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Pathogen-associated molecular
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Vaccine development has progressed significantly and
has moved from whole microorganisms to subunit vac-
cines that contain only their antigenic proteins. Subunit
vaccines are often less immunogenic than whole patho-
gens; therefore, adjuvants must amplify the immune
response, ideally establishing both innate and adaptive
immunity. Incorporation of antigens into biomaterials,
such as liposomes and polymers, can achieve a desired
vaccine response. The physical properties of these plat-
forms can be easily manipulated, thus allowing for con-
trolled delivery of immunostimulatory factors and
presentation of pathogen-associated molecular patterns
(PAMPs) that are targeted to specific immune cells.
Targeting antigen to immune cells via PAMP-modified
biomaterials is a new strategy to control the subsequent
development of immunity and, in turn, effective vacci-
nation. Here, we review the recent advances in both
immunology and biomaterial engineering that have
brought particulate-based vaccines to reality.

Introduction
Vaccination has proven to be one of the greatest medical
interventions. Vaccines educate and prime our innate and
adaptive defenses, mounting an immune response that can
effectively clear many pathological agents, including virus-
es and bacteria. The immune system works by first cap-
turing these agents, subsequently amplifying a complex
network of specialized cells that are adept at clearing
pathogens, and ultimately creating an immunological
memory of that agent in the event of future exposure.
Clearly, such a powerful defense strategy relies on intri-
cate interactions and timely functional responses that
involve effective scanning, processing, differentiation
and memory to discriminate self from invaders. These
are hallmark features of successful immunity and the basis
of the success of prophylactics that exploit the natural
defenses of the body to eradicate disease. However, with
viruses and pathogens that can actively evade immunity,
or with conditions, such as cancer, that can subvert normal
host defense responses, novel approaches to manipulate

immune responses in a predictable and tunable fashion are
urgently needed. In addition, the need for higher safety
profiles has led research to move away from more tradi-
tional formulation strategies, such as live–attenuated and
killed–inactivated preparations towards the use of subunit
vaccines, which require the addition of substances, such as
adjuvants, to enhance their efficacy, thus requiring new
formulation strategies (Box 1).

The term ‘biomaterial vaccines’ is a general descriptor for
artificial or natural substrates, such as synthetic polymers,
lipids, peptides or other macromolecules, that can function
asvaccinebuildingblocks.Theseareattractivebecause they
offer control over the physical and chemical properties of the
material, thereby allowing the addition or subtraction of
antigen, adjuvant, and target molecules for immune recog-
nition (Box 2). The major advantage of such systems is that
they can be ‘tuned’ to optimize the magnitude and direction
of a vaccine response. Thus, unlike conventional adjuvants,
such as alum, which historically has been shown to elicit
strong humoral responses (high antibody titers), biomateri-
al particulate systems offer the potential to produce humor-
al and cellular immune responses. A strong T-cell-mediated
or mucosal immune response is equally important for effec-
tivevaccination, andmaterials that canbe tailored to induce
cellular and humoral immunity via parenteral andmucosal
routes are emerging as important tools for the development
of new vaccines.

Such biomaterials, typically particulates that have been
classically used as drug delivery carriers, can combine the
antigen of interest and the ligands that direct those anti-
gens to antigen-presenting cells (APCs), such as B cells,
macrophages and dendritic cells (DCs) (Figure 1a). Of the
main types of APCs, DCs are unique in their ability to
activate naı̈ve T cells (Figure 1b) potently, thereby acting
as the primary initiators of antigen-specific immune
responses [1]. Therefore, the priming of DCs with an anti-
gen effectively controls whether subsequent immunity will
develop, and therefore, whether effective vaccination can
be achieved.When possible, vaccine design strategy should
take this principle into account.

One relevant biological feature of DCs is their ability to
sense conditions under which antigen is encountered,
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which initiates a process of DC maturation. Using recep-
tors for microbial and inflammatory products, DCs respond
to antigen exposure in different ways, depending on the
nature of the pathogen encountered (e.g. virus, bacterium,
or protozoan). Pattern recognition receptors (PRRs) are
membrane-bound or secreted microbial sensory receptors
that include Toll-like receptors (TLRs), Nod-like receptors
(NLRs), and C-type lectin receptor (CLRs). PRRs on DCs
recognize conserved molecular patterns on microbes
known as pathogen-associated molecular patterns
(PAMPs) (Figure 1a). This information is transmitted to
T cells via altered cytokine release, expression of co-stim-
ulatory molecules, such as CD40 and CD80, and the upre-
gulation of integrins for adhesion, such as CD11c, by the
DC at the time of antigen presentation in the lymph nodes
(Figure 1b). By targeting DCs through their PRRs, novel
vaccine biomaterials can quantitatively enhance the deliv-
ery of antigen and general immune responses, while qual-
itatively controlling the nature of the immune response
(Table 1).

In this review, we discuss some of the most common
biomaterial elements – liposomes, solid biodegradable
polymers, and natural polymers – used in vaccine applica-

tions, starting with alum. We note that, in most cases,
biomaterials used in these applications are particulate in
nature. This is particularly interesting because viruses
and pathogens that elicit or subvert immune responses
are, in essence, small particles endowed with the ability to
interact with or avoid immune cells in various ways; for
example, vaccinia virus inhibits cytokines at the site of
infection, and HIV targets immune cell surface molecules,
such as DC-SIGN [2]. Much has been learned about their
individual strategies, and this new biological information
is currently guiding the design of novel, rational, biomate-
rial-based vaccine technologies. The types of known PRRs
and their PAMP ligands are also reviewed, emphasizing
what has been achieved with regard to engineering
these interactions in biomaterial vaccine formulations.

