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a b s t r a c t

A balanced or Th-1 type immune response is required for effective clearance of many pathogens such
as Bordetella pertussis, the causative agent of whooping cough. Since current acellular pertussis vac-
cines induce limited Th-1 type immune responses, novel vaccine formulations are needed to induce
protective immunity in the infant in the earliest stages of life. Here, we developed a novel vaccine
platform consisting of genetically detoxified pertussis toxoid (PTd) with multiple adjuvant components
including CpG oligodeoxynucleotides, polyphosphazenes, and cationic innate defence regulator peptides.
Co-formulation with these immunomodulators increased the serum IgG2a and IgG1 antibody titres in
adult mice when compared to immunization with each of the selected adjuvants or immunization with
eonatal vaccines
djuvants

PTd antigen alone. When used in combination, these adjuvants were able to induce a superior IgG2a
response in both adult and neonatal mice, when compared to antigen alone or commercial vaccines.
The increased response observed when using this adjuvant formulation was also initiated earlier and,
moreover, was maintained over a period of greater than 22 months. The adjuvant platform also showed
an ability to induce an immune response in a greater number of mice as compared to antigen alone. This
suggests that this uniquely adjuvanted vaccine induces a stronger and more balanced immune response

is re
with an earlier onset of th

. Introduction

Whooping cough is an acute, highly communicable infection
aused by the Gram-negative bacterium Bordetella pertussis. It is a
ajor childhood illness in the developing world and even in several

ndustrialized nations [1–3]. Pertussis causes significant morbidity
nd mortality mostly in infants and young children, who are either
oo young to have been vaccinated (<two months old), or who have
ot received their full series of vaccinations [1,3,4]. Although it is
eported that >80% of people in industrialized nations have been
accinated against pertussis, there has been a resurgence of the
isease within the past two decades [2–4].
B. pertussis is generally considered to be an extracellular
athogen that localizes at the epithelial cell surface and thus it
as previously believed that humoral immunity and a Th2-type

esponse would mediate protection, as is usually the case for

∗ Corresponding author. Tel.: +1 306 966 1513; fax: +1 306 966 7478.
E-mail address: volker.gerdts@usask.ca (V. Gerdts).

264-410X/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2010.12.083
sponse than vaccination with PTd antigen alone.
© 2011 Elsevier Ltd. All rights reserved.

extracellular bacteria [5]. Although antibodies can be protective
against infection, as shown by passive antibody transfer, exper-
iments in mice have shown that circulating antibodies are not
necessary for maintenance of vaccine-mediated immunity [6,7].
Since B. pertussis is also able to invade human and mouse lung
macrophages, full clearance of this pathogen requires an addi-
tional strong cell-mediated immune response (CMI), with antibody
alone being insufficient [5–8]. Studies of pertussis infection in
human infants and mice indicate that a strong Th-1 response,
specifically mediated by IFN-�, is required to resolve infections
[7,9,10]. Polarizing the T-cell response after vaccination towards
a Th-1 type response has been shown to improve the effectiveness
of acellular pertussis vaccines [7]. Indeed, respiratory-challenge
protection has been shown in the absence of a detectable anti-
body response, but is correlated with a strong Th-1 response

[6].

The neonatal immune response is functionally skewed towards
a Th-2 type bias [11,12], in part due to the repression of Th-
1 responses in the mother and fetus during pregnancy, and
compromised antigen presentation. This immune bias can pre-

dx.doi.org/10.1016/j.vaccine.2010.12.083
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:volker.gerdts@usask.ca
dx.doi.org/10.1016/j.vaccine.2010.12.083
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lude successful infant immunization when a pathogen, such
s pertussis, requires the induction of a balanced or Th1-type
mmune response through vaccination. Recent studies in mice have
ndicated that appropriate adjuvantation, such as simultaneous
timulation of multiple Toll-like receptors (TLR), can augment the
mmune response in neonates and may compensate for a sub-
ptimal immune system [13]. Thus, to achieve the best possible
mmune response to vaccination in neonates, multiple adjuvants

orking synergistically through multiple mechanisms may be
equired. In the present study we have evaluated a combination
f novel adjuvants based on three distinct types of immunomod-
lators, which together promote a more balanced or Th-1 type
esponse.

Cytosine-phosphate-guanosine oligodeoxynucleotides (CpG
DN) are intracellular TLR-9 ligands and potent activators of

he innate and adaptive immune systems of many species
reviewed in [14]). CpG ODNs promote a Th-1 biased pro-
nflammatory response with increased IL-1, IL-6, IL-18, IFN-�
nd IL-12 cytokine production; these then induce the matura-
ion of APCs (reviewed in [14,15]). CpG ODN have been used
s adjuvants to promote switching from a Th-2 response to a
h-1 response in neonatal mice [15]. Since TLR signalling and
ctivation is necessary for DC maturation and B cell activation,
arked effects on antibody production would also be expected,
aking CpG ODN an excellent candidate adjuvant for a vaccine

imed at shifting the immune response towards the Th-1 direction
16].

Polyphosphazenes (PPs) are synthetic polymers with an inor-
anic backbone of alternating phosphorus (P) and nitrogen (N)
toms and two side groups attached to each P (reviewed in
17]). PPs can form microspheres to encapsulate possible vac-
ine antigens [18,19]. Two PPs in particular have been frequently
xamined as potential adjuvants, polyphosphazene polyelec-
rolyte, poly[di(sodium carboxylatoethylphenoxy)phosphazene]
PCEP) and poly[di(sodium carboxylatophenoxy)phosphazene]
PCPP). PCEP is a strong adjuvant that, when compared with PCPP
n a murine model, was found to be an even better enhancer of
ntigen-specific Th-1 and Th-2 immune responses. PCEP modi-
ed the immune response from a Th-2 bias to a mixed Th-1/Th-2
esponse, with both PPs being vastly more potent adjuvants than
lum [20].

Cationic innate defence regulator peptides (IDR) are naturally
ccurring innate host defence molecules found in animals, insects,
nd plants. Although originally studied for their (often-weak) direct
ntimicrobial activities, they have a number of immunomodula-
ory properties. These include recruitment and selective activation
f immune cells including dendritic cells (DC) through mech-
nisms independent of TLRs, synergy with CpG ODNs, and an
bility to protect against a variety of bacteria in mouse infec-
ion models (reviewed in [21,22])[23]. IDRs are evolutionarily
onserved and involved in the interface between innate and
daptive immunity [24,25]. At physiological concentrations, IDRs
an induce the chemotaxis of immune effector cells, through
hemokine induction or leukocyte recruitment, to the site of
nfection, allowing innate, then adaptive immune responses to
e generated [26–29]. Evidence exists that IDRs such as catheli-
idins and defensins can function as potent adjuvants and promote
ntigen-specific cellular and humoral immune responses in murine
odels [30].
The present study was undertaken to determine whether a novel

ombination of vaccine adjuvants can shift the immune response

o B. pertussis in both adult and neonatal mice towards a balanced
r more Th-1 type response. The results suggest that this vac-
ine adjuvant technology can be viewed as a platform for future
eonatal vaccines directed against pathogens that require a strong
ell-mediated immune response for full clearance.
 (2011) 1595–1604

2. Materials and methods

2.1. Animals

Adult male and female BALB/c mice were obtained from Charles
River Laboratories (Wilmington, MA). All mice were housed and
cared for in the Animal Care facilities at VIDO, University of
Saskatchewan (Saskatoon, SK). 8-week old females were used for
all adult mouse studies, and mice were bred in the Animal Care
facilities at VIDO, University of Saskatchewan, to obtain neonatal
mice. Neonates were immunized at 7 days and housed with their
dams until weaning at four weeks of age. All animal experiments
were performed in agreement with the guidelines proposed by the
University of Saskatchewan and the Canadian Council for Animal
Care.

