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a  b  s  t  r  a  c  t

Despite  high  vaccination  coverage  rates,  pertussis  continues  to be  a global  concern,  with  increased  inci-
dence  widely  noted.  The  current  pertussis  epidemiologic  situation  has  been  mainly  attributed  to waning
immunity  and  pathogen  adaptation.  To  improve  the disease  control,  a new generation  of  vaccines  capable
to overcome  those  weaknesses  associated  to the  current  vaccines  need  to  be developed.  Previously  we
have  demonstrated  that  the  outer  membrane  vesicles  obtained  from  the  recombinant  Bordetella  pertussis
strain  expressing  PagL  enzyme  (OMVsBpPagL) are  good  vaccine  candidates  to  protect  against  pertussis.
In  this  work  the  OMVsBpPagL formulated  with  diphtheria  and tetanus  toxoids  (TdapOMVsBpPagL)  was  used
to  evaluate  its  capacity  to offer  protection  against  Argentinean  clinical  isolates  and  to  induce  long-term
immunity.  To  these  aims  BALB/c  mice  were immunized  with  TdapOMVsBpPagL and  challenged  with  sub-
lethal doses  of  the  clinical  isolate  Bp106  selected  as  a representative  circulating  isolate.  Comparisons
with  a current  commercial  Tdap  vaccine  used  at a dose  in which  pertussis  toxin  level  was  equivalent
to  that  of  TdapOMVsBpPagL were performed.  With  the normalized  doses  of both vaccines  we observed  that
TdapOMVsBpPagL protected  against  the clinical  isolate  infection,  whereas  current  commercial  Tdap  vaccine

showed  little  protection  against  such  pathogen.  Regarding  long-term  immunity  we  observed  that  the
TdapOMVsBpPagL protective  capacity  against  the  recommended  WHO  reference  strain  persisted  at  least  9
months.  In  agreement  with  these  results  TdapOMVsBpPagL induced  Th1  and  Th2  immune  response.  In  con-
trast,  commercial  Tdap  induced  Th2  but  weak  Th1 responses.  All  results  presented  here  showed  that

restin
TdapOMVsBpPagL is  an  inte
multi-antigen  vaccine.

. Introduction

Before specific vaccines were introduced in the 1940s, the respi-

atory disease called pertussis was a major cause of infant death
orldwide. Widespread vaccination with the first pertussis whole-

ell vaccine (wP) significantly reduced morbidity and mortality.
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g  formulation  to  be considered  for the  development  of  novel  acellular
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However, in the 1970s, some concerns about the wP’s adverse
effects led, in some countries, to rising rates of vaccine refusal
and consequently to increase pertussis incidence. Since the 1980s,
many countries replaced wP by less reactogenic acellular vaccines
(aP). In 1981, Japan started using aP containing pertussis toxin
(PTx), identified as a major protective antigen [1]. Current aP con-
tain the PTx and, in addition, other surface proteins. In general,
five-component vaccines are considered more effective than two-
or three-component vaccines [2,3].

Despite relatively high vaccination rates, in recent years the

pathogen has come roaring back to infect people in numbers not
seen since the pre-vaccine days. Indeed, pertussis is now recog-
nized as a frequent infection not only in newborn and infants, but
also in adults [4–9]. The increase in pertussis cases has been mostly

dx.doi.org/10.1016/j.vaccine.2013.12.048
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2013.12.048&domain=pdf
mailto:hozbor.daniela@gmail.com
mailto:hozbor@biol.unlp.edu.ar
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ttributed to waning vaccine-induced immunity and pathogen
daptation [4]. The exact duration of immunity is difficult to esti-
ate universally since it depends on the burden of the disease,

urveillance systems, and case definitions used. However, Wendel-
oe et al. [5] estimated that infection-acquired immunity wanes
fter 4–20 years and protective immunity after vaccination wanes
fter 4–12 years. It was recently reported in US that children vac-
inated with aP had a remarkable increased risk to get the disease
han children vaccinated with the discontinued wP  [6].

Pathogen adaptation also seems to play a role in pertussis per-
istence and resurgence [7]. Mooi et al. [8] proposed that antigenic
ivergence between circulating bacteria and vaccine strains would
ffect both memory recall and antibodies efficacy, while higher PTx
evels may  increase suppression of the innate and acquired immune
ystems. Moreover the authors proposed that these bacterial adap-
ations have decreased the period in which pertussis vaccines are
ffective and thus enhanced the waning of immunity.

