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Abstract
Vaccines represent one of the greatest triumphs of modern medicine. Despite the common origins
of vaccinology and immunology more than 200 years ago, the two disciplines have evolved along
such different trajectories that most of the highly successful vaccines have been made empirically,
with little or no immunological insight. Recent advances in innate immunity have offered new
insights about the mechanisms of vaccine-induced immunity and have facilitated a more rational
approach to vaccine design. Here we will discuss these advances and emerging themes on the
immunology of vaccination.

The invention of vaccination was a turning point in the war between microbes and humans.
Although improved sanitation and antibiotics may have saved more lives, vaccines represent
the most cost-effective life-saving device in history. Despite their success, one of the great
iro-nies of vaccinology is that the vast majority of vaccines have been developed
empirically, with little or no understanding of the immunological mechanisms by which they
induce protective immunity. However, the failure to develop vaccines against global
pandemics such as infection with human immunodeficiency virus (HIV) despite decades of
effort has underscored the need to understand the immunological mechanisms by which
vaccines confer protective immunity. It is now clear that the immune system has evolved
qualitatively different types of responses to protect against different pathogens. For example,
distinct subsets of helper T cells, such as TH1, TH2 and TH17, are effective at protecting
against different pathogens1 (Table 1). Follicular helper T cells (TFH cells) produce
interleukin 21 (IL-21) and help with the differentiation of B cells and generation of memory
B cells2. In addition, differentiating memory CD4+ and CD8+ T cells can be subcategorized
into central memory and effector memory cell subsets, each with a distinct functionality3.
This places a great premium on understanding and harnessing the mechanisms that stimulate
such diverse responses in the context of vaccines against different pathogens. Research
during the past decade has identified a fundamental role for the innate immune system in
sensing vaccines and adjuvants and in programming protective immune responses. The
innate immune system can sense microbes through pattern-recognition receptors (PRRs),
such as the Toll-like receptors (TLRs), which are expressed by various cells, including
dendritic cells (DCs)4,5. In addition to TLRs, other types of PRRs, including the C-type
lectin-like receptors6 and the cytosolic Nod-like receptors7, sense a broad range of microbial
stimuli, and the cytosolic RIG-I-like receptors sense viral nucleic acids8. There are many
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subsets of functionally distinct DCs, and it is now clear that the DC subset, as well as the
nature of the PRR, have a key role in determining the magnitude and quality of adaptive
immune responses9,10.

The subject of how the innate immune system regulates adaptive immunity in general has
been reviewed extensively4,5,9–12, so we will not provide a detailed description of this topic.
Instead, we will discuss emerging themes on the immunology of vaccination. One such
theme focuses on the immunological deconstruction of vaccines and describes new insights
into the mechanisms by which vaccines and adjuvants are sensed by the innate immune
system and stimulate adaptive immunity. These mechanistic insights will undoubtedly
enable the rational design of vaccines against pandemics and emerging infections.

A second theme focuses on insights into how the innate immune system programs protective
immune responses and regulates the magnitude, quality and persistence of vaccine-induced
immunity. For example, in addition to its effect on modulating T cell differentiation, innate
immunity controls the antibody response at critical checkpoints of antigen-driven B cell
differentiation. Thus, recent work has highlighted the fact that TLR triggering can regulate
the persistence of the germinal center–memory B cell differentiation pathway13 and the role
of basophils in enhancing the survival of plasma cells in the bone marrow14. Furthermore,
innate programming of DCs in the lymph nodes may provide instructive cues for the
migration of activated T cells and B cells to mucosal tissues15, and various subsets of DCs
and macrophages may regulate the differentiation of antigen-specific T cells and B cells at
mucosal sites16–18.

In the final theme of this review (humanity as a model), we discuss how such insights have
been provided mainly by elegant studies in animal models, particularly mice. However,
unlike laboratory mice, humans have considerable heterogeneity in terms of age, nutritional
status and genetic diversity. The effect of malnutrition and obesity on the immune system is
an area that clearly deserves intense study, particularly in the context of vaccination. In this
context, there are now increasing efforts to understand immune regulation from the point of
view of systems biology19–21.

Immunological deconstruction of vaccines
Vaccines can be classified into two broad groups. The first group, live attenuated vaccines,
comprises weakened versions of the pathogens; these mimic the kind of protective immunity
induced in people who survive live infection22. Examples of this group include vaccines
against acute infections caused by invariant pathogens such as smallpox, yellow fever,
measles, mumps, rubella and chicken pox. Live attenuated vaccines have been administered
to billions of people worldwide and elicit strong cellular and antibody responses and often
confer immunity that lasts for several decades, with even a single immunization22. However,
in many acute infections, such as infection with respiratory syncytial virus and malaria,
natural infection itself does not engender complete protection against reinfection, so any
vaccine must improve on what nature has evolved. Furthermore, pathogens that mutate
rapidly (such as HIV), those that exist as multiple serotypes (such as dengue virus) or those
that cause persistent or latent infection (such as HIV and hepatitis C virus) pose formidable
immunological challenges22.

