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Abstract

The current resurgence of whooping cough is alarming and improved pertussis vaccines are 
thought to offer a solution. Outer membrane vesicle vaccines (omvPV) are potential vaccine 
candidates, but omvPV-induced humoral responses have not yet been characterized in 
detail. The purpose of this study was to determine the antigen composition of omvPV and 
to elucidate the immunogenicity of the individual antigens. Quantitative proteome analysis 
revealed the complex composition of omvPV. The omvPV immunogenicity profile in mice was 
compared to those of classic whole-cell vaccine (wPV), acellular vaccine (aPV) and pertussis 
infection. Pertussis-specific antibody levels, antibody isotypes, IgG subclasses, and antigen 
specificity were determined after vaccination or infection by using a combination of multiplex 
immunoassays, 2-dimensional immunoblotting and mass spectrometry. The vaccines and 
infection raised strong antibody responses, but large quantitative and qualitative differences 
were measured. The highest antibody levels were obtained by omvPV. All IgG subclasses 
(IgG1/IgG2a/IgG2b/IgG3) were elicited by omvPV and in a lower magnitude by wPV, but not 
by aPV (IgG1) or infection (IgG2a/b). The majority of omvPV-induced antibodies were directed 
against Vag8, BrkA and LPS. The broad and balanced humoral response makes omvPV a 
promising pertussis vaccine candidate.
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Introduction

The resurgence of whooping cough in the vaccinated population [1-4] demands improved 
pertussis vaccines. Two types of pertussis vaccines are marketed: whole-cell (wPV) and 
acellular vaccines (aPV). Other types are under development, such as live attenuated and 
outer membrane vesicle pertussis vaccines (omvPV) [5, 6]. These vaccines differ largely in 
their composition. The first marketed vaccines were wPVs, which are inactivated bacteria 
that are naturally adjuvated with bacterial components, such as lipopolysaccharide (LPS) [6-
8]. Despite an acceptable vaccine efficacy, wPVs were found to be reactogenic due to the 
presence of endotoxins. This lead to the development of alum-adjuvated aPVs containing one 
to five purified pertussis antigens: pertussis toxoid (Ptd), filamentous hemagglutinin (FHA), 
pertactin (Prn), and fimbriae types 2 and 3 (Fim2 and Fim3). Despite low reactogenicity of 
aPVs, waning immunity [9, 10] and persistent transmission of Bordetella pertussis [11] call 
for reevaluation of aPVs. To retain high vaccine compliance, the target product profile of an 
improved pertussis vaccine should include better efficacy compared to aPV while maintaining 
a low reactogenicity.

Currently, antibodies are used as correlates of vaccine-induced immunity for most commercial 
vaccines [12], including pertussis vaccines [13, 14]. The protective role of pertussis antibodies 
was supported by passive immunization studies in naive mice [15, 16], though cellular 
responses may also contribute to protection, at least during infection [17, 18]. Antibody 
responses can be characterized by several parameters, including (i) antigen specificity, (ii) 
titer, (iii) isotype and subclasses, and (iv) avidity. The IgG antibody subclass profile reflects 
the T-helper (Th) cell environment [19, 20]. For instance, vaccination with aPV results in the 
formation of IgG1 antibodies and Th2 cells [21, 22]. Contrarily, vaccination with wPV generates 
a Th1/Th17 response [23] which is thought to be important for protection against B. pertussis 
[17, 18, 23]. The functionality of the antibodies is determined by antigen specificity, avidity 
and antibody subclass. This determines the ability of antiserum to kill bacteria directly or 
by opsonophagocytic killing through activation of Fc-receptors (FcRs) on phagocytes, 
with an important role for FcγRs in the clearance of B. pertussis [24, 25]. For aPV vaccines, 
antibodies against pertussis toxin (Ptx) and Prn are considered to be protective against a B. 
pertussis infection [13, 26, 27]. For wPV, many immunogenic proteins have been identified 
by 2D-electrophoresis and western blotting [8, 28, 29]. The humoral immune response 
generated by omvPV is not well defined, although some major antigens were identified [30] 
and long-lasting immunity observed [31].

In this study, the systemic humoral response after immunization of mice with an experimental 
omvPV was compared with the response elicited by classic vaccines, aPV and wPV. Multiplex 
immunoassays, gel electrophoresis, immunoblotting and mass spectrometry were used to 
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identify the immunogenic antigens and the subclass profiles they induced. Because mice 
develop sterilizing immunity after a pertussis infection [18], antisera from B. pertussis-infected 
mice were included for comparison.
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Materials and Methods

Vaccines
B. pertussis B1917 was heat-inactivated (30 min, 56°C) in PBS to produce wPV. Outer membrane 
vesicles from B. pertussis B1917 (omvPV) were produced as previously described [32] with 
minor changes. Both wPV and omvPV were diluted in PBS to a final concentration of 4 μg total 
protein per vaccine dose (300 μl). One human dose of a tetanus-diphtheria-3-component (25 
μg pertussis toxoid, 25 μg filamentous hemagglutinin, and 8 μg pertactin) acellular pertussis 
vaccine (TDaP, Infanrix, GSK) was diluted in PBS (aPV) to a final concentration of 0.25 μg Ptd, 
0.25 μg FHA, and 0.08 μg Prn per vaccine dose (300 μl).

Dynamic Light Scattering (DLS)
Particle size was determined by analyzing 0.5 ml of vaccine stock solutions diluted in PBS 
(1:100) at 25°C using a Zetasizer Nano-ZS (Malvern Instruments). For each sample, three 
records of 12 scans were obtained. The Z-average particle size and polydispersity index (PdI) 
were calculated using DTS Nano software (Malvern Instruments).

Double stranded (ds) DNA quantitation
Samples were diluted in Tris EDTA (TE) buffer (Invitrogen). Salmon sperm ds-DNA (Invitrogen) 
was used as standard (0 – 2500 ng/ml). In a V-bottom (black) 96-wells plate, 50 µl of each 
sample or standard was incubated with 50 µl of PicoGreen reagent solution (Invitrogen). 
Fluorescence intensity (excitation 480 nm, emission 520 nm) was measured by using a 
SynergyMx (BioTek Instruments, USA). Concentration of dsDNA was calculated based on the 
standard curve.

LPS analysis
LPS concentration was determined by analyzing fatty acid composition with a modified gas 
chromatography method [33]. The peak height of C14:0-3OH was used to quantify LPS, while 
C12:0-2OH was used as the internal standard. The molecular weight (4057 g/mol [34]) of B. 
pertussis LPS was used to calculate the LPS-concentrations.

