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a  b  s  t  r  a  c  t

Bordetella  parapertussis,  a  close  related  species  of  B.  pertussis,  can  also  cause  the  disease  named  pertus-
sis or  whooping  cough.  The  number  of  cases  caused  by  this  related  pathogen  has  risen  sustained  in the
last years.  The  widely  used  cellular  (wP)  or  acellular  (aP)  pertussis  vaccines  have  little  or  no efficacy
against  B.  parapertussis.  In  an  effort  to  devise  an  effective  acellular  vaccine  against  B. parapertussis  infec-
tion, outer  membrane  vesicles  (OMVs)  were  obtained  from  B.  parapertussis.  Proteomic  analysis  of  the
resulting  OMVs,  designated  OMVsBpp,  evidenced  the presence  of  several  surface  immunogens  including
pertactin.  The  characterized  OMVsBpp  were  used  in  murine  B.  parapertussis  intranasal  challenge  model  to
examine  their  protective  capacity  when  administered  by  systemic  route.  Immunized  BALB/c  mice  were
challenged  with  sublethal  doses  of  B.  parapertussis. Significant  differences  between  immunized  animals
and the  negative  control  group  were  observed  (p <  0.001).  OMVsBpp  protected  against  B.  parapertussis
infection,  whereas  current  commercial  aP  vaccine  showed  little  protection  against  such  pathogen.  More
hooping cough interestingly,  protection  induced  by OMVsBpp  against  B.  pertussis  was  comparable  to  our  previously
designed  vaccine  consisting  in OMVs  derived  from  B.  pertussis  (OMVsBp).  For  these  experiments  we  used
as  a positive  control  the  current  commercial  aP  vaccine  in  high  dose.  As  expected  aP  offered  protection
against  B. pertussis  in  mice.  Altogether  the  results  presented  here  showed  that  the  OMVs  from  B.  paraper-
tussis  are  an  attractive  vaccine  candidate  to  protect  against  whooping  cough  induced  by  B.  parapertussis
but also  by  B.  pertussis.
. Introduction

Whooping cough (or pertussis) is a current public health prob-
em and a major cause of death in children, even in countries

ith high vaccination coverage [1–3]. The estimations of the World
ealth Organization (WHO) indicate that in 2008, there were about
6 million cases of pertussis worldwide, 95% of them in develop-

ng countries, and that about 195,000 children died because of the

isease [4]. This disease is mainly caused by the bacteria Bordetella
ertussis but also by B. parapertussis. Though B. parapertussis is iden-
ified as other causal agent of the disease, its impact in whooping
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cough is underestimated [5]. The reasons for this may  be the fact
that B. parapertussis infection is not easily distinguished from B.
pertussis infection by symptoms and sometimes it is not laboratory
confirmed [6]. Furthermore, the lack of obligatory surveillance for
B. parapertussis also contributes to the underestimation of B. parap-
ertussis infection. Despite this general situation, in some countries,
a rise in infections caused by this pathogen has been documented.
Recently, Cherry and Seaton reported that B. parapertussis infec-
tions are more common than previously realized [7]. Pertussis cases
in which B. parapertussis was  the etiologic agent were notified in
Italy, Germany, and Sweden [6,8–10]. Moreover, in different effi-
cacy trials, B. parapertussis accounted for between 2.1% and 25%
of the culture-positive cases [8–12]. Data from some provinces

of Argentina indicate that B. parapertussis accounted 27% of the
culture-positive cases. In western Finland enhanced surveillance
in the period of 1994–1997 with use of culture and PCR showed
B. parapertussis infections as more prevalent than previously
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ocumented [12]. Similar frequency of B. parapertussis has been
ound in St. Petersburg [13]. In a study conducted in Pakistan
etween 2005 and 2009, among 802 suspected cases of pertussis,
he etiologic agent could be retrieved in 7.4% of the cases and iden-
ified by culture, being in 92% of the cases B. parapertussis [14]. The

ajority of these cases are thought to be pertussis vaccine failures.
n fact there are some reports that suggest that both pertussis cellu-
ar or acellular vaccine have no or limited ability to protect against
. parapertussis [15]. Khelef et al. showed that immunization with
ifferent antigens derived from B. pertussis induce no protection
gainst B. parapertussis in mice [16]. Stehr et al. reported that the
ross-protective efficacy in children of acellular vaccine and the
hole-cell pertussis vaccine was 31% and 6%, respectively [11].