The second group includes subunit vaccines (such as the vaccine against recombinant
hepatitis B), toxoid vaccines that consist of inactivated toxins (such as vaccines against
diphtheria and tetanus), carbohydrate vaccines (such as vaccines against pneumococcus) and
conjugate vaccines (such as vaccines against Haemophilus influenzae type B or
meningococcus)22. Such vaccines usually contain substances called adjuvants, which
enhance the magnitude and modulate the quality of the immune response. Despite several

Pulendran and Ahmed Page 2

Nat Immunol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decades of research, few adjuvants have been licensed for use around the world. These
include alum (an aluminum salt–based adjuvant), AS04 (a combination adjuvant composed
of monophosphoryl lipid A (a TLR4 ligand) adsorbed to alum)23,24 and oil-in-water
emulsions (such as MF59 and AS03)23,24. The paucity of adjuvants licensed for clinical use
reflects critical knowledge gaps about the mechanisms of action of adjuvants and, notably,
about the mechanisms that mediate potential toxic effects. Live attenuated vaccines such as
those against smallpox or yellow fever are the most successful vaccines ever made and can
confer lifelong memory, whereas nonliving vaccines induce protection of much shorter
duration and require booster vaccination to maintain protective immunity. Thus, a single
dose of the smallpox vaccine maintains serum antibody titers for more than 50 years25,26

and cellular immunity is also maintained for decades. Such vaccines, therefore, serve as gold
standards, and learning the mechanisms by which they induce protective immunity would be
invaluable in the design of new vaccines against global pandemics and emerging
infections27,28.

As attenuated vaccines consist of viruses (such as smallpox or yellow fever) or bacteria
(such as bacillus Calmette-Guérin), it is very likely that they signal through several different
PRRs, including TLRs. However, although several studies have examined the PRRs that
sense pathogens, few studies have examined the PRRs that sense live vaccines. Notably,
only a handful of studies have examined how these PRRs influence the adaptive immune
responses to live attenuated vaccines. Bacillus Calmette-Guérin activates DCs via TLRs, but
whether TLR signaling is required for adaptive immunity is unknown29. The yellow fever
vaccine YF-17D activates multiple TLRs (TLR2, TLR3, TLR7, TLR8 and TLR9) on
plasmacytoid and myeloid DCs30 (B.P., unpublished data; Table 2). The activation of
multiple TLRs suggests that signaling via any single TLR may be redundant but,
surprisingly, DCs from mice deficient in any single TLR are substantially impaired in their
cytokine response to YF-17D, which suggests that there might be synergistic activation of
multiple TLRs30. Signaling via particular combinations of TLRs results in synergistic
activation of DCs31. Vaccination with YF-17D induces a mixed TH1-TH2 profile.
Vaccination of mice deficient in the adaptor MyD88 results in a much lower frequency of
antigen-specific interferon-γ (IFN-γ)-secreting CD4+ T cells and CD8+ T cells (TH1 and
TC1 cells, respectively). In contrast, vaccination of TLR2-deficient mice results in a greatly
enhanced TH1 and TC1 response, consistent with a regulatory role for TLR2 (ref. 12).
Furthermore, YF-17D also activates the cytosolic receptors RIG-I and Mda5 (ref. 19),
although the effect of this on adaptive immunity is unknown. Consistent with the triggering
of multiple TLRs by YF-17D, synthetic nanoparticles that resemble viruses in size (~300 nm
in diameter) and immune composition (containing combinations of TLR ligands) induce
synergistic enhancement of antigen-specific T cell responses and high-affinity neutralizing
antibody responses that last for the entire lifespan of a mouse13.

Influenza virus (a single-stranded RNA virus from which the live attenuated vaccine against
influenza is derived) activates plasmacytoid DCs (pDCs) via TLR7 and myeloid DCs
through the adaptor IPS-1, which signals downstream of RIG-I32. The early innate response
to influenza virus is dependent on MyD88 and IPS-1, and mice deficient in both of these
molecules failed to launch innate responses. However, antigen-specific antibody responses
and CD4+ T cell responses are MyD88 dependent but IPS-1 independent. In contrast,
induction of antigen-specific CD8+ T cell responses is not impaired in MyD88- or IPS-1-
deficient mice32. To what extent the live attenuated influenza vaccine triggers the same
PRRs that influenza virus itself triggers remains to be determined. Similarly, vaccination
with the inactivated whole virus requires TLR7-mediated production of type I interferons by
pDCs for its immunogenicity33. Consistent with that, the immunogenicity of the whole
inactivated vaccine against H5N1 influenza is dependent on MyD88-dependent TLR7
signaling34. Adenovirus vectors, which are being developed as vaccines against infection

Pulendran and Ahmed Page 3

Nat Immunol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with HIV, as well as malaria and other diseases, are among the most potent for inducing
CD8+ T cell responses. Antigen-specific CD8+ T cell responses elicited by recombinant
adenovirus vectors are diminished in Myd88−/− mice but not in mice deficient in the adaptor
TRIF or Tlr3−/− mice35,36. However, the absence of individual TLRs does not have an
appreciable effect on the CD8+ T cell response. Moreover, responses are not diminished in
mice deficient in the IL-1 receptor or Il18−/− mice. These data suggest that adenovirus
vectors engage multiple redundant MyD88-dependent signaling pathways. However, the
nature of the PRRs involved remain to be identified.

