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Vaccine delivery: a matter of size,
geometry, kinetics and molecular
patterns

Martin F. Bachmann and Gary T. Jennings

Abstract | Researchers working on the development of vaccines face an inherent
dilemma: to maximize immunogenicity without compromising safety and tolerability.
Early vaccines often induced long-lived protective immune responses, but tolerability
was a major problem. Newer vaccines have very few side effects but can be of limited
immunogenicity. One way to tackle this problem is to design vaccines that have all the
properties of pathogens with the exception of causing disease. Key features of pathogens
that can be mimicked by vaccine delivery systems are their size, shape and surface
molecule organization. In addition, pathogen-associated molecular patterns can be used
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and enhance vaccine efficacy.

The first attempts to immunize against smallpox virus
occurred in China and India more than 1,000 years
ago', when people were inoculated with live, virulent
smallpox virus, a process known as variolation. For rea-
sons still not understood, this treatment did not usu-
ally result in systemic infection but instead had severe
effects only at the site of inoculation. Mortality rates
among variolated individuals were reported to be less
than 1% rather than the 30% mortality rate that typically
occurred during outbreaks of smallpox virus. However,
the infection sometimes spread from variolated indi-
viduals to naive individuals, resulting in smallpox out-
breaks with normal mortality rates. Variolation was
therefore a highly risky procedure.

At the end of the eighteenth century, Edward Jenner
realized that milkmaids who had acquired a pox-like
disease from cows were resistant to smallpox virus infec-
tion. He hypothesized that infection with cowpox virus
could protect against smallpox virus and, to prove this,
he infected the son of his servant with infectious mate-
rial obtained from a milkmaid and then challenged the
child with live smallpox virus through variolation. The
boy was resistant to disease and consequently, within
a matter of years, the new practice of immunization
against smallpox was spread throughout Europe. As
the virus used for inoculation was from a cow (vacca), the
procedure was termed vaccination'.

to induce innate immune responses that promote adaptive immunity. In this Review,
we discuss the approaches currently being used to optimize the delivery of antigens

Vaccinology has changed greatly since these times.
The most recently licensed vaccines are typically
recombinant products and are well defined at the
molecular level®. Vaccine-associated mortalities are
now extremely rare events. Unfortunately, for recom-
binant vaccines, the efficacy profile has also changed.
Modern vaccines require two to three initial injec-
tions followed by occasional booster injections to
maintain protective antibody levels. Indeed, limited
immunogenicity and the sometimes great difficulties
in inducing antibodies of the appropriate specificity
(as, for example, in the case of vaccines against HIV?)
are major limitations of modern vaccine development.
Safety is the foremost requirement for vaccines, partic-
ularly for those used for prophylaxis. Therefore, a cru-
cial challenge for vaccine development is to design and
produce vaccines that are safe but, at the same time,
induce potent and long-lasting immune responses.
Indeed, to increase immunogenicity without compro-
mising safety and tolerability is the holy grail of the
vaccine industry.

Two approaches can be taken to increase vaccine
immunogenicity. The first is to develop vaccines based
on live pathogens that have been rendered as safe as
recombinant proteins, and the second is to produce
recombinant proteins as immunogenic as live patho-
gens. The first approach is challenging because the more
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Particulate adjuvant
An adjuvant that forms small
particles or droplets and

attenuated (that is, less virulent) a pathogen becomes, the
less immunogenic it is. Conversely, the second approach

entraps the antigen.

is hampered by the fact that increased immunogenicity of
recombinant protein antigens usually leads to increased
reactogenicity (that is, more side effects).

For non-replicating antigens, vaccine delivery systems
that attempt to mimic various properties of pathogens*
and thereby increase immunogenicity are often used.
There are numerous prominent and successful examples;
the influenza virus vaccine Inflexal (Crucell) is a virosome
that incorporates the influenza virus protein haemagglu-
tinin into liposomes. Another example is the hepatitis B
virus vaccine Engerix B (GlaxoSmithKline Biologicals),
which has properties of both virus-like particles (VLPs)
(BOX 1) and liposomes in that the vaccine particles incor-
porate lipids during the self-assembly process in yeast. A
vaccine delivery platform that most closely mimics the
properties of viruses is VLPs (BOX 1). Gardasil (Merck &
Co.) and Cervarix (GlaxoSmithKline) are licensed VLP-
based vaccines against human papillomavirus (HPV)
that exemplify this approach. VLPs can also be used to
display antigens that are unrelated to the VLP itself and
can therefore be used to induce antibody responses
against chosen epitopes™*.

Currently, there are various other delivery systems
in development. Examples include nanoparticles and
microparticles, which have dimensions that are simi-
lar to those of microbial pathogens. Such particulate
delivery systems can be made from various materials,
such as polylactide co-glycolide (PLG), immunostimu-
lating complexes (ISCOMs) (a mixture of cholesterol,
phospholipids and Quillaja saponins), chitosan (a
chitin-derived polyaminosaccharide), polyanhydrides,
hyaluronic acids, starch, proteins or synthetic materials
such as polyethylene glycol and polystyrene®’.

The success of most, if not all, prophylactic vac-
cines is based on the induction of long-lived T helper
cell-dependent IgG responses®. Hence, the main focus
of classical vaccine development is the optimization of

Box 1| Virus-like particles

Virus-like particles (VLPs) are self-assembly systems that spontaneously form
virus-shaped particles following expression of one or several viral proteins. Typically,
VLPs have an icosahedral or rod-like structure. The symmetry of VLPs usually reflects
the symmetry of the original virus. In most cases, it is the viral envelope proteins that
assemble into VLPs, but viral core proteins may also form VLPs, as is the case for the
hepatitis B virus core proteins. VLPs cannot replicate owing to the absence of
replicases and nucleic acids encoding viral proteins. Some VLPs, however,
spontaneously assemble around RNA or DNA fragments; for example, VLPs derived
from the bacteriophage Qb. Qb envelope proteins assemble into icosahedral VLPs
following expression in Escherichia coli. Each VLP contains 180 subunits and a random
selection of different RNA species derived from E. coli. The particles can be
disassembled and will spontaneously reassemble in the presence of polyanionic
structures. Hence, the RNA (which is a ligand for Toll-like receptor 7 (TLR7) and TLR8)
may be replaced, for example, by CpG-containing oligodeoxynucleotides (which are
ligands for TLR9) or polyGlu (which is not known to bind TLRs). This allows manipulation
of the TLR stimulus that is given together with the VLPs.

AlLVLPs have highly repetitive surfaces and therefore induce potent antibody
responses. Antigens displayed on VLPs assume a similar immunogenicity as the
underlying particle. VLPs may therefore be a potent platform to induce antibody
responses against antigens of choice.

B cell responses. By contrast, therapeutic vaccines for
the treatment of chronic infections or cancer rely on the
induction of robust pro-inflammatory CD4* and CD8*
T cell responses. Hence, for prophylactic and therapeutic
vaccines different design strategies are often used.

The induction of protective immune responses
involves several key steps. These include antigen
uptake and processing by antigen-presenting cells
(APCs), activation of APCs for effective T cell prim-
ing and activation of B cells. This Review describes
the ways in which recombinant vaccines can be made
more effective, by optimizing each of these steps
through harnessing properties of pathogens (FIC. 1).
By designing vaccines that mimic the size, geometry,
kinetics and molecular patterns of viral antigens, it
may be possible to induce immune responses that are
as potent as those induced by viral infection but without
the associated risks.

The role of size in vaccine design

The effect on antigen uptake and processing. The
dimensions of vaccine antigens vary greatly*® (FIG. 2).
The smallest (<10 nm) are protein or viral subunit anti-
gen vaccines. Often, such antigens are formulated with
adjuvants (such as alum and Freund’s adjuvants) to form
larger particles or aggregates. Supramolecular particu-
late antigens, such as VLPs and nanoparticles, are larger
(20-200nm). Small liposomes, such as virosomes, are
approximately 100-200 nm. Antigens presented in the
context of microparticles, liposomes, water in oil emul-
sions (Freund’s adjuvants), oil in water emulsions (MF59
adjuvant), mineral salts (alum adjuvants) and whole-cell
vaccines are the largest (100 nm-20 ym).

The crucial APCs for the induction of T cell responses
are dendritic cells (DCs) and probably macrophages'®!,
which are both highly specialized to take up and proc-
ess antigen. Uptake of antigens by DCs, trafficking of the
DCs to the lymph nodes and triggering of DC matura-
tion are key steps in the generation of potent immune
responses and need to be evaluated for the various
vaccine delivery systems.

