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A B S T R A C T

Adjuvants are important components of vaccine formulations. Their functions include the

delivery of antigen, recruitment of specific immune cells to the site of immunization,

activation of these cells to create an inflammatory microenvironment, and maturation of

antigen-presenting cells for enhancement of antigen-uptake and -presentation in

secondary lymphoid tissues. Adjuvants include a large family of molecules and substances,

many of which were developed empirically and without knowledge of their specific

mechanisms of action. The discovery of pattern recognition receptors including Toll-like-,

nucleotide-binding oligomerization domain (NOD)- and mannose-receptors, has sig-

nificantly advanced the field of adjuvant research. It is now clear that effective adjuvants

link innate and adaptive immunity by signaling through a combination of pathogen

recognition receptors (PRRs). Research in our lab is focused towards the development of

novel adjuvants and immunomodulators that can be used to improve neonatal vaccines

for humans and animals. Using a neonatal pig model for pertussis, we are currently

analyzing the effectiveness of host defence peptides (HDPs), bacterial DNA and

polyphosphazenes as vaccine adjuvants.
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1. Adjuvants for vaccines

Adjuvants constitute important components of human
and animal vaccines. They can be grouped into particle-
based delivery systems, such as liposomes, micro- or
nanoparticles, and molecules that either directly or
indirectly induce the expression of cytokines and chemo-
kines thereby modulating the local microenvironment for
activation and stimulation of immune cells. Most of today’s
adjuvants have been developed empirically and include a
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wide variety of formulations including cell-wall compo-
nents, alum, QuilA, carbomers, and oil-in water emulsions
to name a few. With the recognition of pathogen
recognition receptors (PRRs) such as Toll-like, mannose
and nucleotide-binding oligomerization domain (NOD)-
like receptors (NLR), it has become clear that many of these
adjuvants signal through highly specific pathways result-
ing in increased NF-kB and/or type I interferon (IFN)
production, which subsequently leads to an up-regulation
of chemokines and cytokines needed for maturation of
dendritic cells (DCs) and improved presentation of the
antigen. Since invading microorganisms are likely to
simultaneously interact with many PRRs, we hypothesize
that effective vaccine formulations need to stimulate
multiple PRRs to both enhance the magnitude and the
quality of immune responses to the vaccine antigens. Here,
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we highlight some of our strategies to enhance immune
responses against Bordetella pertussis, an important human
pathogen responsible for more than 300,000 deaths and 50
million cases in infants and young children worldwide
(Crowcroft et al., 2003). We recently demonstrated that
newborn piglets are highly susceptible to infection with B.

pertussis and show severe signs of respiratory distress,
weight loss and moderate to mild fever. The pathology
following infection is similar to that seen in human infants
including a thickening of the alveolar wall, severe influx of
macrophages and neutrophils and complete tissue
destruction of underlying interstitial tissues (Elahi et al.,
2005). Using this model our research is focused on utilizing
innate immune modulators such as ‘CpG motifs’ (CpG
ODN), host defence peptides (HDPs) and polyphospha-
zenes to activate and imprint neonatal DCs towards a Th1
type of response, which ultimately will help to enhance
neonatal immunity against infectious diseases such as
pertussis. Here, we highlight the potential of some of these
immune modulators for use as vaccine adjuvants for
neonatal vaccines.

2. Host defence peptides

HDPs, also called cationic antimicrobial peptides, are
innate immune molecules found in almost every life form.
Their wide spectrum of functions includes direct anti-
microbial activities, immunostimulatory functions of both
innate and acquired immunity, as well as involvement in
wound healing, cell trafficking, vascular growth and both
the induction and inhibition of apoptosis (Barlow et al.,
2006; Bowdish et al., 2006, 2005; Brown and Hancock,
2006; Lau et al., 2006; Mookherjee et al., 2006b). For
example, HDPs have been shown to recruit immature DCs
and T-cells, enhance glucocorticoid production, macro-
phage phagocytosis, mast cell degranulation, complement
activation, and IL-8 production by epithelial cells (De et al.,
2000; Yang et al., 2004, 1999, 2001). Other HDPs have been
demonstrated to neutralize pro-inflammatory cytokine
induction and lethality in response to LPS/endotoxin
(Barlow et al., 2006; Bowdish et al., 2006, 2004; Davidson
et al., 2004; De et al., 2000; Finlay and Hancock, 2004; Lau
et al., 2006; Mookherjee et al., 2006a; Scott et al., 2002,
2000). For example, the innate defense-regulator peptide
(IDR-1), which targets monocytes and macrophages,
provided protection against infection with multi-resistant
bacteria in mice, and induced a more balanced or
controlled immune response by decreasing pro-inflam-
matory cytokines such as TNF-a and IL-6 at the site of
infection (Scott et al., 2007).

HDPs can be largely grouped structurally into defensins
and cathelicidins based on the respective presence of b-
sheets and a-helices (McPhee and Hancock, 2005). They
are expressed by a wide range of cells including epithelial
cells, neutrophils, macrophages and DCs (Brown and
Hancock, 2006). Expression is often regulated by the
presence of microorganisms (Veldhuizen et al., 2006) and/
or stimulation with TLR ligands, such as LPS. HDPs may
also act as TLR ligands. For example, murine b-defensin 1
directly stimulated TLR4 expression in immature DCs and
lead to the maturation of these cells (Biragyn et al., 2002).
Interestingly, some HDPs such as LL-37 were able to
modulate the effects of TLR agonists in the presence of LPS
by decreasing the amount of NF-kB translocation into the
nucleus consequently altering patterns of gene expression
(Mookherjee et al., 2006a). Furthermore, HDPs have been
demonstrated to also enhance adaptive immune
responses, and thus are considered an important link
between innate and acquired immunity. For example, the
human neutrophil peptides (HNP) 1–3, human b-defensins
(HBD) 1 and 2, as well as murine b-defensins were shown
to chemoattract immature DCs, lymphocytes, monocytes
and macrophages (Biragyn et al., 2001; Soruri et al., 2007;
Territo et al., 1989; Yang et al., 2000). Recruitment of
immature DCs occurred through signaling via the chemo-
kine receptor 6 (Biragyn et al., 2001; Yang et al., 1999) and
other not yet identified receptors (Yang et al., 2000).
Maturation of DCs was demonstrated following co-culture
of immature DCs with HDPs (Davidson et al., 2004).
Moreover, fusion of the murine b-defensin 2 with the gene
encoding the human immunodeficiency virus-1 glycopro-
tein 120 (HIV gp120) resulted in specific mucosal,
systemic, and CTL immune responses after immunization
(Biragyn et al., 2002, 2001). Ovalbumin (OVA)-specific
immune responses were enhanced after intranasal co-
administration of ovalbumin and HNP 1–3 in C57/Bl mice
(Lillard et al., 1999) and intraperitoneal injection of HNP 1–
3 and KLH of B-cell lymphoma idiotype Ag into mice
enhanced the resistance to subsequent tumor challenge
(Tani et al., 2000). Fusion of b-defensins mBD2 or mBD3 to
a B-cell lymphoma epitope sFv38 induced stronger anti-
tumor immune responses in mice (Biragyn et al., 2002,
2001). Thus, these examples provide evidence that HDPs
have been successfully used as adjuvants to enhance
vaccine-specific immunity.