The novel live attenuated whole cell pertussis vaccine BPZE1
ecently developed by Locht s group seems to protects in mouse
odel against both B. pertussis and B. parapertussis infections [17].
owever, in this case protection of this whole cell vaccine is

nduced by nasal route that though is an important route for B.
ertussis since it mimics natural infection, its use is not currently
idespread.

In an effort to develop acellular vaccines that are also effective in
rotecting against B. parapertussis infection by systemic route, we
xamined the protective effects of vaccines prepared with outer
embrane vesicles (OMVs) derived from B. parapertussis. The acel-

ular vaccine containing the OMVs from B. parapertussis induced
rotective immunity against B. parapertussis. Furthermore, this for-
ulation protected also against B. pertussis, suggesting that the

ere developed acellular vaccine might prevent whooping cough
aused by both species of Bordetella.  We  also confirmed here that
he current acellular pertussis vaccines offer little protective immu-
ity against B. parapertussis in the mouse model.

. Materials and methods

.1. Bacterial strains and growth conditions

B. pertussis Tohama phase I strain (CIP 8132), the WHO  reference
train B. pertussis 18323 [18] and the Argentinean clinical isolate
. parapertussis AR729, were used throughout this study. B. per-
ussis and B. parapertussis strains were grown in Bordet-Gengou
gar (BGA, Difco) supplemented with 1% glycerol, Bacto peptone
Difco) 10 g/L and 10% (v/v) defibrinated sheep blood and incu-
ated at 36 ◦C or Stainer-Scholte liquid medium (SS) as indicated
reviously [19].

.2. Isolation of outer membrane vesicles (OMVs)

To obtain OMVs from bacterial cells we used the method previ-
usly described by us [20–22]. The obtained OMVs were stored with
lycerol 1% and sodium azide 0.001% at 4 ◦C. OMVs were negatively
tained and then examined with an electron microscope [21].

.3. Protein assay

Protein content was estimated by the Bradford method using
ovine serum albumin as standard [23].

.4. 2D electrophoresis associated to mass spectrometry
Proteins that constitute the membrane vesicles have been sep-
rated and detected in electrophoresis runs in two dimensions (2D
lectrophoresis). Proteins present in the vesicles were identified
y mass spectrometry associated with 2D electrophoresis as previ-
usly reported by us [24,25].
1 (2013) 5262– 5268 5263

2.5. Lipopolysaccharide (LPS) extraction and sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

LPS from OMVs of B. parapertussis were solubilized in Laemmli
sample buffer [26] and heated at 100 ◦C for 10 min. Twenty-five
micrograms of proteinase K in 10 �l of Laemmli sample buffer were
added per 50 �l of OMVs suspension. The mixtures were incubated
in a water bath at 60 ◦C for 1 h with occasional vortexing. Proteinase
K-treated samples were applied to gels. Electrophoresis was per-
formed at room temperature and constant voltage. The LPS was
visualized by the BioRad silver-staining technique.

Outer membrane vesicles from B. pertussis and B. parapertussis
were obtained with the procedure described above at least 10 times
and in all cases the size, morphology and surface immunogens were
similar.

3. Formulation of acellular vaccines

To use the OMVs as acellular vaccines (hereafter referred as
OMVs vaccine), the vesicles preparations were mixed with alu-
minum hydroxide as adjuvant (0.2 mg/ml) and detoxified with
formalin (0.37% at 37 ◦C overnight).