Box 1. Currently licensed vaccine formulations

Live attenuated

Attenuated vaccines are pathogens that have been repeatedly

passaged in cell culture, often in a non-human cell line, until the

virus or bacterium is no longer pathogenic. Some examples of

attenuated vaccines include include measles, mumps, and rubella

(MMR), and Bacille Calmette Guerin. A live attenuated vaccine is not

an option against pathogens that have limited growth in culture,

such as hepatitis C virus or HPV, which propagate poorly in cell

systems [123,124]. Attenuated vaccines can be administered in a

single dose by various routes of administration (oral, nasal, or

intramuscular), and, because these vaccines closely resemble a

natural infection, they are potent activators of antibody (i.e.

humoral) and cell-mediated immune responses. Although attenu-

ated vaccines generally succeed at generating a robust immune

response, live attenuated vaccines might result in disease if

administered to immunocompromised patients [125]. In some rare

instances, attenuated vaccines revert to virulence [126].

Killed inactivated

Inactivation of live pathogens by heat or chemical treatment is a

safer model for widespread vaccination than attenuated vaccines.

Inactivated vaccines are typical for influenza, polio and hepatitis A

viruses. Similar to attenuated vaccines, inactivated vaccines present

many target antigens in the context of the microbe, providing

signals for the immune system that would be present during

infection. However, because the pathogen is unable to replicate or

invade host cells, multiple doses, or ‘boosters’, must be adminis-

tered, and the resultant immune response is generally in the form of

neutralizing antibodies – not antigen-specific cytotoxic T lympho-

cytes (CTLs). That is, inactivated vaccines successfully elicit a

humoral response yet, for the most part, not a cellular immune

response. Additionally, as with attenuated vaccines, inactivated

vaccines are limited to pathogens that can be cultured in vitro.

Pathogen fragments (subunit vaccines)

The final class of vaccines includes those for tetanus and

diphtheria toxins and HPV. Subunit vaccines are fragments of

pathogens, such as toxins, structural units, and other components,

that are typically targets of neutralizing antibodies. However,

antigens purified from pathogens often lack immunogenicity,

experience poor uptake and processing rates by APCs, and generally

exhibit short half-lives in vivo [127]. Thus, an adjuvant is included in

vaccine formulations to augment the immune response to these

antigens and to minimize dose.

Box 2. Benefits of vaccine delivery vehicles

Several groups are developing pathogen-mimicking vaccines using

nano- and micro-scale delivery vehicles, such as liposomes and

polymeric particles, by which antigens enter and activate APCs.

Particulate systems might overcome limitations of clinically ap-

proved adjuvants because they:

Promote cell-mediated immunity

Typically, exogenous antigen, once endocytosed, is loaded on

major histocompatibility complex (MHC) class II molecules and

presented to CD4+ T cells. However, particles can be engineered to

escape endosomal and lysosomal compartments after APC inter-

nalization [128,129] and subsequently enter the cytosol. Here,

encapsulated antigen-peptide epitopes can access MHC class I

molecules in a process known as cross-presentation, which

promotes CD8+ T cell activation and elicits a robust cell-mediated

response.

Are easily modulated

Pathogens constantly emerge and change; therefore, an ideal

vaccine vehicle is easily modified to generate immune responses of

the appropriate magnitude and direction against evolving patho-

gens. Synthetic delivery systems can be tailored to control antigen

release rate [130,131], as well as the valency [130–133] and amount

of antigen. Additionally, the circulation time of the vaccine vehicle

can be controlled along with the type and density of the targeting

ligand.

Minimize dose and eliminate booster immunizations

Vaccine particulates can display antigen in bulk, mimic physiolo-

gical antigen presentation, and create much higher local antigen

concentrations than soluble antigen. Additionally, encapsulated

antigen is protected from degradation, which allows it to remain

intact for interaction with APCs. This attribute, in combination with

the ability of particulates to deliver antigen to specific cell types,

allows for a significant decrease in the amount of antigen necessary

per dose. Furthermore, many particulates release their antigen

payload over a tunable period of time; this controlled release may

be optimized to prime and boost immune cells in a single dose

[134,135].

Enable mucosal administration

Particulate systems enable parenteral and mucosal administration

because encapsulation and other functionalization strategies protect

antigen from harsh conditions in the gastrointestinal tract and allow

transport across mucous membranes [136–138]. Oral and intranasal

vaccination methods are simple and painless and evoke higher

patient compliance. Additionally, mucosal vaccination generates

IgA protection at these tissues, which provides a first line of defense

against many pathogens.

Well-suited for global distribution

Mucosal vaccination with particles can obviate the need for

trained medical personnel, whereas single dose regimens are

attractive for developing regions where many vaccine recipients

cannot return for boosters. Many of these systems can be freeze-

dried and stored in a stable solid state, which eliminates the need

for refrigeration and reduces storage and transportation costs.
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Figure 1. Particles with ligands that target TLRs, NLRs, or CLRs. (a) Signaling. Nano- or microparticles encapsulate antigenic components or incorporate agonists for surface

or endosomal TLRs, intracellular NLRs, or membrane-bound CLRs. Particle components promote the production of proinflammatory cytokines and often the expression of

co-stimulatory molecules and MHC complexes, thus leading to increased vaccine efficacy. (b) Antigen presentation. Once endocytosed, particles might be degraded in the

endosome and access the MHC class II pathway, thereby activating CD4+ T cells (Pathway A). Alternatively, particles might escape the endosome so that encapsulated

antigen can be processed in the cytosolic space and be presented via MHC class I to CD8+ T cells (Pathway B).
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We conclude with a few perspectives regarding the future
of vaccine design and how the emerging understanding of
pathogen recognition and danger recognition signals that
signal immune activation are influencing a paradigm shift
in the design of biomaterials for vaccines.