Challenge culture 
A stock suspension of B. pertussis strain B1917 was diluted with Verweij medium (BBio, 
Bilthoven, The Netherlands) to a final concentration of 5x106 colony-forming units (cfu)/ml. 
The cfu concentration was confirmed by plating 100 μL of the bacterial suspension (after 
2000-fold dilution in Verweij medium) on Bordet-Gengou agar plates (Cat. no. 254400, BD, 
The Netherlands). Plates were incubated for 4 days at 35°C and the number of colonies was 
counted by using a ProtoCOL colony counter (Synbiosis, Cambridge, United Kingdom). 
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Animal experiment
An independent ethical committee for animal experimentations of the Institute for Translational 
Vaccinology (Intravacc) approved the animal experiment. Female BALB/c mice (Harlan, The 
Netherlands), 8-week-old, were divided in five groups of ten animals and housed in cages 
(macrolon III including filter top). Group 1 remained naive. Groups 2, 3 and 4 were vaccinated 
twice with 300 µl omvPV (4 µg total protein), 300 µl wPV (4 µg total protein) and 300 µl aPV 
(1:100 HD in PBS), respectively, on day 0 and day 28. Vaccinations with omvPV, wPV, and aPV 
were administered subcutaneously in the left groin for primary vaccination, followed by booster 
vaccination in the right groin. Group 5 was intranasally infected under anesthesia (isoflurane/
oxygen), with 2x105 CFU B. pertussis B1917 in 40 µl Verweij medium on day 0. Mice in all groups 
were bled, under anesthesia (isoflurane/oxygen), by orbital bleeding and euthanized by cervical 
dislocation on day 56. Whole blood was collected in blood collection tubes (MiniCollect 0.8ml 
Z Serum Sep GOLD, Greiner Bio-One, Austria). After coagulation (10 min. at room temperature 
(RT)), sera were collected by centrifugation (10 min., 3000 g) and stored at -80°C for further use.

Multiplex immunoassay
Serum total IgA, IgG, and IgG subclasses (IgG1, IgG2a, IgG2b and IgG3) levels against pertactin 
(Prn), filamentous hemagglutinin (FHA), pertussis toxin (Ptx), combined fimbriae type 2 
and 3 antigens (Fim2/3), and outer membrane vesicles B1917 (OMV B1917) were determined 
using a multiplex immunoassay (MIA). Conjugation of OMVs and purified antigens to beads 
was performed as described previously [35]. Serum was diluted 100-fold or 1250-fold in 
PBS containing 0.1% Tween 20 and 3% bovine serum albumin and mixed 1:1 (v/v) with 25 μl 
conjugated beads (4,000 beads/region/well). After incubation with R-Phycoerythrin (RPE)-
conjugated anti-mouse IgA (1:100), IgG (1:200), IgG1 (1:200), IgG2a (1:40), IgG2b (1:200) and 
IgG3 (1:200) (Southern Biotech), samples were analyzed by using a Bio-Plex system (Bio-
Plex 200, BioRad). Results for antibody levels were illustrated with GraphPad Prism 6.04 
(GraphPad Software Inc., USA), and presented in fluorescent intensity (F.I.).

Protein digestion by proteinase K treatment 
For protein digestion, 5 µg B. pertussis B1917 was incubated (Overnight (ON), 56°C) with 5 
µl (20 mg/ml) proteinase K (Proteinase K, recombinant, PCR Grade, Roche). Incubation was 
terminated by heating the sample for 5 minutes at 100°C.

Sample preparation
Protein concentrations were determined using a bicinchoninic acid (BCA) assay (Pierce). For 
SDS-PAGE, B. pertussis B1917 (100 µg) was denatured in a total volume of 100 µl 8 M urea (GE 
Healthcare) in 500 mM bicarbonate (Merck) solution (pH 8.5, 1 h, RT). For 2DE, B. pertussis 
B1917 (100 µg) was centrifuged (1 min., 16200 g) and the pellet was dissolved and denatured 
in 100 µl DeStreak Rehydration Solution (GE Healthcare) (1h, RT).
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Infrared labeling
IR680 label (15 µg) (Pierce) and IR800 label (100 µg) (Licor) were reconstituted in 100 µl and 
25 µl water, respectively. For conjugation of IR800 label to secondary antibodies, 100 µl goat-
anti-mouse IgG, IgG1, IgG2a, IgG2b, IgG3 or IgA (Southern Biotech) was mixed with 1 µl (4 µg) 
IR800 label. For IR680 labeling of B. pertussis proteins, 100 µg denatured proteins were mixed 
with 10 µl IR680 label with optimized concentrations. For 1DE gels and corresponding western 
blots, a 1:10 and 1:100 dilution of IR-680 stock (0.15 µg/ml) were used, respectively. For 2DE, an 
undiluted and 1:20 dilution of IR-680 stock (0.15 µg/ml) were used for gels and western blot, 
respectively. All samples were incubated for 1 hour (RT, in the dark). Subsequently, unbound IR 
label was removed from samples by using a ZEBA spin desalting column (Pierce) (2 min, 1500 g).

Isoelectric focusing (IEF)
After sample preparation and IR-labeling, samples for 2DE (25 µg B. pertussis proteins) were 
incubated (60 min., RT) in a total volume of 115 µl DeStreak Rehydration Solution plus 10 µl 
250 mM DTT and 0.62 µl (0.5%) IPG Buffer pH 3-10NL (GE Healthcare). Immobiline DryStrip pH 
3-10NL, 7 cm (GE Healthcare) were rehydrated (ON, RT) with protein sample in an IPGbox (GE 
Healthcare). Isoelectric focusing (IEF) was performed in an Ettan IPGphor 3 IEF system (GE 
Healthcare) according to the following conditions: 0.5 h at 300 V, 0.5 h at 1000 V, 1 h at 2000 V, 1 h 
at 3000 V, 1 h at 4000 V, and 1 h at 5000 V. After IEF, strips were equilibrated in 3 ml equilibration 
buffer (75 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, and bromophenol blue) with DTT 
(65 mM) for 15 min. at RT, followed by 3 ml equilibration buffer with iodoacetamide (54 mM) 
for 15 min. at RT.

Gel electrophoresis
For SDS-PAGE, 10 µg B. pertussis (B1917) lysate, 1 µg of Prn P.69 (in house prepared [36]), Ptx 
(Kaketsuken, Japan), FHA (Kaketsuken, Japan), or Fim2/3 (Sanofi) were incubated (10 min., 
100°C) with 3.3 µl reducing sample buffer (250 mM Tris, 8% SDS, 400 mM DTT, 40% Glycerol, 0.04% 
bromophenol blue) and loaded on a 10% NuPAGE bis tris 1.0-mm precast gel (Invitrogen). For 
2DE, the equilibrated strip was placed on a 4-12% NuPAGE Novex bis-tris ZOOM gel (Invitrogen) 
and sealed with agarose sealing buffer (Bio-rad). Proteins were separated (SDS-PAGE, 45 min., 
200 V) (2DE, 50 min., 200 V) with MES running buffer (Invitrogen) in a Xcell surelock minicell 
electrophoresis system (Invitrogen). Gels were washed in water and either stained with 
Coomassie (Imperial protein stain, Thermo Scientific), used for western blot or scanned using 
an Odyssey infrared imager (Westburg).

