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Outer membrane vesicles (OMV) derived from Bordetella pertussis—the etiologic agent of
the resurgent disease called pertussis—are safe and effective in preventing bacterial
colonization in the lungs of immunized mice. Vaccine formulations containing those OMV
are capable of inducing a mixed Th1/Th2/Th17 profile, but even more interestingly, they
may induce a tissue-resident memory immune response. This immune response is
recommended for the new generation of pertussis-vaccines that must be developed to
overcome the weaknesses of current commercial acellular vaccines (second-generation
of pertussis vaccine). The third-generation of pertussis vaccine should also deal with
infections caused by bacteria that currently circulate in the population and are
phenotypically and genotypically different [in particular those deficient in the expression
of pertactin antigen, PRN(-)] from those that circulated in the past. Here we evaluated the
protective capacity of OMV derived from bacteria grown in biofilm, since it was observed
that, by difference with older culture collection vaccine strains, circulating clinical B.
pertussis isolates possess higher capacity for this lifestyle. Therefore, we performed
studies with a clinical isolate with good biofilm-forming capacity. Biofilm lifestyle was
confirmed by both scanning electron microscopy and proteomics. While scanning
electron microscopy revealed typical biofilm structures in these cultures, BipA, fimbria,
and other adhesins described as typical of the biofilm lifestyle were overexpressed in the
biofilm culture in comparison with planktonic culture. OMV derived from biofilm (OMVbiof)
or planktonic lifestyle (OMVplank) were used to formulate vaccines to compare their
immunogenicity and protective capacities against infection with PRN(+) or PRN(-) B.
pertussis clinical isolates. Using the mouse protection model, we detected that OMVbiof-
vaccine was more immunogenic than OMVplank-vaccine in terms of both specific
antibody titers and quality, since OMVbiof-vaccine induced antibodies with higher
avidity. Moreover, when OMV were administered at suboptimal quantity for protection,
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OMVbiof-vaccine exhibited a significantly adequate and higher protective capacity against
PRN(+) or PRN(-) than OMVplank-vaccine. Our findings indicate that the vaccine based on
B. pertussis biofilm-derived OMV induces high protection also against pertactin-deficient
strains, with a robust immune response.
Keywords: Bordetella pertussis, outer membrane vesicles, biofilm, planktonic, protection, vaccine
INTRODUCTION

Pertussis, a highly contagious respiratory disease mainly caused
by the Gram-negative bacterium Bordetella pertussis, has
resurged in many countries even in those with high
vaccination coverage (1–5). In order to confront this worrying
epidemiological situation in the short term, vaccination
schedules have been modified in many countries by
implementing additional boosters (6–8). Currently, whole cell
vaccines (wP) based on standardized cultures of B. pertussis
strains and acellular vaccines (aP) composed of two (pertussis
toxin and filamentous hemagglutinin), three (pertussis toxin,
filamentous hemagglutinin and pertactin) or five (pertussis toxin,
filamentous hemagglutinin, pertactin and fimbriae-2 and -3)
immunogens are available. However, these vaccines manifest
some weaknesses, such as the reactogenicity associated to wP or
the faster waning immunity induced by aP (9, 10). This situation
requires a third generation of vaccines with the capacity to
overcome such weaknesses in the medium-long term (11).
Thus, this new generation of vaccines must be i) safer than wP,
ii) able to induce an immune response profile that is mostly Th1
and Th17 (12) with proliferation of the memory cell population
resident in tissues (13, 14), iii) made up of multiple epitopes to
minimize the selection pressure that it may exert on the
circulating bacterial population, iv) able to protect against the
circulating bacterial population, and v) biotechnologically easy to
produce, ensuring accessibility to the entire population (5, 15).