Uptake of antigens by APCs depends on several
antigen-associated properties, such as size, shape, sur-
face charge, hydrophobicity and hydrophilicity, as well as
receptor interactions'?. The size of antigens is an impor-
tant factor for their efficient uptake by APCs. Particulate
antigens, such as whole-cell vaccines, virosomes and
VLPs, or antigens formulated in particulate adjuvants,
such as liposomes and microparticles, have large surfaces
that have charged, hydrophobic or receptor-interacting
properties. This leads to better interaction of APCs with
particles than with soluble proteins. Many pathogen
surfaces are highly repetitive and thereby allow efficient
binding of natural IgM antibodies through high-avidity
interactions, leading to the recruitment and activation
of complement component 1q (C1q) and the classical
pathway of the complement cascade. Furthermore, pen-
traxins (such as C-reactive protein, serum amyloid P
component and pentraxin 3) bind to pathogen surfaces
through poorly understood mechanisms. Binding of
pentraxins, in particular the long pentraxin 3, also
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Figure 1| Key steps during the generation of protective immune responses.

a| Antigen processing is facilitated if antigens are particulate and have a repetitive
surface organization, which increases phagocytosis and the ability to activate
complement and recruit other molecules of the innate humoral immune system.

b | B cell activation is also facilitated by antigens that have a repetitive surface
organization (through cross-linking of the B cell receptor (BCR) and activation of
complement), that are 20-200 nm in size (which allows them direct access to the
lymphatic system) and that contain pathogen-associated molecular patterns
(PAMPs). c | Activation of antigen-presenting cells (APCs) is facilitated by the
recognition of PAMPs by Toll-like receptors (TLRs) or other pattern-recognition
receptors (such as NOD-like receptor family pyrin domain-containing protein 3 (NLRP3)),
or by other mechanisms. d | T cell activation is facilitated by the prolonged presence
of antigen through depot-forming adjuvants or perhaps vaccination regimens.

e | T cell-B cell collaboration is essential for the generation of antibody-producing
plasma cells and memory B cells but not much is known about the factors that
influence this interaction. It is likely that factors that increase persistence of antigen

on follicular dendritic cells (FDCs) would be beneficial. DC, dendritic cell.

causes activation of C1q. In addition, pentraxins bind
to Fc receptors, further facilitating the uptake of path-
ogens". The same molecules of the innate humoral
immune system react with hydrophobic surfaces", as
found on some microparticles and nanoparticles used
in vaccines. In addition, artificial hydrophilic surfaces,
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such as those of pluronic-coated nanoparticles, activate
the alternative, rather than the classical, pathway of the
complement cascade. This also results in increased
uptake by DCs and macrophages". Adjusting the
hydrophobicity or hydrophilicity of a particle’ may
thereby allow manipulation of their capacity to trigger
the complement cascade and become opsonized™. It is
interesting to note that the concept of hydrophobicity
may also explain why fully denatured proteins, which
have exposed hydrophobic regions, unexpectedly
induce potent T and B cell responses'®". In summary,
in contrast to small protein antigens, which are inef-
ficiently taken up and presented by APCs, pathogen-
sized particles and protein aggregates may efficiently be
taken up by APCs'®*.

Following uptake by APCs, antigens will reach the
endosomal-lysosomal compartments, where they are
degraded into peptides. These peptides are then loaded
onto MHC class IT molecules and are subsequently
transported to the cell surface for stimulation of CD4*
T helper cells.

Through the process of cross-presentation, the vaccine
antigen can also be presented by MHC class I molecules
to induce the priming of CD8* T cell responses, an
important feature for therapeutic vaccines against can-
cer and chronic viral infections®. Soluble protein anti-
gens are usually only inefficiently cross-presented, but
particulate antigens that are a similar size to, or larger
than, viruses efficiently reach the MHC class I pathway
without intracellular replication”. Hence, cross-pres-
entation of peptides derived from particulate antigens
occurs much more readily than cross-presentation of
peptides derived from soluble antigens'**'. Furthermore,
cross-presentation of MHC class I-associated peptides
derived from particulate antigens occurs with similar
efficiency as presentation of MHC class II-restricted
peptides®. Processing of particulate antigens that are
20nm-3 pm in diameter has been documented and there
is no clear indication that there are preferred sizes within
this range'*?"?**, It is therefore possible that APCs have
evolved to effectively process any antigen with dimen-
sions that are similar to pathogens, ranging from viruses
(20-100nm) to bacteria and even cells (in the micro-
metre range). So, generating particulate vaccines may
enhance the uptake, processing and presentation of the
antigens by professional APCs.

The effect on antigen transport. Vaccines are injected
subcutaneously or intramuscularly. However, adaptive
immune responses are mainly induced in the secondary
lymphoid organs. So, the transport of antigens through
the lymphatic system from the peripheral tissues to
lymphoid organs is important for vaccine design. The
lymphatic system regulates tissue fluid balance by allow-
ing the transport of fluids and serum components that
leak from blood capillaries into the interstitial space
back to the blood. It is also the route through which
peripheral immune cells and antigens or pathogens enter
the secondary lymphoid organs. Lymph fluids are
propelled through lymph vessels and ducts by a system of
small peristaltic pumps, contraction of adjacent skeletal
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Figure 2 | The sizes of adjuvant delivery systems and pathogenic agents.

The size ranges of various adjuvant delivery systems and the dimensions of different
pathogenic agents are indicated on a nanometre log scale. The range of particle sizes
that allows most efficient uptake by antigen-presenting cells (APCs) and the size of
macromolecules that most efficiently enter the initial lymphatic vessels are shown.
ISCOMs, immunostimulating complexes; VLPs, virus-like particles.

Cross-presentation

The ability of certain
antigen-presenting cells to load
peptides that are derived from
exogenous antigens onto MHC
class I molecules. This property
is atypical, because most cells
exclusively present peptides
from their endogenous proteins
on MHC class I molecules.
Cross-presentation is essential
for the initiation of immune
responses to viruses that do not
infect antigen-presenting cells.

Immune complex

A complex of antigen bound
to antibody and, sometimes,
components of the
complement system. The
levels of immune complexes
are increased in many
autoimmune disorders, in
which they become deposited
in tissues and cause tissue
damage. To effectively activate
complement and Fc receptors,
more than one antibody needs
to be present in a complex.

Subcapsular sinus
macrophage

A specialized macrophage that
resides in the subcapsular
sinus of lymph nodes and is
efficient at capturing antigen
from the lymph.

muscle and arterial pulsation®. Initial lymphatic vessels
are blind-ended structures that are lined with overlap-
ping endothelial cells. These cells function as flap valves
that ensure unidirectional transport of solutes and small
particles along the lymphatic vessels®. Initial lymph
vessels are 10-60 um in diameter, whereas larger lym-
phatic vessels can be up to 2 mm in diameter. The size of
lymph vessels is therefore large enough to transport par-
ticles and cells of up to several um. As lymph fluid is
actively pumped, also against gravity, it is evident that the
free exchange of water and macromolecules between
the lymph and the interstitium must be regulated.
Indeed, several factors influence the entry of macro-
molecules into the initial lymphatic vessels, and size is
an important determinant. Molecules of 20—200 nm effi-
ciently enter the lymphatic system, with an optimal size
being ~40 nm?**?%, The distal initial lymphatic vessels
are partially open structures that have gaps and clefts
between the endothelial cells. By contrast, the more
complex proximal vessels are essentially impermeable
to proteins that are more than 70 kDa (corresponding to
a dynamic radius of 5-6 nm)?». Consequently, both cells
and macromolecules that are smaller than 100-200 nm
enter the lymphatic system at the distal sites of the
lymph vessels™.

By contrast, particles that are larger than 200-500 nm
do not efficiently enter lymph capillaries in a free form'>*!.
Instead, large particles need to be carried into the lym-
phatic system by specialized cells®, such as DCs, which
can squeeze through openings between overlapping
endothelial cells** (FIC. 3).

The size of vaccine delivery systems also affects the
kinetics of lymph drainage. Nanoparticles of less than
200 nm reach the lymphoid organs directly through the
lymph drainage within hours of injection, whereas
the transport of particles that are larger than 200-500 nm
requires DCs, and it takes approximately 24 hours for

them to arrive in lymph nodes®. As discussed below,
free versus cell-associated drainage of vaccine antigens
has a crucial effect on the targeting of cell populations
by the differently sized particles.

The effect on targeting B cells. The finding that size
determines whether particles freely drain to lymphoid
organs or arrive at these sites in association with cells
has major consequences for vaccine design and immune
cell targeting. As antigens with virus-like dimensions
(and smaller) most efficiently reach the lymph nodes in
a cell-free state, vaccine delivery systems with similar
dimensions will facilitate direct interaction of antigens
with follicular B cells.

There are several reasons why the direct interaction
of antigens with B cells is important for the optimal
induction of effective antibody responses. First, vac-
cine antigens should be in an authentic native configu-
ration for B cell activation, which can be achieved when
antigens access B cell follicles in secondary lymphoid
organs in a native state. Second, cross-linking of B cell
receptors (BCRs) is a strong activation signal for B cells
and is facilitated by repetitive structures, such as those
presented on viral surfaces or viral particles* ¢ (see
later). The presentation of antigens that have a repeti-
tive structure is therefore optimal when such antigens
directly access the lymph node. Third, viruses and many
vaccine delivery systems contain Toll-like receptor
(TLR) ligands, which can enhance antibody responses.
It has recently been shown in mice that the effect of
antigen-associated TLR-based adjuvants is mediated by
activation of TLR4, TLR7 or TLRY expressed by B cells,
indicating that direct interaction between particles and
B cells is necessary>*!.