Western blotting
Nitro-cellulose membrane (Biorad), filters (Biorad) and gel were equilibrated in transfer buffer 
(48 mM Tris, 39 mM glycine, 20% methanol in 1 liter water). Subsequently, proteins were 
transferred (60 min., 60 mA) (TE77 semidry pwr transfer unit, Amersham Biosciences) from 
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the acrylamide gel to the nitro-cellulose membrane. Blot was blocked in block buffer (0.5% 
protifar in TBS-T, 20 mM Tris, 150 mM NaCl, 0.5% Tween-20 in 1 liter water) (ON, 4°C). Blot was 
incubated (2 h, RT) with pooled murine sera (100-fold diluted in block buffer) or a monoclonal 
anti-LPS antibody (Mab 88F3) (1:200) followed by frequent washing with TBS-T. Subsequently, 
secondary antibody incubation (1 h, RT) was performed using goat-anti-mouse IgG, IgG1, IgG2a, 
IgG2b, IgG3 or IgA (Southern Biotech) labeled with IR800 (Licor) (1:5000 diluted in block 
buffer), which was followed by frequent washing with TBS-T. Blots were scanned using an 
Odyssey infrared imager.

Delta2D analysis
Image warping and spot detection on 2DE gels and western blots were done by using Delta2D 
software (Version 4.5) (Decodon, Germany). Images of 2DEWB using five distinct sera (omvPV, 
wPV, aPV, infection and control) were merged by using the Delta2D group warping strategy for 
IgA, IgG and IgG subclasses individually. Subsequently, spot detection was performed and the 
intensities were measured in grey values.

In-gel protein digestion for LC-MS/MS analysis
Spots were manually excised from the acrylamide gel. In-gel digestion was performed according 
to a protocol based on Yan et. al [37]. Briefly, individual gel spots were cut in pieces of about 1 
mm3 and washed three times with water, followed by washings with 50% acetonitrile and 100% 
acetonitrile for dehydration. Trypsin (Promega) digestion (pH 8.5, ON, 37°C) was performed 
in 50 mM triethyl ammonium bicarbonate. Peptides were extracted with three sequential 
steps of 5% formic acid solution and extracts were dried in a vacuum concentrator. Peptides 
were dissolved in formic acid/dimethyl sulfoxide (DMSO)/water (0.1/5/94.9% v/v) for LC-MS/MS 
analysis.

Protein digestion for LC-MS/MS analysis
Samples (omvPV or wPV) were diluted in a denaturation buffer containing 1 M guanidine 
hydrochloride (Gnd-HCl) and 50 mM triethyl ammonium bicarbonate, pH 8.5, to a final 
concentration of 0.5 mg/ml protein. For digestion, 100 µg of protein was digested with 2 µl 
of 0.25 µg/µl endoproteinase Lys-C (Roche) followed by incubation (4h, 37°C). Subsequently, 
digests were incubated (ON, 37°C) with 2 µl of 0.5 µg/µl trypsin (Promega). The samples were 
stored at –20 °C before dimethyl labeling. A common reference was prepared by mixing 
equal volumes of both omvPV and wPV digests. The samples and common reference were 
dimethylated by treatment with formaldehyde (CH2O) and d2-formaldehyde (CD2O) and sodium 
cyanoborohydride, respectively, and subsequently pooled in a 1:1 w/w ratio [38]. Solid-phase 
extraction was performed to remove excess reagents using C18 Sep-pack cartridges according 
to the manufacturer’s protocol. Peptides were dried in a vacuum concentrator. Peptides were 
dissolved in formic acid/DMSO/water (0.1/5/94.9% v/v) for LC-MS/MS analysis.
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Peptide identification by LC-MS/MS analysis
Samples were analyzed by nano-scale reversed-phase liquid chromatography electrospray 
mass spectrometry, according to the method by Meiring et al. [39]. The analysis was 
performed on LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Germany).  
Analytes were loaded on a trapping column (Reprosil-Pur C18-AQ 5 µm (Dr. Maish, Germany); 
23 mm long x 100 µm inner diameter) with solvent A (0.1% (v/v) formic acid in water) in 10 
min. at 5 µl/min. The analytes were separated by reversed-phase chromatography on an 
analytical column (Reprosil-Pur C18-AQ 3 µm (Dr. Maish, Germany); 36.2 cm long x 50 µm 
inner diameter) at a flow rate of 100-150 nl/min. A gradient was started with solvent B (0.1% 
(v/v) formic acid in acetonitrile): 6% to 28% in 130 min, 28% to 38% in 10 min and 90% for 10 min. 
After the gradient, the columns were equilibrated in 100% solvent A for 20 min at 100-150 nl/
min. The peptides were measured by data-dependent scanning; comprising a MS-scan (m/z 
300 – 1500) in the orbitrap with a resolution of 60,000 (FWHM), followed by collision-induced 
dissociation (LTQ) of the ten most abundant ions of the MS spectrum. The threshold value 
for these precursor ions was set at 1000 counts. The normalized collision energy was set at 
35% and isolation width at 2.0 Da, activation Q to 0.250 and activation time to 30 ms. The 
maximum ion time (dwell time) for MS scans was set to 250 ms and for MS/MS scans to 1000 
ms. Precursor ions with unknown and +1 charge states were excluded for MS/MS analysis. 
Dynamic exclusion was enabled (exclusion list with 500 entries) with repeat set to 1 and an 
exclusion duration of 15s. The background ion at 391.28428 was used as lock mass for internal 
calibration.

Data handling for total vaccine protein digests
Proteome Discoverer software (version 1.4.1.14, Thermo) was used for peak area determination, 
identification and relative quantification of the LC-MS/MS raw data. Identification of peptides 
was performed by searching MS/MS spectra against the protein database of B. pertussis 
Tohama (NCBI 257313) (3261 entries) and B. pertussis B1917 (3513 entries) [40] using the 
SEQUEST HT mode. Asparagine deamidation and methionine oxidation were set as variable 
modifications and lysine dimethylation (light) as a fixed modification. The data were searched 
with full trypsin cleavage specificity, allowing 2 miscleavages. Precursor ion and MS/MS 
tolerances were set to 5 ppm and 0.6 Da, respectively. Peptides were filtered to 1% FDR using 
Perculator (Proteome Discoverer, Thermo). Relative protein concentrations were calculated 
using the quantification module of Proteome Discoverer using default settings (light: 28.013 
Da, heavy 32.055 Da). The molar concentration of proteins was estimated according to 
Silva et. al. [41], except that the peptides were dimethyl-labeled in our method. The molar 
concentrations were converted to mass concentrations by multiplying with the molecular 
masses of the proteins. The percentage of protein abundance for each individual protein 
relative to the total sum of all identified proteins was used to determine an estimated protein 
amount in one vaccine dose (4 μg total protein) of wPV and omvPV. 
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Data handling for in-gel protein digests
Proteome Discoverer software was used for identification of the LC-MS/MS raw data for in-
gel digested proteins almost in a similar way as described in data handling for total vaccine 
protein digests. Asparagine deamidation and methionine oxidation were set as variable 
modification. The data were searched with full trypsin cleavage specificity, allowing 2 
miscleavages. Precursor ion and MS/MS tolerances were set to 5 ppm and 0.6 Da, respectively. 
Peptides were filtered to 1% FDR using Perculator.