To use the OMVs as combined acellular vaccines (hereafter
referred as combined vaccine or TdapOMVs), vesicles (3 �g of total
OMV  protein), were formulated with diphtheria (1–3 Lf/dose with
an output of 0.1 UIA/ml serum) and tetanus toxoids (5–7 Lf/dose
with a power greater than or equal to 2 UIA/ml serum) in the
amounts described below, besides aluminum hydroxide that not
exceed 1.25 mg/dose.

3.1. Active immunization and intranasal challenge

Four week-old female BALB/c mice were used for all assays. Mice
were obtained from Biol SAIC, Argentina. Animal immunization
protocol was  performed as we previously described [25].

Groups of BALB/c mice were immunized with the formulations
described above. 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 sub-lethal
dose (106–108 CFU 40 �l−1) of B. pertussis 18323 strain or B. parap-
ertussis AR729 as indicated in the figures. Lungs of challenged mice
were collected for bacterial counts at 7days after the challenge.
The lungs were aseptically removed, homogenized in sterile PBS,
were serially diluted, and then plated on Bordet–Gengou plates
supplemented with defibrinated sheep blood to determine bac-
terial recoveries. At least three independent experiments were
performed in each case.

3.2. Mouse weight gain test (MWG)

The MWG-test was  carried out using groups of 8 Balb/c mice
(15–20 g) which were vaccinated with detoxified with 37% formalin
20 h at 37 ◦C OMVs obtained from B. pertussis and B. parapertus-
sis strains. In all cases 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 considered
non-toxic when passing the WHO  and EP requirements [21].

3.3. Expression of inflammatory markers upon systemic delivery
of OMVs
In order to have an additional indication of pro-inflammatory
capacity of the different formulations, serum was collected 4 h
after each immunization by submandibular bleeding and serum
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eparation. Serum IL-6 was measured by ELISA using BD OptiEIA
BD Biosciences) following manufacturers instructions.

.4. Statistical analysis

Data were statistically analyzed using one-way analysis of vari-
nce (ANOVA) followed by Bonferroni’s multiple comparison test
GraphPadPrims®). Differences were considered to be significant
hen p < 0.05.

. Results

.1. OMVs isolation

The OMVs were obtained from B. parapertussis AR729 cells fol-
owing the procedure described above. The samples obtained were
egatively stained and examined with an electron microscope
Fig. 1A). Size range was consistent from batch to batch and similar
o previously described OMV  preparations [21,22]. To go further
n the OMVs characterization we performed 2D electrophoresis

ssociated to matrix-assisted laser desorption ionization–time-of-
ight mass spectrometry analysis in order to identify some of
he proteins present in the OMVs obtained from B. parapertussis.
he identified proteins (Fig. 1B) were correlated on the basis of

ig. 1. Panel A Negatively stained B. parapertussis OMVs examined with an electron mic
roteins samples were separated by IEF at pH 4–7 in the first dimension and then by 12
oomassie staining. The spot numbers refer to the identified peptide subunits by matrix
escribed in the figure.
1 (2013) 5262– 5268

their predicted locations within the bacterial cell using the PSORTb
algorithm, which predicts the subcellular locations of proteins in
gram-negative bacteria according to the presence or absence of
leader peptides, homologies to known proteins, transmembrane
domains, and outer membrane anchoring motifs. Some of the
identified proteins that had cytoplasmic location such as EF-Tu,
60-kDa chaperonin and some dehydrogenases had been associ-
ated to membranes in related microorganisms such as Neisseria
meningitides [27]. As we  described previously for B. pertussis OMVs
samples [21] some of the proteins separated by 2D electrophoresis
were present as multiple spots exhibiting variability in pI values
(horizontal spot patterns, Fig. 1B). Charge variants included EF-
Tu (Fig. 1B, spot 7), 60-kDa chaperonin (Fig. 1B, spot 5), outer
membrane porin protein precursor (Fig. 1B, spot 15), and serine
protease (Fig. 1B, spot 6). These may  represent natural isoforms
or an artifact caused by sample preparation for two-dimensional
electrophoresis. Serum resistance protein was resolved also in mul-
tiple spots of differing masses and pIs, suggesting possible protein
processing, degradation, and/or modifications (Fig. 1B). The pre-
dominant outer membrane proteins detected were those that have