Biomaterial elements: from the old to the new
Alum

Aluminum salts, which broadly include aluminum hydrox-
ide, aluminum phosphate, and potassium aluminum sul-
fate (commonly referred to as alum), are the oldest
adjuvants and have been used clinically for over 60 years.
Antigens are adsorbed to or form a precipitate with alumi-
num salts, which elicit a long-lasting and robust humoral
response when administered parenterally. Several vac-
cines, including diphtheria, tetanus, and pertussis
(DTP), hepatitis A and B, anthrax, and rabies, all contain
aluminum salts [3]. With the long history and extensive
use of aluminum salts, it is surprising that only recently
have some of the mechanisms behind the effects of alumi-
num adjuvants been elucidated. They are thought to work
in part by a depot effect, which can persist at the injection
site, and by stimulating a multiprotein complex called the
inflammasome [4,5], which is responsible for the activation
of inflammatory processes. The inflammasome is an intra-
cellular complex of proteins composed of cytoplasmic
PRRs, the apoptosis-associated speck-like (ASC) adaptor
protein, and proinflammatory cytokine-releasing caspases.
Alum administration has been shown to promote the re-
lease of the endogenous danger signal, uric acid, from

necrotic cells, and has been implicated in inflammasome
activation [6,7]. These studies have provided insight into
themechanisms behind the potency of alum as an adjuvant
and further support the concept that combinations of
signals (in this case a danger signal with an antigen) might
be necessary for effective vaccination.

Liposomal carriers

Liposomes, first proposed as vaccine adjuvants over 35
years ago [8], are spherical vesicles formed by a hydrated
phospholipidbilayer that surrounds an aqueous core. Since
liposomes possess hydrophobic and hydrophilic compart-
ments, they have been useful for the delivery of a wide
array of candidate antigens and immunostimulatory mole-
cules with different physiochemical properties. Liposomes
can be prepared as unilamellar or multilamellar vesicles,
and their size can be easily adjusted from tens of nan-
ometers to several microns in diameter [9] – an important
consideration for the intracellular delivery of an antigen or
the creation of a vaccine depot. Although liposomes can
varywidely in their preparation, they aremainly composed
of amphiphilic lipids, typically neutral lipids like phospha-
tidylcholine (PC), and cholesterol. It is also important to
note that the composition of the liposome itself can affect
the immune response; therefore, lipids can function as
adjuvants. For example, cationic liposomes have induced
elevated CTL levels over anionic and neutral formulations
[10]. Liposomes can be surface-modified by covalently cou-
pling the phospholipid head groups to reactive groups on
targeting molecules [11]. Liposomes can be prepared with

Table 1. PRR-targeted particles for vaccination

PRR Ligand Delivery vehicle Antigen Refs.

TLR 1/2 Pam3CAG Liposome Hemagglutinin peptide [49]

TLR 2/6 Pam2CAG [49]

TLR 3 Poly (I:C) PLGA MP N/A [53]

TLR 3 Poly (I:C) Polyketal MP Ovalbumin [54]

TLR 3 Poly (I:C) Liposome Ovalbumin [55]

TLR 4 LPS Liposome HBsAg [75]

TLR 4 LPS Gelatin MP BSA [78]

TLR 4/NLRP3 LPS PLGA NP Ovalbumin, WNV envelope protein [79]

TLR 4 Lipid A Liposome Malaria antigen [121]

TLR 4 MPLA Liposome (Stimuvax) N/A Merck

TLR 4 MPLA Liposome (AS01) N/A GSK

TLR 4 MPLA PLGA NP MUC1 lipopeptide [83]

TLR 4 MPLA PLGA NP HBcAg [84]

TLR 5 Flagellin Polyanhydride NP Ovalbumin [89]

TLR 5 Flagellin Polypropylene sulfide NP Ovalbumin [90]

TLR 7 3M019 Liposome Ovalbumin [61]

TLR 9 Plasmid DNA Liposome HBsAg [65]

TLR 9 CpG ODN Liposome Hemagglutinin, Neuraminidase, HBsAg [68]

TLR 9 CpG ODN Liposome Ovalbumin [69,66]

TLR 9 CpG ODN Gelatin NP N/A [72]

TLR 9 CpG ODN PLGA MP p55 gag, gp120 env (HIV-1) [69]

TLR 9 CpG ODN Alginate-coated chitosan NP HBsAg [70]

TLR 9 CpG ODN PLGA NP WNV envelope protein [73]

Mincle TDM CAF01 Mycobacterial antigens [101]

Dectin-1 b-Glucan b-Glucan Ovalbumin [99]

NOD2 MDP Liposome HBsAg [122]

NOD2 MDP Liposome Mycobacterial antigens [117]

NOD2 MDP Gelatin MP BSA [78]

Abbreviations: BSA, bovine serum albumin; HBsAg/HBcAg, Hepatitis B surface/core antigen; NP, nanoparticle; MP, microparticle; WNV, West Nile virus.

Review Trends in Biotechnology June 2011, Vol. 29, No. 6

297



Author's personal copy

materials that are very similar to the composition of
mammalian cell membranes, and are therefore generally
considered biocompatible and relatively non-toxic. One
attractive feature is the ease of preparation under buffered
conditions, which facilitates incorporation of proteins with-
out denaturation; however, classical drawbacks have been
poor control over levels of encapsulated protein and sus-
tainable release of associated antigen.

Synthetic, solid, biodegradable particle carriers

Synthetic polymer particles offer distinct advantages over
liposomal-based systems. In addition to increased stability,
by varying the polymer composition of the particle and
morphology, one can effectively tune in a variety of con-
trolled release characteristics, allowing moderate constant
doses constant doses over prolonged periods of time. This
capability for sustained release of an encapsulated or incor-
porated, protected antigen can potentially abrogate the
booster requirement. For example, one oral dose of hepatitis
Bantigen entrapped inpolyester polymerparticles canyield
a long-term protection equivalent to three doses of injected
antigen [12]. This single booster effect has also been
reported for tetanus [13] and diphtheria toxoid [14,15].

The development of biodegradable solid particles began
with the realization that a wide variety of compounds –

hydrophilic or hydrophobic, small molecule, protein, or
gene – could be conjugated to or encapsulated within a
matrix of biodegradable polymers and slowly released over
time with the degradation of the polymer and/or diffusion
out of the matrix. Biodegradable nanoparticles have, for
the most part, been engineered from materials that are
already known to be biocompatible and often commonly
used inmedicine for other purposes. These polymers can be
designed to degrade through physiological processes (e.g.
hydrolysis or enzymatic degradation), and leave behind
biocompatible monomers. Therefore, one immediate bene-
fit is that of negligible toxicity.