The World Health Organization recommends, in Annex 6 of
vaccines production against pertussis, that the strain used
(hereafter referred to as vaccine strain) must be characterized
and have a known history (https://www.who.int/biologicals/
publications/trs/areas/vaccines/whole_cell_pertussis/Annex%
206%20whole%20cell%20pertussis.pdf?ua=1visited on June 15
of 2021). Under this context, we designed a novel acellular
vaccine candidate based on OMV derived from B. pertussis.
This candidate was obtained from the strain B. pertussis Tohama
phase I from the Collection of the Pasteur Institute in Paris
(France), whose genome was sequenced and whose genotypic
and phenotypic characteristics were widely studied by different
laboratories (16–18). This strain was isolated in 1954 in Japan
and since then, it has been used to produce wP and more recently
to obtain immunogens that constitute aP. We already showed
that OMV derived from B. pertussis Tohama phase I are safe and
effective in preventing bacterial colonization in the lungs of
immunized animals (19, 20). Furthermore, we have shown that
vaccine formulations containing OMV derived from B. pertussis
are capable of inducing a mixed Th1, Th2 and Th17 profile, but
even more interestingly, they may induce a tissue-resident
org 2
memory immune response (13). More recently, we described
that these OMV induce inflammasome by the canonical and
non- canonicalways (21). In addition, theOMV-basedvaccinemay
protect against modern circulating isolates that possess the ptxP3,
prn2 and ptxA1genotypes (10, 22). The current challenge, however,
is generating protection against strains that do not express the
pertactin (PRN) vaccine antigen. PRN-deficient B. pertussis strains
have recently been detected as prevalent bacteria in countries using
aP vaccines (e.g. United States: 85%,Australia:> 80%, Sweden: 69%,
etc.) (23–25). On the contrary, the prevalence of PRN-deficient B.
pertussis strains in countries that switched to aP vaccines that
exclude pertactin in their composition or use wP vaccine to cover
the primary vaccination series, is low. As examples, Japan reduced
the prevalence of PRN-deficientB. pertussis strains from41% to 8%
(26) and Argentina has very rare detection of PRN-deficient B.
pertussis strains (27). All these observations provide a strong
correlation between the use of aP vaccines containing PRN and a
higher prevalence of PRN-deficient strains, suggesting a lower
protective capacity of such aP vaccines against PRN-deficient B.
pertussis in comparison with that conferred by wP vaccine.
Furthermore, experiments using the murine model of protection
have shown that PRN-deficient strains are more resistant to the
immunity induced by aP vaccines than those expressing PRN
(28, 29).

To further improve the protective capacity of OMV against
the newest PRN(-) genotypes, one possible strategy is to obtain
OMV from currently circulating clinical isolates. Since bacteria
continue to evolve with a bottleneck caused by vaccines selective
pressure, this strategy would force us not only to continuously
select a representative clinical isolate but also to establish the
frequency of this change. A rational alternative strategy is to
identify a common and specific characteristic among the clinical
isolates not present in the strains used for vaccine production.
After decades of laboratory adaptation, vaccine strains evolved
for planktonic growth in culture media under controlled
conditions. By contrast, biofilm growth is detected in a much
larger extent in clinical isolates—which present the characteristic
of having recent contact with the host—than in laboratory-
adapted strains (30). The formation of biofilms has been
shown to increase the virulence and persistence of B. pertussis
in the human nasopharynx (31). Furthermore, it has been shown
that membrane proteins derived from the B. pertussis biofilm
have immunogenic characteristics with protective capacity
against virulent infection by B. pertussis in the murine
protection model (32–34). At this point it is important to
underscore that all currently available pertussis vaccines are
formulated with antigens derived from planktonic bacterial
cells. Under this context, we turned our efforts towards the
September 2021 | Volume 12 | Article 730434
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investigation of OMV obtained from B. pertussis biofilms as an
improved vaccine candidate. In this study we have evaluated
whether a vaccine formulated with those OMV is capable of
overcoming the deficiencies of commercial vaccines in both
controlling infections caused by the PRN(-) isolate/strain and
inducing the recommended immunity for protection.
MATERIALS AND METHODS

Animals
Animal experiments were performed using female BALB/c mice
3 to 4 weeks of age, obtained from Faculty of Veterinary Sciences
of the National University of La Plata (UNLP, Argentina). The
studies have been approved by the Ethical Committee for Animal
Experiments of the Faculty of Science of UNLP (Argentina,
approval number 004-06-15 and 003-06-15).

Bacterial Strains and Growth Conditions
B. pertussis Tohama phase I strain, the Argentinian clinical isolate
BpAR106 collected in 2001 from an infant patient residing in
Buenos Aires (35), and PRN-deficient clinical isolates from both
2012Washington (US) outbreak (36) andArgentinian collection of
our Reference Laboratory (27) were used throughout this study.
PRN deficiency in this isolate was caused by IS481 insertion in its
prn gene, and its MLVA-MLST type is the most prevalent among
the isolates from that outbreak (ptxP3, ptxA1, prn2).

Bacteria were grown on Bordet-Gengou agar (BGA, Difco)
supplemented with 10% defibrinated sheep blood at 36.5°C for
72 h and plated again in the same medium for 24 h before
each infection.