In this context, it is interesting to understand how
antigens reach B cells in the lymph nodes. Soluble pro-
teins can directly reach the B and T cell regions through
conduits***. In addition, follicular B cells may interact
with antigens that diffuse through small pores in the
subcapsular sinus*. By contrast, larger antigens, such as
viruses and immune complexes, are initially captured by
subcapsular sinus macrophages and subsequently shuttled
to B cells, which transport the antigens to follicular DCs
(FDCs) located in B cell follicles*-". Alternatively, DCs
have also been shown to capture antigen and activate
extrafollicular B cells in T cell areas*®*. Another mecha-
nism was found to be important for immunity to influ-
enza virus: subcapsular sinus macrophages prevented
viral dissemination, while viral antigen was transported
into B cell follicles by DCs bound to DC-SIGN-related
protein 1 (SIGNRI; also known as CD209b)*. In addi-
tion to SIGNR1, complement receptors or DC-specific
ICAM3-grabbing non-integrin (DC-SIGN)**’ can also
be involved in the transport and presentation of anti-
gen on the cell surface. Alternatively, antigen may be
stored in non-degrading intracellular compartments and
subsequently recycled to the cell surface**.

This cell-associated transport of native antigens
has mainly been described in the context of antigen
transport from the subcapsular sinus to the B cell fol-
licles in lymph nodes. There is little direct evidence
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Figure 3 | Entry of particles into initial lymphatic vessels and localization

in the draining lymph node. a | Particles with a size range of 10-200 nm enter
the initial lymphatic vessels from the interstitial space by directly diffusing
through lymphatic endothelial cell junctions. Particles of this size can also enter
the lymphatic vessels after being endocytosed by dendritic cells (DCs), which then
enter the lumen of the vessel by intravasation. b | Particles that are larger than

200 nm diffuse from the interstitial space into the lumen less efficiently with
increasing size. Particles that are 500 nm—1pum are too large to pass through
endothelial cell junctions and are transported into the lymph vessel following
uptake by DCs. ¢ | Frozen sections of popliteal lymph nodes that were isolated
from mice 48 hours after injection with either small (20 nm, left panel) or large
(1um, right panel) green fluorescent nanoparticles and stained with B220-specific
antibody to depict B cell areas (red). Small particles are distributed in the
subcapsular sinus, as well as in the cortex and paracortex in close proximity to

B cell follicles. By contrast, large particles are excluded from the subcapsular
sinus and B cell regions and can only enter the paracortex and the medulla of the
lymph node, where DCs and T cells reside. Images in part c are reproduced, with
permission, from REF. 32 © Wiley-VCH GmbH & Co. KGaA (2008).

Follicular DC

(FDC). A cell that has a
dendritic morphology and is
present in lymph nodes. These
cells display on their surface
intact antigens that are held
inimmune complexes, and

B cells present in the lymph
node can interact with these
antigens. FDCs are of
non-haematopoietic origin and
are not related to dendritic
cells.

Langerhans cell

A professional antigen-
presenting dendritic cell
localized in the epidermis
of the skin.

that either Langerhans cells or dermal DCs that migrate
from the skin to the lymph node have a similar func-
tion. Nevertheless, as DCs have been reported to
shuttle infectious viruses, such as HIV virions, from
the periphery to lymphoid organs®, it is also possible
that this could occur for other particulate antigens.
Dedicated receptors, such as DC-SIGN, SIGNR1 and
complement receptors, may facilitate this process*®>*>.
Immune responses induced by whole-cell vaccines may
benefit from such a mechanism, as bacteria express
carbohydrates and other ligands recognized by com-
plement, pentraxins and scavenger receptors on DCs".
Similar considerations may apply to particles that acti-
vate molecules of the innate humoral immune system.
Nevertheless, although it cannot be excluded that such
vaccines are transported to lymph nodes by DCs in the
native form to directly interact with B cells, it is clear
that the ability of vaccines to drain to lymph nodes inde-
pendently of cellular transport greatly influences direct
antigen exposure to B cells. Indeed, a comparison of
the distribution of small and large nanoparticles inside
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lymphoid organs after peripheral injection reveals that
small particles can access all areas of the lymph node,
including the subcapsular sinus and the B cell area®.
By contrast, large particles are restricted to the T cell
regions, indicating that exposure of B cells to antigens
is restricted if large particles are used for immunization
(FIC. 3). Thus, direct drainage of antigen to lymph nodes
may not be a prerequisite for the induction of B cell
responses, but it facilitates and enhances the interac-
tion of B cells with their cognate antigen and associated
TLR ligands.

In this context, it is interesting to consider how clas-
sical adjuvants, such as alum and incomplete Freund’s
adjuvant, affect lymph node drainage of antigens.
Surprisingly, and consistent with an important role for
direct drainage of native antigens into lymph nodes,
these adjuvants have very little influence on the kinet-
ics and amount of antigen that drains into the lymph
nodes. Thus, although these adjuvants may form a local
depot at the injection site, most of the antigen drains
into lymph nodes within hours™.

The effect on targeting DCs. Although activation
of B cells by antigen is important for the induction of
antibody responses, concomitant activation of antigen-
specific T helper cells is equally important, as anti-
body responses remain short-lived in the absence of
T helper cell-dependent class switching and the gener-
ation of long-lived plasma cells (FIG. 1). DCs, the most
potent inducers of T cell responses, therefore also need
to be loaded with antigen. CD8* lymphoid DCs and
plasmacytoid DCs (pDCs) are two important types of DC
that are essentially restricted to lymphoid organs®-".
Both cell types have important properties that should
be considered when designing vaccines: CD8* DCs
are essential for cross-presentation of exogenous
antigens®**°, and pDCs are an important source of
type I interferons®°’.

As only CD8* DCs and not other DC subsets can
cross-present antigens, at least in mice, it is essential
that non-infectious vaccines target these cells if they
are to induce cytotoxic T lymphocytes (CTLs). For this
purpose, 20-200 nm particles, which directly reach the
lymph nodes, are preferable to larger particles that need
to be transported by skin-resident DCs. Indeed, 40 nm
polystyrene beads have been shown to be the optimal
size for cross-priming in mice®, and proteins deliv-
ered in Iscomatrix adjuvant (CSL) particles have been
shown to induce CD8* T cell responses in humans®.
Furthermore, although CD8* lymphoid DCs and CD8"
myeloid or conventional DCs are differentially posi-
tioned in lymph nodes, VLPs and nanoparticles are
efficiently taken up by both DC subsets**’. However,
itis only the CD8* DCs that can cross-present particle-
derived antigens®. One possible reason for this differ-
ence may be that the processing machinery of the two
types of DC is different, a notion that is consistent with
the recent finding of a specialized endosomal cross-
presentation compartment in human DCs* and with
selective expression of the GTPase RAC2 in CD8* DCs
controlling phagosomal alkalinization®.
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Depot

An antigen depot refers to
antigen persisting at the site of
injection, causing prolonged
exposure of the immune
system to the antigen. Many
adjuvants induce antigen
depot formation.

Plasmacytoid DC

A cell that has a plasma
cell-like morphology and
produces high levels of type |
interferons after exposure to
viruses.

CpG

A DNA motif rich in
non-methylated CG motifs that
is mainly found in bacterial or
viral DNA and is recognized by
Toll-like receptor 9.

Hapten

A molecule that can bind
antibody but cannot elicit an
immune response by itself.
Antibodies that are specific for
a hapten can be generated
when the hapten is chemically
linked to a protein carrier that
canelicita T cell response.

CD19-CD21
Co-stimulatory molecules
for B cells. CD21 binds
complement degradation
products, and CD19 is the
signal transduction molecule
for CD21.

Whether activation of monocyte-derived DCs
enables cross-presentation remains a contentious issue.
Stimulation of monocyte-derived DCs with defined TLR7
and TLRY ligands failed to promote cross-presentation®.
By contrast, strong inflammatory conditions, as found
during viral infection, may promote cross-presentation
by conventional DCs®. Whether these findings can be
translated into vaccines that are more potent at induc-
ing cross-priming but have an acceptable side effect
profile still needs to be determined. So, vaccine delivery
vehicles that are sized in the nanometre rather than the
micrometre range may be preferable to induce CD8*
T cell responses by cross-priming.