been well established as the major components of the outer mem-
brane, namely, pertactin, outer membrane porin precursor, outer
membrane protein OmpQ. Others proteins identified in the OMVs
would be involved in carbohydrate metabolism and some of them

roscope. Panel B Proteome reference map  of OMVs derived from B. parapertussis.
.5% SDS-PAGE in the second dimension. Protein spots were visualized by colloidal
-assisted laser desorption ionization–time of flight mass spectrometry, which are
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ig. 2. Lipopolysaccharide extraction from OMV  and its SDS-PAGE profiles. LPS was
isualized by the BioRad silver-staining technique.

ere recently described in other Gram-negative bacteria as having
oles in pathogenicity [28] and immunogenicity [29].

As expected, the profiles of B. parapertussis LPS present in
he OMVs preparation has an O-Ag structure consisting of a
omopolymer of 2,3-dideoxy-2,3-di-N-acetylgalactosaminuronic
cid (Fig. 2). This molecule was described as having a penta-
cylated lipid A [30–32].

Protection against intranasal B. parapertussis challenge after vac-
ination with OMVs obtained from B. parapertussis.

To evaluate the protection capacity against B. parapertussis
nfection induced by the OMVs prepared from B. parapertussis
OMVsBpp), animal assays using intranasal B. parapertussis chal-
enge were performed. In particular, the effect on subsequent
olonization by B. parapertussis (107 CFU 40 �l−1) after two  admin-

strations of OMVsBpp was analyzed. These results were compared

ith those obtained in mice immunized with commercial aP vac-
ine formulated using antigens from B. pertussis (Fig. 3). Mice

ig. 3. Lung clearance efficiency of B. parapertussis OMVs (3 �g per dose) in intransal
hallenge mice model. B. parapertussis AR729 was  used as challenge bacteria
1  × 107 CFU 40 �l−1). Three independent experiments were performed. Results
rom one representative experiment are shown. Results depicted are means of five

ice per group at 7 days post challenge. The dashed line indicates the lower limit of
etection. Bacterial numbers are expressed as the log ± SD. ND not detected. Differ-
nt letters were used to indicate statistical differences with p < 0.001. No differences
ere observed between conditions marked with the same letter. Data were statisti-

ally analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni’s
ultiple comparison test.
1 (2013) 5262– 5268 5265

immunized with OMVs obtained from B. pertussis Tohama phase
I strain were also included in the experiment (OMVsBp). All OMVs
used as vaccines were detoxified by formalin treatment. Animals
vaccinated twice with PBS were used as negative control. Sig-
nificant differences in lung bacterial counts between OMVsBpp
immunized animals and control group were observed (p < 0.001,
Fig. 3). In mice immunized with OMVsBpp vaccine the number of
lung recovered colonies at day 7-post challenge dropped below to
the detection limit of the assay, which means a difference of at least
3 orders of magnitude in relation to the counting in non-immunized
mice (Fig. 3) where more than 104 CFU per lung were recovered. The
significant differences in lung bacterial counts between OMVsBpp
immunized animals and control group were also observed at day
5-post challenge (more than 2 logs difference p < 0.001, not shown).

The magnitude of protection against B. parapertussis induced by
the vaccine containing the OMVsBpp was  not achieved by immu-
nization with either the commercial aP or the OMVsBp vaccines.

Protection against intranasal B. pertussis challenge after vacci-
nation with OMVs obtained from B. parapertussis.