To carry out the planktonic culture of B. pertussis, the biomass
obtained after replating for 24 h on BGA was used as inoculum for
the Stainer-Scholte (37, 38) liquid medium supplemented with 1%
casaminoacids (SSC). This inoculated medium was incubated at
36.5°C with shaking at 160 rpm until the optical density at 650 nm
reached 1.2. For biofilm cultures, a planktonic culture was used as
starting biomass and petri dishes as abiotic support. These petri
dishes containing SSC medium were incubated at 36.5°C under
static conditions for 96 h. To evaluate the biofilm formation, a
modified version of the crystal violet assay described by O`Toole
(39) was performed. At the incubation endpoint, the plates were
washed out using PBS (pH 7.2) to remove the planktonic bacteria.
Attached bacteriawere then stainedwith 1mLof 0.1% crystal violet
solution (Biopack). The stain was dissolved by adding 1000 µL of
33% acetic acid solution. One-hundred µL of the stain solution was
transferred to flat bottommicroplates and quantified bymeasuring
at 595 nm.

The biomasses from both planktonic and biofilm cultures
were used to obtain outer membrane vesicles (OMV) as
described below.

Isolation and Characterization of Outer
Membrane Vesicles (OMV)
OMV were produced and characterized as previously described
(40). Briefly, samples from the decelerating growth phase in
Frontiers in Immunology | www.frontiersin.org 3
liquid medium or 96 h-biofilm cultures were centrifuged and the
bacterial pellets were resuspended in 20 mM Tris–HCl, 2 mM
EDTA, pH 8.5. The suspension was sonicated (ultrasonic bath)
in cool water for 20 min. After two centrifugations at 10,000 ×g
for 20 min at 4°C, the supernatant was pelleted at 100,000 ×g for
2 h at 4°C. This pellet was resuspended in 20 mM Tris–HCl, pH
7.2. The samples obtained were negatively stained for electron
microscope examination and size estimation. Protein content
was estimated by the Bradford method using bovine serum
albumin as standard (41). The presence of the main
immunogenic proteins in the OMV was corroborated by
immunoblot assays using specific antibodies as previously
described (20, 42).

Scanning Electron Microscopy
The biomass obtained in the biofilm culture was fixed on the
abiotic support by adding 2.5% glutaraldehyde. Increasing
alcohol solutions ranging from 20 to 100% were used for
dehydration. For observation, the sample was dried by the
critical point technique and coated in gold. This procedure was
performed by the microscopy service of the Metallurgical
Physical Research Laboratory Ing. Gregorio Cusminsky (LIMF)
from the Faculty of Engineering of UNLP, the equipment used
for the observation was the FEI Quanta 200.

Transmission Electron Microscopy -
Negative Staining
Transmission electron microscopy was carried out with a
suspension of OMV in 0.1 mM ammonium acetate, pH
7.0. A drop of this suspension was placed on a grid covered
with a reinforced carbon film. After 30 seconds, the excess liquid
was gently removed with a filter paper and the grid was stained
with a 2% phosphotungstic acid, pH 5.2. Observations were done
with a Jeol JEM 1200EX Microscope.

Sodium Dodecylsulfate-Polyacrylamide
Gel Electrophoresis (SDS-PAGE)
Samples of OMV obtained from B. pertussis cells were treated
with Laemmli sample buffer and run on 12.5% SDS gels as
previously described (42). Electrophoresis was performed at
room temperature and constant voltage. Polypeptides and lipo-
oligosaccharides were visualized by Coommassie Blue- and the
BioRad silver-staining techniques, respectively.

Comparative Proteomic Study Between
Samples Obtained From Planktonic and
Biofilm Cultures
For this study, the methodology described by Nilsson et al. (43)
was performed with the BpAR106 isolate. Briefly, 3 biological
replicates of a bacterial lysate from a biofilm culture and another
3 from a planktonic culture were used. To obtain the samples, a
bacterial suspension of OD650nm = 20 was started, which was
then subjected to rupture using a Rybolizer Precellys equipment.
After eliminating the cellular debris, a precipitation was carried
out with 100% trichloroacetic acid at 4°C ON. The sediments
obtained from this precipitation were resuspended in 50 mM
September 2021 | Volume 12 | Article 730434
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ammonium bicarbonate and treated with trypsin (Promega
V5111). The trypsinized samples were desalted with Zip-Tip
C18 columns (Millipore) and injected on a Nanoflow Ultrahigh-
performance Liquid Chromatography (Thermo Scientific, model
EASYnLC 1000) with an Easy-spray column (P/N ES801, C18,
2 mm, 100 Å, 50 mm × 15 cm, serial number: 10433446,
temperature 50°C, Thermo Scientific) coupled to a quad
Orbitrap mass spectrometer (Thermo Scientific, model
Q-Exactive). The threshold for ion precursor selection was
10,000. The number of precursors chosen in each scan cycle
was 15, and the accepted mass window for this selection was 1.6
m/z. The collision energy was normalized at 27. These analyzes
were carried out at the Center for Chemical and Biological
Studies by Mass Spectrometry (CEQUIBIEM), of the
University of Buenos Aires (UBA).