Much recent work has focused on targeting vaccines
to DCs together with TLRY ligands. CpG-containing
oligodeoxynucleotides (CpG-ODNs) — the prototype
TLRO ligands — are widely used in vaccinology to
enhance B and T cell responses to recombinant anti-
gens®. In mice, CpG-ODNs are powerful adjuvants,
particularly if they are linked to an antigen, presum-
ably because the same cells that present the antigen
are simultaneously activated by the TLR9 ligand**%°,
In mice, TLRY is expressed by all DC subsets, but
in humans its expression is restricted to pDCs”. In
humans, Langerhans cells and dermal DCs that take
up CpG-ODN-linked antigen in the periphery do not
respond to the CpG-ODNs and, so, do not mature.
Only pDCs in the lymph nodes can respond to the
CpG-ODN:s. Therefore, if the goal of a TLRY ligand-
based adjuvant is to activate DCs, the ligand needs to
reach lymph nodes to be taken up by pDCs. As dis-
cussed above for CD8* DCs, the ability of small parti-
cles with nanometre dimensions to directly enter lymph
nodes and be taken up by pDCs favours their use in
combination with TLR9 ligands, instead of large par-
ticles with micrometre dimensions*>. Moreover, pDCs
optimally respond to A-type CpG-ODNss rather than
B-type CpG-ODNs; however, B-type CpG-ODNs have
most commonly been used in vaccine design, as they
are chemically stabilized and not easily degraded by
DNAses®. Thus, results obtained in mice using CpG-
ODN:s as an adjuvant may be misleading and difficult to
translate to the human setting. We have recently devel-
oped an A-type CpG-ODN-containing VLP vaccine dis-
playing melanoma-specific melan-A peptides. In mice,
the 30 nm sized vaccine reached draining lymph nodes
and was taken up by pDCs. Vaccination of patients with
melanoma led to the induction of multifunctional CD8*
T cells with measurable ex vivo activity”'. Thus, nano-
particles loaded with A-type CpGs may indeed be can-
didates for the development of CTL-inducing vaccines
for use in humans.

The effect of size on lymph drainage might also
have consequences for the delivery of conventional
pharmaceutical drugs. By attaching or packaging
drugs in large particles, phagocytic cells outside of the
lymphatic system may be targeted. By contrast, drugs
delivered by small particles can be used to target cells
that reside in lymph nodes. For example, such small
particles could be packaged with A-type CpG-ODNs
to target pDCs for the production of type I interferons

as a potential therapy for chronic virus infection.
Thus, the current use and development of nanoparti-
cles (such as ISCOMs, chitosans, small liposomes and
VLPs) as adjuvants may be extended to small-molecule
delivery systems.

Harnessing the geometry of viruses

The crucial effector molecules that are induced by
most classical vaccines are antibodies. A key feature
of previous successful recombinant and inactivated
or attenuated vaccines has been their ability to acti-
vate both B cells and cognate T helper cells. Most
viral surfaces’, as well as bacterial structures such as
the flagellum™, consist of one or a few proteins and
consequently are highly organized and repetitive in
nature. Both the innate and adaptive immune systems
have evolved to recognize such highly repetitive struc-
tures’. Indeed, antigen organization and repetitiveness
could be viewed as a pathogen-associated geometric
pattern similar to pathogen-associated molecular pat-
terns (PAMPs)**72. Most importantly, highly repetitive
surface patterns efficiently cross-link BCRs, delivering
strong activation signals to the B cell. It has been shown
that 15-20 hapten molecules that are spaced 5-10 nm
apart is an ideal geometry for optimal B cell activa-
tion™ and is similar to the average spacing of viral coat
proteins”. This also holds true for peptides that are
conjugated to nanoparticles, in which 60 epitopes dis-
played per particle at a spacing of 5-10 nm were found
to be sufficient for optimal antibody responses® 2.

For the induction of self-antigen-specific antibody
responses, repetitive and appropriately spaced presen-
tation of antigens is also important, as non-repetitive
self antigens usually fail to break B cell unresponsive-
ness**”. This is an important feature for therapeutic
vaccines that aim at inducing self-antigen-specific
antibody responses for the treatment of chronic dis-
eases’®. Repetitive viral surfaces are also ideal for
the activation of complement”’, which further facili-
tates B cell activation through engagement of the
CD19-CD21 complex”. Concomitant cross-linking
of the BCR and CD19-CD21 reduces the number of
BCRs that need to be engaged for B cell activation®”*%
and also induces the expression of the transcription
factors B lymphocyte-induced maturation protein 1
(BLIMP1) and X-box-binding protein 1 (XBP1)*,
which are crucial for the differentiation of long-lived
plasma cells®.

Natural IgM antibodies bind strongly to repetitive
surfaces through multivalent, high-avidity interac-
tions®. Together with complement, tightly bound
natural antibodies facilitate the trapping of particles
in lymphoid organs and also the uptake of particles by
DCs and other APCs required for T helper cell prim-
ing®. It might not be a coincidence that important
components of the innate humoral immune system —
such as Clq, pentraxins, ficolins and collectins — are
multimeric, potentially allowing high-avidity interac-
tions with repetitive pathogen surfaces'. So, repetitive
structures enhance antibody responses by efficiently
cross-linking BCRs, by fixing complement to lower
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Germinal centre

Transient, highly organized
multicellular structure present
within B cell follicles that is
essential for the generation of
memory B cells and long-lived
plasma cells, as well as for
affinity maturation of
antibodies.

thresholds of B cell activation and promote long-lived
plasma cell differentiation, and by allowing binding of
natural antibodies to stimulate DC-mediated priming
of T helper cells.

Mimicking the kinetics of viral antigens
Optimizing T cell responses. Antigen load and kinetics
are crucial for the establishment of long-lived, poten-
tially protective T cell memory. Too little antigen expo-
sure, as is the case during HPV infections, fails to result
in a protective T cell response®. By contrast, overwhelm-
ing infections, such as those caused by high doses of
lymphocytic choriomeningitis virus (LCMV) in mice or
sometimes by hepatitis B or C viruses in humans, lead
to T cell exhaustion, abrogating immunity®-%. Whereas
high doses of LCMYV induce T cell exhaustion, low doses
of the same virus induce potent and long-lived T cell
responses in mice. It is often assumed that rapid initial
replication and subsequent elimination of the virus to
very low levels is the key for the induction and mainte-
nance of protective memory®®.

It is therefore important to consider the kinetics of
viral replication in vaccines designed to induce T cell
responses. A possible way to prolong exposure of anti-
gen to the immune system may be to use appropri-
ate vaccination regimens. Rather than giving a single
dose of vaccine in a depot form, vaccines might be
injected weekly or even daily. Such prolonged antigen
exposure has been shown to have a pronounced effect
on immune responses in mice. Indeed, it has been
shown that prolonged antigen exposure results in co-
stimulation-independent T cell responses®®*, as well as
in the development of improved long-lived protective
T cell memory in mice®*’". Because such regimens are
complicated, they would not be feasible for prophy-
lactic purposes but might be suitable for therapeutic
vaccines. Such an approach would have the advantage
of being able to simulate the kinetics of antigen load
typically occurring during viral infection by starting
vaccination with low doses, going through a peak dose
followed again by lower doses. At least in mice, such a
regimen has been shown to induce more potent T cell
responses than when the same total amount of vaccine
was given in several equal doses. Thus, it may be pos-
sible to mimic viral antigen kinetics by using optimized
vaccination regimens.

For prophylactic vaccines, however, vaccination
schedules must be simple. In addition, a schedule
of injections given a month or more apart is usually
preferred for the induction of protective antibody
responses. This is probably due to the fact that the
immune system can generate its own antigen reservoirs
in germinal centres to keep B cells stimulated and gener-
ate strong antibody responses. In the germinal centres,
B cells proliferate and differentiate into memory B cells
and plasma cells®>. Importantly, antigen persists in these
germinal centres on the surface of FDCs either in the
form of immune complexes or bound to complement
receptors®®. In this way, the immune system gener-
ates a small depot of antigen that maintains the B cell
response for several weeks. This is sufficient for the
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induction of memory B cells, as well as for the genera-
tion of long-lived plasma cells. If the antigen reservoir is
prematurely eliminated, by depletion of FDCs for exam-
ple, the B cell response terminates and no long-lived
memory B cell or antibody responses are generated®.
The ability of the immune system to form its own anti-
gen depot may explain the success of inactivated viral
vaccines, which fail to replicate to high levels in the host
but nevertheless induce sustained B cell responses”.

Enhancing vaccine efficacy with adjuvants: depot for-
mation and activation of APCs. Adjuvants, in particular
aluminium-based adjuvants in humans, and incomplete
and complete Freund’s adjuvants in mice, have been used
for almost 100 years. A key feature of these adjuvants is
their ability to create an antigen depot, resulting in pro-
longed exposure of the antigen to the immune system.
Many adjuvants currently in development, and indeed
aluminium salts in common use, attempt to exploit this
phenomenon. Such adjuvants are referred to as depot-
forming adjuvants. Mineral salts (aluminium hydrox-
ide (Alhydrogel) or phosphate (Adju-Phos)), emulsions
(Montanide, AS04, ISA-51 and ISA-720) and protein
precipitates (IC31) form antigen depots, leading to a
prolonged antigen release®'.