2.2. Immunization of mice

Adult mice were immunized subcutaneously between the
shoulder blades with either 50 �l or 100 �l of vaccine, or sterile
phosphate-buffered saline (PBS) (Gibco, Invitrogen; Carlsblad, CA),
and boosted in the same manner after four weeks unless other-
wise indicated. Neonatal mice also received 50 �l of the respective
formulations or sterile PBS subcutaneously between the shoulder
blades and were boosted in the same manner after four weeks.
Experimental groups requiring pre-complexing of the IDR and CpG
ODN adjuvants had IDR and CpG ODN components co-incubated
in 1.5 ml Eppendorf tubes (VWR; West Chester, PA) at 37 ◦C in a
block heater for 30 min prior to the addition of any other vaccine
components.

2.3. Vaccine components

Genetically detoxified PTd was provided by Novartis, formerly
Chiron (Siena, Italy) [31]. Received batches were centrifuged at
1350 × g for 10 min before storing at −20 ◦C in aliquots. Frozen
aliquots were thawed at room temperature and then centrifuged
at 1350 × g for 10 min. The supernatents were removed and subse-
quently stored at 4 ◦C for use in the vaccine formulations. Three
IDRs, IDR-HH2, IDR-HH18, and IDR-HH1002, were synthesized
using a standard solid phase FMOC method [29]. De-protected
IDRs were cleaved from the resin and purified by reverse phase
HPLC prior to lyophilization. Lyophilized IDRs were resuspended
in de-ionized water prior to dilution in PBS for use. CpG ODN
were purchased from Coley Pharmaceuticals (now Pfizer). The
polyphosphazenes PCEP (VIDO-EP#3) and PCPP (VIDO-PP#4) were
synthesized as described previously [20] with minor modifications.
The synthesis was performed by the Idaho National Laboratory
(Idaho Falls, ID), under the supervision of Dr. John Klaehn. Polyphos-
phazenes were received in lyophilized form and stored at 4 ◦C in the
dark, then dissolved for use in Dulbecco’s PBS (1.54 mM KH2PO4,
155.17 mM NaCl, 2.71 mM Na2HPO4–7H2O, Sigma–Aldrich, MO) by
gentle shaking for 36 h at room temperature (RT). After resuspen-
sion, polyphosphazenes were stored in aliquots at RT in the dark.

QuadracelTM was purchased from Sanofi Pasteur (Toronto, ON).
The human dosage of 0.5 ml, contains 15 Lf Diphtheria toxoid, 5
Lf Tetanus toxoid, acellular pertussis [20 �g chemically detoxi-
fied pertussis toxoid (PT), 20 �g filamentous haemagglutinin (FHA),
3 �g pertactin (PRN), 5 �g fimbriae types 2 and 3 (FIM)], inactivated
poliomyelitis vaccine (IPV) 40 D-antigen units type 1 (Mahoney),
8 D-antigen units type 2 (MEF-1) and 32 D-antigen units type

3 (Saukett)] with 1.5 mg aluminum phosphate as adjuvant. For
immunization of mice, the volume administered was adjusted to
contain a dose of chemically detoxified PT identical to that of the
genetically detoxified PTd in the novel vaccine formulations studied
here.
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Fig. 1. PTd-specific serum IgG2a Ab responses to immunization with various adjuvants. Adult BALB/c mice (n = 8 or 10 mice per group) were immunized with PTd antigen
alone, PBS, or antigen combined with various dosages of CpG ODN, IDR, or PP at 8 weeks of age. An identical secondary immunization was given at 4 weeks. Sera were
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ollected immediately prior to the initial immunization and every 2 weeks thereaf
pG ODN relative to PTd (p < 0.05) treated mice. (B) Statistically significant differen
0 �g of VIDO-PP4 when compared to 50 �g or 100 �g of VIDO-EP#3 (p < 0.05). (C)
5 �g IDR-HH18 compared to PBSA (p < 0.05) treated mice.

.4. ELISA analysis of PTd-specific Abs

Blood was collected through tail bleeding at two week inter-
als, starting at zero weeks (at the time of the initial immunization)
or adults, and four weeks post-initial immunization for neonates.
erum was then collected by centrifugation of the blood in a micro-
entrifuge at 5940 × g for 5 min, and this was used to perform
LISAs.

Polystyrene microtiter plates (Immulon 2 HB; Thermo, Mil-
ord, MA) were coated overnight at 4 ◦C with 0.25 �g/ml of
Td antigen in coating buffer (15.0 mM Na2CO3 and 34.88 mM
aHCO3). The plates were then incubated for 2 h with serially
iluted sera. Goat anti-mouse biotin conjugated detection anti-
odies specific for mouse IgG1 and IgG2a (Caltag Laboratories,
urlingame, CA; 1/10,000 dilution) were used to examine the
Td-specific antibody titres within the sera. Streptavidin Alka-

ine Phosphatase (Jackson ImmunoResearch; West Grove, PA;
/5000 dilution, starting concentration 500 �g/ml) was used to
mplify the reaction, and p-nitrophenyl phosphate (Sigma–Aldrich,
t. Louis, MO; dilution 1 mg/ml) was used as a substrate. Sam-
les were analyzed using a spectrophotometer (Bio-Rad iMark
r 10 weeks. (A) Statistically significant differences occurred between each class of
tween CpG ODN with respect to PTd (p < 0.05) treated mice occurred, and between
nly statistically significant differences occurred between CpG ODN combined with

Microplate Reader; Philadelphia, PA) at �405 nm with a reference of
�490 nm.

2.5. Statistics

Data was analyzed for normal distribution and significance
using the STATA program version 10 for Windows (StataCorp LP,
College Station, TX). One-way ANOVA was used to determine the
presence of a significant difference between groups, followed by
Scheffe’s test to identify which of the groups were significantly dif-
ferent. A p-value of p < 0.05 was considered statistically significant.