Altogether, the epidemiological situation has led to intensi-
ed research on the design of new vaccines capable of conferring
oth long-lasting immunity and protection against different strain
enotypes. Recently, we have demonstrated that outer membrane
esicles derived from Bordetella pertussis expressing the lipid A
eacylase PagL (OMVsBpPagL) can protect against intranasal per-
ussis challenge when administered in a mouse infection model
9]. OMVs seems to have important advantages in vaccine devel-
pment over the currently used aP since the native OMVs carry a
ide spectrum of endogenous antigens, in addition to the natu-

al self-adjuvanticity exerted by several innate immune response
ctivating components, such as outer membrane proteins and
ipopolysaccharide (LPS).

Here, an established murine immunization model was used to
xamine the induction and longevity of immunological memory
nd protection against different B. pertussis bacterial background.

. Materials and methods

.1. Bacterial strains and growth conditions

B. pertussis Tohama phase I strain, the WHO  reference strain
p18323 [10], the Argentinean clinical isolate Bp106 [11], a PTx
efective B. pertussis mutant strain [12] and B. pertussis Tohama
train carrying the broad-host-range vector pMMB67EH contain-
ng pagL gene of Bordetella bronchiseptica [13] (hereafter referred as
pPagL), were used throughout this study. The B. pertussis strains
ere grown on Bordet Gengou (BG) agar medium (Difco, Houston,
S) supplemented with 10% (v/v) defibrinated sheep’s blood (BGA
lates) [11].

.2. Isolation of outer membrane vesicles (OMVs)

To obtain OMVs from bacterial cells we used the method
reviously described [14,15]. OMVs were negatively stained and
xamined with an electron microscope [14,15]. Protein content was
stimated by the Lowry method [16] using bovine serum albumin
s standard.

.3. Cloning and expression of the recombinant subunit A of
ertussis toxin (PTxA)

PCR product of subunit A of PTx obtained using Pfx Platinum
olymerase (0.5 units, Invitrogen) was cloned into pET-TOPO 200

ector according to the manufacturer’s instructions (Invitrogen).
he recombinant clones were confirmed by PCR and sequenced.
he pET-TOPO 200::ptxA vectors were transformed first into TOP10
scherichia coli competent cells and then into expression host cells,
 32 (2014) 931– 937

BL21Star. For PTxA expression, selected clones were grown in LB
medium containing Km (50 �g/ml) and IPTG 1 mM.

2.4. Purification of recombinant His6-PTxA

The PTxA recombinant protein was purified using Ni-NTA
columns (Invitrogen) equilibrated in denaturing lysis buffer (Invi-
trogen) according with the manufacturer’s protocols. His6-PTxA
purity was  judged by SDS-PAGE [17]. The identity of the expressed
protein was confirmed by MALDI-TOF mass spectrometry [17]. For
immunoblots assays, polyclonal antiserum (Ab) against PTxA was
obtained in mice after two  immunizations with 5 �g of the purified
recombinant His6-PTxA protein each time.

2.5. Gel electrophoresis and immunoblots

SDS-PAGE separated proteins of OMVs and different quantities
of purified recombinant PTxA were transferred onto PVDF (Immo-
bilon P, Millipore) at constant voltage (100 V). After transfer, PVDF
membranes were placed into Odyssey blocking buffer (OBB, Li-
COR) at 4 ◦C. Primary and secondary antibodies conjugated to IRDye
800CW (Li-COR) were diluted 1/500 and 1:15,000 in OBB 0.1%
Tween-20, respectively. Membranes were scanned and analyzed
using Odyssey imaging software 3.0.

2.6. Formulation of acellular vaccines, TdapOMVsBpPagL

The vesicles preparations were detoxified with formalin (0.37%
at 37 ◦C overnight). To use the OMVs as a combined acellular vac-
cines, vesicles (1.75 �g of total OMVs protein), were formulated
with diphtheria (1 to 3 Lf/dose with an output of 0.1 UIA/ml serum)
and tetanus toxoids (5 to 7 Lf/dose with a power greater than or
equal to 2 UIA/ml serum) in the amounts described below, besides
aluminum hydroxide did not exceed 1.25 mg/dose.