For the analysis of the mass spectra and the identification of
the peptides, the Max Quant software (version 1.5.3.30) was
used. The search was carried out using the information on the
genomic sequences of B. pertussis present in the Uni-Prot
database. The identification of the peptides was carried out
with a falsehood range (FDR) of 1% and the peptides thus
selected were linked to a protein with a FDR also of 1%. The
search parameters allowed up to 2 erroneous cuts with
trypisin/P in the sequence and oxidation of methionine. In
the identification of the proteins, a minimum of 2 peptides was
used; the quantification of unlabeled proteins was performed
as found with the MaxQuant software (version 1.5.3.30). All
biological replicas of both culture conditions were included in
the experimental design of the quantification of the level of
label free proteins (LFQ) and normalization was carried out
with 0.01 and 0.05 FDR filters for peptides and proteins
respectively. For the statistical analysis, the Perseus program
(version 1.5.6.0, from the Max Planck Institute of Germany)
was used. The significance of the changes between biofilm and
planktonic growth was determined with the Student’s t-test
with a p value <0.05.

Formulation of OMV-Based Vaccine
The characterized OMV from planktonic or biofilm growth
conditions that range in size from approximately 50 to 200 nm
in diameter were used to formulate the vaccine in suboptimal
quantity for protection (0.75 µg total protein per dose) with
tetanus (5 to 7 Lf/dose with a power greater than or equal to
2 UIA/ml serum) and diphtheria (1 to 3 Lf/dose with an output
of 0.1 UIA/ml serum) toxoids as previously described. The safety
of this vaccine was confirmed by human whole-blood IL-6–
release assays. The results were presented in Figure S1 of
Supplementary Material.

Immunization of Mice
Groups of 4-5 female BALB/c mice were immunized with OMV-
based vaccine formulated as previously described (0.75 µg total
protein per dose) using a two-dose schedule. For protection
assays mice were challenged with sublethal doses (107-108 CFU/
40 ml) of B. pertussis BpAR106 PRN(+), USA PRN(-) B. pertussis
clinical isolate, or Argentinian PRN(-) B. pertussis clinical isolate.
Frontiers in Immunology | www.frontiersin.org 4
Mice were sacrificed 1 week after challenge and bacterial counts
from the lungs of treated animals were performed as we
previously described (20).

Enzyme-Linked Immunosorbent
Assay (ELISA)
As we previously described (44), plates (Nunc A/S, Roskilde,
Denmark) were coated with sonicated B. pertussis BpAR106
(whole-cell lysates) at 3 µg/ml in 0.5 M carbonate buffer, pH
9.5, by means of an overnight incubation at 4°C. The rinsed
plates were then blocked with 3% milk in PBS (2 h at 37°C)
and incubated with serially diluted samples of mouse serum
(1 h at 37°C). In the experiments described above, blood
samples were collected and the sera were obtained after
leaving the blood samples to clot for 1 h at 37°C followed by
centrifuging for 10 min at 7,000 × g. IgG from individual
serum or pooled sera bound to the plates were detected after a
2-h incubation with goat anti–mouse-IgG–linked horseradish
peroxidase (1:8,000 Invitrogen, USA). For measuring IgG
isotypes, detection of bound antibodies was performed using
HRP labeled subclass-specific anti-mouse IgG1 (1:8,000) or
IgG2a (1:1,000) (Sigma, Aldrich). As substrate, 1.0 mg/ml o-
phenylendiamine (OPD, Bio Basic Canada Inc) in 0.1 M
citrate-phosphate buffer, pH 5.0 containing 0.1% hydrogen
peroxide was used. Optical densities (ODs) were measured
with Titertek Multiskan Model 340 microplate reader (ICN,
USA) at 492 nm, and the OD was plotted as a function of the
log of the inverse of serum dilution factor. A successful assay
produced, for each antibody sample, a sigmoidal curve in this
type of plot. The titer of each antibody sample was determined
from this curve by identifying the concentration by GraphPad
Prism® software (expressed as the inverse of the dilution factor
of the antibody) that provokes a half-way between the basal
and maximal responses.