3. Results

3.1. Selection of adjuvant candidates
Class-A (CpG 8954), Class-B (10103), and a Class-C (10101) CpG
ODN were tested to determine which was best able to stimulate a
Th-1 type immune response in combination with PTd. Adult mice
were immunized at time zero and 4 weeks with 0.05 �g of PTd plus
each of these CpG ODNs, and at 2-week intervals, the IgG1 and IgG2a
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Fig. 2. PTd-specific serum Ab responses to immunization with various adjuvant platform combinations. Adult BALB/c mice (n = 10 mice per group) were immunized with
either PTd antigen alone, PBS, or antigen combined with various formulations of CpG ODN, IDR, and PP combined at 8 weeks of age. An identical secondary immunization
was given at 4 weeks. Sera were collected immediately prior to the initial immunization and every 2 weeks thereafter for 10 weeks. (A) Statistically significant IgG2a
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ntibody differences occurred between the adjuvant platform combination contain
B) Statistically significant IgG1 antibody differences occurred between the adjuvan
o PTd (p < 0.01) treated mice and the non-complexed adjuvant formulation (p < 0.0

erum titres were compared. Immunization with 10 �g of each class
f CpG ODN resulted in a statistically significant increase in IgG2a
itres (indicative of a Th1 response) as compared to either PTd only
r 10 �g of corresponding GC 2137 or GC 2243 backbone control
DN (Fig. 1A), but between the CpG groups no significant difference
as observed in the IgG1 titres (indicative of a Th2 response) (data
ot shown). Class-C CpG 10101 ODN was selected for inclusion in
he vaccine adjuvants described here, as its mechanism of action is
eported to combine the qualities of both Class-A and Class-B CpG
DN [32].

The polyphosphazenes PCEP (VIDO-EP#3) and PCPP (VIDO-
P#4), were selected for testing. Adult mice were immunized with
.10 �g of PTd and either 50 �g or 100 �g of each polyphosp-
azene, with and without 10 �g of the selected CpG ODN, and the
erum IgG1 and IgG2a titres were compared. Both the 50 �g/mouse
nd 100 �g/mouse doses of VIDO-EP#3, in combination with CpG
ODN and PTd, were found to induce higher IgG2a titres than

IDO-PP#4 and CpG C, however, these increases were not statis-
ically significant. We observed a 500-fold increase in IgG2a titre,
s compared to PTd antigen alone, after boosting with VIDO-EP#3
t four weeks. A statistically significant difference in IgG2a titres
as observed in mice immunized with PTd and 50 �g VIDO-EP#3

ompared with mice immunized with PTd and 50 �g VIDO-PP#4
Fig. 1B). No statistically significant differences in the IgG2a titres
ccurred after immunization with either dose of VIDO-PP#4. The
gG1 titres showed no significant differences between the two
oses of the two polyphosphazenes. Mice vaccinated with PTd anti-
en alone failed to produce statistically significant PTd-specific
gG2a titres as compared to unvaccinated mice over the entire
ourse of the experiment. However, these mice did display a sig-
ificant increase in IgG1 response. When CpG was included in

he formulation, we observed a statistically significant increase in
gG2a titres; however, there were other differences noted between
he two PP-adjuvanted groups. None of the mice vaccinated with
0 �g/mouse VIDO-PP#4, PTd and CpG ODN produced a significant
gG2a response. When the dose was increased to 100 �g/mouse
5 �g IDR-HH18 (complexed with CpG ODN) relative to PTd (p < 0.05) treated mice.
form combination containing 75 �g IDR-HH18 (complexed with CpG ODN) relative

VIDO-PP#4 (still including CpG), three mice failed to respond post-
vaccination, and four mice responded after 8 weeks or longer,
instead of the usual four to six weeks. In contrast, all except one
mouse vaccinated with 50 �g/mouse VIDO-EP#3, PTd, and CpG
ODN produced an IgG2a response, and only two mice vaccinated
with 100 �g VIDO-EP#3 failed to produce detectable IgG2a. Thus
VIDO-EP#3 as a vaccine adjuvant appeared to be a more consis-
tent stimulator of the IgG2a response, and was selected for further
formulations.

Two IDRs, IDR-HH2 (VQLRIRVAVIRA-NH2) and IDR-HH18
(IWVIWRR-NH2) were synthesized and tested. Adult mice were
immunized with 0.1 �g of PTd together with 75 �g or 150 �g
(3.75 mg/kg or 7.50 mg/kg, respectively) of IDR-HH2 or IDR-HH18,
were boosted in the same manner after 4 weeks, and the IgG1 and
IgG2a serum responses were analyzed. Vaccination with each IDR
and PTd at 75 �g/mouse or 150 �g/mouse doses resulted in no
detectable IgG2a response. When the IDRs were combined with
a 10 �g/mouse dose of CpG C ODN and PTd, a statistically sig-
nificant IgG2a response was observed in mice immunized with
75 �g/mouse of IDR-HH18 as compared to mice immunized with
PTd only (Fig. 1C).

Vaccination with 150 �g/mouse of this IDR resulted in the abla-
tion of the IgG2a response. The lower dose of IDR-HH18 combined
with CpG ODN was the only IDR group tested that was statistically
different from the PTd antigen alone. Thus, there appeared to be an
inverse dose effect, with lower doses of IDR able to increase the
IgG2a titres better than higher doses. Vaccines formulated with
IDR-HH2 resulted in no significant IgG2a response, and addition
of CpG C ODN did not improve the results. Upon measuring the
IgG1 titres, we observed that either IDR alone resulted in a greater
increase in IgG1 titres as compared to either IDR in combination

with CpG C (data not shown). However, once again lower doses
appeared to perform better in the IDR and CpG C combination
groups. Due to the IgG2a results, as well its potential effects on
cellular recruitment and cytokine levels, IDR-HH18 was selected as
the IDR for continued testing.
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Table 1
Individual IgG2a antibody responses and antibody kinetics post-vaccination for Fig. 2a.

Vaccine groupa Non-Rb Late-Rc Avg-Rd Mouse total

PTd (0.10 �g) 7 2 1 10
PTd (0.10 �g) + CpG C (10 �g) + IDR-HH18 (10 �g) + VIDO-EP#3 (50 �g)-complexed 3 1e 6 10
PTd (0.10 �g) + CpG C (10 �g) + IDR-HH18 (75 �g) + VIDO-EP#3 (50 �g)-complexed – – 10 10
PTd (0.10 �g) + CpG C (10 �g) + IDR-HH18 (75 �g) + VIDO-EP#3 (50 �g)-not complexed 2 3 5 10

a Vaccine components of group, antibody titre results shown in Fig. 2a.
b Non-R: number of “non-responding mice”, a mouse that has non detectable antibody titre over the course of the experiment.
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c Late-R: number of “late-responding mice”, a mouse that has no detectable antib
d Avg-R: number of “average-responding mice”, a mouse that has detectable anti
e 1 mouse was found dead in this group.