These delivery vehicles have been fabricated from a
variety of materials, for example, polyesters, polyanhy-
drides and polyacrylates. Various polyanhydrides have
been utilized as drug delivery platforms, including vaccine
delivery systems [16]. Recently, polyanhydrides have been
found to elicit Th1 responses by acting as agonists for TLRs
2, 4 and 5 [17]. Polyacrylate particles, which are highly
stable under aqueous conditions and degrade enzymatical-
ly, have demonstrated efficacy as mucosal vaccine carriers
[18]. Perhaps the most widely used are the aliphatic poly-
esters, specifically the hydrophobic poly(lactic acid) (PLA),
the more-hydrophilic poly(glycolic acid) (PGA), and their
copolymer, poly(lactic-co-glycolic acid) (PLGA). The physi-
ological compatibility of PGA, PLA and PLGA has been
established for safe use in humans; these materials have a
history of>30 years in various human clinical applications
[19,20]. The clinical translational potential of polyester
particles has been an attractive feature for their use in
several targeted vaccine formulations. PLGA has been
used in vaccine applications for nearly two decades [21]
and has been explored for mucosal immunization [22].
Varying the molecular weight and the ratio of PLA to
PGA allows for tunable, sustained release of protected
antigen [23]. This control over antigen liberation, ranging

from days to months, can abrogate the need for a vaccine
boost [24]. Furthermore, PLGA surface properties can be
easily modified by the introduction of functional groups.
For example, functional fatty acids have been incorporated
into the particles during the formation process, thereby
facilitating the addition of targeting modules to the parti-
cle surface [25]. In this way, the particles not only encap-
sulate antigens, but also target antigens to APCs in
conjunction with other adjuvants that are required for
eliciting the desired type of immune response.

Natural polymers

Other materials fabricated from natural polymers have
been proposed and tested in vaccine applications, including
chitosan, alginate and gelatin. Chitosan is the deacylated
form of chitin, a positively charged polysaccharide of glu-
cosamine andN-acetylglucosamine, and is naturally found
in the exoskeleton of crustaceans and insects. It is a non-
toxic, biodegradable polymer that has traditional applica-
tions in pharmacology, dentistry, orthopedics, ophthalmol-
ogy, and surgery. Chitosan is degraded by lysozyme in vivo,
and its products can be incorporated into metabolic path-
ways or excreted [26]. The free amino groups on this
polymer introduce mucoadhesive properties in formulated
particulates, which have been applied in oral and nasal
vaccine delivery [27].

Other adjuvant polymers include alginate and gelatin.
Alginate, a thickening and gelling agent used in the food
industry, is a polysaccharide containing mannuronic and
guluronic acid [28]. Enzymes that are capable of degrading
alginate are not present in the body; therefore, alginate
particles can persist for several months and release their
contents by diffusion [29]. Gelatin protein, a hydrolyzed
form of collagen degraded by proteolytic enzymes, features
a high density of amino acids that are useful for antigen
conjugation or target coupling (e.g. lysine), making it an
attractive substrate for vaccine delivery applications. Gel-
atin is FDA-approved as a component of plasma expanders;
however, concerns regarding allergic responses to gelatin-
incorporating vaccines, such as MMR and DTP, have
raised concerns regarding the clinical translation of some
formulations [30].

Bioconjugation to the carrier

An important feature of antigen-carrying biomaterial sub-
strates for vaccination is the ability to direct the antigenic
load to APCs by targeting PRRs. Immobilization of
PAMPs, which can be proteins, carbohydrates or nucleic
acids, onto these substrates might be achieved by physical
adsorption or chemical conjugation to the biomaterial.
Physical adsorption is simple, especially in the absence
of functional groups for chemical conjugation. However,
physical adsorption of PAMPs relies on weak intermolecu-
lar interactions, such as electrostatic, hydrophobic or hy-
drogen bonding. These are transient interactions and have
several drawbacks, including instability in the physiologi-
calmilieu and poor control over the density and orientation
of the displayed ligand. Thus, chemical conjugation
through covalent bonding between the surface and the
ligand of interest has been the primary means for coupling
PAMPs to biomaterials. Given the ability to tune the
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availability of functional groups and the site of conjugation,
chemical techniques offer more control over PAMP presen-
tation. A comprehensive review of the various conjugation
methods is outside the scope of this review, and the reader
is instead referred to recent reviews [31–33]. Here, we
discuss the most common chemistries to achieve this pur-
pose (Figure 2).

The most ubiquitous chemical conjugation method is
via amines and carboxylates, which are available on
peptides, proteins and many carbohydrates. Amine cou-
pling reactions in common practice introduce N-hydro-
xysuccinimide (NHS) esters onto the protein or surface by
modification with a mixture of NHS and carbodiimides;
these esters then react spontaneously with amines and
other nucleophilic groups on the ligand to form covalent
linkages [33]. Carboxylates can also be activated by
similar methods utilizing carbodiimides in the presence
of hydrazide to form a reactive intermediate that effec-
tively couples with amines. Finally, some proteins and
many peptides have only a single cysteine residue, which
enables site-specific labeling with thiol-reactive surfaces.
In many cases, sulfhydryl groups might be exploited for
efficient coupling to surfaces, either by formation of
disulfide linkages or by coupling to thiol-reactive malei-
mide groups (Figure 2).

More recently, ‘click chemistry’ has gained attention
as a versatile means for coupling molecules to surfaces
[34]. In the most widely used strategy, the molecule of
interest is incorporatedwith anazide or analkyne, and the
surface is functionalized with a complementary alkyne or
azide, respectively. The ensuing azide–alkyne reaction
(Figure 2) ‘clicks’ a molecule into place on the surface in

the presence of a copper catalyst. The important features
of this chemistry that make it attractive are the efficiency,
the specificity of the linkage, and the small size of the
coupling groups.

