation into plasma cells

Limited magnitude of Ab responses to proteins

Limited GC responses: suboptimal CD4* helper responses, suboptimal B-cell

activation, limited FDC network development?; changes in B-/T-cell repertoire

Limited quality (affinity, isotype) of antibodies

Limited GC responses; changes in B-/T-cell repertoire

Short persistence of Ab responses to proteins

Limited plasma cell survival?

Limited induction of CD4*/CD8" responses

Decline in naive T-cell reservoir (accumulation of effector memory and CD8* T cell
clones)

Limited persistence of CD4* responses

Limited induction of new effector memory T cells (IL-2, IL-7)

Ab, antibody; FDC, follicular dendritic cell; GC, germinal center; IFN, interferon; g, immunoglobulin; IL, interleukin; PS, polysaccharide.

and support GC reactions”* and subsequently to result from
the limited induction of Tfh cells in the draining lymph
nodes.”*** Direct evidence for a similar mechanism is difficult
to obtain® in human infants. Efforts are ongoing to identify
adjuvants for use in early life. The capacity of the MF59 adju-
vant to induce strong Tfh/GC responses in infant mice’ could
also be relevant to the ability of the adjuvant to improve the
efficacy of influenza vaccines in young children.”**

In contrast with this blunting of early life antibody
responses, the neonatal immune system readily allows the
induction of immune memory, thus reflecting preferential dif-
ferentiation of early life GC B cells toward memory rather than
Ig-producing plasma cells. Neonatal priming may, thus, be
used to initiate vaccine responses against hepatitis B or polio-
myelitis. Recent work demonstrated that acellular pertussis
vaccines may similarly effectively prime neonatal responses,
resulting in faster acquisition of infant immunity.**’**
However, neonatal priming with a combined DTaP vaccine
blunted rather than primed subsequent infant pertussis
responses,””’ and somewhat reduced Hib and HBsAg responses
were also seen following neonatal acellular pertussis
priming.”****' Thus, vaccine interference issues may be exacer-
bated in early postnatal life, requiring further studies.””

The persistence of immune memory has important impli-
cations, especially for infant immunization programs such as
for hepatitis B that are intended to protect throughout adult
life. The duration of such responses (e.g., the boostability of
hepatitis B vaccine antibody responses primed in infancy)
extends for at least one decade. However, in the absence of
childhood boosters, the boostability of infant-induced immu-
nity may not persist lifelong.'*”'*’

Antibody responses elicited before 12 months of age
rapidly wane, and antibody titers soon return to near baseline
levels,'">?** which may be associated with a resurgence of
vulnerability to infection.'*" This likely reflects the limited
survival of antigen-specific plasma cells, as confirmed in infant
mice’** in which early life BM stromal cells provided insuffi-
cient survival signals to plasma cells reaching BM niches.””*

Isotype switching and somatic hypermutation (i.e., the affinity
maturation of vaccine induced B cells) are already functional
in the first year of life,'*****"**" including in preterm infants.”*®
However, several months are required for affinity maturation
even in adults,” such that high-affinity responses are not
observed in very young infants.

Neonatal and infant T-cell responses also differ from those
elicited later in life, in particular in the induction of lower
IFN-y”*¢ and higher Th2 and/or Th17 responses.”® As exam-
ples, IEN-y responses to OPV are significantly lower in infants
than in adults®; hepatitis B vaccine induces lower primary
IFN-y responses and higher secondary Th2 responses in early
life than in adults’®; and tetanus-specific IFN-y CD4" T-cell
responses progressively increase with age.”® Comparing neo-
natal and infant priming with acellular pertussis vaccines indi-
cated the preferential induction of Th2 responses on neonatal
priming.’*> Whether this results from the fact that neonatal
APC responses to Toll-like and other pathogen-associated
molecular pattern receptors produce less IFN-o, IFN-y, and
IL-12p70, and more IL-10 than adult cells,”*** or result from
complex epigenetic controls or the predominance of recent
thymic emigrants in neonatal blood,”* is unknown. The con-
tribution of other factors, such as the predominance of Tregs
that are abundant during fetal life’*” and the role of CD71+
immunosuppressive erythroid cells,”*® remains to be defined.
Remarkably, adult-like Th1 neonatal responses are notoriously
elicited by BCG.” Whether neonatal T cells have higher
intrinsic requirements for antigen-specific activation require
further investigations.

Importantly, the induction of early life B- and T-cell vaccine
responses takes place in an environment that may be influ-
enced by the presence of antibodies of maternal origin. IgG
antibodies are actively transferred through the placenta, via
the FcRn receptor, from the maternal to the fetal circulation.””
After immunization, maternal antibodies bind to their specific
epitopes at the antigen surface, competing with infant B cells
and, thus, limiting B-cell activation, proliferation, and differ-
entiation. The inhibitory influence of maternal antibodies on
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infant B-cell responses affects all vaccine types, although its
influence is more marked for live attenuated viral vaccines
that may be neutralized by even minute amounts of passive
antibodies.””" This inhibition is epitope-specific.”’> As a rule,
maternal antibodies to carrier proteins (e.g., to tetanus toxoid)
blunt infant responses to tetanus toxoid, but not to the PS
moiety.””*?”* However, responses to conjugate vaccines may be
blunted if anticarrier immunity is required for immunogenic-
ity (e.g., for CRM,y; conjugates) and maternal antibodies inter-
fere with its induction.””” Maternal antibodies were reported
as inhibiting cotton-rat B-cell responses by interaction with
the inhibitory/regulatory FcyRIIB receptor on antigen-specific
B cells.””®?”” The extent to which this mechanism accounts
for the inhibition of human infant responses remains
undefined.