2.7. Mouse weight gain test (MWG)

The MWG-test was  carried out using groups of 8 Balb/c mice
outbred mice (15–20 g) which were i.p. vaccinated with 1.75 �g
of detoxified OMVs obtained from BpPagL strain, formulated with
diphtheria and tetanus toxoids (TdapOMVsBpPagL) or 1/10 human
dose (HD) of TdaP (BoostrixTM). Control group received an equal
volume of sterile PBS. Animals were observed for 7 days and body
weight was recorded after 16 h, 3 and 7 days. Vaccines were con-
sidered non-toxic when passing the WHO  and EP requirements
[18].

2.8. Induction of inflammatory markers upon vaccination

Serum was collected 4 h after each immunization by sub-
mandibular bleeding and IL-6 levels were measured by ELISA using
BD OptiEIA (BD Biosciences) following manufacturer instructions.

2.9. Active immunization and intranasal challenge

Animal protocol using female BALB/c mice (4 weeks of age)
was performed as we  previously described [11]. Groups of five
mice were immunized systemically with TdapOMVsBpPagL (1.75 �g
of total OMVs protein), 1/10 human dose (HD) or 1/200 human dose
(HD) of commercial TdaP (BoostrixTM) using a two-dose sched-
ule over a period of 2 weeks. Mice were challenged 2 weeks after
the second immunization by nasal challenge with sublethal dose

(106–108 CFU/ 40 �l) of Tohama phase I, Bp18323 or Bp106 clini-
cal isolate. To analyze long lasting immunity, OMVs vaccinated 2, 5
and 9 months after the second immunization mice were challenged
intranasally with sublethal dose (106–108 CFU/ 40 �l) of Bp18323.
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Fig. 1. Effect of immunization with OMVs formulated as Tdap vaccines in the mouse
intranasal challenge model. OMVs were obtained from both the PTx defective B.
pertussis strain and B. pertussis Tohama parental strain. Immunization protocols
comprised a two-dose schedule over a period of 2 weeks. Mice were challenged
2  weeks after the second immunization by nasal challenge with sublethal dose
(106–108 CFU 40 �l) of Bp Tohama phase I. Three independent experiments were
performed. Results from one representative experiment are shown. Results depicted
are  means of five mice per group at 7 days post challenge. The dashed line indi-
M.E. Gaillard et al. / V

In all cases, bacterial counts were performed 7 days after the
hallenge. Lungs were aseptically removed, homogenized in the
terile PBS, serially diluted and plated on BGA plates to determine
acterial recoveries. At least three independent experiments were
erformed in each case.

. ELISAs

Plates were coated with 1 �g/200 �l of OMVsPagL in 0.5 M car-
onate buffer, pH 9.5 by overnight incubation at 4 ◦C. The plates
ere then blocked with 5% skimmed milk (2 h 37 ◦C) and incubated
ith serially diluted serum samples (1 h 37 ◦C). Bound IgG was
etected after 2 h incubation with horseradish peroxidase (HRP)-
onjugated goat anti-mouse IgG (from Jackson ImmunoResearch,
altimore Pike). For measuring IgG isotypes, detection of bound
ntibody was determined using HRP labeled subclass-specific anti-
ouse IgG1 (1:2000) or IgG2a (1:3,000) (Santa Cruz Biotechnology,

anta Cruz, CA).

.1. Analysis of cellular response elicited by vaccination

For cytokines analysis, spleen cells from mice immunized with
dapOMVsBpPagL or commercial Tdap as described above were
arvested 8 weeks after the last immunization. 106 splenocytes
ere seeded in U-shaped 48-well culture plates in a final volume of

00 �l/well RPMI 1640 (GIBCO) with 10% fetal bovine serum (Invi-
rogen, Carlsbad, California) containing 100 IU/ml penicillin and
00 �g/ml streptomycin. As control, spleen cells from naïve mice
ere used. All cell samples were stimulated with OMVsBp (5 �g/ml)

r medium alone. After incubation for 72 h at 37 ◦C and 5%CO2, the
upernatants were collected and analyzed for IFN-� and IL-5 pro-
uction by ELISA (BD Biosciences, San Diego, USA), using conditions
ecommended by the manufacturer.

.2. Statistical analysis

Data were statistically analyzed using one-way analysis of
ariance (ANOVA) followed by Tukey test (GraphPadPrims®). Dif-
erences were considered to be significant when p < 0.05.