It is interesting to note that the above-described anti-
gen retention by FDCs should render B cell responses
generally independent of additional antigen depots cre-
ated by adjuvants. However, it is important to empha-
size that vaccine-induced IgG responses are T helper
cell dependent® (FIC. 1), and so the well-documented
depot effect of these adjuvants is probably required to
boost T helper cell responses rather than to influence
B cells directly.

In addition to forming antigen depots, modern adju-
vants are now designed to contain substances that acti-
vate the innate immune system — in particular, TLR
ligands'®'. The mechanism of action of TLR ligands
may be rather complex. In the case of TLR ligands pack-
aged into particles, it has been shown that CpG-ODNs
and RNA act directly on B cells rather than DCs**04!,
Specifically, in the presence of TLR ligands packaged
into VLPs, antibody responses were higher overall and
dominated by IgG2a, IgG2b and IgA isotypes. By con-
trast, for antigens mixed with TLR ligands, the situation
seems different, and TLR ligands might mainly promote
B cell responses indirectly by activating DCs'*.

Physical linkage of TLR ligands with the antigen,
rather than creating a simple mixture, may be a way to
reduce side effects while maintaining immunogenic-
ity. By co-delivering antigen and an innate stimulus,
only the cells that interact with the antigen become
activated by the TLR ligand. This allows more focused
activation of the innate immune system, which is usu-
ally responsible for acute vaccine-induced side effects.
Indeed, CpG-ODNs mixed with CTL-inducing nano-
particles caused severe side effects in mice, includ-
ing splenomegaly. By contrast, if the CpG-ODNs
were packaged into the nanoparticles, strong CTL
responses were induced in the absence of measurable
side effects®1%3.
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T follicular helper cell

A specialized T helper cell
found in B cell follicles. These
cells require interleukin-21 for
their development and are
specialized in providing help to
B cells.

It has recently been shown that a subset of T helper
cells known as T follicular helper cells is required for opti-
mal IgG responses'®'®. Currently, little is known about
vaccination strategies that favour the induction of this
particular T cell subset. However, it has become clear
that TLR ligands, in particular TLR7, can overcome the
requirement for T follicular helper cell-derived inter-
leukin-21 (IL-21) in IgG responses'®. Specifically, VLPs
devoid of RNA, the natural ligand for TLR7 and TLRS,
generally failed to induce IgG responses in the absence
of IL-21, whereas VLPs containing a TLR7 ligand
induced largely normal IgG responses in the absence
of this cytokine'®.

It is interesting to note that repetitive structures, such
as VLPs or haptens coupled to dextran, are highly immu-
nogenic in the absence of additional TLR-mediated
stimuli’*”. Nevertheless, the presence of TLR4 ligands
might further increase the response, as evidenced by the
fact that Cervarix, which is based on HPV-derived VLPs,
is used in combination with alum and monophosphoryl
lipid A (MPL), which is a ligand for TLR4 (REF. 107).

Vaccines using MPL or MF59 (an oil-in-water emul-
sion based on squalene) are thought to generate a pro-
inflammatory environment, facilitating the generation
of immune responses®. Interestingly, although MF59
has been administered to millions of people, it is cur-
rently not known how this pro-inflammatory response
is generated'®. Alum has recently been shown to activate
NOD-like receptor family pyrin domain-containing
protein 3 (NLRP3), and it has been suggested that this
ability to stimulate the inflammasome is essential for
the adjuvant activity of aluminium salts'**'"". However,
more recent evidence did not support an important role
for NLRP3 in aluminium salt-mediated enhancement
of immune responses''>'"*. Other studies have shown
that optimal immune responses induced by aluminium
adjuvant-containing vaccines required an appropriate
level of adsorption of the antigen to the aluminium
salts; too strong an adsorption inhibited the genera-
tion of immune responses’'*'>. So, aluminium salts
may aid immune responses through several pathways,
including activation of NLRP3 and depot formation,
and the contribution of each pathway may vary with
antigen, the presence of TLR ligands and the dose used
for immunization.

Interestingly, aluminium salt-based adjuvants are
among the weakest adjuvants known — despite their
ability to activate the NLRP3 pathway. This may ques-
tion whether the inflammasome is a good target for
adjuvant development. In contrast to TLR ligands,
which signal the presence of pathogens, the inflamma-
some may instead be important for signalling endo-
genous stress''®. Hence, activated inflammasomes
may not promote protective immune responses. It is
interesting to note in this context that it has previously
been shown that other endogenous stress or ‘danger’
signals fail to support T helper cell differentiation in
the absence of additional TLR ligands'"’”. Hence, signals
directly associated with pathogens rather than endo-
genous stress signals hold promise for new-generation
adjuvant development.

Another important aspect of adjuvants that is not well
addressed is their ability to render antigens in a form that
makes them susceptible to phagocytosis by APCs. Large
macromolecular adjuvants such as Alhydrogel can be
viewed as a crude way to render soluble antigens particu-
late, thereby enhancing their uptake by DCs''®. In an anal-
ogy to the ‘immunologist’s dirty little secret’ (REF. 119), one
may call this the ‘manufacturer’s dirty little secret, as aggre-
gation status, homogenicity and exact three-dimensional
conformation of the antigens, for example, are difficult to
assess once they have been adsorbed to Alhydrogel.

In summary, adjuvants in current use enhance
protective antibody responses mainly by enhancing
T helper cell responses through depot formation,
rendering antigens particulate and, in some circum-
stances, activating DCs through stimulation of TLRs and
perhaps other innate receptors, such as NLRP3. In addi-
tion, TLR ligands may act directly on B cells, particularly if
conjugated to or associated with the antigen.

Concluding remarks

The key properties of viruses that are responsible for
eliciting potent immune responses may be used as a
framework for rational vaccine design. These impor-
tant immunogenic properties of viruses include their
size, geometry, an ability to induce innate immunity
with appropriate conditioning of the adaptive immune
responses and an ability to replicate, leading to character-
istic antigen kinetics and distribution. New-generation
vaccines aim to harness these properties.

To induce potent immune responses, vaccines of
viral size are preferable, as only particles in the nanome-
tre range can reach lymph nodes and directly interact
with B cells. The antigenic epitopes should be displayed
on the nanoparticles in an ordered and highly repetitive
way to optimally activate B cells and fix components of
the innate humoral immune system (natural antibod-
ies, complement and pentraxins). To further enhance
antibody responses and induce more protective IgG2a
(mouse) and IgG1 (human) antibodies, vaccines should
be co-delivered with particular TLR ligands. To ensure
maximal B cell stimulation together with minimal non-
specific side effects, TLR ligands should be linked to or
packaged into the vaccine particles.

Nanoparticle-sized vaccines are also preferable for
the induction of T cell responses, as size limits the
ability of particles to reach the appropriate DC subsets
in lymphoid organs. Linkage of the particles to TLR
ligands will facilitate licensing or activation of DCs,
which is essential for the induction of T cell responses.
Nevertheless, the induction of strong T cell responses
in humans even with nanoparticle-based vaccines has
remained difficult and it remains to be established
whether a combination of different innate stimulators
or creation of long-lived antigen exposure with new
depot-forming formulations or vaccine regimens may
be more successful.

In summary, vaccine carrier systems that mimic the
size, geometry, replication kinetics and PAMPs of viruses
may be one possible way to optimally harness viral
properties without the risks associated with infection.

794 | NOVEMBER 2010 [ VOLUME 10

www.nature.com/reviews/immunol

© 2010 Macmillan Publishers Limited. All rights reserved



1. Fenner, F, Henderson, D., Arita, L., Jezek, Z. &
Ladnyi, L. (eds) Smallpox and its eradication
(WHO, Geneva, 1988).

2. Jennings, G. T. & Bachmann, M. F. Designing
recombinant vaccines with viral properties: a rational
approach to more effective vaccines. Curr. Mol. Med.
7, 143-155 (2007).

3. Walker, L. M. & Burton, D. R. Rational antibody-based
HIV-1 vaccine design: current approaches and future
directions. Curr. Opin. Immunol. 22, 358-366
(2010).

4. Tissot, A. C. et al. Effect of immunisation against
angiotensin Il with CYTO06-AngQb on ambulatory
blood pressure: a double-blind, randomised, placebo-
controlled phase lla study. Lancet 371, 821-827
(2008).

An interesting example of a vaccine against chronic
diseases based on the induction of self-antigen-
specific antibodies.

5. Cornuz, J. et al. A vaccine against nicotine for smoking
cessation: a randomized controlled trial. PLoS ONE
3,e2547 (2008).

6. Shi, Y. & Huang, G. Recent developments of
biodegradable and biocompatible materials based
micro/nanoparticles for delivering macromolecular
therapeutics. Crit. Rev. Ther. Drug Carrier Syst. 26,
29-84 (2009).