To evaluate the protection capacity against B. pertussis infection
induced by the vaccines containing the OMVsBpp, animal assays
using intranasal B. pertussis challenge were performed. In particu-
lar, the effect on subsequent colonization by B. pertussis18323 strain
(2 × 107 CFU per 40 �l) after two administrations of OMVsBpp was
analyzed. The results were compared with those obtained in mice
immunized with the OMVs obtained from B. pertussis Tohama phase
I strain. All OMVs used as vaccines were detoxified by formalin
treatment. While commercial B. pertussis acellular vaccine (Tdap)
in high dose was used as a positive control, treatment with PBS
was  used as negative control. Significant differences in lung bacte-
rial counts between immunized animals and negative control group
were observed (p < 0.001, Fig. 4).

In concordance with our previous studies, adequate elimina-
tion rates were observed in mice immunized with OMVsBp vaccine
[21,22]. Interestingly, similar levels of protection against B. per-

tussis challenge were also achieved with OMVsBpp immunization.
As expected in mice immunized with commercial Tdap vaccine
the number of lung-recovered colonies at day 7-post challenge

Fig. 4. Lung clearance efficiency of B. parapertussis OMVs (3 �g per dose) in intransal
challenge mice model. B. pertussis 18323 was used as challenge bacteria (2 × 107 CFU
40  �l−1). Three independent experiments were performed. Results from one rep-
resentative 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 detec-
tion. Bacterial numbers are expressed as the log ± SD. ND not detected. Different
letters were used to indicate statistical differences with p < 0.001. No differences
were observed between conditions marked with the same letter. Data were statisti-
cally analyzed using one-way analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test.



5 cine 31 (2013) 5262– 5268

d
i
t
(
c
p

i
2

4
c

i
a
t
(
v
f
t
T
o
w

c
T
(
p

m
w
v
n
a
i
o

F
i
b
s
l
e
s
t
a

Fig. 6. Lung clearance efficiency of Tdap vaccines containing OMVs from Borde-
tella in intransal challenge mice model. B. pertussis was used as challenge bacteria
(2  × 107 CFU 40 �l−1). 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. Different letters were used to indicate statistical differences with
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ropped at least 4 orders of magnitude in relation to the count-
ng in non-immunized mice (Fig. 4). In mice immunized with PBS
he number of recovered colonies from lungs was much higher
105 CFU per lung). Similar results were obtained when mice were
hallenged with B. pertussis Tohama phase I strain instead of B.
ertussis 18323 (Supplementary Fig. 1).

Supplementary material related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.vaccine.
013.08.059.

.2. Protective capacity of combined acellular vaccines
ontaining OMVs from Bordetella

The protection capacity against B. parapertussis or B. pertussis
nfection induced by the combined vaccine was evaluated in animal
ssays using intranasal bacterial challenge. In particular, coloniza-
ion by B. parapertussis (1 × 107 CFU per 40 �l−1) or B. pertussis
2 × 107 CFU 40 �l−1) after two administrations of combined OMVs
accines. All the immunogens used as vaccines were detoxified by
ormalin treatment and formulated with tetanus and diphtheria
oxoids as it was  described in the materials and methods section.
hese vaccines were named here TdapOMVsBpp, TdapOMVsBp
r Tdap(OMVsBp + OMVsBpp). Animals vaccinated twice with PBS
ere used as negative control.

Significant differences in lung B. parapertussis bacterial
ounts between immunized animals with TdapOMVsBpp or
dap(OMVsBp + OMVsBpp) and control group were observed
p < 0.001, Fig. 5). TdapOMVsBp offered little protection against B.
arapertussis.