Regardless of the methodology, two specific challenges
with bioconjugation remain. First, serum proteins might
mask the efficacy of an immobilized PAMP, and this non-
specific interaction could compromise the ability to target
PRRs. Therefore, inertness of the substrate is a key factor
that controls unwanted adsorption. Polymer substrates
that are intrinsically inert to non-specific protein adsorp-
tion or the addition of polymers, such as poly(ethylene
glycol) are widely used strategies to mediate this effect.
Second, the density of substrate attachment might play a
significant role. Although the concept of immobilizing
PAMPs is attractive for development of new vaccines, little
is known regarding how the density of PAMPs on a sub-
strate might alter an immune response. Clustering of
PRRs by multivalent presentation of activating ligands
might have unintended consequences. For example, it
has been shown that crosslinking of the mannose receptor
on the surface of monocyte-derived dendritic cells induces
the production of anti-inflammatory signals, such as
interleukin (IL)-10, and antagonizes pro-inflammatory
responses that are important for vaccine responses [35].
Similarly, we have demonstrated that, depending on the
density of antibodies on nanoparticles that target the C-
type lectin DEC205, differential immune responses are
triggered [36]. Therefore, any strategy for ligand immo-
blization on the surface of biomaterials must take into
account the availability of ligand for targeting and its
density.
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Figure 2. Schematic diagram showing a variety of possible chemistries for conjugation of PAMP moieties to functionalized substrates. (a,b) Covalent coupling of an amine

(-NH2)-functionalized surface or PAMP to a carboxylate (-COOH) functional group, as mediated by NHS/carbodiimide reactive intermediate chemistry. (c) Carbohydrate

PAMPs with unreactive hydroxylate groups might be oxidized with an agent such as sodium periodate, which yields a reactive aldehyde that can be conjugated to a

dihydrazide-modified surface. The resultant hydrazone linkage is very stable. (d,e) Thiol-modified PAMPs might be linked to a maleimide-functionalized surface through

selective reaction or a thiol-modified surface. (f) Histidine-tagged molecules can selectively bind to Ni chelated by tetradentate nitrilotriacetic acid: a procedure widely used

for affinity separations. (g) An example of click chemistry; an azide (N3)–alkyne cycloaddition catalyzed by a Cu(I) catalyst results in the formation of a stable triazole linkage

at room temperature.
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PRR ligands
Many pathogen surface molecules that are necessary for
structure, host cell entry, and mobility are evolutionarily
conserved; as a result, these molecules are the ligands for
PRRs in our innate immune system and have been
exploited for the development of therapeutic and prophy-
lactic vaccines. PRRs can associate agonists of these recep-
tors to biomaterials, thus resulting in effective targeting
and activation of cells of the immune system (Figure 1).

PRRs can be expressed intracellularly, presented extra-
cellularly, or even secreted. Generally, they function by
recognition of PAMPs, which triggers intracellular signal-
ing cascades and ultimately results in the expression and
upregulation of inflammatory effector molecules, co-stim-
ulatory molecules, cytokines and/or reactive oxygen spe-
cies. Extracellular and intracellular PRRs currently
comprise four main families: TLRs, RIG-1-like receptors
(RLRs), CLRs and the NLRs [37]. Although the use of TLR
agonists represents a majority of these systems, we also
discuss the expanding field of NLR and CLR-agonist inclu-
sive vaccines (Table 1).

TLRs

TLRs were first discovered based on their homology with
the Drosophila protein Toll, which is required for dorso-
ventral patterning during embryonic development. Lat-
er, it was found that Toll induces the production of the
antimicrobial protein drosomycin, which suggests a role
in immune responses. Homologs of Toll have since been
identified in several species, ranging from plants to
mammals, and the first human TLR was reported in
1994 [38]. The physiological relevance of these proteins
in mammals was not identified until 1998, when it was
shown that mice susceptible to infection with Gram-
negative bacteria possess a mutation in their Tlr4 gene.
This suggests that the role of TLR4 is to sense the
presence of pathogens through lipopolysaccharide
(LPS), a TLR4 ligand that is expressed on Gram-negative
bacteria [39]. Since this initial discovery, 13 mammalian
TLRs have been identified, among which 10 are function-
al TLRs in humans and 12 in mice; TLR1–9 are conserved
in both species [40].

TLRs are type I transmembrane proteins, which means
that they possess an extracellular N terminus. However,
the defining features of all TLRs is the presence of an
intracellular Toll/IL-1 receptor (TIR) domain and an ex-
tracellular leucine-rich repeat (LRR) associated with path-
ogen sensing [41]. The LRR region consists of b-strands
and a-helices, which run parallel to the same axis, and
produce a non-globular, horseshoe-shaped molecule. More
importantly, the LRR is associated with interactions be-
tween the receptor and its ligands [42]. The TIR domain is
highly conserved and forms complexes with the TIR-con-
taining adaptormoleculesmyeloid differentiation factor 88
(MyD88), MyD88 adaptor-like protein (Mal/TIRAP), TIR
domain-containing adaptor protein inducing interferon b

(TRIF), and TRIF-related adaptor molecule (TRAM) [43].
In addition to these stimulatory adaptors, sterile-a and
HEAT-Armadillo motifs (SARM) have been identified as
the first TIR-containing adaptors to have an inhibitory role
[44]. MyD88 is utilized by all TLRs, except for TLR3, which

signals through TRIF, and TLR4 has the ability to recruit
either MyD88 or TRIF [45].

Multiple pathways can potentially be activated by TLR
signaling, including nuclear factor (NF)-kB, mitogen-acti-
vated protein kinase (MAPK) and type I interferon regu-
latory factors. Activation of these pathways ultimately
induces the translocation of transcription factors into
the nucleus, which in turn regulates the expression of
pro-inflammatory genes, including those for cytokines,
chemokines, co-stimulatory molecules, and antimicrobial
peptides [41]. In general, TLRs can be broadly classified
based on their cellular localization; for example, on the cell
surface (TLR1,2,4–6) or intracellularly on the endosomal
surfaces (TLR3,7–9).