To investigate the potential of HDPs for enhancing the
immune response in neonates, we are currently using
murine, human and porcine DCs. Screening of HDPs is
based on the ability to induce expression of chemokines
and cytokines in these cells, as well as the up-regulation of
co-stimulatory markers and MHC class II. For example, two
subsets of porcine DCs, namely monocyte-derived DCs
(moDC) and blood-derived DCs (bDC) are being used the
latter of which include both myeloid and lymphoid DCs.
MoDC were generated by isolation of CD14+ cells (mono-
cytes) and subsequent culturing in the presence of IL-4 and
GM-CSF (Raymond and Wilkie, 2004; Summerfield et al.,
2003), whereas bDC were isolated based on their expres-
sion of CD172+(Summerfield et al., 2003). Fig. 1 shows an
example of the expression of pro-inflammatory cytokines
in moDC and bDC following stimulation with HDP. MoDC
were stimulated at day 6 of culture with 133 mg/ml of the
12 amino acid peptide HH2 (VQLRIRVAVIRA-NH2). BDC
were isolated and rested for 16 h, after which time they
were stimulated in the same manner. Twenty-four hours
after stimulation, supernatants were collected from both
moDC and BDC for interleukin (IL)-8 analysis by ELISAs.
Following an 8 h stimulation of moDC, cells were collected
for qPCR analysis. Fig. 1A shows that stimulation with HH2
resulted in enhanced expression of interleukin IL-8 in
moDC but not in bDC. Furthermore, 8 h stimulation by
peptide HH2 resulted in a 6- and 8-fold respective increase



Fig. 1. The effect of peptide stimulation on porcine bDC and moDC. After 24-

h stimulation with peptide HH2 (133 mg/ml) IL-8 levels were examined by

ELISAs in moDC and BDC (A). Following an 8-h stimulation with HH2, the

gene expression of IL-12p40 and IL-17 was examined by qPCR in moDC (B).

Results are demonstrated as mean� S.E.M. (n = 4). The following primers

were used: IL-17F:ACGTACGTGCTACGT; IL-17R:AGCTGTAACCGGTT; IL-

12p40-F:GAAATTCAGTGTCAAAAGCAGCAG; IL-12p40-R: TCCACTCTGTACTT-

CTTATACTCCC. The IL-8 was detected by ELISA using the anti-IL-8 antibodies

(R&D MAB5531 at 2 mg/ml; R&D BAF 535 at 25 ng/ml), and recombinant

cytokine standards (R&D 533-IN, concentration of highest standard 40 ng/ml).
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in the expression of IL-12p40 and IL-17 in moDC (Fig. 1B).
IL-17 plays a role in the activation of macrophages to kill B.

pertussis (Higgins et al., 2006), recruitment of neutrophils
and in an increase of IL-8 production (Prause et al., 2003).
Thus, this example shows that HDPs can induce the
expression of cytokines involved in the recruitment and
activation of immune cells. Current research is focused on
assessing potential synergies between CpG ODN and HDPs
to further enhance specific immune responses against B.

pertussis in newborn pigs.

3. CpG ODN

Bacterial DNA, as well as short oligonucleotides
containing CpG ODN, are potent immune modulators in
both human and animal species. CpG ODN signal through
TLR9, and their immunomodulatory activity, either as
‘stand alone’-innate immune treatments or as vaccine
adjuvants, has been shown by numerous investigators in a
variety of species. Excellent reviews are available to
summarize the activity of CpG ODN (Bot and Bona,
2002; Higgins et al., 2007; Klinman, 2006; Krieg, 2006;
Wilson et al., 2006). When used as a vaccine adjuvant, CpG
ODN promote predominantly Th1 type immune responses
in adults, a quality needed for optimal protection against
pertussis (Byrne et al., 2004; Conway et al., 2001; Higgins
et al., 2006; Knight et al., 2006; Mills, 2001; Sugai et al.,
2005).

The strong ability to skew vaccine-induced immune
responses towards a Th1 type response make CpG ODN a
logical choice to stimulate balanced or Th1-type immune
responses in the neonate. To date immunomodulatory
activities of CpG ODN that enhance neonatal immune
responses have been demonstrated in a variety of
species including mice, humans and pigs (Angelone
et al., 2006; Brazolot Millan et al., 1998; Butler et al.,
2005; Ito et al., 2005, 2004; Linghua et al., 2007, 2006;
Nichani et al., 2006; Olafsdottir et al., 2007; Pedras-
Vasconcelos et al., 2006; Weeratna et al., 2001a). In the
case of a hepatitis B vaccine co-formulated with CpG
ODN, these responses were enhanced even in the
presence of maternal antibodies (Weeratna et al.,
2001b).

To assess the ability of neonates to respond to
stimulation with CpG ODN in vitro several studies were
performed using either neonatal PBMC or DCs, which were
isolated from either human cord blood or the blood of
animals. For example, comparable amounts of IFN-a were
found in whole blood from adults and neonates following
stimulation with CpG both neonatal and adult DCs can
elicit Th1 responses (Gold et al., 2006; Sun et al., 2005).
However, in this study the response in DCs was down-
regulated by IL-10 secretion from CD5+ B-cells in response
to systemic inflammation following TLR9 triggering (Sun
et al., 2005). It has also been demonstrated that stimula-
tion with CpG ODN induced secretion of IgM, up-regulation
of expression of HLA-DR and CD86, induction of MIP-1 a,
and proliferation of adult and cord blood B-cells (Tasker
and Marshall-Clarke, 2003). Furthermore, similar amounts
of IgM were produced by adult and umbilical cord B-cells
following stimulation with CpG ODN (Landers and
Bondada, 2005). In contrast, the production of IFN-a in
response to CpG ODN was dramatically impaired in cord
blood plasmacytoid DCs (De Wit et al., 2004) whilst it was
also demonstrated that immune responses to tetanus
toxoid, co-formulated with CpG ODN, were higher in adults
than in newborns (Pihlgren et al., 2003). Similarly,
evidence exists that neonatal immune responses to CpG
ODN differ from those seen in adults and indeed Th2-
responses to allergens were increased following addition
of CpG ODN to house dust mite allergens (Prescott et al.,
2005). This contradictory evidence highlights the need for
further research to understand CpG ODN activity in the
neonate and to also assess the long-term consequences of
treating neonates with CpG ODN.