Until recently alum was the only licensed adjuvant in the USA; however, oil-in-water
emulsions such as MF59 and AS03 are licensed for adjuvant-plus-influenza vaccines in
Europe. AS04 is approved for vaccines against hepatitis B virus and human papillomavirus
in Europe and has been licensed in the USA23,24 (Table 2). A central issue is how to design
adjuvants that stimulate the relevant class of immune response required for protection, such
as a specific helper T cell subset, cytotoxic T cells (CTLs) or long-term memory T cells or B
cells, or adjuvants that induce the mucosal homing and persistence of antigen-specific
lymphocytes. This issue requires a mechanistic understanding of how successful adjuvants
mediate their immunogenicity; that is, the nature of the DC subsets and PRRs and other cell
types targeted by the adjuvants.

Despite the widespread use of alum in several vaccines over the past 70 years (in vaccines
against hepatitis B virus, human papillomavirus, diphtheria and tetanus and H. influenzae
type B and the conjugate vaccine against pneumococcus), its mechanism of action remained
a ‘black box’ until recently. Alum consists of aluminum salts that can be emulsified with the
antigen to generate a gel-like substance and generally induces a TH2-biased response. A
wide-spread belief has been that alum exerts a depot effect whereby the emulsion retains
antigen at the site of injection and releases it slowly to promote sustained antigen
presentation23,24. Recently it has been shown that alum induces antibody responses
independently of TLR signaling37. Furthermore, alum exerts a direct effect on IL-4-
producing Gr-1+ cells that are essential for priming and clonal expansion and optimal
antibody production by B cells in vivo38. Several groups have demonstrated that alum
signals through the NLRP3 inflammasome39–41 (Table 2). Thus, DCs or macrophages
stimulated in vitro with alum plus lipopolysaccharide induce IL-1β and IL-18 in a manner
dependent on caspase-1 and NLRP3 (refs. 39–41). However, whether NLRP3 is required for
the adjuvant characteristics of alum remains controversial; some studies have demonstrated
abrogation of antibody responses in Nlrp3−/− mice39,41, but others have shown only partial
or no effects40. Furthermore, the mechanisms by which alum induces TH2 responses remain
poorly understood.

MF59, a squalene-based oil-in-water emulsion, has been licensed for use with the influenza
vaccines in the elderly since 1997. Squalene is an intermediate in the human steroid
hormone biosynthetic pathway and is a precursor to cholesterol. MF59 enhances the
immunity elicited by and cross-protection of the vaccine against seasonal influenza in
children42. MF59 and the similar squalene-based oil-in-water emulsion AS03 have been
licensed in Europe for vaccines against pandemic influenza and were widely used for the
2009 H1N1 influenza pandemic42. A comparison of MF59, CpG DNA and alum after
vaccination has demonstrated that although all adjuvants promote the recruitment of antigen-
presenting cells, MF59 triggers more rapid influx of CD11b+ blood cells. Furthermore,
MF59 is the most potent inducer of genes encoding cytokines, cytokine receptors and
adhesion molecules involved in leukocyte migration. Finally, microarray analysis of muscle
cells at the site of injection has shown that all three adjuvants induce a core set of 168 genes,
with MF59 inducing the most genes. The efficient adjuvant activity of MF59 might
therefore be mediated by strong innate responses at the site of immunization, including in
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muscle cells42. The nature of the PRR, target cells and signaling networks that mediate the
immunogenicity remain unknown.

An emerging class of adjuvants is those that signal via TLRs. A clear rationale for this is
that many successful vaccines contain their own endogenous adjuvants that seem essential
for their immunogenicity. The adjuvant AS04 consists of monophosphoryl lipid A (MPL),
which is a lipopolysaccharide derivative and a TLR4 ligand. AS04 is licensed for use, in
combination with alum, in GlaxoSmithKline’s Cervarix vaccine against human
papillomavirus and the vaccine against hepatitis B virus43. Although both
lipopolysaccharide and MPL signal via TLR4, the latter signals mainly via TRIF44, whereas
the former signals via both MyD88 and TRIF, which results in enhanced proinflammatory
cytokines and possible toxicity. Unlike the TH2-biased response elicited by alum, AS04
induces a TH1 response. A head-to-head comparison of Cervarix and Gardasil, a vaccine
from Merck that includes only alum as its adjuvant45,46, has shown that both vaccines
(which contain virus-like particles from human papillomavirus type 16 or 18) efficiently
induce protective immunity and diminish the associated cervical intraepithelial neoplasia in
young women (who are seronegative for the relevant vaccine at baseline)45. However, 1
month after three doses, Cervarix produces significantly higher titers (~3.7-fold) neutralizing
antibody to human papillomavirus type 16 than does Gardasil, as well as more memory B
cells47. Whether the vaccine that includes MPL as its adjuvant induces a response of longer
duration remains to be determined.