Recognition of surface proteins: TLR1, TLR2, TLR6

Lipoproteins, which are prevalent in bacteria and have a
hydrophobic lipid chain that anchors the protein to the
cellular membrane, constitute one example of a TLR
ligand. Triacylated lipoproteins are recognized by TLR2
dimerized with TLR1 [46,47], whereas diacylated
lipoproteins are generally recognized by TLR2 dimerized
with TLR6 [48]. Palmitoyl chain (Pam) diacylated and
triacylated lipopeptides (Pam2CAG and Pam3CAG,
respectively) have been incorporated into liposomes and
shown to be effective at maturing human DCs [49].
Similarly, functionalized Pam3C has been incorporated
into a chitosan derivative for vaccine applications [50].
Currently, an ongoing phase I clinical trial is evaluating
a lipopeptide-incorporating therapeutic vaccine for HIV-1
(NCT00796770).

Recognition of nucleic acids: TLR3, TLR7–9 Motifs in
pathogen genetic material comprise another class of
PRR ligands that have been exploited to construct new
vaccines and therapeutics. Viral double-stranded RNA
(dsRNA) is thought to be recognized by endosomal TLR3
and the RLRs RIG-1 and melanoma differentiation-
associated protein 5 (MDA-5) during viral replication
[51,52]. Extracellular dsRNA is inefficient at crossing
membrane barriers, providing a clear motivation for
coupling with particulates for delivery to APCs.
Polyriboinosinic:polyribocytidylic acid, or poly(I:C), is a
synthetic analog of dsRNA that is composed of
mismatched strands of inosinic acid opposing cytidylic
acid. Poly(I:C) has been evaluated as an adjuvant for
40 years and has been integrated into biodegradable
microparticles [53,54] and liposomes [55], thereby
enabling DC maturation and subsequent CD8+ T cell
activation. Small interfering RNAs have also been
shown to activate TLR3, regardless of sequence [56].

TLR7 and TLR8 recognize single-stranded RNA
(ssRNA). The synthetic imidazoquinoline drug compounds
imiquimod and resiquimod target TLR7. TLR7 is
expressed on plasmacytoid DCs and B cells, but not macro-
phages [57]. This differential expression is of interest
because ssRNA, unlike other TLR ligands, is present in
all human somatic cells, and non-reactive macrophages in
the periphery are necessary to clear debris from autologous
dead cells. Conversely, TLR8 is mainly expressed on
macrophages, monocytes, and myeloid DCs [58,59]. Very
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few studies have explored the particulate delivery of TLR7
or TLR8 agonists, although imiquimod has been included
in liposome-forming lipid implants, liposomes and PLGA
microparticles for vaccine applications [60,61]. Aldara, a
5% imiquimod topical cream, has been licensed for human
use for the treatment of warts and other viral epithelial
conditions [62], thus paving the way for further vaccines
incorporating TLR7 and TLR8 ligand adjuvants.

A common element in viral and bacterial, but not human,
DNA is the CpG (cytosine–phosphate–guanine) motif.
Sequences rich in these nucleosides that are framed by
two 50 purines and two 30 pyrimidines are recognized by
TLR9 [63], which is primarily expressed on B cells and
plasmacytoidDCs inhumans. TheseCpGoligodeoxynucleo-
tides (ODNs)were first encapsulatedwithin liposomes in an
effort to deliver effectively antisenseODNs to targetDNAor
RNA for regulation of gene expression [64]. CpG DNA has
also been incorporated into liposomes [65–68] and biode-
gradable particles [69–72] to create delivery vehicles that
promote cell-mediated responses. Additionally, we have
shown that biodegradable PLGA nanoparticles loaded with
the recombinant envelope protein antigen from the West
Nile virusandsurface-modifiedwithCpGelicit humoral and
cellular responses, thus providing protection against the
live virus [73]. Animals immunized with this system
show robust Th1-biased humoral responses compared
with predominantly Th2-biased responses with the adju-
vant aluminum hydroxide. Immunization with CpG ODN-
modified nanoparticles has resulted in more circulating
effector-like T cells and higher activity of antigen-specific
lymphocytes, compared with unmodified nanoparticles or
aluminum hydroxide alone [73]. Four clinical trials for CpG
ODNs as adjuvants in malaria vaccines have been complet-
ed to date (NCT00320658, NCT00427167, NCT00344539,
NCT00190424). CpG is also being used in combination
adjuvant systems that incorporate several PRR agonists
within one delivery system to boost efficacy. For example,
AS15 incorporates CpG, monophosphoryl lipid A (MPLA)
and QS21 (saponin derivative) within a liposomal delivery
system and has been tested for its efficacy in therapeutic
cancer vaccines (NCT00952692).

Recognition of surface carbohydrates: TLR4 Like surface
proteins, surface carbohydrates are often the targets of
PRRs. One such ubiquitous carbohydrate is the bacterial
endotoxinLPS – amajor component of the cell wall ofGram-
negative bacteria and a ligand for TLR4, which is widely
expressed on monocytes, myeloid DCs, granulocytes, and
intestinal epithelial cells. LPS is an amphiphilic molecule
that comprises a strain-specific side-chain known as the
O-antigen, a core polysaccharide, and conserved lipid
tails in the lipid A region. LPS has been incorporated
into liposomes [74–77] and gelatin particles [78] for
vaccine delivery, which results in high titers of antigen-
specific antibodies. Our recent work with LPS immobilized
on the surface of PLGA particles loaded with antigen
has demonstrated that LPS-modified particles are
preferentially internalized by DCs compared to uncoated
nanoparticles; furthermore, the system,when administered
to mice, elicits potent humoral and cellular immunity
against a model antigen, ovalbumin, and the antigen

derived from the West Nile envelope protein [79]. It has
also been shown that wild type macrophages pulsed with
LPS-modified nanoparticles produce pro-inflammatory
cytokine IL-1b, consistent with inflammasome activation.
Furthermore, inflammasome activity from LPS-modified
particles requires the rupture of lysosomal compartments
and their relocation into the cytoplasm of the cell [79,80].
The generality of this vaccination approach has been
demonstrated in the encapsulation of a recombinant West
Nile virus envelope protein into LPS-modified particles,
which protects against a murine model of West Nile
encephalitis [79].