More recent evidence to support the use of CpG ODN in
the neonate comes from recent observations demonstrat-
ing that CpG ODN can stimulate the expression of the
BAFF-receptor TACI, a factor needed for survival of
activated B-cells and plasmablasts (Bossen et al., 2008).
CpG ODN, therefore, might help to extend the lifespan of
neonatal plasma cells and induce the earlier development
of germinal centres (Siegrist, 2007). Stimulation of B2 and
B1 cells with LPS or CpG ODN not only induced MyD88-
dependent plasma cell differentiation and intracellular
expression of BAFF and APRIL (Chu et al., 2007) but also
strongly up-regulated the expression of the BAFF-receptor
TACI (Acosta-Rodriguez et al., 2007; Katsenelson et al.,
2007) needed for survival of activated B-cells and
plasmablasts Thus, in addition to skewing the immune
response towards a Th1 type immune response in the
neonate, CpG ODN may help to elicit effective cell priming
and long-term responses in the neonate.



Fig. 2. Adjuvanticity of PCEP. Balb/c mice (n = 6) were given a single

immunization with 10 mg HBsAg alone or in combination with alum or

PCEP. IgG1 and IgG2a serum antibody responses were assessed by ELISA

at 12 weeks after immunization.

Fig. 3. Formation of PCPP-ovalbumin microparticles. Scanned electron

microscopy (SEM) of PCPP-ovalbumin microparticles prepared by

coacervation method (1000� magnification). The scale corresponds to

5 mm.
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4. Polyphosphazenes

Polyphosphazenes are synthetic, water-soluble and
biodegradable polymers that can function both as vaccine
adjuvants as well as delivery-vehicles for vaccines when
formulated into microspheres. Polyphosphazene polymers
have long chain backbones of alternating nitrogen and
phosphorous atoms with two side groups attached to each
phosphorous (Allcock, 1990). Different side groups can be
substituted at these positions to synthesize polymers with
different physiochemical properties, such as water solu-
bility and biodegradability, which make them amenable
for use as biomedical polymers, membranes, hydrogels,
bioactive and biodegradable polymers (Allcock, 1990).
Polyphosphazenes have been used extensively for drug
and vaccine delivery. For example, poly[di(sodium carbox-
ylatophenoxy)phosphazene] (PCPP) displayed strong adju-
vant activity in mice with a variety of viral and bacterial
antigens in mice (McNeal et al., 1999; Payne et al., 1998;
Wu et al., 2001) and poly[di(sodium carboxylatoethylphe-
noxy)phosphazene] (PCEP) not only enhanced the magni-
tude but also modulated the quality of immune responses
to influenza X:31 antigen towards a Th1 type immune
responses, resulting in more balanced immunity (Mutwiri
et al., 2007). PCEP similarly induced a balanced Th1/Th2-
type immune response with Hepatitis B surface antigen,
and the magnitude of antibody responses was much higher
than with the conventional adjuvant alum, which induced
a predominantly Th2-type response (Fig. 2). Furthermore,
polyphosphazenes are very safe to use. Their water-soluble
nature reduces the risk of injection site reactions, which is
often seen when using conventional adjuvants like mineral
oil and Alum (Payne and Andrianov, 1998). Thus, the
combined effects of their potent adjuvanticity and
negligible toxicity make them potential components for
commercial vaccine formulations. We are currently
assessing a panel of modified polyphosphazenes for their
ability to enhance specific immune responses against B.

pertussis. Indeed, preliminary experiments already indicate
that the co-formulation of polyphosphazenes with per-
tussis toxoid (PTd) and CpG ODN leads to higher antibody
responses and secretion of PTd-specific SIgA into BAL and
nasal fluids in mice (data not shown). We expect that these
responses can be further enhanced by using polypho-
sphazenes-based microparticles, which contain antigen,
CpG ODN and HDPs (Fig. 3).

5. Microparticle-based delivery

Particle-based delivery of antigens has proven to be
highly efficacious for antigen delivery, especially when
compared to the delivery of soluble proteins. Microparti-
cles are phagocytosed by a variety of cells including
macrophages and DCs (Lutsiak et al., 2002; Newman et al.,
2002). Once taken up by these cells, antigen is released and
subsequently selected for presentation via MHC II. Inter-
estingly, this process occurs in a phagosome-autonomous
manner and is controlled by the presence of TLR ligands
(Blander and Medzhitov, 2006). As a result, DCs can
distinguish between self and non-self antigens allowing for
self/non-self discrimination (Blander and Medzhitov,
2006). Furthermore, by being present in either early or
late endosomes, various TLRs can be stimulated, therefore
enhancing the overall response to the antigen (Trinchieri
and Sher, 2007).

Particulate delivery systems, such as microparticles and
nanoparticles, are typically less than 10 mm in size and
consist of hydrophobic polymers or polysaccharides with
the protein of interest incorporated at incorporation
efficiencies of between 70 and 90%. Concerns regarding
the use of particle-based delivery systems include
inefficient incorporation, stability and integrity of the
antigen during the formulation process or storage (Devi-
neni et al., 2007). By creating a depot effect, microparticles
help to increase the persistence of antigens for a longer
time, which is important for the induction of efficient
protective T-cell responses (Storni et al., 2004; Trinchieri
and Sher, 2007). Furthermore, by masking the antigen
inside the particles, microparticles help overcome inter-
ference with maternal antibodies, which is a major
challenge for vaccinating the neonate. Microparticles are
typically co-formulated to deliver both the antigen and
adjuvant to the target cell. Indeed, microparticles and
liposomes have been successfully used for delivery of a