Innate programming of protective immunity
Most vaccines are believed to confer protection through neutralizing antibodies48.
Antibodies are thought to be the correlate of protection against blood-borne viruses such as
hepatitis49 and yellow fever50,51; toxin-secreting bacteria, such as diphtheria52 and
tetanus53; viruses that infect via mucosal routes, such as influenza54,55 and rotaviruses56;
rabies virus57, which infects neuronal axons; and pneumococcal and meningococcal
bacteria, which are leading causes of pneumonia and meningitis58,59. The antigen-specific
antibody responses to such vaccines are measured by assays such as enzyme-linked
immunosorbent assays (which measure the titer of binding antibody), as well as assays that
measure functional antibody activity, including the inhibition and neutralization of
hemagglutination and opsonophagocytosic capacity. Understanding the precise mechanisms
by which antibody molecules confer protection against pathogens and learning how to
induce such protective responses with adjuvants that target the innate immune system
represent key areas of research.

Despite the importance of antibodies, emerging evidence also points to a key role for T cells.
For example, persistent varicella-specific T cells induced by vaccination against varicella
virus are useful correlates of protection from infection and reactivation (shingles) in children
and the elderly60,61. Furthermore, antibody titers after vaccination against influenza are
unreliable for predicting risk of influenza in the elderly62. Instead, an inverse correlation
between the magnitude of influenza-specific T cell responses and risk of influenza
acquisition has been demonstrated62. In addition, patients with high frequencies of
cytomegalovirus-specific T cells are less likely to have reactivation of cytomegalovirus
when they are given immunosuppressive drugs to prevent rejection after transplantation63,64.
Finally, humans with particular mutations in the genes encoding IL-17 or its receptor have
chronic mucocutaneous immunity to Candida albicans65, which suggests a role for TH17
cells in immunity to C. albicans. In fact, many pandemics that need effective vaccines, such
as infection with HIV, or tuberculosis and malaria, are believed to require strong T cell
responses for protection66–68.
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The goal of any T cell–based vaccine is to induce antigen-specific memory T cells that
persist long after the antigen has been eliminated and confer protection against subsequent
infection. Vaccine-driven T cell differentiation can result in phenotypically and functionally
diverse populations of cells. For example, naive CD4+ T cells can differentiate into any of
several subsets of helper T cells (TH1, TH2, TH17, TH21, TFH, TH22 or TH9) with distinct
effector functions that mediate protection against different pathogens (Table 1). Thus,
intracellular pathogens require TH1-driven CTLs, whereas infections with helminths and
fungi are best controlled by TH2 and TH17 responses, respectively. Naive CD8+ T cells can
differentiate into effector cells that circulate or reside in tissues and provide immediate
protection against infection at the portals of entry, including mucosal tissues. In contrast,
central memory T cells reside in the T cell–rich areas of lymphoid organs and provide a pool
of precursor cells that undergo rapid clonal expansion in response to antigenic challenge and
differentiate into effector cells.

Programming T cell responses with innate immunity
The magnitude, quality and persistence of memory T cell responses can conceivably be
regulated at many steps via enhancing the clonal expansion phase, decreasing the
contraction phase, stabilizing the memory phase or some combination of these strategies.
The rate of clonal expansion is dependent on several variables, including the recruitment of
naive, antigen-specific T cells to DCs, cycling time and rate of cell death. A major challenge
during the initiation of the immune response is that the antigen-bearing DCs and the rare,
antigen-specific T cells must find each other. The precursor frequency of naive epitope-
specific CD8+ T cells has been estimated to be in the order of 1 cell in 2 × 105 cells. Thus, in
an uninfected mouse containing ~2 × 107 to 4 × 107 naive CD8+ T cells, there are estimated
to be 100–1,200 epitope-specific cells69–71. Therefore, a single lymph node probably
contains only 10 or 120 antigen epitope–specific cells. The main difficulty in observing
these rare antigen-specific cells has been addressed by the application of sophisticated
microscopic techniques. Initial calculations based on the rate of T cell migration and the
volume of space swept by the dendrites of a DC suggested a 95% likelihood that a single
antigen-specific T cell will encounter at least one DC during a single flow through the
lymph node. Thus, random movements of T cells and DCs are alone sufficient to initiate an
immune response. However, naive T cells traffic along a well-ordered network of
fibroblastic reticular cells (FRCs) during their migration from high endothelial venules to
lymphatic exits72. DCs are also positioned along the same FRC network, thus enhancing the
probability of interaction with T cells73. However, even with the constraints posed by
migration along the FRC network, the chance that a second T cell will find an antigen-
bearing DC already in contact with a T cell (as would be needed for antigen-specific CD4+

T cells and CD8+ T cells to recognize antigen on the same DC) is exceedingly low. One
adaptation that seems to mitigate this problem is that interactions between a DC and CD4+ T
cells on FRCs lead to local production of the chemokines CCL3 and CCL4, which attract
naive CD8+ T cells that have upregulated the chemokine receptor CCR5 and quickly migrate
toward a DC ‘licensed’ by a CD4+ T cell74. T cells undergo three phases of interactions with
antigen-bearing DCs. During phase 1, T cells migrate along the FRCs searching for antigen-
bearing DCs and undergo very transient ‘fly-by’ interactions. In the second phase, when the
T cells have found their antigen-bearing DCs, stable contacts (24–30 hours in duration) are
formed. In the third phase, the activated T cells separate from the DCs, rapidly divide and
undergo transient interaction with further DCs75–79. Despite such impressive insights, it
should be noted that most of these studies have involved adoptive transfer of peptide-pulsed
DCs and thus the relevance of such mechanisms to DC–T cell interactions in situ during
vaccination or infection needs further study. Notably, whether distinct subsets of DCs act
differently remains to be determined. This is a critical point, because distinct DC subsets can
prime different types of immune responses in different ways. For example, splenic
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CD11c+CD11b+CD8α− DCs (located in the T cell–rich areas) and CD11c+CD11b−CD8α+