7. Scheerlinck, J. P. & Greenwood, D. L. Virus-sized
vaccine delivery systems. Drug Discov. Today 13,
882-887 (2008).

8.  Zinkernagel, R. M. On natural and artificial
vaccinations. Annu. Rev. Immunol. 21, 515-546
(2003).

9. Singh, M., Chakrapani, A. & O’Hagan, D.
Nanoparticles and microparticles as vaccine-delivery
systems. Expert Rev. Vaccines 6, 797-808 (2007).

10. Banchereau, J. & Steinman, R. M. Dendritic cells and
the control of immunity. Nature 392, 245-252
(1998).

11. Pozzi, L. A., Maciaszek, J. W. & Rock, K. L.

Both dendritic cells and macrophages can stimulate
naive CD8 T cells in vivo to proliferate, develop
effector function, and differentiate into memory cells.
J. Immunol. 175, 2071-2081 (2005).

12. Ahsan, F, Rivas, I. P, Khan, M. A. & Torres Suarez, A. I.
Targeting to macrophages: role of physicochemical
properties of particulate carriers — liposomes
and microspheres — on the phagocytosis by
macrophages. J. Control. Release 719, 29-40
(2002).

13. Bottazzi, B., Doni, A., Garlanda, C. & Mantovani, A.
An integrated view of humoral innate immunity:
pentraxins as a paradigm. Annu. Rev. Immunol. 28,
157-183 (2010).

An interesting review summarizing characteristics
of the innate humoral immune system.

14. Seong, S. Y. & Matzinger, P. Hydrophobicity: an
ancient damage-associated molecular pattern that
initiates innate immune responses. Nature Rev.
Immunol. &4, 469—-478 (2004).

15. Reddy, S. T. et al. Exploiting lymphatic transport
and complement activation in nanoparticle
vaccines. Nature Biotech. 25, 1159-1164 (2007).
An interesting example of a nanoparticle ‘designed’
to activate complement for optimal induction of
immune responses. It also shows the difficulties in
inducing strong T cell responses with this approach.

16. Bachmann, M. F,, Hengartner, H. & Zinkernagel, R. M.
Immunization with recombinant protein: conditions for
cytotoxic T cell and/or antibody induction. Med.
Microbiol. Immunol. 183, 315-324 (1994).

17. Johansen, P. et al. Heat denaturation, a simple
method to improve the immunotherapeutic potential
of allergens. Eur. J. Immunol. 35, 3591-3598
(2005).

18. Unanue, E. R. The regulatory role of macrophages
in antigenic stimulation. Part two: symbiotic
relationship between lymphocytes and macrophages.
Adv. Immunol. 31, 1-136 (1981).

19. Kovacsovics-Bankowski, M., Clark, K., Benacerraf, B.
& Rock, K. L. Efficient major histocompatibility
complex class | presentation of exogenous antigen
upon phagocytosis by macrophages. Proc. Natl Acad.
Sci. USA 90, 4942-4946 (1993).

20. Yewdell, J. W. Designing CD8* T cell vaccines: it’s not
rocket science (yet). Curr. Opin. Immunol. 22,
402-410 (2010).

21. Harding, C. V. & Song, R. Phagocytic processing of
exogenous particulate antigens by macrophages for
presentation by class | MHC molecules. J. Immunol.
153, 4925-4933 (1994).

22. Storni, T. & Bachmann, M. F. Loading of MHC class |
and Il presentation pathways by exogenous antigens:
a quantitative in vivo comparison. J. Immunol. 172,
6129-6135 (2004).

23. Pfeifer, J. D. et al. Phagocytic processing of bacterial
antigens for class | MHC presentation to T cells.
Nature 361, 359-362 (1993).

24. Di Bonito, P. et al. Anti-tumor CD8* T cell immunity
elicited by HIV-1-based virus-like particles
incorporating HPV-16 E7 protein. Virology 395,
45-55 (2009).

25. Randolph, G. J., Angeli, V. & Swartz, M. A. Dendritic-
cell trafficking to lymph nodes through lymphatic
vessels. Nature Rev. Immunol. 5, 617—-628 (2005).

26. Swartz, M. A. The physiology of the lymphatic system.
Adv. Drug Deliv. Rev. 50, 3-20 (2001).

27. Reddy, S. T, Rehor, A., Schmoekel, H. G., Hubbell, J. A.
& Swartz, M. A. In vivo targeting of dendritic cells in
lymph nodes with poly(propylene sulfide)
nanoparticles. J. Control. Release 112, 26—34 (2006).

28. Oussoren, C., Zuidema, J., Crommelin, D. J. &
Storm, G. Lymphatic uptake and biodistribution of
liposomes after subcutaneous injection. Il. Influence
of liposomal size, lipid compostion and lipid dose.
Biochim. Biophys. Acta 1328, 261-272 (1997).

29. Ono, N., Mizuno, R. & Ohhashi, T. Effective
permeability of hydrophilic substances through walls
of lymph vessels: roles of endothelial barrier. Am.

J. Physiol. Heart Circ. Physiol. 289, H1676-H1682
(2005).

30. Leak, L. V. Studies on the permeability of lymphatic
capillaries. J. Cell Biol. 50, 300-323 (1971).

31. Swartz, M. A, Berk, D. A. & Jain, R. K. Transport in
lymphatic capillaries. I. Macroscopic measurements
using residence time distribution theory.

Am. J. Physiol. 270, H324-H329 (1996).

32. Manolova, V. et al. Nanoparticles target distinct
dendritic cell populations according to their size.
Eur. J. Immunol. 38, 1404—1413 (2008).

33, Pflicke, H. & Sixt, M. Preformed portals facilitate
dendritic cell entry into afferent lymphatic vessels.
J. Exp. Med. 206, 2925-2935 (2009).

34, Bachmann, M. F. et al. The influence of antigen
organization on B cell responsiveness. Science 262,
1448-1451 (1993).

35. Chackerian, B., Lowy, D. R. & Schiller, J. T.
Conjugation of a self-antigen to papillomavirus-like
particles allows for efficient induction of protective
autoantibodies. J. Clin. Invest. 108, 415-423 (2001).

36. Jegerlehner, A. et al. Regulation of IgG antibody
responses by epitope density and CD21-mediated
costimulation. Eur. J. Immunol. 32, 3305-3314
(2002).

37. Leadbetter, E. A. et al. Chromatin—1gG complexes
activate B cells by dual engagement of IgM and Toll-
like receptors. Nature 416, 603—607 (2002).

38. Jegerlehner, A. et al. TLR9 signaling in B cells
determines class switch recombination to IgG2a.

J. Immunol. 178, 2415-2420 (2007).

39. Pasare, C. & Medzhitov, R. Control of B-cell
responses by Toll-like receptors. Nature 438,
364-368 (2005).

40. Eckl-Dorna, J. & Batista, F. D. BCR-mediated uptake
of antigen linked to TLR9 ligand stimulates B-cell
proliferation and antigen-specific plasma cell
formation. Blood 113, 3969-3977 (2009).

41. Bessa, J. et al. Alveolar macrophages and lung
dendritic cells sense RNA and drive mucosal IgA
responses. J. Immunol. 183, 3788-3799 (2009).

42, Sixt, M. et al. The conduit system transports soluble
antigens from the afferent lymph to resident dendritic
cells in the T cell area of the lymph node. Immunity
22, 19-29 (2005).

43. Roozendaal, R. et al. Conduits mediate transport of
low-molecular-weight antigen to lymph node follicles.
Immunity 30, 264-276 (2009).

44, Pape, K. A., Catron, D. M., Itano, A. A. & Jenkins, M. K.
The humoral immune response is initiated in lymph
nodes by B cells that acquire soluble antigen directly
in the follicles. Immunity 26, 491-502 (2007).

45, Junt, T. et al. Subcapsular sinus macrophages in
lymph nodes clear lymph-borne viruses and present
them to antiviral B cells. Nature 450, 110-114
(2007).

46. Phan, T. G., Grigorova, |., Okada, T. & Cyster, J. G.
Subcapsular encounter and complement-dependent
transport of immune complexes by lymph node
B cells. Nature Immunol. 8, 992—1000 (2007).

47. Carrasco, Y. R. & Batista, F. D. B cells acquire
particulate antigen in a macrophage-rich area at the
boundary between the follicle and the subcapsular

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

REVIEWS

sinus of the lymph node. Immunity 27, 160-171
(2007).

Wykes, M., Pombo, A., Jenkins, C. & MacPherson,

G. G. Dendritic cells interact directly with naive

B lymphocytes to transfer antigen and initiate class
switching in a primary T-dependent response.

J. Immunol. 161, 1313-1319 (1998).

Qi, H., Egen, J. G., Huang, A. Y. & Germain, R. N.
Extrafollicular activation of lymph node B cells by
antigen-bearing dendritic cells. Science 312,
1672-1676 (2006).

Gonzalez, S. F. et al. Capture of influenza by medullary
dendritic cells via SIGN-R1 is essential for humoral
immunity in draining lymph nodes. Nature Immunol.
11, 427-434 (2010).