Fig. 4. Formation of a PCPP-microparticle. SEM of the PCPP-ovalbumin

microparticles at 10,000� magnification, showing a spherical structure

with smooth surface with frequent blebs on the surface.
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wide range of antigens and adjuvants including CpG ODN
using models for cancer, allergies and infectious diseases
(Alcon et al., 2005; Babiuk et al., 2004; de Jong et al., 2007;
Diwan et al., 2004; Fu et al., 2006; Kazzaz et al., 2006;
Martinez Gomez et al., 2007; Standley et al., 2007;
Tafaghodi et al., 2006a, 2006b; Zaks et al., 2006). In
primary human plasmacytoid DCs, CpG ODN was delivered
by cationized gelatin nanoparticles and this resulted in
IFN-a production (Zwiorek et al., 2008). Poly(lactic-co-
glycolic) microspheres have also been used for both the
delivery of antigen and CpG ODN to APC, and their delivery
Fig. 5. Uptake of PCPP-ovalbumin microspheres by MoDC. Monocyte-derived po

Mps:DCs. The ovalbumin was labeled with FITC and the CpG ODN labeled with Al

using a Zeiss Fluorescent microscope under transmitted light (a), TRITC (b) and

confirmed by FACS (results not shown).
resulted in the activation of endosomal TLR (Heit et al.,
2007). Maturation and cytokine secretion as well as
antigen-cross-presentation was observed. Furthermore,
in the same study immunization with these microspheres
triggered clonal expansion of primary and secondary
antigen-specific CD4+ and CD8+ T-cells in vivo.

Many of the currently used microparticles, however,
have the disadvantage of exposing antigen during the
assembly process to harsh conditions such as high
temperature, organic solvents or low pH levels (Andrianov
and Payne, 1996). The ability of polyphosphazenes PCPP
and PCEP to form microspheres under mild conditions
either by using spray drying of polymer–protein mixtures
onto CaCl2 solution (Allcock, 1990), coacervation with NaCl
and subsequent stabilization of microparticle sized coa-
cervates by cross-linking with Ca++ ions (Andrianov et al.,
1998), or by ionic complexation of polyphosphazenes with
spermine (Andrianov et al., 2006), makes them attractive
encapsulation agents. This is particularly useful for
encapsulation of biologically labile entities, such as
proteins, CpG ODN and/or HDPs. Using the coacervation
technique with bovine serum albumin (BSA) and chicken
ovalbumin, we observed spherical microparticles in the
range of 0.7–3.0 mm in diameter (Figs. 3 and 4). Using FITC
labeled OVA and Alexafluor-546 labeled CpG ODN we
showed that the incorporation ranged from 70% to >90%,
respectively. The integrity of the particles after lyophiliza-
tion and resuspension appeared to be normal even after
storage at room temperature for 2 months. Uptake studies
using porcine moDC at a ratio of 5 microparticles per DC
rcine DCs were overlaid with PCPP-ovalbumin-CpG microparticles in 5:1

exafluor-546 Dye. The photomicrographs (40�magnification) were taken

FITC (c) filters after 30 min of MP addition. The above results were also
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confirmed that the particle uptake was apparent at 30 min
after addition of microparticles (Fig. 5). Current research in
our lab is focused on further improvement of these
microparticles using layer-by-layer (LbL) microparticles,
which consist of colloid sized core particles onto which
oppositely charged molecules are added (Wang et al.,
2006). The generation of these particles has several
advantages including the potential of adding multiple
adjuvants onto the outside layers.

6. Conclusion

Adjuvants are important components of vaccines, both
for humans and animals. Here, we have highlighted the
potential of CpG ODN, HDPs and polyphosphazenes as
adjuvants for neonatal vaccines. CpG ODN, HDPs and
polyphosphazenes act via different pathogen recognition
receptors and signaling pathways, each of them resulting
therefore in slightly different activation of the innate
immune system. By combining these immune modulators
and thereby providing multiple signals for stimulation of
the immune system, we may be able to develop highly
effective vaccine formulations for both adults and neo-
nates.

Acknowledgement

Research in the authors’ laboratories is funded by the
Bill and Melinda Gates Foundation through a grant through
the Grand Challenges in Global Health Initiative http://
www.grandchallengesgh.org/, the Krembil Foundation, the
Canadian Institutes of Health Research, National Science
and Engineering Council, Agriculture Canada and the
Alberta Agriculture Funding Consortium. We would also
like to thank all collaborators involved in this project, in
particular Drs. Scott Halperin, Dalhousie University,
Halifax, and Mi-Na Kweon, International Vaccine Institute,
Seoul. The manuscript was published with permission of
the director of VIDO as manuscript 491. Lorne A. Babiuk is
the holder of a Canada Research Chair in Vaccinology and
Biotechnology while Bob Hancock holds a Canada Research
Chair in Health and Genomics.

Conflict of interest

I do not have a financial or personal relationship with
other people or organizations that could inappropriately
influence or bias the paper entitled,’’ Strategies to link
intake and adaptive immunity when designing vaccine
adjuvants‘‘.

References

Acosta-Rodriguez, E.V., Craxton, A., Hendricks, D.W., Merino, M.C., Mon-
tes, C.L., Clark, E.A., Gruppi, A., 2007. BAFF and LPS cooperate to induce
B cells to become susceptible to CD95/Fas-mediated cell death. Eur. J.
Immunol. 37, 990–1000.

Alcon, V., Baca-Estrada, M., Vega-Lopez, M., Willson, P., Babiuk, L.A.,
Kumar, P., Hecker, R., Foldvari, M., 2005. Mucosal delivery of bacterial
antigens and CpG oligonucleotides formulated in biphasic lipid vesi-
cles in pigs. AAPS J. 7, E566–571.

Allcock, H.R., 1990. Polyphosphazenes as New Biomedical and Bioactive
Material. Mercel Dekker, New York.
Andrianov, A.K., Chen, J., Payne, L.G., 1998. Preparation of hydrogel
microspheres by coacervation of aqueous polyphosphazene solu-
tions. Biomaterials 1998 (19), 109–115.

Andrianov, A.K., Marin, A., Chen, J., 2006. Synthesis, properties, and
biological activity of poly[di(sodium carboxylatoethylphenoxy)pho-
sphazene]. Biomacromolecules 7, 394–399.

Andrianov, A.K., Payne, L.G., 1996.. Microparticulate Systems for the
Delivery of Proteins and Adjuvants, 1st edition, 77. CRC, New York.

Angelone, D.F., Wessels, M.R., Coughlin, M., Suter, E.E., Valentini, P., Kalish,
L.A., Levy, O., 2006. Innate immunity of the human newborn is
polarized toward a high ratio of IL-6/TNF-alpha production in vitro
and in vivo. Pediatr. Res. 60, 205–209.