From the experimental protocol performed in triplicate, one
representative experiment is presented in the Results.

Avidity Assay
Avidity was measured by an ELISA elution assay as the overall
strength of binding between antibody and antigen, using plates
incubated for 15 min with increasing concentration of
ammonium thiocyanate (NH4SCN) from 0 to 0.375 M.
Antibody avidity was defined as the amount (percentage) of
antibody eluted for each increment of NH4SCN concentration.

Statistical Analysis
For the analysis of CFU counts in animal lungs, we evaluated the
normality of the data by using Shapiro-Wilk test (http://
scistatcalc.blogspot.com.ar/2013/10/shapiro-wilk-test-calculator.
html) before applying the statistical methods described below.
After verifying that our CFU data follows a normal distribution,
we analyzed them by one-way analysis of variance (ANOVA)
followed by Bonferroni´s multiple comparison test. Differences
were considered to be significant when p<0.05. All statistical
analyses were performed using GraphPadPrism® version 6.00 for
Windows, GraphPad® Software.
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RESULTS

B. pertussis BpAR106 Growth in Biofilm
Culture Condition
Based on a relatively recent report on the higher capacity of
Argentinian B. pertussis clinical isolates to form biofilms in
comparison with reference strains adapted to laboratory
growth condition (30) we decided to perform this study with
the BpAR106 clinical isolate, which was sequenced and
characterized by our group, possesses the ptxP3, ptxA1, prn2
genotype, and expresses pertactin (45). We evaluated the ability
of BpAR106 to form biofilm in petri dishes in comparison with
the reference strain B. pertussis Tohama phase I. Negative
controls consisted of uninoculated petri dishes containing
sterile medium only. In agreement with a previous report (30)
BpAR106 exhibited more than twofold mature biofilm biomass
after 96 h of culture compared with the reference strain B.
pertussis Tohama I (Figure 1).

The formation of a biofilm (pellicle) at the air-liquid interface
for BpAR106 was analyzed by scanning electron microscope
observations. While at 24 h of incubation bacteria looked
dispersed on the surface (Figure 2A), at 96 h of culture the
bacteria adhered to each other, forming a complex internal
architecture characteristic of biofilm growth. In addition,
bacteria were stacked forming three-dimensional towers
Frontiers in Immunology | www.frontiersin.org 5
separated by bacteria-free furrows. Through these electron
microscopic observations, the presence of OMV in the biofilm
condition was detected (Figure 2B).

To add evidence that the starting bacteria from which OMV
were isolated actually came from biofilm lifestyle, we conducted a
proteomic study to detect those differential proteins that were
reported as characteristic of this lifestyle. Perseus software
(version 1.5.6.0, Max Planck Institute, Germany) was used for
the statistical analysis and visualization of the differences and
common proteins obtained from biofilm or from planktonic
cultures. The statistical significance of the relative quantitative
changes between the growth conditions in biofilm vs planktonic
cultures was determined by Student’s t-test at p <0.05. To assign
a location to each protein in the respective routes, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and STRING
version 9.1 were used, in addition to protein-by-protein
searches. In total, 1144 proteins were detected, of which 402
were found as differential between the two culture conditions
analyzed. From these 402 proteins (the list of proteins is
presented in Table 1 of the Supplementary Material), 316
were overexpressed in biofilm, and 86 were overexpressed in
planktonic culture (Figure 3A). Among the overexpressed
proteins, BipA, fimbria, and other adhesins reported as marker
of biofilm culture condition were detected (31, 46). In agreement
to the findings reported by de Gouw et al. (32) and Dorji et al.
(33), functional analysis using B. pertussis database showed that
proteins involved in cell envelope, energy metabolism and
protein synthesis were significantly overproduced in biofilm
cells compared to planktonic cells (Figure 3B).
Isolation and Immunogenic
Characterization of OMV Derived From
BpAR106 Grown in Biofilm
We obtained OMV from BpAR106 in biofilm (OMVbiof) or
planktonic (OMVplank) cultures using the protocol described by
our group (20, 42). Similar unidimensional SDS-PAGE profiles of
proteins (Figure 4A) and lipo-oligosaccharides (Figure 4B) were
observed in extracts from OMVbiof and OMVplank. When
observed under transmission electron microscopy, the sizes of
both OMV were similar, and consistently with previously
reported, had a size range between 50 and 250 nm (Figure 4C)
(42). Then, we proceeded to the vaccine formulation of OMVbiof or
OMVplank following the protocol described in the Materials and
Methods section. To evaluate whether OMVbiof improved the
protective capacity of OMVplank we used suboptimal protective
OMV doses 0.75 mg of OMV (as total protein) per animal instead of
the previously described protective dose of 3 mg (42, 44). This
suboptimal protective dose was determined by the dose-response
experiment showed in the Supplementary Material (Figure S2).