Bergtold, A., Desai, D. D., Gavhane, A. & Clynes, R.
Cell surface recycling of internalized antigen permits
dendritic cell priming of B cells. Immunity 23,
503-514 (2005).

de Witte, L., Nabatov, A. & Geijtenbeek, T. B. Distinct
roles for DC-SIGN *-dendritic cells and Langerhans
cells in HIV-1 transmission. Trends Mol. Med. 14,
12-19 (2008).

Geijtenbeek, T. B. et al. DC-SIGN, a dendritic cell-
specific HIV-1-binding protein that enhances trans-
infection of T cells. Cell 100, 587-597 (2000).

Beh, K. J. & Lascelles, A. K. The effect of adjuvants
and prior immunization on the rate and mode of
uptake of antigen into afferent popliteal lymph from
sheep. Immunology 54, 487—-495 (1985).
Steinman, R. M. et al. The innate functions of
dendritic cells in peripheral lymphoid tissues. Adv.
Exp. Med. Biol. 560, 83—-97 (2005).

Colonna, M., Trinchieri, G. & Liu, Y. J. Plasmacytoid
dendritic cells in immunity. Nature Immunol. 5,
1219-1226 (2004).

Wollenberg, A. et al. Plasmacytoid dendritic cells: a
new cutaneous dendritic cell subset with distinct role
in inflammatory skin diseases. J. Invest. Dermatol.
119, 1096-1102 (2002).

den Haan, J. M., Lehar, S. M. & Bevan, M. J. CD8+*
but not CD8~ dendritic cells cross-prime cytotoxic

T cells in vivo. J. Exp. Med. 192, 1685—-1696 (2000).
Dudziak, D. et al. Differential antigen processing by
dendritic cell subsets in vivo. Science 315, 107—-111
(2007).

Keller, S. A. et al. Cutting edge: limited specialization
of dendritic cell subsets for MHC class Il-associated
presentation of viral particles. J. Immunol. 184,
26-29 (2010).

Villadangos, J. A. & Young, L. Antigen-presentation
properties of plasmacytoid dendritic cells. Immunity
29, 352-361 (2008).

Fifis, T. et al. Size-dependent immunogenicity:
therapeutic and protective properties of nano-vaccines
against tumors. J. Immunol. 173, 3148-3154 (2004).
Frazer, |. H. et al. Phase 1 study of HPV16-specific
immunotherapy with EGE7 fusion protein and
ISCOMATRIX adjuvant in women with cervical
intraepithelial neoplasia. Vaccine 23, 172—181 (2004).
Saveanu, L. et al. IRAP identifies an endosomal
compartment required for MHC class | cross-
presentation. Science 325, 213-217 (2009).
Savina, A. et al. The small GTPase Rac2 controls
phagosomal alkalinization and antigen
crosspresentation selectively in CD8+ dendritic cells.
Immunity 30, 544-555 (2009).

An interesting paper that explains why only

CD8* DCs cross-present and which links
cross-presentation to endosomal pH.
Ballesteros-Tato, A., Leon, B., Lund, F. E. & Randall, T. D.
Temporal changes in dendritic cell subsets, cross-
priming and costimulation via CD70 control CD8*

T cell responses to influenza. Nature Immunol. 11,
216-224 (2010).

Vollmer, J. & Krieg, A. M. Immunotherapeutic
applications of CpG oligodeoxynucleotide TLR9
agonists. Adv. Drug Deliv. Rev. 61, 195-204 (2009).
Cho, H. J. et al. Inmunostimulatory DNA-based
vaccines induce cytotoxic lymphocyte activity by a
T-helper cell-independent mechanism. Nature Biotech.
18,509-514 (2000).

This paper clearly shows that conjugating CpG-ODNs
to the antigen increases their potency in mice.
Storni, T. et al. Nonmethylated CG motifs packaged
into virus-like particles induce protective cytotoxic

T cell responses in the absence of systemic side
effects. J. Immunol. 172, 1777-1785 (2004).
Krieg, A. M. Therapeutic potential of Toll-like
receptor 9 activation. Nature Rev. Drug Discov.

5, 471-484 (2006).

NATURE REVIEWS | IMMUNOLOGY

© 2010 Macmillan Publishers Limited. All rights reserved

VOLUME 10 [ NOVEMBER 2010 | 795



REVIEWS

72.

73.

4.

75.

76.

7.

78.

79.

80.

82.

83.

84

85.

86.

87.

88.

Speiser, D. E. et al. Memory and effector CD8 T-cell
responses after nano-particle vaccination of
melanoma patients. J. Immunother. 33, 848-858
(2010).

Bachmann, M. F. & Zinkernagel, R. M. Neutralizing
antiviral B cell responses. Annu. Rev. Immunol. 15,
235-270 (1997).

Feldmann, M. & Basten, A. The relationship between
antigenic structure and the requirement for thymus-
derived cells in the immune response. J. Exp. Med.
134, 103-119 (1971).

One of the first studies to compare oligomeric
with monomeric antigen and show that
oligomeric (that is, repetitive) antigens are

much more potent.

Vogelstein, B., Dintzis, R. Z. & Dintzis, H. M. Specific
cellular stimulation in the primary immune response:
a quantized model. Proc. Natl Acad. Sci. USAT9,
395-399 (1982).

Chackerian, B., Lenz, P., Lowy, D. R. & Schiller, J. T.
Determinants of autoantibody induction by
conjugated papillomavirus virus-like particles.

J. Immunol. 169, 6120-6126 (2002).

Bachmann, M. F. & Dyer, M. R. Therapeutic
vaccination for chronic diseases: a new class of
drugs in sight. Nature Rev. Drug Discov. 3, 81-88
(2004).

Barrington, R., Zhang, M., Fischer, M. & Carroll, M. C.

The role of complement in inflammation and adaptive
immunity. Immunol. Rev. 180, 5-15 (2001).

Carter, R. H. & Myers, R. Germinal center structure
and function: lessons from CD19. Semin. Immunol.
20, 43-48 (2008).

Dempsey, P. W., Allison, M. E., Akkaraju, S.,
Goodnow, C. C. & Fearon, D. T. C3d of complement as
a molecular adjuvant: bridging innate and acquired
immunity. Science 271, 348-350 (1996).

Carter, R. H. & Fearon, D. T. CD19: lowering the
threshold for antigen receptor stimulation of

B lymphocytes. Science 256, 105-107 (1992).
Gatto, D. et al. Complement receptors regulate
differentiation of bone marrow plasma cell precursors
expressing transcription factors Blimp-1 and XBP-1.
J. Exp. Med. 201, 993-1005 (2005).

Martins, G. & Calame, K. Regulation and functions of
Blimp-1in T and B lymphocytes. Annu. Rev. Immunol.
26, 133-169 (2008).

Ochsenbein, A. F. et al. Control of early viral and
bacterial distribution and disease by natural
antibodies. Science 286, 2156-2159 (1999).
Zinkernagel, R. M. On differences between immunity
and immunological memory. Curr. Opin. Immunol.
14,523-536 (2002).

Chisari, F. V. & Ferrari, C. Hepatitis B virus
immunopathogenesis. Annu. Rev. Immunol. 13,
29-60 (1995).

Klenerman, P. & Hill, A. T cells and viral persistence:
lessons from diverse infections. Nature Immunol.

6, 873-879 (2005).

Masopust, D. & Ahmed, R. Reflections on CD8 T-cell
activation and memory. Immunol. Res. 29, 151-160
(2004).

Kundig, T. M. et al. Duration of TCR stimulation
determines costimulatory requirement of T cells.
Immunity 5, 41-52 (1996).

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

103.

104.

105.

lezzi, G., Karjalainen, K. & Lanzavecchia, A. The
duration of antigenic stimulation determines the fate of
naive and effector T cells. Immunity 8, 89-95 (1998).
Bachmann, M. F. et al. Long-lived memory CD8*

T cells are programmed by prolonged antigen
exposure and low levels of cellular activation.

Eur. J. Immunol. 36, 842-854 (2006).

Johansen, P. et al. Antigen kinetics determines
immune reactivity. Proc. Natl Acad. Sci. USA 105,
5189-5194 (2008).

References 88—91 show that the duration of
antigenic stimulation has a notable effect on the
quality of T cell responses.

Klein, U. & Dalla-Favera, R. Germinal centres: role

in B-cell physiology and malignancy. Nature Rev.
Immunol. 8, 22—-33 (2008).

Williams, G. M. & Nossal, G. J. Ontogeny of the
immune response. |. The development of the follicular
antigen-trapping mechanism. J. Exp. Med. 124,
47-56 (1966).

Tew, J. G., Phipps, R. P. & Mandel, T. E. The
maintenance and regulation of the humoral immune
response: persisting antigen and the role of follicular
antigen-binding dendritic cells as accessory cells.
Immunol. Rev. 53, 175-201 (1980).

Fang, Y., Xu, C., Fu, Y. X., Holers, V. M. & Molina, H.
Expression of complement receptors 1 and 2 on
follicular dendritic cells is necessary for the generation
of a strong antigen-specific 1gG response. J. Immunol.
160, 5273-5279 (1998).