DCs (located in the marginal zones) induce TH2 responses and TH1 responses,
respectively80,81. CD11c+CD11b−CD8α+ DCs seem more efficient at cross-presenting
antigens to CD8+ T cells82,83. Microbial stimuli or allergens that induce TH1 or TH2
responses seem to target CD11c+CD8α+ DCs or CD11c+CD11b+ migrating dermal DCs,
respectively, in different ways84. So, if distinct, geographically segregated DC subsets are
adapted to prime CD8+ T cells versus CD4+ T cells, the question of how (and where) the
three-cell interaction among a DC, CD4+ T cell and CD8+ T cell occurs remains an enigma.
Finally, whether the lessons learned from such imaging studies are universally applicable to
different vaccines and adjuvants that target and trigger distinct DC subsets and elicit distinct
innate responses is not known.

Once a productive interaction between a DC and T cell is established, the clonal expansion
of T cells can be regulated by several variables, including innate cytokines such as IL-12
and IL-18, which are secreted by DCs and induce IFN-γ production by T cells; IFN-α
secreted by pDCs85 or other cell types, which can act directly on T cells to induce robust
CD8+ T cell population expansion86; or proinflammatory cytokines such as IL-6, which may
overcome the suppressive effects of regulatory T cells (Treg cells)87. Thus, adjuvants that
enhance DC survival, the induction of costimulatory molecules and controlled release of
type I interferons (such as IFN-α) and proinflammatory cytokines may be particularly
effective in inducing T cell differentiation. However, such factors must be strictly regulated,
as prolonged antigenic stimulation88, chronic stimulation with DCs89 or inappropriate
timing of exposure to IFN-α90 can inhibit T cell differentiation.

As antigen-specific T cells proliferate, they are faced with a range of developmental fates,
such as whether they will become a TH1, TH2, TH17, TH21, TFH, TH9 or Treg cell, whether
they will become a short-lived effector cell or central memory cell, or whether or not to
home to mucosal tissues. Understanding the mechanisms that determine this ‘decision-
making’ process is an intense area of research. What role does the innate immune system
have in decoding pathogen-encoded information and providing instructive cues during T cell
differentiation? The differentiation of effector CD4+ T cells is directed mainly by cytokines
that induce specific transcription factors in the T cells to specify their differentiation fates.
For example, IL-12 activates the transcription factor STAT4 and induces the transcription
factor T-bet, which specifies TH1 cells. The innate control of T cell and B cell responses can
be considered in terms of various hierarchies of organization, in which DCs, their innate
receptors and signaling networks, and their interactions with other cells and local
microenvironments represent different levels of the hierarchy12. At the cellular level, the
type of DC subset and the nature of the PRRs triggered by the vaccine, as well as local
environmental signals, all provide instructive cues that guide the differentiation of T cells. In
mice, CD8α+ DCs and CD8α− DCs can induce TH1 and TH2 responses in different
ways80,81, and CD8α+ DCs are particularly efficient at cross-presenting exogenous antigens
to cytotoxic T cells82. A putative human counterpart of CD8α+ DCs, the so-called
BDCA-3+ DCs, has been discovered, with a similar phenotype and superior cross-presenting
ability91–93. Furthermore, in humans, pDCs in the blood94 and Langerhans cells in the
skin95 can ‘preferentially’ induce TH2 responses and in some cases also induce Treg cells.
Whether there is a subset with a propensity to induce TFH cells is not known, although
antigen presentation by B cells is known to be important in this2. At the receptor level, TLRs
in general induce DCs to prime TH1 responses, although certain TLR ligands (such as low-
dose TLR 4 ligands or TLR2 ligands) induce DCs to prime TH2 or Treg cell responses12.
Furthermore, signaling through the C-type lectin dectin-1 induces TH17 responses96 (Table
1). Therefore, adjuvants that target particular DC subsets or specific PRRs may be useful in
tailoring the appropriate class of response97. At a higher level of the hierarchy, cell-cell
interactions seem to be key in orchestrating the appropriate response. Published work has
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highlighted the importance of cooperation between basophils and DCs84,98,99 and between
other innate cell populations and DCs in the induction of TH2 responses100 (Table 1). Such
observations suggest the use of adjuvants that trigger multiple cell types. At the highest level
of the hierarchy, cytokines and chemokines in the local microenvironment ‘instruct’ DC
function. For example, intestinal DCs seem programmed to induce Treg cells101–103,
whereas total spleen DCs prime TH1 and undifferentiated TH0 responses104. Furthermore,
human epithelial cells trigger DC-mediated allergic inflammation by producing thymic
stromal lymphopoietin105. These results are consistent with the observation that DCs in
distinct microenvironments induce different TH responses. Therefore, adjuvants delivered
via different routes must be able to reprogram the intrinsic tissue-specific bias of DCs.
Finally, the intracellular signaling networks and transcription factors that control the
‘decision-making’ process in DCs are just beginning to be appreciated. Activation of the
transcription factor NF-κB and the mitogen-activated protein kinases p38 and Jnk program
DCs to produce IL-12p70 and induce TH1 responses. In contrast, activation of the mitogen-
activated protein kinase Erk–c-Fos pathway seems to favor a TH2 bias12, and activation of
the Erk-RALDH enzymes106 or β-catenin103 programs DCs to induce T regulatory
responses (Table 1).