Adequate elimination rates (p < 0.001) were also observed when
ice were challenged with B. pertussis 18323 and immunized
ith TdapOMVsBpp, TdapOMVsBp or Tdap (OMVsBp + OMVsBpp)

accines. In mice immunized with TdapOMVsBpp treatment the

umber of lung recovered colonies at day 7-post challenge dropped
t least 3 orders of magnitude in relation to the counting in non-
mmunized mice (Fig. 6). In mice immunized with PBS the number
f recovered colonies from lungs was high (105 CFU per lung).

ig. 5. Lung clearance efficiency of Tdap vaccines containing OMVs from Bordetella
n  intransal challenge mice model. B. parapertussis AR729 was  used as challenge
acteria (1 × 107 CFU 40 �l−1). Results from one representative experiment are
hown. Results depicted are means of five mice per group at 7 days post chal-
enge. The dashed line indicates the lower limit of detection. Bacterial numbers are
xpressed as the log ± SD. ND not detected. Different letters were used to indicate
tatistical differences with p < 0.001. No differences were observed between condi-
ions marked with the same letter. Data were statistically analyzed using one-way
nalysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test.
p  < 0.001. No differences were observed between conditions marked with the same
letter. Data were statistically analyzed using one-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test.

5. Safety of the acellular vaccines containing the OMVs

5.1. Mouse weight gain test

The mouse weight gain test is usually employed to measure the
toxicity of pertussis formulations. Mice were weighed 16 h, 3 and 7
days after immunization. All the formulations here used for vacci-
nation resulted in no alteration in the weight gain curve, meaning
that the formulations were non toxic.

5.2. IL-6 levels after immunization

Usually after systemic immunization, a rise in pro-inflammatory
cytokines can be detected. The levels are related with the pro-
inflammatory capacity of the formulation employed. IL-6 is among
the pro-inflammatory cytokines usually employed as indicators of
this activity [33]. In our case, formulations containing OMVsBpp
induced levels of IL-6 comparable to the PBS or the commer-
cial Tdap treatment (Fig. 7). Moreover Tdap OMVsBpp vaccine
induced lower levels of IL-6 (approx. 2 fold less) than formulations
containing OMVsBp (Fig. 7). This may  be related to the lower pro-
inflammatory capacity of LPS from B. parapertussis compared with
LOS from B. pertussis [34].

6. Discussion

The B. pertussis and B. parapertussis epidemiological data encour-
ages the design of new vaccines that achieve better protection
levels against both Bordetella species. In line with this idea differ-
ent formulations that induce protection against both species were
already proposed: the live attenuated B. pertussis nasal vaccines
[35], whole cell vaccines containing both B. pertussis and B. parap-
ertussis [36], or supplementation of aP vaccines with B. parapertussis

protective antigens [37]. Here we present a novel acellular vaccine
candidate, the outer membrane vesicles derived from B. parapertus-
sis that not only exhibits protective capacity against both species
of Bordetella but also has an important biotechnological advantage

http://dx.doi.org/10.1016/j.vaccine.2013.08.059
http://dx.doi.org/10.1016/j.vaccine.2013.08.059
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ifferences were observed between conditions marked with the same letter. Data
ere statistically analyzed using one-way analysis of variance (ANOVA) followed

y  Bonferroni’s multiple comparison test.

ver purified immunoprotective proteins. The OMVs isolation pro-
edure consists in a protocol of simple steps that avoid the need
or costly infrastructure to support the purification of each of the
ntigens included in the current acellular pertussis vaccines.

As described in our previous work, vesicle formation from
ell pellets could be induced by sonication [20–22]. Following
his methodology, OMVs from B. parapertussis AR729 strain were
btained. In electron microscopic observations (Fig. 1), OMVs from
. parapertussis strain were visible as nanosphere vesicles with vari-
ble sizes ranging from 50–150 nm in diameter, which are similar
o OMVs obtained from other Bordetella strains [20–22]. The pro-
ein profiles of these OMVs analyzed by 2D gel electrophoresis
howed the presence of well-known surface immunogens such as
RN, among several protein components. The wide spectrum of
ntigens that constitute the OMVs is an additional advantage of
his kind of formulation over the current acellular vaccines, which
ontain only a few bacterial proteins because of recently observed
accine-induced antigenic shifts and adaptations. Such concerns
re heightened by the recent discovery of circulating strains of
. pertussis and also B. parapertussis that are either deficient in
ntigens included in the acellular vaccines, [38,39] or present alter-
tions in the ptx promoter that result in increased production of
ertussis toxin [40]. In addition, the OMVs contain several innate