The inhibitory influence of maternal antibodies is depen-
dent on the antibody titer and reflects the ratio of maternal
antibodies to vaccine antigen.” This was elegantly demon-
strated in a study in which Israeli infants were immunized
with hepatitis A vaccine at 2, 4, and 6 months.””® Overall,
infant responses were elicited only when maternal antibodies
declined to a threshold of 300 to 400 mIU/mL.””® The mater-
nal antibody titer at which infant responses may be elicited
can be defined only experimentally, by comparing antibody
responses in infants stratified according to maternal antibody
titers at the time of priming. Few vaccines have these precise
antibody levels determined by such experimental studies.

The extent and duration of the inhibitory influence of
maternal antibodies, therefore, increase with gestational
age,””® for example, with the amount of transferred immuno-
globulins, and decline with postnatal age, as maternal anti-
bodies wane.”” Increasing the dose of vaccine antigen may be
sufficient to circumvent the inhibitory influence of maternal
antibodies, as illustrated for hepatitis A,>”° measles,”® and
the higher content of pertussis toxin in acellular versus
whole-cell pertussis® vaccines. However, the higher titers
of maternal antibodies elicited by maternal immunization
eventually interfere, even with responses to acellular pertussis
vaccines.””>%?

Maternal antibodies usually allow a certain degree of
priming (i.e., of induction of memory B cells) through yet
undefined mechanisms. As a rule, the blunting of infant
antibody responses by maternal antibodies disappears after
boosting. Importantly, maternal antibodies do not exert
their inhibitory influence on infant T-cell responses, which
remain largely unaffected or even enhanced.”” *% This is best
explained by the fate of maternal antibody-vaccine antigen
complexes: immune complexes are taken up by macrophages
and DGCs, dissociate into their acidic phagolysosome compart-
ment, and are processed into small peptides. These peptides
are displayed at the surface of APCs and are available for
binding by CD4" and CD8" T cells.

Thus, the main challenge for further improvement of early
life immunization strategies are to identify vaccine formula-
tions and strategies capable of inducing, after one or two early
doses, the strong primary antibody responses required against
certain early life pathogens—despite the presence of maternal
antibodies. Importantly, these formulations/strategies will
have to be demonstrated as safe in immunologically immature
hosts, adding to the challenges.”*

Age-Associated Changes in Vaccine Responses. Innate
and adaptive antibody and T-cell-mediated cellular immune

responses decline with age, which increases the frequency and
severity of infections and reduces the protective effects of
vaccinations.”®” Aging affects the magnitude and the persistence
of antibody responses to protein vaccines,”**’* as reflected
by lower serum antibodies to influenza,””**” tetanus, and tick-
borne encephalitis (TBE) vaccines.””” It also affects responses to
pneumococcal PS vaccines, although differences in method-
ological issues have yielded contradictory results.””’ Remark-
ably, the limitation of antibody responses by aging occurs early:
After the age of 20 years, each 10-year period reduced antibody
titers elicited by a potent adjuvanted pandemic influenza
vaccine in healthy control subjects and immunosuppressed
patients by 31%.””* Limitations of antibody responses in elderly
people are also associated with qualitative changes that affect
antibody specificity, isotype, and affinity, that is, functional
efficacy (see Table 2.10).72%¢

They result from the influence of a large number of under-
lying events.”””*’” Responses to PS vaccines are conditioned by
a decline in the reservoir of IgM" memory B cells that differ-
entiate less efficiently into antibody producing cells, and, thus,
limit the IgM responses of aged people.””® Antibody responses
relying on the induction of GCs are also limited,””’ affecting
the magnitude of antibody responses and resulting into anti-
bodies of weaker affinities/functional capacities®® and distri-
bution of subclass antibodies.’” Numerous factors contribute
to limiting the induction of GCs in elderly persons, including
factors that are intrinsic to B cells’” and that affect other cell
types, including Tfh cells.*” For example, studies in aged mice
have convincingly demonstrated the existence of age-related
changes in FDCs.’”**"" The limited ability of aged subjects to
generate high-affinity antibody responses also reflects changes
in their antibody repertoire.’***”

Age-associated changes in T-cell responses are reflected by
a progressive decline in naive T cells, reflecting declining
thymic output. This is associated with a marked accumulation
of large CD8" clones presumably resulting from prior infec-
tions. These large T-cell clones (e.g., elicited in response to
cytomegalovirus) have reached a state of replicative senes-
cence, and homeostatic mechanisms negatively influence the
size of the naive and effector memory T-cell subsets.”® In
response to influenza immunization, healthy elderly people
mount CD4" responses initially similar to those of young
adults but that fail to maintain or expand.’” This does not
reflect a functional impairment of CD4" T memory cells,”” but
a shift of the T-cell pool from naive to memory effector CD4*
T cells. The failure to maintain CD4" responses reflects a lower
induction of new Tem cells in relation to lower IL-7 levels.****"
Other studies indicated that frail elderly subjects mount
blunted and delayed Th1 responses to influenza vaccination,
which correlated positively with their reduced total and IgG1
antibody response.””® Limitations also affect the expansion of
infection-driven influenza-specific CD8" T cells.’*® Strategies to
enhance vaccine-induced protection in aging people include
the use of higher vaccine doses®” and/or specific adjuvants.
This was recently demonstrated by formulating the IgE glyco-
protein of varicella-zoster in the novel ASO1E adjuvant.”* Nev-
ertheless, limitations of effector memory and of GC responses
may continue to require the more frequent administration
of certain vaccine boosters (e.g., against tetanus or TBE’™®) to
compensate for the brevity of B- and T-cell vaccine-induced
responses in elderly people.

References for this chapter are available at ExpertConsult.com.
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