A second ‘decision-making’ process concerns whether a cell will become a central memory
or effector memory cell; this topic has been reviewed extensively3,107–109. Finally, innate
signals can program activated T cells to migrate to mucosal tissues. For example, the
vitamin A (retinol) metabolite retinoic acid enhances expression of the integrin α4β7 and the
chemokine receptor CCR9 (which mediate homing to the gut) on T cells after activation and
‘imprints’ gut tropism on them110. Furthermore, intestinal antigen-presenting cell subsets
constitutively express retinoic acid–metabolizing enzymes17,101,102, and activation of DCs
with certain stimuli, such as certain TLR2 ligands, can induce retinoic acid–metabolizing
enzymes in splenic DCs106. As many infections, such as infection with HIV, occur almost
exclusively via mucosal transmission, a protective CD8+ T cell–based vaccine must elicit
memory CD8+ T cells that can promptly migrate to the sites of virus entry or that exist at
such sites before infection. In this context, an adenoviral vector that can induce retinoic
acid–metabolizing enzymes in lymph node DCs has been shown to program the priming of
α4β7- and CCR9-expressing T cells15.

Programming antibody responses with innate immunity
Although the regulation of T cell responses by innate immunity has been appreciated for
some time, evidence is emerging for key roles of the innate immune system in regulating the
magnitude, quality and persistence of antibody responses. For example, protection against
diphtheria, tetanus, lyme disease, hepatitis A, polio, rabies, yellow fever, meningococcal and
pneumococcal bacteria is dependent on the magnitude of the antibody response22. However,
for many vaccines it is the quality of the antibody response that matters. Thus, of all the
detectable antigen-binding antibodies, only a subset may be able to neutralize the pathogen
in vitro (Fig. 1). However, another subset might be considered to have high affinity
(because, for example, they have an affinity of over 1 × 10−9 M), and another subset might
have certain effector functions, such as opsonophagoyctic capacity or antibody-dependent
cell-mediated cytotoxicity, dependent on the Fc portion of the antibody (Fig. 1). Ultimately,
of course, what matters is whether the antibodies are able to protect against infection in vivo,
and this may or may not have something to do with the various aforementioned properties of
antibodies. There are many examples in which quality does matter. For example, lack of
affinity maturation because of poor TLR stimulation leads to enhanced respiratory syncytial
virus disease111. Furthermore, vaccination of infants with the polysaccharide vaccine against
meningococcus usually does not stimulate bactericidal antibodies despite high antibody
titers112. Similarly, the polysaccharide vaccine pneumococcus provides some protection
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against invasive pneumococcal disease in a healthy elderly population, but there is evidence
that vaccine efficacy decreases with age because of impaired induction of opsonophagoyctic
antibodies113. Finally, the antibody isotype influences the efficacy of toxin neutralization
through a mechanism that requires engagement of the Fc receptor (FcγR)114. Therefore,
better understanding of the mechanisms by which the innate immune system regulates the
quality of antibody responses will facilitate the design of adjuvants that target the right DC
subsets or PRRs to induce the appropriate quality of antibody response.