.2. Testing the combined adjuvant platform in adult mice

After the selection of each of the components, a vaccine com-
ination using the adjuvant platform was developed. It had been
ound in vitro that when CpG ODN was added to IDRs, a precip-
tate complex was formed that was able to enhance chemokine
roduction in vitro, as well as to increase mucosal and systemic
esponses in vivo [33]. Thus, vaccine groups were included to con-
rm the ability of this complexation to increase immune responses

n vivo. Vaccine formulations consisted of 0.1 �g PTd, 10 �g CpG
DN, 50 �g VIDO-EP#3, and either 10 �g or 75 �g of IDR-HH18. To
reate the complexed precipitate, CpG C and IDR-HH18 were pre-
ombined and heated at 37 ◦C for 30 min. Non-complexed groups
ad CpG C and IDR-HH18 kept separate until immediately prior
o injection. Adult mice were immunized and boosted with varia-
ions of the adjuvant platform combination and the serum IgG2a
nd IgG1 titres were compared (Fig. 2A and B).

A large increase in serum IgG2a titres was observed in mice
mmunized and boosted with the adjuvant platform formulations

s compared to PTd antigen alone (Fig. 2A). An earlier, stronger
gG2a response was observed when the adjuvants were complexed
rior to vaccination and this difference was statistically significant
p < 0.05) between the groups containing a 75 �g dose of IDR. Even
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ig. 3. PTd-specific neonatal serum Ab responses to immunization with adjuvant platfor
lone, antigen combined with various formulations of CpG ODN, IDR, and PP combined
econdary immunization was given at 4 weeks. Sera were collected at 4 weeks after the i
ost-initial immunization. (A) At week 6–8, statistically significant differences in IgG2a an
Td (p < 0.001) treated mice. There was also a statistically significant difference in IgG2a a
latform combinations. (B) At week 6–8, statistically significant differences occurred betw
Td treated mice (p < 0.05). There was no statistically significant difference seen between
itre until 8 weeks post-immunization or later.
titre prior to 8 weeks post-immunization.

when the IDR dose was lowered to 10 �g/mouse, antibody titres
rose earlier and higher in the complexed adjuvant platform group
as compared to the non-complexed group.

The IgG1 serum response after vaccination showed a similar
trend to the IgG2a (Fig. 2B). There was a significantly earlier and
greater IgG1 response when the adjuvants were included in the
vaccine, as compared to antigen alone. There was also a signif-
icant difference in IgG1 titres seen between the complexed and
non-complexed adjuvant platform groups; however, there was
no difference seen between the complexed groups containing the
higher 75 �g/mouse dose of IDR, and the lower 10 �g/mouse dose.

When comparing the IgG2a responses, we observed several non-
responders in the PTd only group (Table 1). Three mice in this PTd
group that did not produce detectable IgG2a also failed to pro-
duce an IgG1 response to the antigen. In contrast, mice from the
higher dose 75 �g/mouse IDR group complexed with CpG ODN all
showed a measurable IgG2a response to vaccination, with no late
responders. All of these mice also had an IgG1 response. In the
non-complexed adjuvant platform group containing 75 �g/mouse

of IDR, there were two IgG2a non-responder mice, and three late-
responders. The adjuvant platform group containing 10 �g of IDR
complexed with CpG ODN contained three IgG2a non-responders.
These three IgG2a non-responders were also IgG1 late-responders.

PBSA

PTd (1.0 µg)

PTd + CpG C (2.37 µg)+ IDR-HH18 (35.55µg)+ VIDO-EP#3 (2.37 µg)
                                                    -(IDR & CpG complexed)

PTd + CpG C (2.37 µg)+ IDR-HH18 (35.55µg)+ VIDO-EP#3 (2.37 µg)
                                                    -(not complexed)

PBSA

PTd (1.0 µg)

PTd + CpG C (2.37µ g)+ IDR-HH18 (35.55µ g) + VIDO-EP#3 (2.37µg)
                                                -(IDR & CpG complexed)

PTd + CpG C (2.37µ g)+ IDR-HH18 (35.55µg)+ VIDO-EP#3 (2.37µg)
                                                -(not complexed)

m combinations. Neonatal BALB/c mice were immunized with either PTd antigen
(n = 8 mice per group), or PBS (n = 5 mice per group) at 7 days of age. An identical
nitial immunization prior to the boost, and every 2 weeks thereafter until 8 weeks
tibody titres occurred between the complexed adjuvant platform combination and
ntibody titres (p < 0.05) seen between the complexed and non-complexed adjuvant

een the complexed or non-complexed adjuvant platform combination relative to
the complexed and non-complexed adjuvant combinations.
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Fig. 4. PTd-specific neonatal serum IgG2a Ab responses to immunization with various adjuvant platform combinations or alum. Neonatal BALB/c mice were immunized
with either PTd antigen alone, antigen combined with various adjuvant platform combinations, antigen with alum (n = 10 mice per group), or PBS (n = 9 mice per group), at 7
days of age. An identical secondary immunization was given at 4 weeks. Sera were collected at 2 weeks after the initial immunization prior to the boost, and every 2 weeks
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hereafter. Statistically significant differences occurred between the adjuvant platfo
o PTd treated mice (p < 0.05, and p < 0.01, respectively) at selected time points. Th
ombination containing 35.55 �g of IDR and the PTd and alum group (p < 0.01). The

.3. Triple adjuvant combination in BALB/c neonatal mice

Seven-day old mice were used in our neonatal experiments. This
ge has been shown to correlate best with the human neonate’s
mmune system [11,12]. BALB/c pups were immunized, and the
erum IgG2a and IgG1 titres monitored over time (Fig. 3A and B). A
igher dose of PTd was used for vaccination in the neonatal model
o compensate for the reduced ability of the immature immune
ystem to respond to the antigen, and the dosages of other vac-
ine components used were adjusted for the smaller weight of the
ups in comparison to adult mice. Vaccine formulations consisted
f 1.0 �g PTd, 2.37 �g CpG ODN, 2.37 �g VIDO-EP#3 and 35.55 �g
f IDR-HH18, both complexed and non-complexed.

Large increases in the serum IgG2a response were observed in
ice immunized and boosted with each adjuvant platform com-

ination tested. The differences between the responses to the
omplexed adjuvant formulation, or the non-complexed formu-
ation, and PTd alone were statistically significant (p < 0.001, and
< 0.05, respectively). Immunization with the complexed adju-
ant platform vaccine also resulted in significantly (p < 0.05) higher
gG2a titres as compared to the non-complexed combination.

The IgG1 titres in this experiment followed a very similar
attern to the IgG2a response, with adjuvant combinations induc-

ng approximately 10 times higher titres than the antigen alone
Fig. 3B). There was no significant difference seen in the IgG1 titres
etween the complexed and non-complexed vaccine groups, how-
ver, the mouse to mouse variability in antibody titre was larger in
he non-complexed vaccine groups.
.4. Variations of the adjuvant ratio in neonatal mice

In vitro evidence indicated that an adjuvant ratio of 1:2:1 (CpG
DN:IDR:PP) was most effective at increasing chemokine produc-

ion in vitro [33]. In our previous experiments, a ratio of 1:15:1

able 2
ndividual IgG2a antibody responses and antibody kinetics post-vaccination for Fig. 4.