First, we evaluated the effect of a schedule consisting in 2
doses of vaccine on inducing specific IgG against B. pertussis
(Figure 5). IgG2a and IgG1 levels were also evaluated after the
second dose of each OMV. Higher values of IgG titers were
detected in OMVbiof-immunized mice in comparison with
OMVplank-immunized mice (p<0.05, Figure 5A). An
interesting observation was the higher proportion of anti-Bp
FIGURE 1 | Biofilm formation by B. pertussis Tohama I strain (gray column)
and the clinical isolate BpAR106 (black column) on an abiotic surface. Biofilm
biomass was quantified at 96 h of growth by staining with crystal violet and
absorbance was measurement at OD 595 nm. Each value represents the
mean from three independent experiments and the bars indicate standard
deviation. Statistically significant differences in Student’s t-test between the
clinical isolate and B. pertussis Tohama I biomass absorbance are indicated
by * (p < 0.05).
September 2021 | Volume 12 | Article 730434
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IgG with high avidity detected in the sera of OMVbiof-
immunized mice (Figure 5B). In addition, we observed
differential recognition patterns in blots from SDS-PAGE
probed with the tested vaccine-induced sera (Figure 5C).
When sera induced by OMVbiof are confronted with
BpAR106 lysates obtained from biofilm or planktonic cultures,
more complex recognition profiles were detected in comparison
with the patterns detected with OMVplank-induced sera. As
expected, the recognition of naïve animal sera was null (data not
shown). Both OMVbiof and OMVplank-induced sera
recognized the 2 characteristic electrophoretic bands (Band A
and Band B) of the LOS extracted from both culture
conditions (Figure 5D).

Moreover, both OMV triggered murine antibody responses
with an IgG2a/IgG1 > 1.2 (Figure 5A) suggesting that both OMV
skewed the immune response to a Th1 profile.

Protective Capacity of OMVbiof Against
Current Circulating Bacteria
To compare the protective capacity of OMVbiof and OMVplank
vaccines, mice were immunized twice with each formulation and
challenged with a sublethal dose of B. pertussis 2 weeks after the
second immunization. For the first challenge we used BpAR106
bacteria expressing prn gene (ptxP3, ptxA1 and prn2, PRN+). As
negative control of protection we used mice treated with PBS.
Significant differences in lung CFU between immunized animals
and negative controls were observed (p<0.001) (Figure 6A).
While almost 2.5 log10 differences between OMVplank-
vaccinated and non-immunized mice were detected, more than
4 log10 differences were observed between OMVbiof-vaccinated
and non-immunized mice (Figure 6A).

When the challenge was performed with a PRN(-) clinical isolate
obtained during an outbreak in USA (ptxP3, ptxA1 and prn2,
PRN-), again the protective capacity of OMVbiof vaccine was
significantly higher than that of OMVplank vaccine (Figure 6B).
Mice immunized with the OMVbiof had more than 4 log10
reduction in lung CFU 7 days after challenge with B. pertussis
PRN(-) compared with the non-immunized mice, whereas in the
lungs of mice immunized with the OMVplank vaccine the
Frontiers in Immunology | www.frontiersin.org 6
reduction was only 2.5 log10 (p < 0.05, Figure 6B). Similar results
were found against another PRN(-) clinical isolate obtained in
Argentina: while OMVbiof reduced the number of lung CFU by
3 log10, OMVplank did it by 1.9 log10 (p < 0.05, Figure 6C).
DISCUSSION