Babiuk, S., Baca-Estrada, M.E., Middleton, D.M., Hecker, R., Babiuk, L.A.,
Foldvari, M., 2004. Biphasic lipid vesicles (Biphasix) enhance the
adjuvanticity of CpG oligonucleotides following systemic and muco-
sal administration. Curr. Drug Deliv. 1, 9–15.

Barlow, P.G., Li, Y., Wilkinson, T.S., Bowdish, D.M., Lau, Y.E., Cosseau, C.,
Haslett, C., Simpson, A.J., Hancock, R.E., Davidson, D.J., 2006. The
human cationic host defense peptide LL-37 mediates contrasting
effects on apoptotic pathways in different primary cells of the innate
immune system. J. Leukoc. Biol. 80, 509–520.

Biragyn, A., Ruffini, P.A., Leifer, C.A., Klyushnenkova, E., Shakhov, A.,
Chertov, O., Shirakawa, A.K., Farber, J.M., Segal, D.M., Oppenheim,
J.J., Kwak, L.W., 2002. Toll-like receptor 4-dependent activation of
dendritic cells by beta-defensin 2. Science 298, 1025–1029.

Biragyn, A., Surenhu, M., Yang, D., Ruffini, P.A., Haines, B.A., Klyushnen-
kova, E., Oppenheim, J.J., Kwak, L.W., 2001. Mediators of innate
immunity that target immature, but not mature, dendritic cells
induce antitumor immunity when genetically fused with nonimmu-
nogenic tumor antigens. J. Immunol. 167, 6644–6653.

Blander, J.M., Medzhitov, R., 2006. Toll-dependent selection of microbial
antigens for presentation by dendritic cells. Nature 440, 808–812.

Bossen, C., Cachero, T.G., Tardivel, A., Ingold, K., Willen, L., Dobles, M.,
Scott, M.L., Maquelin, A., Belnoue, E., Siegrist, C.A., Chevrier, S., Acha-
Orbea, H., Leung, H., Mackay, F., Tschopp, J., Schneider, P., 2008. TACI,
unlike BAFF-R, is solely activated by oligomeric BAFF and APRIL to
support survival of activated B cells and plasmablasts. Blood 111,
1004–1012.

Bot, A., Bona, C., 2002. Genetic immunization of neonates. Microbes Infect.
4, 511–520.

Bowdish, D.M., Davidson, D.J., Hancock, R.E., 2006. Immunomodulatory
properties of defensins and cathelicidins. Curr. Top. Microbiol. Immu-
nol. 306, 27–66.

Bowdish, D.M., Davidson, D.J., Lau, Y.E., Lee, K., Scott, M.G., Hancock, R.E.,
2005. Impact of LL-37 on anti-infective immunity. J. Leukoc. Biol. 77,
451–459.

Bowdish, D.M., Davidson, D.J., Speert, D.P., Hancock, R.E., 2004. The
human cationic peptide LL-37 induces activation of the extracellular
signal-regulated kinase and p38 kinase pathways in primary human
monocytes. J. Immunol. 172, 3758–3765.

Brazolot Millan, C.L., Weeratna, R., Krieg, A.M., Siegrist, C., Davis, H.L.,
1998. CpG DNA can induce strong Th1 humoral and cell-mediated
immune responses against hepatitis B surface antigen in young mice.
Proc. Natl. Acad. Sci. U.S.A. 95, 15553–15558.

Brown, K.L., Hancock, R.E., 2006. Cationic host defense (antimicrobial)
peptides. Curr. Opin. Immunol. 18, 24–30.

Butler, J.E., Francis, D.H., Freeling, J., Weber, P., Krieg, A.M., 2005. Antibody
repertoire development in fetal and neonatal piglets. IX. Three patho-
gen-associated molecular patterns act synergistically to allow germ-
free piglets to respond to type 2 thymus-independent and thymus-
dependent antigens. J. Immunol. 175, 6772–6785.

Byrne, P., McGuirk, P., Todryk, S., Mills, K.H., 2004. Depletion of NK cells
results in disseminating lethal infection with Bordetella pertussis
associated with a reduction of antigen-specific Th1 and enhancement
of Th2, but not Tr1 cells. Eur J Immunol 34, 2579–2588.

Chu, V.T., Enghard, P., Riemekasten, G., Berek, C., 2007. In vitro and in vivo
activation induces BAFF and APRIL expression in B cells. J. Immunol.
5947–5957.

Conway, M.A., Madrigal-Estebas, L., McClean, S., Brayden, D.J., Mills, K.H.,
2001. Protection against Bordetella pertussis infection following par-
enteral or oral immunization with antigens entrapped in biodegrad-
able particles: effect of formulation and route of immunization on
induction of Th1 and Th2 cells. Vaccine 19, 1940–1950.

Crowcroft, N.S., Stein, C., Duclos, P., Birmingham, M., 2003. How best to
estimate the global burden of pertussis? Lancet Infect. Dis. 3, 413–
418.

Davidson, D.J., Currie, A.J., Reid, G.S., Bowdish, D.M., MacDonald, K.L., Ma,
R.C., Hancock, R.E., Speert, D.P., 2004. The cationic antimicrobial
peptide LL-37 modulates dendritic cell differentiation and dendritic
cell-induced T cell polarization. J. Immunol. 172, 1146–1156.

http://www.grandchallengesgh.org/
http://www.grandchallengesgh.org/


S. Garlapati et al. / Veterinary Immunology and Immunopathology 128 (2009) 184–191190
de Jong, S., Chikh, G., Sekirov, L., Raney, S., Semple, S., Klimuk, S., Yuan, N.,
Hope, M., Cullis, P., Tam, Y., 2007. Encapsulation in liposomal nano-
particles enhances the immunostimulatory, adjuvant and anti-tumor
activity of subcutaneously administered CpG ODN. Cancer Immunol.
Immunother. 56, 1251–1264.

De Wit, D., Olislagers, V., Goriely, S., Vermeulen, F., Wagner, H., Goldman,
M., Willems, F., 2004. Blood plasmacytoid dendritic cell responses to
CpG oligodeoxynucleotides are impaired in human newborns. Blood
103, 1030–1032.

De, Y., Chen, Q., Schmidt, A.P., Anderson, G.M., Wang, J.M., Wooters, J.,
Oppenheim, J.J., Chertov, O., 2000. LL-37, the neutrophil granule-
and epithelial cell-derived cathelicidin, utilizes formyl peptide
receptor-like 1 (FPRL1) as a receptor to chemoattract human per-
ipheral blood neutrophils, monocytes, and T cells. J. Exp. Med. 192,
1069–1074.