Bioinformatics
Functional enrichment with an over-representation analysis (ORA) of the detected B. pertussis 
proteins was carried out by using DAVID [42] based on Gene Ontology Biological Processes 
(GO-BP), Molecular Function (GO-MF) and Cellular Component (GO-CC).
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Results

Characteristics and composition of pertussis vaccines 
The outer membrane vesicle vaccine (omvPV), heat-inactivated whole-cell vaccine (wPV), 
and acellular vaccine (aPV) were characterized with respect to particle size, DNA content, 
LPS concentration and protein composition (Table 1). OMVs were about ten times smaller 
in diameter (114 nm) than the inactivated bacteria in the wPV (1156 nm). Further, the omvPV 
contained a small amount of DNA per vaccine dose (0.2 µg) when compared to wPV (1.2 µg), 
whereas aPV contained undetectable levels of DNA. In addition, the LPS concentration was 
slightly lower in omvPV compared to wPV.

Characteristic omvPV wPV aPV

Dose 4 µg B. pertussis 
proteins

4 µg B. pertussis 
proteins

0.25 µg FHA, 
0.25 µg Ptx,
 0.08 µg Prn

Z-average particle size
(d.nm ± SD)

Polydispersity Index 
(PdI)

114 ± 1

0.22

1156 ± 37

0.19

N/M¹

N/M

DNA2

(µg ± SD) 0.18 ± 0.02 1.19 ± 0.15 0

LPS2,3 
(µg) 1.0 1.5 N/M

Number of proteins 268 332 3

Additional Adjuvant - - Al(OH)3

1 N/M = Not measured.
2 Based on the vaccine dose of 4 µg total protein for omvPV and wPV.
3 Analysis n = 1 (All other analysis n = 3)

Table 1. Characteristics of the vaccines studied. 

LC-MS analysis was performed to characterize total vaccine protein composition of omvPV 
and wPV. In total, 268 and 332 proteins were identified and quantified in omvPV and wPV, 
respectively (Table S1). Obviously, these numbers do not cover the identification of all 
proteins present in both vaccines, as B. pertussis has more than 3500 genes. However, this 
LC-MS method identified and quantified the most abundant proteins present in the vaccines. 
The quantity of different proteins differed remarkably between omvPV and wPV. For both 
vaccine formulations, the top 25 of most abundant proteins is shown in Figure 1A. The 25 
proteins that are most abundant in omvPV cover 86% of the total protein content in omvPV. 
Autotransporters Vag8 (34%) and BrkA (24%) are the major antigens. The other proteins of 
the top 25 contributed each less than 5% of the total protein amount. For wPV, the top 25 of 
proteins of this vaccine covered 67% of the total protein content. GroEL (17%) and FHA (11%) 
were the most abundant proteins in wPV.
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Figure 1 - Protein composition wPV and omvPV. (A) Proteins in omvPV and wPV were determined by 
quantitative LC-MS-analysis. Protein abundance is expressed as percentage of total detected protein content. 
The top 25 proteins cover 86.0% of the total protein content in the omvPV, compared to 67.2% in wPV. (B) 
For each individual protein, the amount in wPV was compared to omvPV and expressed as percentage as 
shown in the scatter plot. For instance, 50% - 50% indicate equal presence of a protein in both vaccines. Sum 
of percentages in omvPV and wPV is in principle 100%. Functional analysis indicates enrichment of proteins 
involved in translation, DNA binding and the cell inner membrane in wPV, while the outer membrane proteins 
and lipoproteins are enriched in the omvPV. Three technical replicates of both vaccines were characterized.



124

Chapter 4

Next, the relative amounts of each individual protein present in omvPV and wPV were 
compared between both vaccines (Figure 1B). In addition, functional analysis using DAVID [42] 
revealed that nuclear, cytoplasmic and inner membrane proteins were more abundant in wPV, 
whereas omvPV was enriched for outer membrane proteins and lipoproteins. Periplasmic 
proteins were present in similar amounts in both vaccines. The protein composition of aPV 
was not investigated, since it is specified by the manufacturer (one human dose contains 25 
µg FHA, 25 µg Ptx and 8 µg Prn).
By using 2-dimensional electrophoresis (2DE), 182 spots were visualized in omvPV and 270 in 
wPV (Figure 2A and 2B, respectively). The most intense spots were isolated and the proteins 
present identified by LC-MS after in-gel protein digestion. The 25 most abundant proteins in 
omvPV as determined by total vaccine protein LC-MS analysis could also be recovered from 
the 2DE gels. For wPV, five proteins (bpH1, bpH2, cspA, rplC, BP3037) (see Figure 1) were not 
found by 2DE, presumably because their isoelectric point (pI) was outside the range (3-10) of 
the IPG-strip.

Serum levels and subclass distribution of antibodies against antigens in OMVs 
and aPV.

Serum IgG levels against purified antigens (Prn, Ptx, FHA and Fim2/3) as well as B. pertussis 
OMVs were determined in mice vaccinated subcutaneously with omvPV, wPV or aPV at day 
0 and day 28. In addition, a group of mice was intranasally infected with B. pertussis at day 0. 
Vaccination with omvPV induced the highest concentration of anti-OMV IgG, followed by wPV 
and intranasal infection, whereas anti-OMV IgG was absent after aPV vaccination (Figure 3A 