LPS is an endotoxin, and its use as a PAMP in vaccine
construction is therefore problematic owing to this toxicity.
Thus, MPLA, a derivative of lipid A from Salmonella
minnesota, is considered a safer TLR4 agonist, and hence,
preferable for vaccine applications. MPLA adjuvants are
less toxic than LPS and have different immunological
effects [81,82]; however, in some cases, MPLA adjuvants
are less effective than LPS [76]. MPLA coupling to lipo-
somes and PLGA nanoparticles has been explored for
vaccine applications [76,83,84]. The success of this method
has propelled the development of two MPLA–liposomal
vaccine formulations: Stimuvax is currently in phase III
clinical trials for non-small cell lung carcinoma
(NCT01015443, NCT00409188), and AS01 is in phase I/
II/III for malaria (NCT00872963, NCT01157897). AS04,
which is alum and MPLA, has recently been used as an
adjuvant in Cervarix1 (GlaxoSmithKline), a human pap-
illoma virus (HPV) vaccine.

Recognition of flagellin: TLR5 The PRR TLR5 is
expressed by several cell types, including monocytes,
DCs, epithelial cells, granulocytes and B cells [85]. TLR5
recognizes a conserved epitope of flagellin, themajor protein
of bacterial flagella [86,87]. Cytosolic flagellin in
Salmonella-infected macrophages is recognized by
another PRR called IPAF (NLRC4) and has been shown
to activate the IPAF inflammasome, independent of TLR
recognition [88]. Therefore, the incorporation of flagellin
with biomaterials as adjuvants provides the potential to
activate two PRR systems, TLRs and NLRs, which further
enhances immune responses.Flagellin-loaded, bio-adhesive
polyanhydride nanoparticles have been shown to yield a
potent humoral response to a model antigen [89]. In
addition, flagellin has been conjugated to polypropylene
sulfide nanoparticles, and this system has been shown to
promote Th1 type systemic andmucosal immune responses
[90]. The use of flagellin as an adjuvant has also been
recently tested in human clinical trials (NCT00124865,
NCT00921947, NCT00966238) and is a prospective
candidate for future applications with vaccine delivery
vehicles (NCT001248865, NCT00921947, NCT00966238).

CLRs

PRRs also include the transmembrane lectins, such as the
CLRs on the surface of DCs and other APCs. These recep-
tors recognize sugar moieties, including mannose, fucose,
and glucan expressed on the surface of mycobacteria, fungi
and viruses. CLR engagement leads to internalization,
processing and presentation of pathogens. In addition,
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several CLRs, including Mincle and DC-SIGN have the
ability to trigger the NF-kB pathway, which ultimately
promotes the secretion of chemokines and cytokines from
APCs [91]. The field of antibody-mediated targeting of
antigens to DCs has been pioneered through several CLRs,
including DEC-205 [92], langerin [93] and DC-SIGN [94].
The prototypical CLR, DEC-205, has been the most widely
studied DC target molecule for the induction of immune
responses against model and vaccine antigens. Indeed,
chimeric antibodies that consist of antigen fused to the
C terminus of the heavy chain of anti-DEC-205monoclonal
antibody have been shown to deliver antigen efficiently to
late endosomal/lysosomal processing compartments for
presentation by class II MHC and CD1 molecules [95].
Targeting of DEC-205 has also been shown to promote
cross-presentation of antigen by DCs, which results in CTL
responses. As a result of the significant enhancement in
CD4+ and CD8+ T cell responses, DEC-205-targeted vacci-
nation is a promising way to increase vaccine efficacy.

Several studies have demonstrated that targeting
antigen to DCs via CLRs improves receptor-mediated endo-
cytosis and antigen presentation. For example, mannosy-
lated liposomes that bind the mannose receptor on DCs are
more readily endocytosed by humanDCs than non-targeted
liposomes [96]. Microparticles conjugated to antigen and
that present the b-1,3 glucan, a fungal ligand recognized by
the CLR Dectin-1 [97], are readily endocytosed by macro-
phages and elicit high antigen-specific antibody titers in
mice after intradermal and oral vaccination [98].

Inaddition to theuseofantibodies to targetCLRs, theuse
of whole b-glucan particles, derived from Saccharomyces
cerevisiae cell walls has also been reported [99]. These
particles have an inherent ability to stimulate Dectin-1
owing to the high levels of 1,3-b-glucans, thus allowing them
to activate DCs directly. They have been shown to induce
primarily Th1 and Th17 responses in vivo [99]. These b-
glucan particles have also been reported to alter the re-
sponse of immune cells, including DCs and human mono-
cytes, to TLR agonists [100]. It highlights the fact that,
although simultaneous activation of several PRRs offers
an effective method of boosting responses, it might also
completely alter the type of response generated; this should
be considered when incorporating PRR agonists into bio-
materials.

A novel adjuvant system, known as CAF01, has recently
been shown to activate the CLR Mincle [101]. CAF01
consists of N,N0-dimethyl-N,N0-dioctadecylammonium
(DDA), which is a synthetic amphiphilic lipid that sponta-
neously forms liposomes when in an aqueous environment,
and the synthetic form of the trehalose 6,60-dimycolate
(TDM) glycolipid component of the mycobacterial cell wall
known as trehalose 6,60-dibehenate [102,103]. The ligation
of Mincle is central to its ability to drive potent Th1 and
Th17 responses [101]. A clinical trial is currently underway
to investigate the safety and efficacy of this novel bioma-
terial in healthy adults (NCT00922363).