Vaccine groupa

PTd (1.0 �g)
PTd (1.0 �g) + CpG C (2.37 �g) + IDR-HH18 (35.55 �g) + VIDO-EP#3 (2.37 �g)-complexed
PTd (1.0 �g) + CpG C (2.37 �g) + IDR-HH18 (4.74 �g) + VIDO-EP#3 (2.37 �g)-complexed
PTd (1.0 �g) + alum in PBSA (2.5 �g)

a Vaccine components of group, antibody titre results shown in Fig. 4.
b Non-R: number of “non-responding mice”, a mouse that has non detectable antibody
c Late-R: number of “late-responding mice”, a mouse that has no detectable antibody t
d Avg-R: number of “average-responding mice”, a mouse that has detectable antibody
bination containing 35.55 �g IDR and the combination containing 4.74 �g relative
as also a statistically significant difference found between the adjuvant platform

re no differences between the two adjuvant platform combination formulations.

was being used, thus, a comparison of this ratio to the in vitro sug-
gested adjuvant ratio was performed. Neonatal 7-day old mice were
immunized with vaccine formulations either containing 1.0 �g
PTd alone, or consisting of the 1:15:1 ratio containing 1.0 �g PTd,
2.37 �g CpG, 35.55 �g of IDR-HH18, and 2.37 �g VIDO-EP#3 (com-
plexed); or the 1:2:1 adjuvant ratio containing 1.0 �g PTd, 2.37 �g
CpG, 4.74 �g of IDR-HH18 and 2.37 �g VIDO-EP#3 (complexed). A
control group received 1.0 �g PTd combined with 2.5 �g alum (alu-
minum phosphate), the commercially used adjuvant that induces
characteristically strong Th-2 type immune responses.

A large increase in the IgG2a titres already occurred after the first
immunization with either ratio of the adjuvant platform formula-
tion, as compared to antigen alone (Fig. 4). No significant difference
was seen between the adjuvant platform combination containing
a dose of 35.55 �g of IDR-HH18 (1:15:1 ratio) and the combination
with the lower 4.74 �g IDR dose (1:2:1 ratio). Very low IgG2a titres
were found in the PTd + alum immunized group. Within this alum
group, there were five non-responder mice and one late-responder
out of a total of 10 mice (Table 2). In the adjuvant combination group
with 35.55 �g of IDR-HH18, all mice showed an IgG2a response and
there were no late responders. In the adjuvant combination group
containing 4.74 �g of IDR, there was one mouse that was a late
responder, however all mice eventually showed an IgG2a response
post-vaccination.

3.5. Duration of immunity

The antibody levels of the group containing an adjuvant ratio of
1:2:1 were followed over a longer period of time to examine when
they would decrease (Fig. 5). Very high IgG2a titres were induced

after immunization and boosting, and these titres remained ele-
vated at the highest level for approximately 52 weeks. Past this
point, the antibody titres decreased slightly, however, the IgG2a
antibody response has remained highly elevated for more than 22
months, with the experiment still ongoing.

Non-Rb Late-Rc Avg-Rd Mouse total

1 6 3 10
– – 10 10
– 1 9 10
5 1 4 10

titre over the course of the experiment.
itre until 8 weeks post-immunization or later.
titre prior to 8 weeks post-immunization.
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Fig. 5. PTd-specific neonatal serum IgG2a Ab responses to immunization with a
1:2:1 ratio of CpG:IDR:PP adjuvant combinations over an extended time period.
Neonatal BALB/c mice were immunized as in Fig. 4, with an adjuvant platform combi-
nation, (n = 10 mice per group) at 7 days of age. An identical secondary immunization
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as given at 4 weeks. Sera were collected at 2 weeks after the initial immunization
rior to the boost, and every 2 weeks thereafter, until week 10, after which sera
ere collected approximately every 4 weeks.

.6. Comparison of single and double immunizations with a
ommercial vaccine

The ability of these adjuvants to induce a response comparable
ith, or ideally superior, to that seen after immunization using a

ommercial vaccine and the response to one or two doses were
xamined.

Vaccine formulations consisted of 1.0 �g PTd, 2.37 �g CpG ODN,
.74 �g IDR-1002, 2.37 �g VIDO-EP#3, as well as the commercial
accine QuadracelTM. The IDR-1002 and CpG ODN components
ere complexed. Single and double immunization groups for the

djuvant platform combination and QuadracelTM were included.
DR-HH18 was replaced by a third generation synthetic IDR,
DR-1002 (VQRWLIVWRIRK-NH2) because of its ability to induce
uperior chemokine responses in vitro and in vivo [29]. Neonatal
ice were immunized subcutaneously with the formulations and

he IgG2a serum responses were compared (Table 3) (Fig. 6).
A large increase in IgG2a titre was seen after both a single and a

ouble immunization with the adjuvant platform formulations, as
ompared to PTd antigen alone; however there was a noticeable dif-
erence between the single dose and the boosted groups, with the
oosted group developing much higher titres. Immunization with
he commercial QuadracelTM vaccine, currently used for infant vac-
ination, resulted in very low to negligible IgG2a titres after a single
ose, with an increase in titre occurring when boosted. However,
ven within the boosted QuadracelTM group, the resulting IgG2a
itres were still lower than or similar to those that occurred in the
ingle dose adjuvant platform group. The IgG2a antibody response

n the adjuvant platform and QuadracelTM groups remained ele-
ated for over four months.

Thus it appears that through using the adjuvant platform for-
ulation, a greater Th-1 immune response can be induced, even

able 3
ndividual IgG2a antibody responses and antibody kinetics post-vaccination for Fig. 6.

Vaccine groupa

PTd (1.0 �g) + CpG C (2.37 �g) + IDR-1002 (4.74 �g) + VIDO-EP#3 (2.37 �g)-complexed a
PTd (1.0 �g) + CpG C (2.37 �g) + IDR-1002 (4.74 �g) + VIDO-EP#3 (2.37 �g)-complexed
QuadracelTM (dose includes 1.0 �g chemically detoxified PTd)-single dose
QuadracelTM (dose includes 1.0 �g chemically detoxified PTd)

a Vaccine components of group, antibody titre results shown in Fig. 6.
b Non-R: number of “non-responding mice”, a mouse that has non detectable antibody
c Late-R: number of “late-responding mice”, a mouse that has no detectable antibody t
d Avg-R: number of “average-responding mice”, a mouse that has detectable antibody
 (2011) 1595–1604 1601

after a single immunization, than that seen with a commercial
vaccine.