In response to the need of a safer pertussis vaccine, a second
generation of vaccine consisting in purified B. pertussis
immunogens (aP vaccines) was developed. Thus, the first aP
vaccines containing only pertussis toxin or pertussis toxin and
filamentous hemagglutinin were licensed in the 80s (47). Current
aP vaccines contain between two and five immunogens. These aP
vaccines mainly induce Th2 response with poor induction of
memory B-cells (48). On the other hand, T-cell responses were
detected mainly in wP-primed children boosted by aP or natural
infections but not in aP-primed children (49). The high
concentration of immunogens in aP vaccines and their immune
response not very robust seem to have contributed to the selection
of B. pertussis strains more resistant to vaccination, favoring the
emergence of genetically and phenotypically distinct B. pertussis
strains (50). A novel P3 linage antigenically distinct from vaccine
strains that produces higher levels of pertussis toxin is now common
in most countries (51, 52). B. pertussis strains that are deficient in
the production of the pertactin immunogen are prevalent in
countries where only aP vaccines are used. In many of these
countries the number of pertussis cases was increasing during the
last decades (23, 53, 54).

To improve the epidemiological situation of pertussis, a third
generation of acellular vaccines that stimulate a potent T-cell
response, confer long lasting immunity and do not generate a
selection pressure on the circulating bacterial population is
necessary (10). In this context, our group has designed an OMV-
based vaccine candidate that overcomes the weaknesses of current
acellular vaccines (55). Preclinical tests in mice have shown that our
vaccine candidate is safe and effective in avoiding the colonization of
animals caused by different genotypes of B. pertussis (13, 44). We
have also found that our candidate improves protection against
A B

FIGURE 2 | (A) Scanning electron microscopy of B. pertussis BpAR106 biofilm culture on abiotic surface at 24h and 96h of growth. For observation through the FEI
Quanta 200 electron microscope (24,000 x magnification), the samples were dried by the critical point technique and coated in gold. (B) To visualize the OMV, an
electronic zoom of panel (A) is shown. White arrows were used to mark the presence of OMV.
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pertactin-deficient isolates as compared to current commercial aP
vaccines (13). The levels of protection detected for the OMV-based
vaccine against these PRN(-) B. pertussis isolates are high; however,
improvements to increase the reduction of pathogen colonization
are still required to achieve protection levels similar as those
detected for the PRN(+) B. pertussis isolates (13). Based on the
knowledge that current circulating B. pertussis isolates form biofilms
more readily than the strains used for vaccine production, and that
all currently available pertussis vaccines are formulated with
antigens derived from planktonic bacterial cells, an attractive
Frontiers in Immunology | www.frontiersin.org 7
improvement could be the obtaining of OMV from clinical isolate
grown in biofilm culture. This hypothesis is also supported by the
fact that proteins that are expressed only when bacteria grow in
biofilms are immunogenic and possess immunoprotective capacity
in the murine model (32). We prepared biofilms with a B. pertussis
clinical isolate obtained in Argentina since these isolates were
reported as good biofilm producers (30). This growth capability
was evidenced here for BpAR106 clinical strain. Proteomic studies
carried out with this strain comparing bacteria grown in biofilm
with those obtained from planktonic culture showed that 316
A

B

FIGURE 3 | (A) Volcano plot of protein samples from the clinical isolate B. pertussis BpAR106 grown in biofilm (Biof) or planktonic (Plank) condition. -Log10 of the
p-value associated with the magnitude of the fold-change of a given protein between the biofilm and planktonic growth conditions is plotted on the ordinate as a
function of the log2 of that fold change on the abscissa. M = log2(fold-change). The overexpressed proteins are indicated in red (M ≥ 1), and the underexpressed
proteins in blue (M ≤ −1) based on p<0.05. The proteins located on the 0 line correspond to the ON/OFF proteins since those proteins did not have an associated
p-value. (B) Representation of the different clusters of orthologous groups (COGs) containing the proteins differentially expressed under biofilm culture condition of B.
pertussis BpAR106. In the figure, the bar length represents the number of overexpressed (black) or underexpressed (gray) proteins within each COG among the total
differentially expressed proteins.
September 2021 | Volume 12 | Article 730434

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Carriquiriborde et al. B. pertussis OMV From Biofilm Culture
proteins were overexpressed in the biofilm culture, among them
BipA, fimbria, and other adhesins reported as biofilm markers (31,
46). In addition, we detected OMV within the B. pertussis biofilm,
with a size range similar to OMV obtained from B. pertussis
planktonic cultures. This finding raises questions about the OMV
formation mechanism and its role within the biofilm, as well as
about biofilm formation in vivo. Though these topics are interesting,
they were not addressed in this work since our objective was focused
Frontiers in Immunology | www.frontiersin.org 8
on obtaining OMVbiof to improve our vaccine candidate
protective capacity.