Devineni, D., Ezekwudo, D., Palaniappan, R., 2007. Formulation of mal-
todextrin entrapped in polycaprolactone microparticles for protein
and vaccine delivery: effect of size determining formulation process
variables of microparticles on the hydrodynamic diameter of BSA. J.
Microencapsul. 24, 358–370.

Diwan, M., Elamanchili, P., Cao, M., Samuel, J., 2004. Dose sparing of CpG
oligodeoxynucleotide vaccine adjuvants by nanoparticle delivery.
Curr. Drug Deliv. 1, 405–412.

Elahi, S., Brownlie, R., Korzeniowski, J., Buchanan, R., O’Connor, B., Peppler,
M.S., Halperin, S.A., Lee, S.F., Babiuk, L.A., Gerdts, V., 2005. Infection of
newborn piglets with Bordetella pertussis: a new model for pertussis.
Infect. Immun. 73, 3636–3645.

Finlay, B.B., Hancock, R.E., 2004. Can innate immunity be enhanced to
treat microbial infections? Nat. Rev. Microbiol. 2, 497–504.

Fu, M.L., Ying, S.C., Wu, M., Li, H., Wu, K.Y., Yang, Y., Zhang, H., Cheng, C.,
Wang, Z.Z., Wang, X.Y., Lv, X.B., Zhang, Y.Z., Gao, R., 2006. Regulating
effects of novel CpG chitosan-nanoparticles on immune responses of
mice to porcine paratyphoid vaccines. Biomed. Environ. Sci. 19, 315–
322.

Gold, M.C., Donnelly, E., Cook, M.S., Leclair, C.M., Lewinsohn, D.A., 2006.
Purified neonatal plasmacytoid dendritic cells overcome intrinsic
maturation defect with TLR agonist stimulation. Pediatr. Res. 60,
34–37.

Heit, A., Schmitz, F., Haas, T., Busch, D.H., Wagner, H., 2007. Antigen co-
encapsulated with adjuvants efficiently drive protective T cell immu-
nity. Eur. J. Immunol. 37, 2063–2074.

Higgins, D., Marshall, J.D., Traquina, P., Van Nest, G., Livingston, B.D., 2007.
Immunostimulatory DNA as a vaccine adjuvant. Expert Rev. Vaccines
6, 747–759.

Higgins, S.C., Jarnicki, A.G., Lavelle, E.C., Mills, K.H., 2006. TLR4 mediates
vaccine-induced protective cellular immunity to Bordetella pertussis:
role of IL-17-producing T cells. J. Immunol. 177, 7980–7989.

Ito, S., Ishii, K.J., Gursel, M., Shirotra, H., Ihata, A., Klinman, D.M., 2005. CpG
oligodeoxynucleotides enhance neonatal resistance to Listeria infec-
tion. J. Immunol. 174, 777–782.

Ito, S., Ishii, K.J., Shirota, H., Klinman, D.M., 2004. CpG oligodeoxynucleo-
tides improve the survival of pregnant and fetal mice following
Listeria monocytogenes infection. Infect. Immun. 72, 3543–3548.

Katsenelson, N., Kanswal, S., Puig, M., Mostowski, H., Verthelyi, D.,
Akkoyunlu, M., 2007. Synthetic CpG oligodeoxynucleotides augment
BAFF- and APRIL-mediated immunoglobulin secretion. Eur. J. Immu-
nol. 37, 1785–1795.

Kazzaz, J., Singh, M., Ugozzoli, M., Chesko, J., Soenawan, E., O’Hagan, D.T.,
2006. Encapsulation of the immune potentiators MPL and RC529 in
PLG microparticles enhances their potency. J. Control Release 110,
566–573.

Klinman, D.M., 2006. Adjuvant activity of CpG oligodeoxynucleotides. Int.
Rev. Immunol. 25, 135–154.

Knight, J.B., Huang, Y.Y., Halperin, S.A., Anderson, R., Morris, A., Macmillan,
A., Jones, T., Burt, D.S., Van Nest, G., Lee, S.F., 2006. Immunogenicity
and protective efficacy of a recombinant filamentous haemagglutinin
from Bordetella pertussis. Clin. Exp. Immunol. 144, 543–551.

Krieg, A.M., 2006. Therapeutic potential of Toll-like receptor 9 activation.
Nat. Rev. Drug Discov. 5, 471–484.

Landers, C.D., Bondada, S., 2005. CpG oligodeoxynucleotides stimulate
cord blood mononuclear cells to produce immunoglobulins. Clin.
Immunol. 116, 236–245.

Lau, Y.E., Bowdish, D.M., Cosseau, C., Hancock, R.E., Davidson, D.J., 2006.
Apoptosis of airway epithelial cells: human serum sensitive induction
by the cathelicidin LL-37. Am. J. Respir. Cell Mol. Biol. 34, 399–409.

Lillard Jr., J.W., Boyaka, P.N., Chertov, O., Oppenheim, J.J., McGhee, J.R.,
1999. Mechanisms for induction of acquired host immunity by neu-
trophil peptide defensins. Proc. Natl. Acad. Sci. U.S.A. 96, 651–656.

Linghua, Z., Xingshan, T., Fengzhen, Z., 2007. In vivo effects of oligodeox-
ynucleotides containing synthetic immunostimulatory motifs in the
immune response to swine streptococcic septicemia vaccine in
weaned piglets. Mol. Immunol. 44, 1141–1149.

Linghua, Z., Yong, G., Xingshan, T., Fengzhen, Z., 2006. Co-administration
of porcine-specific CpG oligodeoxynucleotide enhances the immune
responses to pseudorabies attenuated virus vaccine in newborn pig-
lets in vivo. Dev. Comp. Immunol. 30, 589–596.

Lutsiak, M.E., Robinson, D.R., Coester, C., Kwon, G.S., Samuel, J., 2002.
Analysis of poly(D,L-lactic-co-glycolic acid) nanosphere uptake by
human dendritic cells and macrophages in vitro. Pharm. Res. 19,
1480–1487.

Martinez Gomez, J.M., Fischer, S., Csaba, N., Kundig, T.M., Merkle, H.P.,
Gander, B., Johansen, P., 2007. A protective allergy vaccine based on
CpG- and protamine-containing PLGA microparticles. Pharm. Res. 24,
1927–1935.

McNeal, M.M., Rae, M.N., Ward, R.L., 1999. Effects of different adjuvants
on rotavirus antibody responses and protection in mice following
intramuscular immunization with inactivated rotavirus. Vaccine 17,
1573–1580.