4. Discussion

Whooping cough remains a major threat to infants and chil-
dren in the developing world, with serious complications resulting
from the disease including encephalopathy, convulsions, brain
damage, and death (reviewed in [34]). Current pertussis vaccines
cannot be administered until 6–8 weeks of age, as prior to this
time several factors, including the presence of maternal antibod-
ies and the innate Th-2 bias of the infant immune system, can
modulate response to vaccination. Since neonates are known to
be the most severely affected by whooping cough, a protection
gap exists prior to the possibility of immunization, during which
infants are at serious risk. To circumvent this gap a novel neona-
tal vaccine formulation, able to successfully overcome infants’
Th-2 bias as well as the interference of maternal antibodies, is
required.

Combinations of adjuvants may be used to induce superior
immune responses than achieved by single adjuvants alone. It has
been found that the simultaneous stimulation of several TLRs using
multiple adjuvants in mice can improve the affinity maturation
and neutralizing antibody production in vaccinated animals [35].
This positive modulation effect is not seen with alum, the currently
used adjuvant in most human vaccines, including pertussis vac-
cine. Using mixed TLR ligands in vaccine formulations, the immune
response can be increased until it reaches a threshold of activa-
tion necessary for antibody maturation [35]. Co-administration of
TLR-9 agonists has also recently been tested in humans and found
to enhance affinity maturation of specific anti-vaccine antibodies
[36]. Because of this, we have sought to formulate effective, multi-
component-adjuvanted vaccines with a combination of a known
TLR ligand and other adjuvants to create a more balanced immune
response and protect neonates against pertussis.

Three classes of adjuvants were selected. These act via comple-
mentary mechanisms and are thus speculated to simultaneously
activate the immune system in distinct ways. Class C CpG ODN
is a well characterized TLR 9 agonist, combining the mechanistic
abilities of the other CpG classes by inducing both the secretion
of IFN-� from pDC and the proliferation of B and NK cells [32].
Although the precise mechanism of action of the polyphosphazene
PCEP is unknown, its adjuvant effects are suspected to result at
least partially from a depot effect. Polyphosphazenes have been
shown to stimulated increased cytokine production, and it is also
speculated that they may stabilize antigens, allowing more effi-
cient presentation to immune cells [37,38]. IDRs have a plethora of
immunomodulatory effects; however, their ability to recruit cells
to the site of injection and activate DCs, resulting in increased APC
immune response necessary to clear B. pertussis infection.
Evidence from this report indicates that the combination of PTd

antigen plus CpG C, IDR-HH18 or IDR-1002, and VIDO-EP#3 has
advantages over the use of each adjuvant individually or as a doubly

Non-Rb Late-Rc Avg-Rd Mouse total

nd single dose 2 – 8 10
– 1 8 9
6 1 3 10
2 3 5 10

titre over the course of the experiment.
itre until 8 weeks post-immunization or later.
titre prior to 8 weeks post-immunization.
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Fig. 6. PTd-specific neonatal serum Ab responses to single or double immunization with PTd formulated with adjuvant platform combinations or the commercial vaccine
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uadracelTM. Neonatal BALB/c mice were immunized with either PTd antigen com
ice per group) at 7 days of age. An identical secondary immunization was given a

nd also at 8, 10 and 14.5 weeks post-initial immunization. Statistically significant d
uadracelTM (p < 0.05) treated mice.

djuvanted vaccine formulation. Vaccination using the developed
omplexed adjuvant platform was found to result in the earlier
nset of the IgG2a antibody response in both adults and neonates.
his was a distinct asset when compared to the responses to vac-
ination with PTd antigen alone, antigen adjuvanted with alum, a
ingle-dose of licensed QuadracelTM vaccine, and using the non-
omplexed adjuvant platform.

When the immune response to vaccination with PTd antigen
as examined with each adjuvant individually in adults, it was

ound that both CpG ODN and PP were able to significantly increase
gG2a titres, indicating an enhanced Th-1 immune response, as
ompared to PTd only. Class C was selected due to its unique abil-
ty to combine the effects of the other classes. The selection of
he PP VIDO-EP#3 was based on its ability to induce higher IgG2a
itres, and thus a stronger Th-1 immune response than VIDO-PP#4
n the absence of CpG ODN after a primary injection. Also, over-
ll, a higher proportion of immunized mice were able to produce
etectable IgG2a titres when this VIDO-EP#3 was used. Immuniza-
ion with IDRs alone as an adjuvant failed to increase IgG2a titres.

possible explanation is that the IDRs are working through a dif-
erent mechanism than the other adjuvants, for example it is well
nderstood that IDRs do not interact with TLRs but do modulate
ignal transduction downstream of TLRs and demonstrate syn-
rgy with TLR agonists including CpG ODN [23,39]. However, since
he likely effect of this component is enhancement of the recruit-

ent of immune cells, the apparent inability of IDRs to affect the
gG2a response by themselves may be irrelevant. IDRs are known
o have chemotactic effects on immune effector cells, and our syn-
hetic IDRs have been shown to induce increased production of
hemokines in vitro and in vivo [33]. Their cell recruitment effect
ay possibly be achieved through changing the microenviron-
ent at the vaccination site, resulting in increased APC recruitment

nd subsequent increases in cytokine production that results in an
ncreased cellular immune response.

When we combined CpG ODN and IDR together in a complexed
recipitate form, a significantly stronger and earlier IgG2a response
ccurred in both adult and neonatal mice over that seen when
he components were added separately. A higher dose of IDR also
esulted in a higher proportion of mice responding with detectable
gG2a to vaccination. The indication is that IDRs have an effect on
he ability of the mice to respond to the vaccine antigen by produc-
ng antibodies, and thus IDRs may in fact result in an increase of the
h-1 immune response. This would indicate that the addition of a
ertain amount of the IDR component allows the required thresh-

ld of activation needed for antibody maturation to be reached. The
bsence of a detectable antibody response in some mice within a
accine group, while the other mice develop a very good response,
upports the supposition that there is a stimulation threshold nec-
ssary to achieve activation of the humoral response.
with the adjuvant platform, or QuadracelTM (n = 10 mice per group), or PBS (n = 9
eks to some groups. Sera were collected at 3 weeks after the initial immunization,
nces occurred between 2 doses of the adjuvant platform relative to a single dose of

After selection of each single adjuvant, these were combined
together with PTd antigen to make an adjuvant platform combina-
tion vaccine. In adult mice vaccinated with the selected adjuvant
platform, the IgG2a and IgG1 serum antibody titres were sig-
nificantly increased as compared to immunization with antigen
alone. This indicates an enhancement of the overall, as well as
support of a Th-1 immune response. Immunization with the adju-
vant platform vaccine in adult mice was able to induce a higher
and longer-lasting immune response than single adjuvants alone.
Complexation was found to cause a large increase in antibody pro-
duction, with the greatest enhancement of IgG2a titres resulting
after a 75 �g IDR dose, with a lower 10 �g dose of IDR appearing
to have a lesser effect, although the difference was not statistically
significant. There are several other known functions of IDRs, such as
activation and maturation of dendritic cells and chemokine induc-
tion, which were not assessed in using the readouts of IgG1/IgG2a
titres. These functions may be very important in inducing a strong
overall immune response to our vaccine formulations. PTd alone
at the dosages used was found to be very poor at inducing an
IgG2a response, and somewhat better at inducing an IgG1 response,
which was commensurate with previous experiments performed.
In particular, there were several IgG2a non-responder mice seen
in the PTd only group, with some mice in this group also failing to
produce an IgG1 response to the antigen. It is notable that mice in
the 75 �g/mouse IDR complexed group all had a measurable IgG2a
and IgG1 response to vaccination, with no late responders, indi-
cating that complexation not only increased the overall immune
response in these mice, it enabled us to ensure that mice that might
not otherwise respond to vaccination would do so.