The vaccine formulated with OMVbiof obtained from B.
pertussis BpAR106 was more immunogenic than the OMVplank
vaccine candidate not only in terms of specific antibody titers but
also in their quality (higher avidity). Furthermore, the formulation
based on OMVbiof induced a mixed Th1 and Th2 profile according
to the IgG2a/IgG1 ratio detected and was more protective in mice
A B C

FIGURE 4 | (A) SDS-PAGE (12.5%) of OMV derived from B. pertussis BpAR106 grown under planktonic or biofilm culture conditions. Molecular weights are
indicated at the left. (B) Lipo-oligosaccharides content in OMVplank and OMVbiof suspensions normalized by total protein content. (C) Scanning electron
micrographs of negative stained OMV obtained from B. pertussis BpAR106 grown under planktonic or biofilm culture conditions (scale bar: 200 nm).
A

B DC

FIGURE 5 | Anti-B. pertussis antibodies induced by 2-dose vaccination schedules. (A) Anti-B. pertussis IgG titers as well as the IgG isotypes were measured 14
days after the second vaccination dose. The titers are expressed as the geometric mean of the data from each group. (B) The avidity of IgG antibodies was also
measured 14 days after the second dose and is represented as percentages of eluted B. pertussis-specific antibodies after treatment with increasing concentrations
of ammonium thiocyanate (NH4SCN). The asterisk indicates statistically significant difference with p < 0.05. (C) Immunoblotting of total proteins of B. pertussis
BpAR106 separated by 12.5% (w/v) SDS-PAGE and probed with the polyclonal antiserum obtained from immunized mice. The sera are designated according to the
OMV-based vaccine used to immunize the mice. (D) Immunoblotting of BpAR106 LOS from both culture condition here tested separated by 12.5% (w/v) SDS-PAGE
and probed with the polyclonal antiserum obtained from immunized mice. The sera are designated according to the OMV-based vaccine used to immunize the mice.
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assays challenged with the PRN(+) B. pertussis clinical isolate. This
higher immunogenicity is in agreement with earlier findings by
Dorji et al. (34) who demonstrated in mice model that proteins
typical of bacteria grown in biofilm led to a more Th1-type response
profile when added to commercial aP vaccines and additionally,
retained lower bacterial loads than mice vaccinated with aP alone
(34). Moreover, de Gouw et al. also shown that BipA, a biofilm
characteristic protein, induces a significant reduction in
colonization of mice lungs (56). These authors also detected that
membrane proteins derived from biofilm bacteria induced
protection against respiratory B. pertussis infection. Lipoproteins
Frontiers in Immunology | www.frontiersin.org 9
andFimchaperones, inaddition to theLOSadjuvantaction, are also
expected to play a role in the induction of protection. Regarding the
LOSmolecule, here we detected LOS specific antibodies induced by
OMV-based vaccines as was previously reported by Raeven et al.
(57). Previous results showed that antibodies against LOS, detected
in the sera from individuals convalescing from natural infection,
have bactericidal activity (58). These results showed the importance
of LOSpresence in thenewgeneration of pertussis vaccines in lower
quantities than in the wP vaccine, as occurred in the case of OMV-
based formulation. Other non-excluding alternative might be the
use of formulation with LOS containingmodified lipid A (42) since
antibodies to the terminal trisaccharide appear to be sufficient to
elicit bactericidal activity (58).

The boundary condition of suboptimal OMV amounts to
induce protection allowed us to detect the impact of OMVbiof on
improvement in vaccine design. With this approach, we also
showed that OMVbiof are superior in terms of protective
capacity against PRN(-) isolates, which are currently prevalent
in countries that use only aP vaccines in their calendars. Thus,
protection level detected of OMVbiof against both PRN(-)
clinical isolates (obtained in USA or in Argentina) not only
were higher than those observed for OMVplank but also were
within the accepted protection standard for a pertussis vaccine.

The representativeness of a given B. pertussis isolate from
which a new vaccine is generated might be narrow and, above all,
limited in time. The attempt to overcome this is that the growth
in biofilm by itself has characteristics that seem to go beyond the
specificity of each isolate and that may cushion the differences.
The broad protective capacity shown in Figure 6 would be in line
with this idea. An alternative might be the use of a mixture of
OMV from different strains.

Undoubtedly, all these data position OMVbiof as an interesting
approach to overcome the weaknesses of current commercial
vaccines formulated with immunogens obtained from planktonic
cultures, which do not necessarily reflect the composition and
physiology of the pathogen during the in vivo infection.
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