McPhee, J.B., Hancock, R.E., 2005. Function and therapeutic potential of
host defence peptides. J. Pept. Sci. 11, 677–687.

Mills, K.H., 2001. Immunity to Bordetella pertussis. Microbes Infect. 3, 655–
677.

Mookherjee, N., Brown, K.L., Bowdish, D.M., Doria, S., Falsafi, R., Hokamp,
K., Roche, F.M., Mu, R., Doho, G.H., Pistolic, J., Powers, J.P., Bryan, J.,
Brinkman, F.S., Hancock, R.E., 2006a. Modulation of the TLR-mediated
inflammatory response by the endogenous human host defense
peptide LL-37. J. Immunol. 176, 2455–2464.

Mookherjee, N., Wilson, H.L., Doria, S., Popowych, Y., Falsafi, R., Yu, J.J., Li,
Y., Veatch, S., Roche, F.M., Brown, K.L., Brinkman, F.S., Hokamp, K.,
Potter, A., Babiuk, L.A., Griebel, P.J., Hancock, R.E., 2006b. Bovine and
human cathelicidin cationic host defense peptides similarly suppress
transcriptional responses to bacterial lipopolysaccharide. J. Leukoc.
Biol. 80, 1563–1574.

Mutwiri, G., Benjamin, P., Soita, H., Townsend, H., Yost, R., Roberts, B.,
Andrianov, A.K., Babiuk, L.A., 2007. Poly[di(sodium carboxylatoethyl-
phenoxy)phosphazene] (PCEP) is a potent enhancer of mixed Th1/Th2
immune responses in mice immunized with influenza virus antigens.
Vaccine 25, 1204–1213.

Newman, K.D., Elamanchili, P., Kwon, G.S., Samuel, J., 2002. Uptake of
poly(D,L-lactic-co-glycolic acid) microspheres by antigen-presenting
cells in vivo. J. Biomed. Mater. Res. 60, 480–486.

Nichani, A.K., Mena, A., Kaushik, R.S., Mutwiri, G.K., Townsend, H.G.,
Hecker, R., Krieg, A.M., Babiuk, L.A., Griebel, P.J., 2006. Stimulation
of innate immune responses by CpG oligodeoxynucleotide in new-
born lambs can reduce bovine herpesvirus-1 shedding. Oligonucleo-
tides 16, 58–67.

Olafsdottir, T.A., Hannesdottir, S.G., Giudice, G.D., Trannoy, E., Jonsdottir,
I., 2007. Effects of LT-K63 and CpG2006 on phenotype and function of
murine neonatal lymphoid cells. Scand. J. Immunol. 66, 426–434.

Payne, L.G., Jenkins, S.A., Woods, A.L., Grund, E.M., Geribo, W.E., Loebelenz,
J.R., Andrianov, A.K., Roberts, B.E., 1998. Poly[di(carboxylatophenox-
y)phosphazene] (PCPP) is a potent immunoadjuvant for an influenza
vaccine. Vaccine 16, 92–98.

Payne, L.G., Andrianov, A.K., 1998. Protein release from polyphosphazene
matrices. Adv. Drug Deliv. Rev. 31 (3), 185–196.

Pedras-Vasconcelos, J.A., Goucher, D., Puig, M., Tonelli, L.H., Wang, V., Ito,
S., Verthelyi, D., 2006. CpG oligodeoxynucleotides protect newborn
mice from a lethal challenge with the neurotropic Tacaribe arenavirus.
J. Immunol. 176, 4940–4949.

Pihlgren, M., Tougne, C., Schallert, N., Bozzotti, P., Lambert, P.H., Siegrist,
C.A., 2003. CpG-motifs enhance initial and sustained primary tetanus-
specific antibody secreting cell responses in spleen and bone marrow,
but are more effective in adult than in neonatal mice. Vaccine 21,
2492–2499.

Prause, O., Laan, M., Lotvall, J., Linden, A., 2003. Pharmacological modula-
tion of interleukin-17-induced GCP-2-, GRO-alpha- and interleukin-8
release in human bronchial epithelial cells. Eur. J. Pharmacol. 462,
193–198.

Prescott, S.L., Irwin, S., Taylor, A., Roper, J., Dunstan, J., Upham, J.W.,
Burgner, D., Richmond, P., 2005. Cytosine-phosphate-guanine motifs
fail to promote T-helper type 1-polarized responses in human neo-
natal mononuclear cells. Clin. Exp. Allergy 35, 358–366.

Raymond, C.R., Wilkie, B.N., 2004. Th-1/Th-2 type cytokine profiles of pig
T-cells cultured with antigen-treated monocyte-derived dendritic
cells. Vaccine 22, 1016–1023.

Scott, M.G., Davidson, D.J., Gold, M.R., Bowdish, D., Hancock, R.E., 2002.
The human antimicrobial peptide LL-37 is a multifunctional modu-
lator of innate immune responses. J. Immunol. 169, 3883–3891.

Scott, M.G., Dullaghan, E., Mookherjee, N., Glavas, N., Waldbrook, M.,
Thompson, A., Wang, A., Lee, K., Doria, S., Hamill, P., Yu, J.J., Li, Y.,



S. Garlapati et al. / Veterinary Immunology and Immunopathology 128 (2009) 184–191 191
Donini, O., Guarna, M.M., Finlay, B.B., North, J.R., Hancock, R.E., 2007.
An anti-infective peptide that selectively modulates the innate
immune response. Nat. Biotechnol. 25, 465–472.

Scott, M.G., Rosenberger, C.M., Gold, M.R., Finlay, B.B., Hancock, R.E., 2000.
An alpha-helical cationic antimicrobial peptide selectively modulates
macrophage responses to lipopolysaccharide and directly alters
macrophage gene expression. J. Immunol. 165, 3358–3365.

Siegrist, C.A., 2007. The challenges of vaccine responses in early life:
selected examples. J. Comp. Pathol. 137 (Suppl. 1), S4–9.

Soruri, A., Grigat, J., Forssmann, U., Riggert, J., Zwirner, J., 2007. beta-
Defensins chemoattract macrophages and mast cells but not lym-
phocytes and dendritic cells: CCR6 is not involved. Eur. J. Immunol.
37, 2474–2486.

Standley, S.M., Mende, I., Goh, S.L., Kwon, Y.J., Beaudette, T.T., Engleman,
E.G., Frechet, J.M., 2007. Incorporation of CpG oligonucleotide ligand
into protein-loaded particle vaccines promotes antigen-specific CD8
T-cell immunity. Bioconjug. Chem. 18, 77–83.