mmune response activating components such as outer membrane
roteins (OMPs) and lipopolysaccharide (LPS) that exert adjuvant
apacity [41]. Moreover, the presence of the B. parapertussis LPS in
he OMVs seems to be a critical feature for conferring protection
gainst B. parapertussis [37].

We carried out at least 10 independent replicates of the OMVs-
pp isolation and characterization procedure. In all cases similar
orphology, size distribution and presence of surface immuno-

ens were observed, indicating the relative robustness of the OMVs
solation procedure.

The protective capacity induced by the OMVs prepared from
. parapertussis, was here demonstrated using the intranasal bacte-
ial challenge mouse model. The magnitude of protection against B.
arapertussis achieved with the OMVsBpp systemic immunization

as neither observed with commercial acellular pertussis vaccine
or with OMVs obtained from B. pertussis Tohama phase I strain.
hile in mice immunized with those pertussis vaccines the num-

er of recovered colonies from lungs was high (approx. 103 CFU per
1 (2013) 5262– 5268 5267

lung), in mice immunized with OMVsBpp (3 �g), the number of lung
recovered colonies of B. pertussis at day 7-post challenge dropped
at least 4 orders of magnitude in relation to the counting in non
immunized mice (Fig. 3). The data presented here support the use
of OMVs derived from B. parapertussis strain to clear efficiently B.
parapertussis from the lungs of mice.

Another attractive feature is the protective capacity exhibited
by the OMVsBpp against B. pertussis infection. Protection against
B. pertussis induced by OMVsBpp was  comparable to that induced
by two  injections of our previous designed vaccine consisting in
OMVs derived from B. pertussis. As expected the commercial per-
tussis acellular vaccine used in high dose as positive control offered
good protection level against B. pertussis. Significant differences in
lung bacterial counts between all immunized animals and control
group were observed (p < 0.001, Fig. 4). The results obtained with
OMVsBpp was not anticipated, since so far there were no reports
of B. parapertussis derived vaccines that confer efficient protection
against B. pertussis. Komatsu et al. have tested a whole cell B. parap-
ertussis vaccine that confers good protection against B. parapertussis
challenge, but is not protective against B. pertussis challenge [42].

Regarding cross protection, only recently a novel live attenu-
ated whole cell pertussis vaccine BPZE1 developed by Locht s group
seems to protects in mouse model against both B. pertussis and B.
parapertussis infections [17]. This interesting result is in agreement
with the observation that in the mouse model reciprocal protection
was  observed after infection with B. pertussis or B. parapertussis [43].

We  also showed here that the protective capacity of OMVsBpp
against both B. parapertussis and B. pertussis was maintained when
the vesicles were formulated as combined vaccine with tetanus
and diphtheria toxoids (Figs. 5 and 6), making them suitable for
application in the usual combined formulations.

The mouse weight gain test widely used to measure the toxic-
ity of pertussis formulations showed that the vaccines containing
OMVsBpp resulted in no alteration in the weight gain curve, mean-
ing that all formulations were non toxic. In the same line, early
production of the pro-inflammatory IL-6 after OMVBpp vaccination
was  low. Although there is LPS present in the OMV  formulation, in
the case of B. parapertussis, this molecule has been shown to be a
very weak agonist of TLR4-dependent response [34,44].

Altogether, data presented here supports the use of OMVs
obtained from B. parapertussis strain as a good and safe formula-
tion to improve the control of whooping cough caused by both B.
pertussis and B. parapertussis.
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