. Results

We  evaluated the protective capacity of the OMVsBpPagL against
urrent circulating bacteria. To this end the protective dose of OMVs
1.75 �g of protein) was formulated with tetanus and diphtheria
oxoids (TdapOMVsBpPagL) as the current commercial combined Tdap
accine. For comparisons, we used one of the licensed current acel-
ular Tdap vaccines (BoostrixTM) in two different doses: one that
qualized the PTx content to the protective dose of TdapOMVsBpPagL
nd the other, a dose that, although high (1/10 of the human dose,
D) for the weight of the mouse, is widely used. We  selected PTx
ntigen to equalize the doses of vaccines because we observed
hat the OMVs derived from a B. pertussis mutant strain that does
ot expresses PTx, diminished their protective capacity in more
han two logs, being an important determinant in OMVs protective
apacity (Fig. 1).

The PTx level in the OMVs was determined by quantitative
mmunoblot (Fig. 2). Recombinant purified subunit A of PTx cloned
n pET200 vector by us was used to perform the calibration curve
Fig. 2B). The fluorescent signal obtained was directly proportional

o the amount of target protein present and correspond roughly to
0.5 ng ± 2.5 ng of PTxA per dose of TdapOMVsBpPagL (Fig. 2), which is
quivalent to 47.1 ng ± 11.2 ng of the complete PTx protein (MW  of
Tx 117 kDa, MW of PTxA 26 kDa). This amount of PTx corresponds
cates the lower limit of detection. Bacterial numbers are expressed as the log ± SD.
* p < 0.001 vs control, ** p < 0.005 vs TdapOMVsBpWT.

to 1/200 of a human dose of commercial Tdap. Therefore compar-
isons experiments between TdapOMVsBpPagL and commercial Tdap
were made using 1.75 �g of OMVs and 1/200 human dose of Tdap.

4.1. Protective capacity of TdapOMVsBpPagL against current
circulating bacteria carrying the predominant genotype ptxP3,
ptxA1, prn2 and fim3-2

To evaluate the protective capacity of TdapOMVsBpPagL and the
selected two doses of commercial Tdap, mice were immunized
twice with each formulation and challenged 2 weeks after the sec-
ond immunization with sublethal dose of B. pertussis strain. For
the challenge we  first used bacteria expressing vaccine/reference
type genes: ptxP1, ptxA2, prn1, fim3-1 (B. pertussis Tohama phase
I) and ptxP4, ptxA4, prn6, fim3-1 (WHO reference Bp18323). As
negative and positive controls we  used mice treated with PBS
and mice immunized with high dose of commercial Tdap vac-
cine (1/10 of the HD), respectively. For both bacterial challenge
strains, significant differences in lung B. pertussis bacteria counts
between immunized animals with TdapOMVsBpPagL and negative
control group were observed (p < 0.001) (Fig. 3A and B). More
than 3 log differences between vaccinated and non-immunized
mice were detected. These differences were also observed between
TdapOMVsBpPagL and commercial Tdap vaccine used in 1/200 HD.
Commercial Tdap vaccine in high dose (1/10 HD) offered high pro-
tection level against both B. pertussis strains: the B. pertussis Tohama
strain and the WHO  recommended Bp18323 strain.

When TdapOMVsBpPagL immunized mice were challenged with
bacteria carrying non-vaccine-type alleles, ptxP3, ptxA1, prn2, fim3-
2 (Argentinean circulating strain Bp106) adequate elimination rate
(p < 0.001) was observed (Fig. 3C). Again, in mice immunized with
commercial Tdap vaccine (1/200 HD) for this bacterial challenge
strain, the number of lung-recovered colonies at day 7-post chal-
lenge was similar to the counts in non-immunized mice (Fig. 3C). In
non-immunized mice the number of recovered colonies was high
(105 CFU/lung). Commercial Tdap vaccine used in high dose, offered
good protection level against the Argentinean clinical isolate.
All results presented here showed that TdapOMVsBpPagL has
a good protective capacity against strains both expressing vac-
cine/reference type, ptxP1, ptxA2, prn1, fim3-1 (B. pertussis Tohama)
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Fig. 2. (A) SDS-PAGE 12.5% of OMVsBpPagL: Molecular weights are indicated at the left. (B) Upper Panel: Immunoblot using anti-pertussis toxin subunit A (PTxA) antibodies
on  OMVsBpPagL and different quantities of purified recombinant PTxA. For this assay, three batches of OMVs independently obtained were used. To develop the blotting,
secondary antibodies conjugated to IRDye 800CW was used.
Lower Panel: Quantification of PTxA level in the OMVs. The fluorescent signal obtained was  directly proportional to the amount of target protein present content. Antibody
signals  were analyzed as integrated intensities of regions defined around the bands of interest.
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Fig. 3. Effect of immunization with TdapOMVBpPagL and commercial Tdap vaccine in the mouse intranasal challenge model. Commercial Tdap vaccine was  used in two  different
dose:  1/10 and 1/200 of the human dose. Immunization protocols comprised a two-dose schedule over a period of 2 weeks. Mice were challenged 2 weeks after the
second immunization by nasal challenge with sublethal dose (106–108 CFU/ 40 �l) of Bp 18323 (Panel A), Tohama phase I (Panel B), or Bp106 clinical isolate (Panel C). Three
independent experiments were performed. Results from one representative experiment are shown. Results depicted are means of five mice per group at 7 days post challenge.
The  dashed line indicates the lower limit of detection. Bacterial numbers are expressed as the log ± SD. * p < 0.001. ND: non detected.
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y  ELISA. OMVsPagL (1 �g/200 �l) was used to coat the 96-well polystyrene micr
pecific anti-mouse IgG1 (1:2,000). Antibody amounts were measured for individua
mmunization dose.