Figure 2 - Protein fingerprint of wPV and omvPV by 2-dimensional gel electrophoresis. Total protein lysates 
(25 µg total protein) of omvPV (A) and wPV (B) were separated by 2-dimensional gel electrophoresis. Gels 
were Coomassie stained and scanned on an Odyssey infrared imager (680 nm, Int. 5.0). Numbers in the 
gels correspond with the 25 most abundant proteins identified by LC-MS/MS analysis in either omvPV or 
wPV. Different colors correspond with proteins that are present in both vaccines (green), only present in 
omvPV (red), and only present in wPV (blue), respectively. For each vaccine, three technical replicates were 
characterized and one representative gel is presented.
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Figure 3 - Immunoproteomic profiling by multiplex immunoassay of different pertussis vaccines. 
(A-G) Antibody profiles against OMV, Prn, Ptx, FHA and Fim2/3 antigens (indicated at x-axes) were 
analyzed in serum of mice (n = 10). Each group of mice was either untreated (naive), received a different 
pertussis vaccine (omvPV, wPV, aPV), or underwent an intranasal infection. The intensity of all antibody 
concentrations is expressed in fluorescence intensity (F.I.). (A) The antibody levels were determined in 
1:100 diluted sera. (B) Samples exceeding the detection limit were further analyzed by using a 1:1250 serum 
dilution. In addition, the antibody concentrations of IgG-subclasses (C) IgG1, (D) IgG2a, (E) IgG2b and (F) 
IgG3, as well as (G) IgA antibodies were determined in 1:100 diluted serum samples.
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and 3B). As expected, vaccination with aPV induced antibodies against all components present 
in the vaccine: Prn, Ptx and FHA. Anti-Prn IgG antibodies were also detected upon omvPV 
and wPV vaccination. Anti-FHA IgG was measured after immunization with wPV, but not after 
vaccination with omvPV. B. pertussis infection resulted in high anti-Ptx IgG and moderate IgG 
levels against Prn and FHA. In addition, upon infection antibodies against Fim2/3, antigens that 
are present in certain other aPVs, were present in serum (Figure 3A).
Subsequently, IgG subclass (IgG1, IgG2a, IgG2b and IgG3) and IgA serum levels were determined 
(Figure 3C-G). Vaccination with omvPV and wPV generated antibodies of all IgG subclasses 
(IgG1, IgG2a, IgG2b and IgG3). However, the magnitude of the responses was lower in case 
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Figure 4 (Left) - 1-Dimensional immunoproteomic profiles of pertussis vaccines. (A) B. pertussis B1917 
proteins labeled with IR-680 were separated by SDS-PAGE (lane 2, P) (680 nm, Int. 5.0). Subsequently, blots 
were incubated with pooled serum of ten mice either vaccinated with omvPV (lane 3-8), wPV (lane 9-14), or 
aPV (lane 15-20), mice that underwent an intranasal infection (lane 23-28) or untreated mice (lane 29-34). 
Immunostaining was performed with six different IR-800-labeled goat-anti-mouse secondary antibodies (IgG, 
IgG1, IgG2a, IgG2b, IgG3 or IgA). Results for total IgG (G) are shown as dual staining (680 nm, Int. 5.0, 800 
nm, Int. 8.0) with B. pertussis proteins in red and IgG antibodies in green. Blots with IgG subclasses and IgA 
display single staining for antibodies in grey/black. The 22 unique bands detected on one or more blots are 
marked on a Coomassie stained gel with B. pertussis B1917 proteins (P, lane 21 & 35). (B) Purified pertussis 
antigens (FHA, Prn, Ptx, Fim2/3) (1 µg) were individually separated on SDS-PAGE (Lane 1). Blots were incubated 
with serum of naive mice (lane 2), mice vaccinated either with omvPV (lane 3), wPV (lane 4), or aPV (lane 
5) or mice that underwent an intranasal infection (lane 6-7). Subsequent IR800-labeled goat anti-mouse IgG 
incubation (1:5000) indicated IgG formation against FHA, Prn and Ptx in aPV vaccinated mice. In addition, 
anti-Prn was detected in omvPV and wPV vaccinated mice as well as infected mice. Both IgG (Lane 6) and 
IgA (lane 7) formation against Ptx was observed in serum upon intranasal infection. No antibody formation 
was observed against Fim2/3. (C) Coomassie stained B. pertussis B1917 proteins were untreated (-) (lane 2) 
or digested (+) (lane 3) with proteinase K. Western blot was performed with both treated and untreated B. 
pertussis by incubation with serum (1:100) of mice vaccinated either with omvPV (lane 4-5) or wPV (lane 6-7), 
or mice that underwent an intranasal infection (lane 8-9). Treatment with IR800-labeled anti-IgG (1:5000) (800 
nm, Int. 7.0) showed that proteinase K treatment leads to diminished immunostaining in all sera except for the 
band at approximately 7kD. Anti-LPS incubation (1:200) showed a similar band (lane 10-11) (800 nm, Int. 4.0). 
Blue color in lanes 4 and 6 indicates saturation of signal obtained by the Odyssey scanner. For each condition, 
experiments were performed three times with pooled serum of 10 mice resulting in similar outcomes, and one 
representative blot is presented.

of wPV vaccination with the exception of IgG1. Vaccination with aPV induced antibodies 
solely of the IgG1 subclass. An intranasal infection induced predominantly IgG2a and IgG2b 
antibodies and was the only condition inducing measurable serum IgA antibodies (Figure 
3G). After the infection of mice, high levels of serum IgA antibodies were detected binding to 
pertussis OMVs. In addition, IgA against Fim2/3, Prn or Ptx could be measured in some mice. 
No pertussis-specific antibodies were measured in serum of naive mice (Figure 3A-G).

Heterogeneity of antigen specificity and anti-LPS antibodies identified by using 
immunoblotting

A combination of 1-dimensional gel electrophoresis and western blotting (1DEWB) was used 
in order to identify the antigen-specificity of the antibody isotypes or subclasses elicited by 
the different vaccines (Figure 4). 1DEWB unraveled staining against 22 bands in a B. pertussis 
lysate, as marked in lane 21 and 35 (Figure 4A). The most intense staining was obtained 
with sera from omvPV-vaccinated mice. In addition, it was observed that antibody subclass 
formation is antigen specific in some cases. For instance, antibodies against band 16 were only 
formed upon omvPV vaccination and were exclusively of the IgG2a subclass. A broad subclass 
induction was observed in these sera for the other antigens (Figure 4A, lane 3-8). These results 
for IgG subclasses are in line with those of the MIA measurements, as are the results found for 
wPV (Figure 4A, lane 9-14), aPV (Figure 4A, lane 15-20), and infection (Figure 4A, lane 23-28). 
Untreated mice showed no staining on the Western blots (Figure 4A, lane 29-34).
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Figure 5 - 2-Dimensional immunoproteomic profiling. B. pertussis B1917 proteins were separated by 
2-dimensional gel electrophoresis followed by western blot analysis with serum of mice that underwent 
vaccination with (A) omvPV, (B) wPV, or (C) aPV, or (D) a B. pertussis infection. Immunogenic proteins were 
detected (800 nm, Int. 8.0) with IR800-labeled anti-IgG and identified by LC-MS-analysis. For each condition, 
experiments were performed three times with pooled serum of 10 mice resulting in similar outcomes. One 
representative total IgG blot is presented.

Since concentrations of Ptx, Prn, and Fim2/3 were low in the B. pertussis B1917 lysate used on 
the blot, the pools of serum of vaccinated mice were analyzed on blotted purified antigens 
(i.e. Ptx, Prn, Fim2/3 and FHA) (Figure 4B). This analysis revealed that the anti-Ptx antibodies 
detected upon both aPV vaccination (IgG) and infection with B. pertussis (IgG and IgA) were 
only directed against Ptx subunit 1 (Ptx S1) (Figure 4B). In addition, results revealed high anti-
Prn, anti-FHA and anti-Ptx antibody formation after aPV vaccination, whereas these antibodies 
were not detectable or low in serum of mice vaccinated with omvPV or wPV. These results are 
in line with the observations made by MIA.
Since western blot analysis was performed on both untreated B. pertussis proteins and 
proteins digested with proteinase K, one non-proteinaceous band could be identified as LPS 
by using an anti-LPS monoclonal antibody (Figure 4C). Thus, a substantial fraction of the IgG 
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elicited by omvPV and wPV was directed against LPS (Figure 4C). Antibodies against LPS were 
mainly of the IgG3 subclass (Figure 4A, lane 7, 13 and 27), but were also of the IgG1 subclass 
(Figure 4A, lane 4, 10 and 24). After a B. pertussis infection, less anti-LPS IgG antibodies were 
found but in addition IgA antibodies were formed against LPS (Figure 4A, lane 28).