Another key variable is the persistence of the antibody response. For example, carbohydrate
vaccines, such as the vaccine against meningococcus in children or the vaccine against
pneumococcus in the elderly, induce immunity that is short lived. The results of an HIV
vaccine trial in Thailand evaluating priming with recombinant canarypox-HIV vector and
boosting with recombinant HIV-1 envelope gp120 subunit protein plus alum has
demonstrated that vaccinees acquired HIV at a lower rate (31%) than people given placebo
but that the vaccine had no effect on viral load or CD4+ T cell counts in vaccinees once they
became infected15. Interestingly, the vaccine efficacy dropped over time. Although most
vaccinees had binding antibodies, titers ‘collapsed’ after 24 weeks. The precise correlate of
protection is under intense study, and the immune responses most consistently detected in
this trial were CD4+ T cell proliferation, antibody-dependent cell-mediated cytotoxicity, and
binding of antibodies to HIV-1 gp120 (ref. 115). Learning how to enhance the persistence of
such responses with relevant adjuvants is critical (Fig. 2), and this might potentially be
achieved by adjuvants, vectors and cytokines that stimulate natural killer ‘memory’ cells that
traffic to the mucosal tissues and facilitate antibody-dependent cell-mediated
cytotoxicity116–118. In addition, adjuvants and vectors that enhance the persistence of
plasma cells will be useful (Fig. 2). As many live attenuated vaccines (such as those against
smallpox and yellow fever) induce antibody responses that last several decades,
nanoparticle-based vaccines that resemble viruses in size and immunological composition
could be useful19,30. Immunization of mice with nanoparticles containing antigens plus MPL
(a TLR4 ligand) with or without R-837 (a TLR7 ligand) induces synergistically more
antigen-specific, neutralizing antibodies than does immunization with nanoparticles
containing antigens plus a single TLR ligand13. In addition, there is much greater
persistence of plasma cell responses lasting over 1.5 years. In principle, this could be
achieved at multiple points in the cascade of events involved in the differentiation of
antigen-specific B cells to memory B cells and long-lived plasma cells (Fig. 2). Microarray
analysis of activated B cells early in the immune response (day 7) indicates that there is
early programming toward B cell memory. The mechanism underlying this TLR4-TLR7
synergy is dependent on signaling via MyD88 and TRIF in DCs, but there is also a
requirement for TLR signaling in B cells and, notably, both TLRs must be triggered on the
same B cell. These results highlight the fact that the magnitude, quality and persistence of
antibody responses can be regulated by innate immunity and that the germinal center
reaction may be a useful target for adjuvants that promote memory B cell development and
persistent plasma cells. The precise mechanisms by which DCs, TLRs and other PRRs might
regulate germinal center differentiation, affinity maturation and lon-gevity of the response
are still poorly understood, but several genetargeting studies have identified critical roles for
molecules such as CD40, ICOS, IL-21, PD-1, CD95, IRF4 and Bcl-6 in this process.
Furthermore, enhanced expression of BAFF (B cell–activation factor of the tumor necrosis
factor family) or the proliferation-inducing ligand APRIL or their receptors, including
BCMA (TNFRSF17), is known to enhance the survival of plasma cells119 (Fig. 2). Indeed,
BCMA expression has been found to be the best predictor of neutralizing antibody responses
to YF-17D19.

TFH cells have emerged as critical regulators of B cell memory and long-lived plasma cells2.
Chemokine receptor CXCR5 expression120,121 and downregulation of the chemokine
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receptor CCR7 enables CD4+ T cells to home to the follicles, where they help the
differentiation of germinal center B cells2,122 (Fig. 2). TFH cells produce large amounts of
IL-21 and express the transcription factor Bcl-6. Given their central importance in regulating
B cell memory and persistence, the DC subsets and PRRs that induce and maintain TFH cells
must be understood. DC-associated molecules such as OX40L and CD40L, as well as
cytokines (such as type I interferons, IL-6, IL-12 and IL-23), seem to have important roles in
the generation of TFH cells2,122. The lower abundance of TFH cells in B cell–deficient mice
or in mice whose B cells lack specific molecules (CD19, CD40, major histocompatibility
complex class II or ICOS-L) suggests that B cells are also important for the generation of
TFH cells.

Finally, many pathogens pose unique challenges to the induction of protective antibody
responses. For example, in dengue infection, non-neutralizing antibodies induced by natural
infection with one serotype of the dengue virus may enhance infection with a different
serotype by the process of antibody-dependent enhancement123. Poorly neutralizing, cross-
reactive antibodies are thought to contribute to enhancing the entry of virus into myeloid
cells123. Therefore, a major challenge for those studying and developing vaccines is to
induce a balanced immune response to all four of the dengue serotypes and diminish the risk
of antibody-dependent enhancement.

Humanity as a model
Many fundamental insights in immunology have emerged from the study of animal models,
such as inbred strains of mice, including knockout and transgenic mice. However, it is now
clear that despite their many similarities, the immune systems of mice and humans differ in
many important details (such as TLR expression on DC subsets)21,124,125. These differences
pose an obstacle to the rapid translation of discoveries from mice to the clinic. There has
been heightened interest in studying immune responses in humans. For example, studies
have focused on immune responses to vaccination in humans using the approach of systems
biology19,20. Indeed, in 2010 the National Institutes of Allergy and Infectious Diseases
established a consortium focused on understanding the human immune system in its steady
state and in response to vaccinations and infections. This consortium, which comprises
several institutions throughout the USA, will receive more than $100 million funding over 5
years to analyze human immune responses to vaccination and infection by high-throughput
approaches. This effort to systematically characterize immune responses in humans is likely
to revitalize human immunology21,124 and accelerate the pace of vaccine development.