Storni, T., Ruedl, C., Schwarz, K., Schwendener, R.A., Renner, W.A., Bach-
mann, M.F., 2004. 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.

Sugai, T., Mori, M., Nakazawa, M., Ichino, M., Naruto, T., Kobayashi, N.,
Kobayashi, Y., Minami, M., Yokota, S., 2005. A CpG-containing oligo-
deoxynucleotide as an efficient adjuvant counterbalancing the Th1/
Th2 immune response in diphtheria–tetanus–pertussis vaccine. Vac-
cine 23, 5450–5456.

Summerfield, A., Guzylack-Piriou, L., Schaub, A., Carrasco, C.P., Tache, V.,
Charley, B., McCullough, K.C., 2003. Porcine peripheral blood dendritic
cells and natural interferon-producing cells. Immunology 110, 440–
449.

Sun, C.M., Deriaud, E., Leclerc, C., Lo-Man, R., 2005. Upon TLR9 signaling,
CD5+ B cells control the IL-12-dependent Th1-priming capacity of
neonatal DCs. Immunity 22, 467–477.

Tafaghodi, M., Jaafari, M.R., Sajadi Tabassi, S.A., 2006a. Nasal immuniza-
tion studies using liposomes loaded with tetanus toxoid and CpG-
ODN. Eur. J. Pharm. Biopharm. 64, 138–145.

Tafaghodi, M., Sajadi Tabassi, S.A., Jaafari, M.R., 2006b. Induction of
systemic and mucosal immune responses by intranasal administra-
tion of alginate microspheres encapsulated with tetanus toxoid and
CpG-ODN. Int. J. Pharm. 319, 37–43.

Tani, K., Murphy, W.J., Chertov, O., Salcedo, R., Koh, C.Y., Utsunomiya, I.,
Funakoshi, S., Asai, O., Herrmann, S.H., Wang, J.M., Kwak, L.W.,
Oppenheim, J.J., 2000. Defensins act as potent adjuvants that promote
cellular and humoral immune responses in mice to a lymphoma
idiotype and carrier antigens. Int. Immunol. 12, 691–700.

Tasker, L., Marshall-Clarke, S., 2003. Functional responses of human
neonatal B lymphocytes to antigen receptor cross-linking and CpG
DNA. Clin. Exp. Immunol. 134, 409–419.
Territo, M.C., Ganz, T., Selsted, M.E., Lehrer, R., 1989. Monocyte-chemo-
tactic activity of defensins from human neutrophils. J. Clin. Invest. 84,
2017–2020.

Trinchieri, G., Sher, A., 2007. Cooperation of Toll-like receptor signals in
innate immune defence. Nat. Rev. Immunol. 7, 179–190.

Veldhuizen, E.J., Hendriks, H.G., Hogenkamp, A., van Dijk, A., Gaastra, W.,
Tooten, P.C., Haagsman, H.P., 2006. Differential regulation of porcine
beta-defensins 1 and 2 upon Salmonella infection in the intestinal
epithelial cell line IPI-2I. Vet. Immunol. Immunopathol. 114, 94–102.

Wang, C., He, C., Tong, Z., Liu, X., Ren, B., Zeng, F., 2006. Combination of
adsorption by porous CaCO3 microparticles and encapsulation by
polyelectrolyte multilayer films for sustained drug delivery. Int. J.
Pharm. 308, 160–167.

Weeratna, R.D., Brazolot Millan, C.L., McCluskie, M.J., Davis, H.L., 2001a.
CpG ODN can re-direct the Th bias of established Th2 immune
responses in adult and young mice. FEMS Immunol. Med. Microbiol.
32, 65–71.

Weeratna, R.D., Brazolot Millan, C.L., McCluskie, M.J., Siegrist, C.A., Davis,
H.L., 2001b. Priming of immune responses to hepatitis B surface
antigen in young mice immunized in the presence of maternally
derived antibodies. FEMS Immunol. Med. Microbiol. 30, 241–247.

Wilson, H.L., Dar, A., Napper, S.K., Marianela Lopez, A., Babiuk, L.A.,
Mutwiri, G.K., 2006. Immune mechanisms and therapeutic potential
of CpG oligodeoxynucleotides. Int. Rev. Immunol. 25, 183–213.

Wu, J.Y., Wade, W.F., Taylor, R.K., 2001. Evaluation of cholera vaccines
formulated with toxin-coregulated pilin peptide plus polymer adju-
vant in mice. Infect. Immun. 69, 7695–7702.

Yang, D., Biragyn, A., Hoover, D.M., Lubkowski, J., Oppenheim, J.J., 2004.
Multiple roles of antimicrobial defensins, cathelicidins, and eosinophil-
derived neurotoxin in host defense. Annu. Rev. Immunol. 22, 181–215.

Yang, D., Chen, Q., Chertov, O., Oppenheim, J.J., 2000. Human neutrophil
defensins selectively chemoattract naive T and immature dendritic
cells. J. Leukoc. Biol. 68, 9–14.

Yang, D., Chertov, O., Bykovskaia, S.N., Chen, Q., Buffo, M.J., Shogan, J.,
Anderson, M., Schroder, J.M., Wang, J.M., Howard, O.M., Oppenheim,
J.J., 1999. Beta-defensins: linking innate and adaptive immunity
through dendritic and T cell CCR6. Science 286, 525–528.

Yang, D., Chertov, O., Oppenheim, J.J., 2001. The role of mammalian
antimicrobial peptides and proteins in awakening of innate host
defenses and adaptive immunity. Cell. Mol. Life Sci. 58, 978–989.

Zaks, K., Jordan, M., Guth, A., Sellins, K., Kedl, R., Izzo, A., Bosio, C., Dow, S.,
2006. Efficient immunization and cross-priming by vaccine adjuvants
containing TLR3 or TLR9 agonists complexed to cationic liposomes. J.
Immunol. 176, 7335–7345.

Zwiorek, K., Bourquin, C., Battiany, J., Winter, G., Endres, S., Hartmann, G.,
Coester, C., 2008. Delivery by cationic gelatin nanoparticles strongly
increases the immunostimulatory effects of CpG oligonucleotides.
Pharm. Res. 25, 551–562.


	Strategies to link innate and adaptive immunity when designing vaccine adjuvants
	Adjuvants for vaccines
	Host defence peptides
	CpG ODN
	Polyphosphazenes
	Microparticle-based delivery
	Conclusion
	Acknowledgement
	Conflict of interest
	References