Identification of the antibody-inducing antigens
A combination of 2-dimensional gel electrophoresis, western blot analysis (2DEWB) and LC-MS 
was performed on a B. pertussis lysate (Figure 2B) to identify the immunogenic proteins and 
the subclass specificity of the serum antibodies from vaccinated or infected mice (Figure 5A-
D). We detected 16, 9, 3, and 5 antibody-inducing proteins in serum from omvPV, wPV and aPV-
vaccinated mice, or infected mice, respectively. The immunogenic proteins were identified 
and quantified by LC-MS (Table 2). Highest staining intensities for IgG after omvPV vaccination 
were found directed against Vag8 and BrkA. Moderate antibody binding was measured 
against atpA, bfrD, BvgA, glcB, HtpG, katA, maeB, purH, Tcf and three unidentified proteins 
(U1-3). Anti-Tcf antibodies were only detected upon omvPV vaccination (Figure 5A), although 
similar concentrations of Tcf are present in wPV (Figure 6). The humoral response induced 
by wPV was mainly characterized by antibodies against BrkA, GroEL and Vag8 (Figure 5B). In 
addition, immunostaining of EfTu, gdhA, gltA, Pnp, and thiG was observed. It was confirmed 
that vaccination with aPV induced antibodies directed against FHA, Prn and Ptx (Figure 5C). 
Anti-Ptx antibodies were directed against a single spot, whereas anti-Prn and anti-FHA were 
detected as multiple spots, most likely indicating degradation (change in size), deamination 
or post-translational modifications (change in pI). Although FHA was present in both wPV 
and omvPV, only aPV elicited detectable anti-FHA antibodies. B. pertussis infection resulted in 
moderate antibody levels against BrkA, EfTu, GroEL, Ptx and Vag8 (Figure 5D). Western blot 
analysis of serum of naive mice revealed the presence of antibodies against the 50S ribosomal 
protein L7/L12 (Q7W0S0) (Figure 6).
The results of 2DEWB analyses are summarized in heatmaps (Figure 6). Vaccination with 
omvPV induced antibodies of all IgG subclasses against Vag8 and BrkA. The formation of IgG3 
against Vag8 and BrkA and IgG2a against Tcf was only detected upon omvPV vaccination. All 
vaccines generated IgG1 against multiple antigens. However, the staining intensities were 
the strongest upon aPV and wPV vaccination. The aPV elicited only antibodies of the IgG1 
subclass against FHA, Prn, and Ptx. The wPV-induced antibodies against BrkA, Pnp and EfTu 
were only of the IgG1 subclass, while antibodies against Vag8 consisted of both IgG1 and IgG2a 
subclasses. Western blots revealed that anti-GroEL antibodies formed upon wPV vaccination 
and after pertussis infection were predominantly IgG1 and to a lesser extent IgG2b. The 
infection induced IgG2a and IgG2b antibodies against Vag8 and BrkA. However, the highest 
staining intensities of BrkA were found to be IgG1. Finally, serum IgA was exclusively measured 
after infection and was directed against Vag8 and BrkA.
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Discussion

This study demonstrates that vaccination with three different pertussis vaccines (omvPV, wPV 
or aPV) elicited distinct differences in humoral responses, not only with respect to antigen–
specificity and antibody levels, but also with respect to antibody isotypes and IgG subclasses. 
Characterization of complex vaccines by immunoproteomic profiling enabled us to identify 
and quantify immunogenic proteins in omvPV and wPV. Vaccine protein composition was 
determined by quantitative proteomics using LC-MS. The immunogenic proteins of the B. 
pertussis B1917 proteome were identified by 2-dimensional immunoblotting and subsequent 
LC-MS analysis.

To our best knowledge, this is the first time that immunoproteomic profiles of different 
pertussis vaccines were extensively compared. This study will be useful for understanding 
host-pathogen interaction and for vaccine design, since complete subclass profiling, especially 
regarding IgG2b and IgG3, is often absent [15, 43]. Distinct variances in IgG subclass response 
were seen in mice receiving different pertussis vaccines or B. pertussis infection (Figure 3, 4 
and 6). Vaccination with omvPV and wPV resulted in antibodies of all IgG subclasses, although 
the wPV elicited a subclass response that was dominated by IgG1. Vaccination with aPV solely 
induced IgG1 antibodies, while a B. pertussis infection led to the formation of mainly IgG2a 
and IgG2b antibodies. The formation of antibody-producing B-cells can occur either through a 
T-cell dependent or independent way. In the case of T-cell involvement, the type of cytokines 
secreted, e.g. IFNγ, IL-4, IL-5, and IL-17, determines the IgG subclass production by B-cells [19, 
20, 44]. In mice, Th1 type responses promote the production of IgG2a, whereas Th2 responses 
stimulate the formation of IgG1 [19, 44]. In addition, production of IgG2b seems to be linked 
to a Th17 type response [20]. Whereas all types of T-cell help stimulate the secretion of IgG3 
[19, 44], the highest IgG3 formation is achieved by T-cell independent antibody responses by 
B-cells, i.e. against LPS [45].

The differences in IgG subclass responses observed in the mice upon vaccination with 
different pertussis vaccines are likely influenced by the vaccine characteristics, such as (i) 
particle size, (ii) vaccine composition or (iii) presence of adjuvants, along with (iv) the route 
of administration. For instance, OMVs are ten times smaller in diameter than whole bacteria. 
This may increase the exposure to different cell types because there are more particles 
present in the omvPV or affect the uptake by different cell types with respect to efficiency in 
uptake and routing within the cells [46]. In addition, OMVs may reach immune cells deeper in 
the tissue, which are less accessible for the whole bacteria or the large alum particles [47], or 
drain faster (unprocessed) to the lymph nodes [46], thereby affecting the immune responses 
induced.
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Further, the presence of natural immune potentiators or co-administered adjuvants is known 
to influence the type of immune response. No adjuvants were added to the omvPV and wPV 
vaccines. However, these vaccine formulations do contain LPS and bacterial DNA, which are 
agonists for TLR4 and TLR9, respectively [48]. Activation of these pathogen recognition 
receptors stimulates and directs the humoral immune response in a T-cell dependent or 
independent way [49]. The higher concentrations of LPS and especially DNA detected in wPV, 
when compared to omvPV, might partly explain the different subclass responses. In addition, 
LPS-recognition by TLR4 in synergy with the B-cell receptor may also lead to direct T-cell 
independent anti-LPS antibody formation, especially IgG3, by B-cells [45]. In the case of aPV, 
the presence of aluminum hydroxide leads to a Th2 biased response [50] and subsequently 
the formation of IgG1 against purified pertussis antigens [22], as was also found in this study. 
Interestingly, it was shown that this Th2 response caused by aluminum-containing vaccines 
could be steered towards a Th1 response by addition of TLR ligands that induce strong 
Th1 responses, such as an LPS derivate (TLR4 ligand) [51] or CpG (TLR9-agonist) [52]. This 
indicates that the sum of all interactions within and between activated pathways determines 
the environmental conditions in which the B-cells reside, and consequently the outcome of 
the humoral response.

The intranasal infection resulted in production of IgG2a and IgG2b, which is thought to be 
related to a Th1/Th17 response [18, 20]. An enhanced IgG2a antibody formation, relative to 
IgG1, was also found upon intranasal administration of live attenuated pertussis vaccine [5]. 
A bacterial infection results in colonization and protein secretion of the bacteria leading to 
prolonged antigen exposure [18] when compared to vaccination. The intranasal route of 
administration of the infection, compared to subcutaneous vaccination with omvPV, wPV or 
aPV, at least partly explains the exclusive presence of serum IgA antibodies in infected mice 
[18].