Finally, the age distribution of the world’s population is in the midst of an unprecedented
change, resulting from a transition from high mortality and high fertility to one of low
mortality and low fertility. Indeed, according to the Population Division of the United
Nations Secretariat, by 2050 more than 21% of the world’s population will be over 65 years
of age and another 20% will be under the age of 14. Therefore, more than 40% of the
population will either be elderly or pediatric, yet understanding of how the immune systems
in these populations sense and respond to vaccines is at best fragmentary. Furthermore,
nearly 850 million people are malnourished and over a billion people are overweight.
Therefore, understanding how age and nutritional status influence vaccine-induced
immunity in humans is critical. The relationship between nutritional status and immunity or
between immunosenescence and vaccine efficacy is well documented126, and it is known
that the neonatal innate immune system, which is biased against the production of
proinflammatory cytokines, impairs responses to many vaccines127. However, the molecular
mechanisms that underlie the impairment of vaccine-induced immunity in the very young
and very old are poorly defined.
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Vitamin A deficiency is associated with enhanced susceptibility to almost all types of
infections, with defects in both the innate and adaptive immune systems128,129. However,
the evidence is conflicting, and it is now clear that the nutritional status of children
influences immune responses in poorly understood and complex ways130. Similarly, the link
between obesity and weak immunity is still being determined, but the chronic inflammation
associated with obesity131 might negatively affect vaccine-induced immunity. Therefore,
there is a need to critically reexamine the relationship between malnutrition or obesity and
immune responses through clinical trials in which multiple parameters of innate and
adaptive responses can be evaluated by cutting-edge technologies, including the tools of
systems biology19–21.
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Figure 1.
Varieties of antibody responses and their correlates of protection. Antibody responses to
vaccination or infection can be qualitatively distinct and can be measured in different ways.
Thus, all the antigen-specific binding antibodies to a given antigen can be measured by
enzyme-linked immunosorbent assay (ELISA), and the affinity or avidity of antibodies can
be assessed by surface plasmon resonance, with those antibodies having an affinity above a
certain threshold being deemed high-affinity antibodies. The ability to neutralize the
pathogen in vitro is one measure of antibody function. Other correlates include the ability to
kill a pathogen by opsonophagocytosis, complement fixation, antibody-dependent cytotoxic
cell killing, isotype and persistence. The correlates of protection provided by different
vaccines differ in the aforementioned parameters; for example, correlates for polio, measles,
rabies, diphtheria or tetanus are considered to be binding antibody titers assessed by
enzyme-linked immunosorbent assay, and so on. Hib, H. influenzae type B; VZV, varicella
zoster virus.
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Figure 2.
Programming antibody responses with innate immunity. Antigen-specific antibody
responses to T cell–dependent antigens develop along two anatomically and functionally
distinct pathways132–135. DC-mediated stimulation of antigen-specific TH cells in the T
cell–rich areas is regulated by the DC subset and the PRRs triggered. Activated antigen-
specific B cells migrate to the interface between the B cell follicle and T cell area132–135.
Here, they interact with helper T cells, which results in the clonal expansion of B cells; these
migrate to the bridging channels at the edges of the lymphoid areas of the spleen or the
medullary cords in the lymph nodes and differentiate into short-lived plasma cells132–135.
Other activated B cells migrate into B cell follicles and proliferate rapidly and form
germinal centers (GC). In addition, some helper T cells (TFH cells) express CXCR5 and
migrate into the follicles. Induction of TFH cells is controlled by the nature of the DC subset,
innate cytokines, TLR ligands, costimulatory molecules, TLR ligands and so on. In the early
phase of GC development, the dividing B cells (centroblasts) downregulate cell surface
expression of immunoglobulin and undergo somatic hypermutation of their immunoglobulin
genes132–135. Then, the centroblasts cease to divide and re-express their mutated
immunoglobulin receptor, and cells (centrocytes) with heightened affinity for the antigen are
thought to be selected for enhanced affinity of binding to antigen-antibody complexes on the
follicular DCs, as well as by helper T cells in the light zone136. Positively selected
centrocytes differentiate into long-lived plasma cells that migrate to the bone marrow or
differentiate into recirculating memory B cells. The survival of long lived plasma cells or
memory B cells is controlled by innate parameters such as TLR ligands, basophils14, BAFF
or APRIL.
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Table 2

Innate immune activation by vaccines and adjuvants

Innate immune
mechanism

Type of immune
response

Licensed vaccine

Yellow fever (YF-17D) Activates multiple DC
subsets through TLR2, TLR3,
TLR7, TLR8 and TLR9;
activates RIG-I and
Mda5

CTLs; TH1 and TH2;
neutralizing
antibody

Smallpox (vaccinia virus) Inhibits DC activation and
causes cell death;
blocks TLR4 and
TLR3 signaling

CTLs; neutralizing
antibody

Bacillus Calmette-Guérin Activates TLR2, TLR4,
TLR9 and DC-SIGN

TH1 and TH2

Licensed adjuvant-
vaccine combinations

Alum TLR signaling not critical
for induction of antibody
responses; induces
caspase-1 and inflammasome
activation in DCs

TH2; antibody

MF59 Mechanism unknown;
enhanced uptake by antigen
presenting cells probably
important

TH2; antibody

AS04 TLR4 agonist TH1; antibody

Emerging adjuvants

CpG DNA TLR9 ligand TH1, antibody

TLR7 and TLR8 ligands TLR7 ligands TH1, antibody

Flagellin-protein fusions Activates TLR5 and the
inflammasome components
IPAF and NAIP5

TH1 and TH2

Innate immune activation by some licensed vaccines and vaccine-adjuvant combinations, and emerging adjuvants being used in combination with
various vaccines (these have been shown to stimulate innate immunity in clinical trials in combination with a variety of vaccines). MF59 is licensed
in Europe in combination with the Novartis vaccine against influenza; AS04, an MPL derivative, is licensed for use in Europe in combination with
vaccine against hepatitis B.
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