nd ptxP4, ptxA4, prn6, fim3-1 (B. pertussis 18323) and non-vaccine-
ype alleles, ptxP3, ptxA1, prn2, fim3-2 (Bp106).

.2. TdapOMVsBpPagL safety

All the formulations here used for vaccination fulfilled the WHO
riteria of safety for this test. In the case of mice immunized with
dapOMVsBpPagL, only small weight loss (less than 1.5% of the original
eight) was observed at 16 h but at 3 days after vaccination, all

reated mice regain their weight. Mice treated with TdapOMVsBpPagL
nd commercial Tdap exceeded at day 3 their weight registered
efore the first dose of immunization in 5.5 ± 2.3% and 6.3 ± 2.2%,
espectively. At day 7, all mice exceeded in more than 15.6 ± 5.3%,
he weight registered at day 3 regardless of treatment used.

Furthermore, the levels of IL-6 used as indicator of proinflam-
atory response showed a rise to 127.16 ± 72.08 pg/ml at 4 h

ost immunization with TdapOMVsBpPagL. A similar behavior was
bserved for the commercial Tdap used at 1/10 of the human dose,
9.14 ± 9.42 pg/ml.

.3. Long-term protection capacity against intranasal B. pertussis
hallenge after vaccination with TdapOMVsBpPagL

In order to evaluate the duration of protective capacity
nduced by the TdapOMVsBpPagL, we characterized the nature and
ongevity of the immune response and analyzed the effect on sub-
equent colonization by the WHO  recommended reference strain
p18323 after 2, 5 and 9 months after two i.p. administrations
f TdapOMVsBpPagL. Mice immunized with high dose of commercial
dap vaccine was used as positive control.

To characterize the nature and longevity of the antibody
esponse to TdapOMVsBpPagL immunization, sera responses to OMVs
ere examined from long-term-immunized mice (Fig. 4A). The

iters of antibody responses were quantitatively and qualitatively
haracterized. High serum levels of specific IgG1 were found at 2,

 and 9 months after commercial Tdap priming, with no antibody
etected in control animals (Fig. 4B). In contrast to commercial Tdap
accine, TdapOMVsBpPagL resulted in murine antibody responses
ominated by IgG2a (Fig. 4A).

At 2 months after immunization, we also evaluated the IFN-�
nd IL-5 levels produced by spleen cells. In agreement with the
gG1/IgG2a ratio responses, higher concentrations of IFN-� were

roduced by spleen cells from TdapOMVsBpPagL immunized mice in
omparison with those of Tdap 1/10 HD immunized mice (Fig. 5A).
n contrast IL-5 was produced at low concentrations by spleen cells
rom TdapOMVsBpPagL-immunized mice, but was induced at higher
plates. Detection of bound antibody was  determined using HRP labeled subclass-
m. The data show mean antibody amounts ± SD at 2, 5 and 9 months after the last

concentrations in Tdap 1/10 HD mice (Fig. 5B). All these findings
indicate that TdapOMVsPagL induce a Th1 response.