Antibody subclasses determine the functionality of antibodies, since IgG subclasses may 
have a different bactericidal and opsonophagocytic activity [53]. Recently, it was suggested 
that for B. pertussis, antibodies with opsonophagocytic killing functionality might be more 
important compared to direct serum bactericidal killing [54]. For B. pertussis, Fc-receptors 
play an important role in opsonophagocytic killing in the respiratory tract in mice [24, 25]. 
IgG subclasses have a different affinity and selectivity towards FcRs [55]. In mice, IgG1 
predominantly targets FcγRIII (CD16) [56]. FcγRIV (CD16-2) exclusively binds IgG2a and IgG2b 
that both have the highest affinity for this receptor but are able to bind all FcRs [57]. Finally, 
murine IgG3 has a high affinity for FcRn and low affinity for FcγRI (CD64). Fc-receptors are 
present on several cell types such as B-cells and NK-cells, but predominantly on phagocytes, 
such as neutrophils and macrophages [55]. The neutrophils seem essential to protect against 
B. pertussis, since neutrophil depletion resulted in impaired lung clearance, especially in 
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immunized mice [58]. Because multiple immune cells, such as neutrophils, B-cells and 
macrophages, express different FcγRs [55], a certain IgG subclass cannot predict the involved 
type of FcγR-expressing cells. However, the humoral response with multiple antibody 
subclasses after omvPV vaccination might result in the involvement of different FcγR-
expressing cells resulting in a broad immune response. In contrast, selective IgG1 induction 
by aPV suggests mainly involvement of FcγRIII-expressing cells. A broad subclass distribution 
against surface exposed antigens, such as Vag8, BrkA, Prn and FHA should therefore lead to 
addressing a variety of FcγR-containing cells. The involvement of multiple FcγR-containing 
cells might result in increased phagocytosis. Antibodies against secreted antigens, such as 
Ptx, are less involved in direct phagocytosis of the bacteria. However, Ptx inhibits neutrophil 
recruitment [59]. Therefore, antibody-mediated neutralization of Ptx might prevent the 
impaired recruitment of neutrophils, increasing phagocytosis of bacteria in the respiratory 
tract.

The present study showed the essence of characterization of complex vaccines for 
understanding antibody profiles. In another study describing the antigenic composition of an 
omvPV, Ptx and Fim2 were reported to be present in that vaccine [30]. However, this was not 
observed in our study using a different omvPV. The differences in vaccine composition might 
be explained by the use of different B. pertussis strains, culture conditions, OMV extraction 
methods [38], vaccine dose, and methods of analysis. Though some antigens that were most 
abundant induced the highest antibody responses (such as Vag8 and BrkA in omvPV), other 
abundant proteins (such as FHA and Prn in omvPV and wPV) did not induce that high antibody 
responses, whereas some less abundant proteins (Pnp, BvgA) induced higher responses than 
expected based on the quantity present. In addition, some proteins present in equal amounts 
in omvPV and wPV (Tcf, EfTu) induced different antibody levels.
While many immunogenic proteins are present in omvPV and wPV, little is known about 
their protective capacity. Some indications have been reported, for example, using a mouse 
intracerebral protection assay it was shown that in combination with non-protective levels 
of anti-Ptx, Vag8 induced protective activity [60]. In addition, when administered as a single 
component vaccine, recombinant Vag8 could induce a protective response in the lung [16]. 
For another autotransporter, BrkA, human antibodies against this protein were shown to 
have bactericidal activity [61]. In addition, a three-component acellular vaccine with BrkA, 
Ptx and FHA was shown to induce a protective immune response in mice [62]. However, 
vaccination with recombinant BrkA as a single component did not protect against B. pertussis 
infection [62]. The tracheal colonization factor (Tcf) is a virulence factor and aerosol challenge 
of mice with a Tcf-deficient B. pertussis strain resulted in a 10-fold decrease in trachea 
colonization compared to a WT strain, indicating an important role for Tcf during colonization 
[63]. This might suggest a protective function for anti-Tcf antibodies in the respiratory tract. 
Indeed, intranasal administration of Tcf, carried by an attenuated strain of Vibrio cholerae, 
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resulted in clearance of B. pertussis in the trachea, but not in the lungs of vaccinated mice 
[64]. The GroEL protein is a conserved protein, found in many species of bacteria as well 
as in humans and therefore probably less suitable as a vaccine antigen [65]. In this study, 
anti-GroEL antibody formation was found upon wPV vaccination and B. pertussis infection. 
Active immunization with GroEL induced only little protection against a B. pertussis infection 
[65]. In the present study, anti-LPS antibodies were detected at high levels in mice vaccinated 
with omvPV or wPV and to a lesser extent in infected mice. Others have demonstrated 
that anti-LPS antibodies in mice [66], rats [67], and humans [68] have bactericidal activity 
and reduce bacterial colonization in the respiratory tract. In addition, anti-LPS antibodies 
might lead to diminished pro-inflammatory cytokine production by binding LPS, leading to 
reduced endotoxic effects of an infection. Immunization with LPS-based oligosaccharide 
conjugates induced bactericidal antibodies, indicating the potential for improving immunity 
by implementing pertussis LPS in a vaccine [69].

The question remains whether omvPV provides protective immunity by eliciting a humoral 
immune response. Based on the protective capacity of antibody induction against antigens, 
such as BrkA, LPS, Tcf and Vag8 described in literature [61, 64, 69, 70], the omvPV antibody 
profile in our study suggests potential induction of protective humoral immunity in mice. 
Other studies have shown that omvPV confers protection similar to aPV when studying the 
short-term responses [6, 31]. More importantly, it was shown that omvPV could also provide 
long-lasting immunity. This was also achieved by a commercial aPV but only at a high dose 
(1/10 Human Dose) in mice [31]. In addition, omvPV protects against different strains [31]. 
The broader response against multiple relevant antigens by omvPV, instead of selective 
antigens by aPV, may prevent impaired immunity due to strain adaptation. Future studies 
should demonstrate the relationship between the immunoproteomic profiles determined for 
different pertussis vaccines and the presence of long lasting-immunity. These studies should 
provide us with important new insights into the role of the humoral response and protection.

In order to maintain high vaccine compliance after introducing an improved pertussis 
vaccine, first a better efficacy but not more reactogenicity of omvPV compared to aPV should 
be established.

In conclusion, the humoral immune response elicited by omvPV is distinct from that induced 
by classic pertussis vaccines, such as wPV and aPV. The omvPV elicits high serum antibody 
levels that consist of a broad subclass response in mice against multiple antigens. The study 
supports wider exploration of omvPV as an improved pertussis vaccine.
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Supplementary Table 1 - Protein composition of omvPV and wPV determined by LC-MS. This table is available 
at http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00258.

Supplementary information



138

Chapter 4

1.	 Cherry, J.D., Epidemic pertussis in 2012--the resurgence 
of a vaccine-preventable disease. N Engl J Med, 2012. 
367(9): p. 785-7.

2.	 Baxter, R., et al., Effectiveness of pertussis vaccines for 
adolescents and adults: case-control study. BMJ, 2013. 
347: p. f4249.

3.	 Celentano, L.P., et al., Resurgence of pertussis in 
Europe. Pediatr Infect Dis J, 2005. 24(9): p. 761-5.

4.	 Kretzschmar, M., P.F. Teunis, and R.G. Pebody, 
Incidence and reproduction numbers of pertussis: 
estimates from serological and social contact data 
in five European countries. PLoS Med, 2010. 7(6): p. 
e1000291.