Immunization in the neonates with the adjuvant platform com-
bination was found to induce significantly higher IgG2a responses
than PTd antigen alone, confirming the ability of the formula-
tion to increase the Th-1 response, even within a model less
likely to respond in a Th-1 type fashion. The results of complex-
ation of the IDR and PP components mirrored those seen in the
adult mouse model, with significantly higher IgG2a titres occur-
ring after complexation. This further indicates that complexation
has an important effect on the ability of the vaccine combinations
to induce a Th-1 response, although we do not know if this involves
co-localization of components or genuine synergy between associ-
ated components. The neonatal mice were found to respond with
detectable IgG2a titres to both the antigen alone as well as to the
adjuvanted groups. A possible explanation for this is the higher
dose of antigen being used to vaccinate in the neonatal model.

When neonatal mice were immunized using alum as an adjuvant,
the IgG2a response was almost non-existent, and was significantly
lower than the response induced by the adjuvant platform com-
binations. This was expected, as alum is an adjuvant that typically
induces a Th-2 type immune response [40]. Within the alum group,
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here was a 50% IgG2a non-response rate among the mice, indicat-
ng a poor Th-1 response being induced when using this adjuvant.
ince alum is currently uses to adjuvant human acellular pertus-
is vaccines, the ability of our adjuvant platform to induce superior
gG2a titres is promising.

When neonatal mice vaccinated with the adjuvant platform
ere followed long term over nearly two years, the IgG2a anti-

ody titres were shown to remain elevated over the entire period.
his indicates that the Th-1 immune response being induced by
he platform formulation is not only superior in magnitude to that
chieved after immunization with PTd only, but that it is also a
ong-lasting response.

When the ability of the adjuvant platform formulation to induce
n immune response after a single immunization was examined, it
as found that, although the IgG2a titres were superior following
second immunization, the titres seen after a single dose were

till greater than those induced by a single dose of the commercial
uadracelTM vaccine, and appeared in fact to be superior to two
oses of that vaccine. Thus it appears that through using the cur-
ent adjuvant platform, a greater Th-1 immune response could be
nduced than that seen with a commercial vaccine, and a good IgG2a
b response might be induced even after a single immunization.

In conclusion, we have shown that through use of our adjuvant
latform, a greater Th-1 immune response could be induced than
hat seen with a commercial vaccine, and a good IgG2a Ab response
ppeared to be induced even after a single immunization, which is
ubstantially fewer than the three to five doses currently required
or commercial acellular vaccines. Overall, the adjuvant platform
ormulation has the potential to improve the balance of the neona-
al immune response to pertussis, allowing an earlier, stronger, and

ore effective response to be mounted to deal with infection. Fur-
her characterization of the mechanisms involved in the change of
he immune response is needed to optimize these formulations.

cknowledgments

This research was funded through a grant from the Bill and
elinda Gates Foundation and CIHR through the Grand Challenges

n Global Health Initiative as well as the Krembil Foundation.
e would also like to thank: Dr. Heather Wilson, for assistance

n reviewing and editing the manuscript; VIDO Animal Care,
specially Barry Carrol, for performing the animal breeding and
ssisting with animal procedures; Jill Van Kessel, Stacy Strom and
achelle Buchanan, for assistance in performing laboratory work;
nd Dr. George Mutwiri, for his expertise and assistance regarding
olyphosphazenes.

Dr. Lorne A. Babiuk holds a Canada Research Chair in Vaccinology
nd Biotechnology, and Dr. Robert E.W. Hancock holds a Canada
esearch Chair in Health and Genomics.

eferences

[1] Pertussis vaccines—WHO position paper. Wkly Epidemiol Rec 2005;80(January
(4)):31–9.

[2] Galazka A. Control of pertussis in the world. World Health Stat Q
1992;45(2–3):238–47.

[3] Tan T, Trindade E, Skowronski D. Epidemiology of pertussis. Pediatr Infect Dis
J 2005;24(May (5 Suppl.)):S10–8.

[4] Roduit C, Bozzotti P, Mielcarek N, Lambert PH, del Giudice G, Locht C, et al.
Immunogenicity and protective efficacy of neonatal vaccination against Bor-
detella pertussis in a murine model: evidence for early control of pertussis.
Infect Immun 2002;70(July (7)):3521–8.

[5] Bromberg K, Tannis G, Steiner P. Detection of Bordetella pertussis associated
with the alveolar macrophages of children with human immunodeficiency

virus infection. Infect Immun 1991;59(December (12)):4715–9.

[6] Mahon BP, Brady MT, Mills KH. Protection against Bordetella pertussis in mice
in the absence of detectable circulating antibody: implications for long-term
immunity in children. J Infect Dis 2000;181(June (6)):2087–91.

[7] Mills KH, Ryan M, Ryan E, Mahon BP. A murine model in which protection
correlates with pertussis vaccine efficacy in children reveals complementary

[

[

 (2011) 1595–1604 1603

roles for humoral and cell-mediated immunity in protection against Bordetella
pertussis. Infect Immun 1998;66(February (2)):594–602.

[8] Mills KH, Barnard A, Watkins J, Redhead K. Cell-mediated immunity to Borde-
tella pertussis: role of Th1 cells in bacterial clearance in a murine respiratory
infection model. Infect Immun 1993;61(February (2)):399–410.

[9] Redhead K, Watkins J, Barnard A, Mills KH. Effective immunization against Bor-
detella pertussis respiratory infection in mice is dependent on induction of
cell-mediated immunity. Infect Immun 1993;61(August (8)):3190–8.

10] Byrne P, McGuirk P, Todryk S, Mills KH. Depletion of NK cells results in dissemi-
nating lethal infection with Bordetella pertussis associated with a reduction of
antigen-specific Th1 and enhancement of Th2, but not Tr1 cells. Eur J Immunol
2004;34(September (9)):2579–88.

11] Siegrist CA. The challenges of vaccine responses in early life: selected examples.
J Comp Pathol 2007;137(July (Suppl. 1)):S4–9.

12] Siegrist CA. Neonatal and early life vaccinology. Vaccine 2001;19(May
(25–26)):3331–46.

13] Morein B, Blomqvist G, Hu K. Immune responsiveness in the neonatal period. J
Comp Pathol 2007;137(July (Suppl. 1)):S27–31.