NLRs

NLRs are found within the cytosol of cells; once activated
via ligand sensing, they undergo conformational changes
that allow them to form oligomers, which trigger different

downstream events depending on the NLR. For example,
nucleotide oligomerization domain (NOD)1 and NOD2
recruit other signaling proteins that ultimately trigger
the MAPK and NF-kB pathways resulting in the secretion
of proinflammatory cytokines, chemokines and antimicro-
bial peptides, such as a and b defensins [104]. Other NLRs,
such asNLRP3, formmultiprotein complexes that promote
activation of the proinflammatory caspases, which results
in the secretion of IL-1b [105,106]. NLRs were initially
discovered using a bioinformatic database when searching
for other proteins that contain known LRRs [107]. These
proteins comprise three distinct regions: the LRR; the
central NOD; and the N-terminal domain, which can con-
sist of a pyrin domain (PYD), a caspase recruitment do-
main (CARD), or a baculovirus inhibitor of apoptosis
repeat (BIR) domain. The LRR is thought to play a similar
role in ligand binding in NLRs as it does in TLRs [108].

NLRs can be subdivided into several families based on
the class of their N-terminal effector domain: NLRA pro-
teins that contain an acidic N terminus; NLRB proteins
that contain a BIR domain; NLRC proteins that contain an
N-terminal CARD domain; NLRP proteins that contain a
PYD; and NLRX proteins that contain N termini with no
known homology to currently identified proteins [108–110].
The most widely studied and most relevant NLRs with
respect to biomaterials are the NLRP and NLRC proteins.

The NLRP subfamily is characterized by the presence of
an N-terminal PYD and, with 14 members, it is one of the
largest subfamilies of NLRs. One of its most infamous
members, NLRP3, was initially discovered as cryopyrin,
the protein product of a gene that is segregated in family
members with Muckle–Wells syndrome and familial cold
autoinflammatory syndrome [106,111,112]. NLRP3 forms
part of a mulitprotein complex, known as the inflamma-
some, which activates caspase-1 and results in the secre-
tion of bioactive IL-1b [7]. More recently, NLRP3 had been
implicated in the adjuvant activities of several widely used
biomaterials, including alum, PLGA microparticles and
chitosan [4–6,79,113]. The ability of these biomaterials
to activate NLRP3 is usually dependent on the presence
of a TLR agonist, which demonstrates the existence of
crosstalk and dependency among PRR systems. Injection
of biomaterial alone is sufficient to activate the inflamma-
some and promote IL-1b secretion in vivo in the absence of
exogenous TLR stimuli. This suggests that biomaterials
also have the ability to synergize with endogenous danger
signals that can potentially be released by dying, damaged
or stressed cells [5].

In addition to the NLRPs, the NLRC family of proteins,
mainly NOD2 and IPAF, have also been targeted using
biomaterials. Lipophilic analogs of the peptidoglycan bio-
active unit N-acetyl muramyl dipeptide, recognized pri-
marily by NOD2 [114] and NLRP3 [115], have been
packaged into liposomal and gelatin particulate formula-
tions [78,116,117], thereby inducing antigen-specific anti-
body and Th1-biased cellular responses. As mentioned
previously, NLRC4 or IPAF can recognize flagellin in a
TLR-independent manner, which has led to its incorpo-
ration into biomaterials [89]. However, the role of NLRC4
in the adjuvant properties of flagellin remains to be inves-
tigated.
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Future perspectives
Our current understanding of the biology of immune acti-
vation combined with construction of new biomaterials is
progressing rapidly. Biomaterial systems are attractive for
several reasons; not only are they capable of encapsulating a
wide range of antigens, but they can also support the addi-
tion of modules to enable selective targeting to and uptake
by desired cell types. Biomaterial systems allow the intro-
duction of specific immunomodulators to guide the immune
response and other elements that will deliver internalized
antigens to appropriate intracellular compartments.

Targeting of PRRs is a central feature of many adjuvant
systems. For example, it has recently been shown that the
intracellular NLRP3 is activated by several classical adju-
vants, including aluminum hydroxide, chitosan and sapo-
nins [4,113]. Knowledge of PRRs can be exploited in
combination with biomaterial engineering to create new,
optimized vaccine systems endowed with signals that trig-
ger immunity in predictable and tunable ways. Although
this review focuses on PRRs that recognizemicrobial patho-
gens, it is important to note that other components of the
immune system can be targeted or encapsulated into bio-
materials. The complement system, for example, represents
a multi-protein cascade and has the ability to promote
phagocytosis and subsequent destruction of extracellular
pathogensor to induce cytotoxicity onceactivated; therefore,
incorporating complement-activating ligands into bioma-
terials is an attractive method of enhancing vaccine efficacy
[118].

Cytokines have also been incorporated into biomater-
ials, which allows these systems to mimic infection and to
activate the immune system through the release of endog-
enous factors. A prime example of this is the incorporation
of Granulocyte-macrophage colony-stimulating factor
(GM-CSF) into a macroporous PLG matrix, which pro-
motes the migration of DCs towards the scaffold [119].
In addition, the immobilization of melanoma tumor lysates
onto these GM-CSF-releasing scaffolds has shown a re-
duced rate of tumor development in mice [119]. Alterna-
tively, biomaterials can simultaneously recruit DCs and T
cells to the site of antigen presentation to promote the
interaction of these cell types, which represents a key step
in immune activation [120].

Considering the bright future and promise of these
biomimetic systems, it is not a surprise that considerable
attention is now focused on how different nanomaterials
and synthetic biomaterials generally interact with the
body. Before advanced clinical trials can proceed, intensive
studies are needed into the in vivo trafficking patterns or
effects of these systems on the immune system. Questions
awaiting rigorous investigation include:
� How are antigenic memory responses shaped in the

presence of these materials?
� What is the long-term effect on the regulatory T cell

pool?
� What subsets of cells are activated beyond antigen-

specific T cells?

Additionally, we must determine the toxicity of bioma-
terials and if chronic inflammation with these systems is
an unforeseen hazard. Overall, key factors necessary to

activate effectively the immune system can be engineered
into biomaterials, which provides an attractive template
for the next generation of vaccines.
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