Regarding colonization at 5 and 9 months after the last
immunization with TdapOMVsBpPagL, the results obtained showed
significant differences in lung bacterial counts between immu-
nized animals with TdapOMVsBpPagL and the control group (p < 0.001)
(Fig. 6). While in mice treated with PBS the number of recovered
colonies from lungs was high (105 CFU per lung), in mice immu-
nized with TdapOMVsBpPagL (1.75 �g of OMVs), the colony forming
units recovered from lungs at 5 and 9 months post last immuniza-
tion dropped, respectively, at least five and 3 orders of magnitude
in relation to the counting in non immunized mice (Fig. 6). Signif-
icant decrease in the bacterial counts at 5 and 9 months post last
immunization were obtained with the positive control consisting
in a high dose of commercial Tdap vaccine.

Altogether the data presented here demonstrate the longevity
of the TdapOMVsBpPagL vaccine-induced immunity to B. pertussis.

5. Discussion

The new generation of aP should solve the weaknesses of exist-
ing vaccines, i.e. they should confer protection against circulating
B. pertussis strains and must confer long-term immunity. Observa-
tions that genetic variability of circulating bacteria is higher during
periods of low vaccine coverage [19] suggest that vaccination may
induce clonal expansion of strains that have a selective advantage
in vaccinated human populations. Mooi and colleagues reported
polymorphisms in vaccine antigen genes, ptxP, ptxA, prn and fim
[4,20,21]. Recently, the frequencies of ptxP3, ptxA1, prn2 and fim3-
2, the non-vaccine-type alleles, have been increasing, and these
alleles have become dominant in many countries [11,22–25].

This study explores the capacity of our previously designed aP,
the TdapOMVsBpPagL vaccine, to induce protection against different
B. pertussis genotypes. Although mouse it is not a natural host of
B. pertussis, we  have used mice intranasal challenge model because
highly significant correlation between bacterial clearance in immu-
nized mice and vaccine efficacy in children was observed [26]. With
this model we  observed that TdapOMVsBpPagL vaccine presented a
good safety profile and was effective against strains expressing vac-
cine/reference type ptxP1, ptxA2, prn1, fim3-1 (Bp Tohama phase
I) and ptxP4, ptxA4, prn6, fim3-1 (Bp18323), and non-vaccine-type
alleles, ptxP3, ptxA1, prn2, fim3-2 (circulating strain Bp106) [11,27].

In contrast, commercial Tdap used in a dose in which PTx content
was equivalent to TdapOMVsBpPagL, showed little protection effect
against all genotypes tested. Geurtsen et al. [28] also observed a
reduction in the protective capacity of commercial Tdap when it
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y multiple components, some of them present in the commer-
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[15]. We are currently working on the identification of other pro-
tective antigens present in the OMVs. Moreover, since the OMVs are
nanoparticles, it is expected that they exert an improved uptake of
the antigen by antigen presenting cells than the bacterial whole
cell [30]. These properties could contribute to the shown efficacy
of the TdapOMVsBpPagL against different genotypes of B. pertussis and
positioned it above the current acellular vaccines.

While neither vaccine- nor infection-induced immunity to
B. pertussis can be said to be life long, immunity conferred by
commercial Tdap may  wane after only few years in humans,

whereas the immunity conferred by infection has been estimated
to last at least 20 years [5]. In fact it was  recently reported in
US that children vaccinated with aP had a remarkably increased
attack rate of the disease compared to children vaccinated with
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ells and the required Th1 cells for optimum immunity [32,33], aP
dministered with alum as the adjuvant, induced Th2 and Th17
ells, but weak Th1 responses. The results here presented showed
hat TdapOMVsBpPagL primed long-lasting B. pertussis-specific IgG
esponses. This antibody response was predominantly of the
gG2a subclass, which is consistent with a Th1 profile or immune
esponse. Furthermore, at 2 months after immunization higher
oncentrations of IFN-� were produced by spleen cells from
dapOMVsBpPagL immunized mice in comparison with those of Tdap
/10 HD immunized mice (Fig. 5A). In contrast, a current licensed
dap administered with alum as the adjuvant induced Th2 but
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his evidence also opens the possibility of envisaging the use of
MVs based vaccine as initial immunization strategy followed by
oosters of other acellular formulations. Moreover, we observed
hat TdapOMVsBpPagL could induce long-term protection in a murine

odel. TdapOMVsBpPagL was shown to confer high level of protection
gainst bacterial challenge at 5 and 9 months post immunization.

Considering the aforementioned epidemiological situation and
he challenges to be solved by new developments, the data pre-
ented here strongly suggest that TdapOMVsBpPagL is an attractive
andidate for translation to human use as a novel acellular pertussis
accine.
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