14] Klinman DM. Adjuvant activity of CpG oligodeoxynucleotides. Int Rev Immunol
2006;25(May–August (3–4)):135–54.

15] Wilson HL, Dar A, Napper SK, Marianela Lopez A, Babiuk LA, Mutwiri GK.
Immune mechanisms and therapeutic potential of CpG oligodeoxynucleotides.
Int Rev Immunol 2006;25(May–August (3–4)):183–213.

16] Mutwiri GK, Nichani AK, Babiuk S, Babiuk LA. Strategies for enhancing the
immunostimulatory effects of CpG oligodeoxynucleotides. J Control Release
2004;97(May (1)):1–17.

17] Lakshmi S, Katti DS, Laurencin CT. Biodegradable polyphosphazenes for drug
delivery applications. Adv Drug Deliv Rev 2003;55(April (4)):467–82.

18] Andrianov AK, Marin A, Roberts BE. Polyphosphazene polyelectrolytes: a
link between the formation of noncovalent complexes with antigenic pro-
teins and immunostimulating activity. Biomacromolecules 2005;6(May–June
(3)):1375–9.

19] Singh A, Krogman NR, Sethuraman S, Nair LS, Sturgeon JL, Brown PW, et al. Effect
of side group chemistry on the properties of biodegradable L-alanine cosubsti-
tuted polyphosphazenes. Biomacromolecules 2006;7(March (3)):914–8.

20] Mutwiri G, Benjamin P, Soita H, Townsend H, Yost R, Roberts B, et al.
Poly[di(sodium carboxylatoethylphenoxy)phosphazene] (PCEP) is a potent
enhancer of mixed Th1/Th2 immune responses in mice immunized with
influenza virus antigens. Vaccine 2007;25(January (7)):1204–13.

21] Jenssen H, Hamill P, Hancock RE. Peptide antimicrobial agents. Clin Microbiol
Rev 2006;19(July (3)):491–511.

22] Mookherjee N, Hancock RE. Cationic host defence peptides: innate immune
regulatory peptides as a novel approach for treating infections. Cell Mol Life Sci
2007;64(April (7–8)):922–33.

23] Mookherjee N, Brown KL, Bowdish DM, Doria S, Falsafi R, Hokamp K, et al. Mod-
ulation of the TLR-mediated inflammatory response by the endogenous human
host defense peptide LL-37. J Immunol 2006;176(February (4)):2455–64.

24] Davidson DJ, Currie AJ, Reid GS, Bowdish DM, MacDonald KL, Ma RC, et al.
The cationic antimicrobial peptide LL-37 modulates dendritic cell differentia-
tion and dendritic cell-induced T cell polarization. J Immunol 2004;172(January
(2)):1146–56.

25] Bowdish DM, Davidson DJ, Lau YE, Lee K, Scott MG, Hancock RE. Impact of LL-37
on anti-infective immunity. J Leukoc Biol 2005;77(April (4)):451–9.

26] Bowdish DM, Davidson DJ, Scott MG, Hancock RE. Immunomodulatory
activities of small host defense peptides. Antimicrob Agents Chemother
2005;49(May (5)):1727–32.

27] Scott MG, Dullaghan E, Mookherjee N, Glavas N, Waldbrook M, Thompson A,
et al. An anti-infective peptide that selectively modulates the innate immune
response. Nat Biotechnol 2007;25(April (4)):465–72.

28] Hancock RE, Sahl HG. Antimicrobial and host-defense peptides as new
anti-infective therapeutic strategies. Nat Biotechnol 2006;24(December
(12)):1551–7.

29] Nijnik A, Madera L, Ma S, Waldbrook M, Elliott MR, Easton DM, et al. Synthetic
cationic peptide IDR-1002 provides protection against bacterial infections
through chemokine induction and enhanced leukocyte recruitment. J Immunol
2010;184(March (5)):2539–50.

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

31] Pizza M, Covacci A, Bartoloni A, Perugini M, Nencioni L, De Magistris MT,
et al. Mutants of pertussis toxin suitable for vaccine development. Science
1989;246(October (4929)):497–500.

32] Vollmer J, Weeratna R, Payette P, Jurk M, Schetter C, Laucht M, et al.
Characterization of three CpG oligodeoxynucleotide classes with distinct
immunostimulatory activities. Eur J Immunol 2004;34(January (1)):251–
62.

33] Kindrachuk J, Jenssen H, Elliott M, Townsend R, Nijnik A, Lee SF, et al. A novel
vaccine adjuvant comprised of a synthetic innate defence regulator peptide and
CpG oligonucleotide links innate and adaptive immunity. Vaccine 2009;27(July
(34)):4662–71.
34] Mills KH. Immunity to Bordetella pertussis. Microbes Infect 2001;3(July
(8)):655–77.

35] Delgado MF, Coviello S, Monsalvo AC, Melendi GA, Hernandez JZ, Batalle JP, et al.
Lack of antibody affinity maturation due to poor Toll-like receptor stimulation
leads to enhanced respiratory syncytial virus disease. Nat Med 2009;15(January
(1)):34–41.



1 cine 29

[

[

[
Drug Deliv Rev 1998;31(May (3)):185–96.
604 A. Gracia et al. / Vac

36] Siegrist CA, Pihlgren M, Tougne C, Efler SM, Morris ML, AlAdhami MJ, et al. Co-
administration of CpG oligonucleotides enhances the late affinity maturation

process of human anti-hepatitis B vaccine response. Vaccine 2004;23(Decem-
ber (5)):615–22.

37] Shim DH, Ko HJ, Volker G, Potter AA, Mutwiri G, Babiuk LA, et al. Efficacy of
poly[di(sodium carboxylatophenoxy)phosphazene] (PCPP) as mucosal adju-
vant to induce protective immunity against respiratory pathogens. Vaccine
2010;28(March (11)):2311–7.

[

[

 (2011) 1595–1604

38] Payne LG, Andrianov AK. Protein release from polyphosphazene matrices. Adv
39] Mookherjee N, Lippert DN, Hamill P, Falsafi R, Nijnik A, Kindrachuk J, et al.
Intracellular receptor for human host defense peptide LL-37 in monocytes. J
Immunol 2009;183(August (4)):2688–96.

40] Lindblad EB. Aluminium adjuvants—in retrospect and prospect. Vaccine
2004;22(September (27–28)):3658–68.


	Antibody responses in adult and neonatal BALB/c mice to immunization with novel Bordetella pertussis vaccine formulations
	Introduction
	Materials and methods
	Animals
	Immunization of mice
	Vaccine components
	ELISA analysis of PTd-specific Abs
	Statistics

	Results
	Selection of adjuvant candidates
	Testing the combined adjuvant platform in adult mice
	Triple adjuvant combination in BALB/c neonatal mice
	Variations of the adjuvant ratio in neonatal mice
	Duration of immunity
	Comparison of single and double immunizations with a commercial vaccine

	Discussion
	Acknowledgments
	References