Gatto, D. et al. Regulation of memory antibody levels:
the role of persisting antigen versus plasma cell life
span. J. Immunol. 178, 67-76 (2007).

Salk, D. & Salk, J. Vaccinology of poliomyelitis.
Vaccine 2, 5974 (1984).

Schijns, V. E. & Degen, W. G. Vaccine immuno-
potentiators of the future. Clin. Pharmacol. Ther. 82,
750-755 (2007).

Tritto, E., Mosca, F. & De Gregorio, E. Mechanism of
action of licensed vaccine adjuvants. Vaccine 27,
3331-3334 (2009).

Olafsdottir, T. A., Lingnau, K., Nagy, E. & Jonsdottir, I.
IC31, a two-component novel adjuvant mixed with a
conjugate vaccine enhances protective immunity
against pneumococcal disease in neonatal mice.
Scand. J. Immunol. 69, 194-202 (2009).

. Ishii, K. J. & Akira, S. Toll or toll-free adjuvant path

toward the optimal vaccine development. J. Clin.
Immunol. 27, 363-371 (2007).

. Swanson, C. L. et al. Type | IFN enhances follicular

B cell contribution to the T cell-independent antibody
response. J. Exp. Med. 207, 1485-1500 (2010).
Bourquin, C. et al. Targeting CpG oligonucleotides to
the lymph node by nanoparticles elicits efficient
antitumoral immunity. J. Immunol. 181, 2990-2998
(2008).

Vogelzang, A. et al. A fundamental role for
interleukin-21 in the generation of T follicular helper
cells. Immunity 29, 127-137 (2008).

Nurieva, R. |. et al. Generation of T follicular helper
cells is mediated by interleukin-21 but independent
of T helper 1, 2, or 17 cell lineages. Immunity 29,
138-149 (2008).

. Bessa, J., Kopf, M. & Bachmann, M. F. Cutting edge:

IL-21 and TLR signaling regulate germinal center

108.

109.

115.

responses in a B cell-intrinsic manner. J. Immunol.
184, 4615-4619 (2010).

. Didierlaurent, A. M. et al. ASO4, an aluminum salt-

and TLR4 agonist-based adjuvant system, induces a
transient localized innate immune response leading
to enhanced adaptive immunity. J. Immunol. 183,
6186-6197 (2009).

Mbow, M. L., De Gregorio, E., Valiante, N. M. &
Rappuoli, R. New adjuvants for human vaccines.
Curr. Opin. Immunol. 22, 411-416 (2010).
Eisenbarth, S. C., Colegio, O. R., O’Connor, W.,
Sutterwala, F. S. & Flavell, R. A. Crucial role for the
Nalp3 inflammasome in the immunostimulatory
properties of aluminium adjuvants. Nature 453,
1122-1126 (2008).

. Kool, M. et al. Cutting edge: alum adjuvant stimulates

inflammatory dendritic cells through activation of the
NALP3 inflammasome. J. Immunol. 181, 3755-3759
(2008).

. Li, H., Willingham, S. B., Ting, J. P. & Re, F. Cutting

edge: inflammasome activation by alum and alum’s
adjuvant effect are mediated by NLRP3. J. Immunol.
181, 17-21 (2008).

. Franchi, L. & Nunez, G. The NIrp3 inflammasome

is critical for aluminium hydroxide-mediated IL-1p
secretion but dispensable for adjuvant activity.
Eur. J. Immunol. 38, 2085-2089 (2008).

. McKee, A. S. et al. Alum induces innate immune

responses through macrophage and mast cell sensors,
but these sensors are not required for alum to act as
an adjuvant for specific immunity. J. Immunol. 183,
4403-4414 (2009).

Papers 112 and 113 put the importance of

NLRP3 for aluminium salt adjuvant activity into
perspective.

. Hansen, B., Sokolovska, A., HogenEsch, H. & Hem, S. L.

Relationship between the strength of antigen
adsorption to an aluminum-containing adjuvant and
the immune response. Vaccine 25, 6618-6624
(2007).

Hansen, B. et al. Effect of the strength of adsorption
of hepatitis B surface antigen to aluminum hydroxide
adjuvant on the immune response. Vaccine 27,
888-892 (2009).

. Medzhitoy, R. Origin and physiological roles of

inflammation. Nature 454, 428-435 (2008).

. Sporri, R. & Reis e Sousa, C. Inflammatory mediators

are insufficient for full dendritic cell activation and
promote expansion of CD4* T cell populations lacking
helper function. Nature Immunol. 6, 163—170 (2005).

. Morefield, G. L. et al. Role of aluminum-containing

adjuvants in antigen internalization by dendritic cells
in vitro. Vaccine 23, 1588-1595 (2005).

. Janeway, C. A. Jr. Approaching the asymptote?

Evolution and revolution in immunology. Cold Spring
Harb. Symp. Quant. Biol. 54, 1-13 (1989).

Acknowledgements

We thank V. Manolova, J. Bessa, T. Kiindig, A. Link and
P. Saudan for critically reading the manuscript and for their
helpful comments.

Competing interests statement
The authors declare competing financial interests: see Web
version for details.

796 [ NOVEMBER 2010 [ VOLUME 10

© 2010 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/immunol


http://www.nature.com/nri/journal/v10/n11/box/nri2868_audecl.html

	Abstract | Researchers working on the development of vaccines face an inherent dilemma: to maximize immunogenicity without compromising safety and tolerability. Early vaccines often induced long-lived protective immune responses, but tolerability was a major problem. Newer vaccines have very few side effects but can be of limited immunogenicity. One way to tackle this problem is to design vaccines that have all the properties of pathogens with the exception of causing disease. Key features of pathogens that can be mimicked by vaccine delivery systems are their size, shape and surface molecule organization. In addition, pathogen-associated molecular patterns can be used to induce innate immune responses that promote adaptive immunity. In this Review, we discuss the approaches currently being used to optimize the delivery of antigens and enhance vaccine efficacy.
	Box 1 | Virus-like particles
	The role of size in vaccine design
	Figure 1 | Key steps during the generation of protective immune responses. a | Antigen processing is facilitated if antigens are particulate and have a repetitive surface organization, which increases phagocytosis and the ability to activate complement and recruit other molecules of the innate humoral immune system. b | B cell activation is also facilitated by antigens that have a repetitive surface organization (through cross-linking of the B cell receptor (BCR) and activation of complement), that are 20–200 nm in size (which allows them direct access to the lymphatic system) and that contain pathogen-associated molecular patterns (PAMPs). c | Activation of antigen-presenting cells (APCs) is facilitated by the recognition of PAMPs by Toll-like receptors (TLRs) or other pattern-recognition receptors (such as NOD-like receptor family pyrin domain-containing protein 3 (NLRP3)), or by other mechanisms. d | T cell activation is facilitated by the prolonged presence of antigen through depot-forming adjuvants or perhaps vaccination regimens. e | T cell–B cell collaboration is essential for the generation of antibody-producing plasma cells and memory B cells but not much is known about the factors that influence this interaction. It is likely that factors that increase persistence of antigen on follicular dendritic cells (FDCs) would be beneficial. DC, dendritic cell.
	Figure 2 | The sizes of adjuvant delivery systems and pathogenic agents. The size ranges of various adjuvant delivery systems and the dimensions of different pathogenic agents are indicated on a nanometre log scale. The range of particle sizes that allows most efficient uptake by antigen-presenting cells (APCs) and the size of macromolecules that most efficiently enter the initial lymphatic vessels are shown. ISCOMs, immunostimulating complexes; VLPs, virus-like particles.
	Figure 3 | Entry of particles into initial lymphatic vessels and localization in the draining lymph node. a | Particles with a size range of 10–200 nm enter the initial lymphatic vessels from the interstitial space by directly diffusing through lymphatic endothelial cell junctions. Particles of this size can also enter the lymphatic vessels after being endocytosed by dendritic cells (DCs), which then enter the lumen of the vessel by intravasation. b | Particles that are larger than 200 nm diffuse from the interstitial space into the lumen less efficiently with increasing size. Particles that are 500 nm–1 μm are too large to pass through endothelial cell junctions and are transported into the lymph vessel following uptake by DCs. c | Frozen sections of popliteal lymph nodes that were isolated from mice 48 hours after injection with either small (20 nm, left panel) or large (1 μm, right panel) green fluorescent nanoparticles and stained with B220‑specific antibody to depict B cell areas (red). Small particles are distributed in the subcapsular sinus, as well as in the cortex and paracortex in close proximity to B cell follicles. By contrast, large particles are excluded from the subcapsular sinus and B cell regions and can only enter the paracortex and the medulla of the lymph node, where DCs and T cells reside. Images in part c are reproduced, with permission, from REF. 32 © Wiley-VCH GmbH & Co. KGaA (2008).
	Harnessing the geometry of viruses
	Mimicking the kinetics of viral antigens
	Concluding remarks