5.	 Mielcarek, N., et al., Live attenuated B. pertussis as a 
single-dose nasal vaccine against whooping cough. 
PLoS Pathog, 2006. 2(7): p. e65.

6.	 Roberts, R., et al., Outer membrane vesicles as acellular 
vaccine against pertussis. Vaccine, 2008. 26(36): p. 
4639-46.

7.	 Bottero, D., et al., Pulsed-field gel electrophoresis, 
pertactin, pertussis toxin S1 subunit polymorphisms, 
and surfaceome analysis of vaccine and clinical 
Bordetella pertussis strains. Clin Vaccine Immunol, 
2007. 14(11): p. 1490-8.

8.	 Altindis, E., et al., Immunoproteomic analysis of 
Bordetella pertussis and identification of new 
immunogenic proteins. Vaccine, 2009. 27(4): p. 542-8.

9.	 Misegades, L.K., et al., Association of childhood 
pertussis with receipt of 5 doses of pertussis vaccine 
by time since last vaccine dose, California, 2010. JAMA, 
2012. 308(20): p. 2126-32.

10.	 Mooi, F.R., N.A.T. van der Maas, and H.E. De Melker, 
Pertussis resurgence: waning immunity and pathogen 
adaptation - two sides of the same coin. Epidemiol 
Infect, 2013: p. 1-10.

11.	 Warfel, J.M., L.I. Zimmerman, and T.J. Merkel, Acellular 
pertussis vaccines protect against disease but fail to 
prevent infection and transmission in a nonhuman 
primate model. Proc Natl Acad Sci U S A, 2014. 111(2): 
p. 787-92.

12.	 Plotkin, S.A., Correlates of protection induced by 
vaccination. Clin Vaccine Immunol, 2010. 17(7): p. 
1055-65.

13.	 Storsaeter, J., et al., Levels of anti-pertussis antibodies 
related to protection after household exposure to 
Bordetella pertussis. Vaccine, 1998. 16(20): p. 1907-16.

14.	 van den Berg, B.M., et al., Protection and humoral 
immune responses against Bordetella pertussis 
infection in mice immunized with acellular or cellular 
pertussis immunogens. Vaccine, 2000. 19(9-10): p. 
1118-28.

15.	 Mills, K.H., et al., A murine model in which protection 
correlates with pertussis vaccine efficacy in children 
reveals complementary roles for humoral and cell-
mediated immunity in protection against Bordetella 
pertussis. Infect Immun, 1998. 66(2): p. 594-602.

16.	 Gouw, D., et al., Proteomics-Identified Bvg-Activated 
Autotransporters Protect against Bordetella pertussis 
in a Mouse Model. PLoS One, 2014. 9(8): p. e105011.

17.	 Warfel, J.M. and T.J. Merkel, Bordetella pertussis 
infection induces a mucosal IL-17 response and long-
lived Th17 and Th1 immune memory cells in nonhuman 
primates. Mucosal Immunol, 2013. 6(4): p. 787-96.

18.	 Raeven, R.H.M., et al., Molecular Signatures of the 
Evolving Immune Response in Mice following a 
Bordetella pertussis Infection. PLoS One, 2014. 9(8): p. 
e104548.

19.	 Stevens, T.L., et al., Regulation of antibody isotype 
secretion by subsets of antigen-specific helper T cells. 
Nature, 1988. 334(6179): p. 255-8.

20.	 Mitsdoerffer, M., et al., Proinflammatory T helper type 
17 cells are effective B-cell helpers. Proc Natl Acad Sci U 
S A, 2010. 107(32): p. 14292-7.

21.	 Redhead, K., et al., Effective immunization against 
Bordetella pertussis respiratory infection in mice is 
dependent on induction of cell-mediated immunity. 
Infect Immun, 1993. 61(8): p. 3190-8.

22.	 Rowe, J., et al., Antigen-specific responses to 
diphtheria-tetanus-acellular pertussis vaccine in human 
infants are initially Th2 polarized. Infect Immun, 2000. 
68(7): p. 3873-7.

23.	 Ross, P.J., et al., Relative contribution of Th1 and Th17 
cells in adaptive immunity to Bordetella pertussis: 
towards the rational design of an improved acellular 
pertussis vaccine. PLoS Pathog, 2013. 9(4): p. e1003264.

24.	 Hellwig, S.M., et al., Targeting to Fcgamma receptors, 
but not CR3 (CD11b/CD18), increases clearance of 
Bordetella pertussis. J Infect Dis, 2001. 183(6): p. 871-9.

25.	 Rodriguez, M.E., et al., Fc receptor-mediated immunity 
against Bordetella pertussis. J Immunol, 2001. 167(11): p. 
6545-51.

26.	 Hellwig, S.M., et al., Crucial role of antibodies to 
pertactin in Bordetella pertussis immunity. J Infect Dis, 
2003. 188(5): p. 738-42.

27.	 Taranger, J., et al., Correlation between pertussis toxin 
IgG antibodies in postvaccination sera and subsequent 
protection against pertussis. J Infect Dis, 2000. 181(3): 
p. 1010-3.

28.	 Zhu, Y.Z., et al., Immunoproteomic analysis of human 
serological antibody responses to vaccination with 
whole-cell pertussis vaccine (WCV). PLoS One, 2010. 
5(11): p. e13915.

29.	 Tefon, B.E., et al., A comprehensive analysis 
of Bordetella pertussis surface proteome and 
identification of new immunogenic proteins. Vaccine, 
2011. 29(19): p. 3583-95.

30.	 Ormazabal, M., et al., Characterization of the key 
antigenic components of pertussis vaccine based on 
outer membrane vesicles. Vaccine, 2014. 32(46): p. 
6084-90.

31.	 Gaillard, M.E., et al., Acellular pertussis vaccine based 
on outer membrane vesicles capable of conferring both 
long-lasting immunity and protection against different 
strain genotypes. Vaccine, 2014. 32(8): p. 931-7.

32.	 Zollinger, W.D., et al., Design and evaluation in mice 
of a broadly protective meningococcal group B native 
outer membrane vesicle vaccine. Vaccine, 2010. 28(31): 
p. 5057-67.

33.	 Welch, D.F., Applications of cellular fatty acid analysis. 
Clin Microbiol Rev, 1991. 4(4): p. 422-38.

34.	 Caroff, M., et al., Structure of the Bordetella pertussis 
1414 endotoxin. FEBS Lett, 2000. 477(1-2): p. 8-14.

35.	 Stenger, R.M., et al., Fast, antigen-saving multiplex 
immunoassay to determine levels and avidity of mouse 
serum antibodies to pertussis, diphtheria, and tetanus 
antigens. Clin Vaccine Immunol, 2011. 18(4): p. 595-603.

References



139

Immunoproteomic profiling of pertussis vaccines

4

36.	 Hijnen, M., et al., The Bordetella pertussis virulence 
factor P.69 pertactin retains its immunological 
properties after overproduction in Escherichia coli. 
Protein Expr Purif, 2005. 41(1): p. 106-12.

37.	 Yan, J.X., et al., A modified silver staining protocol 
for visualization of proteins compatible with matrix-
assisted laser desorption/ionization and electrospray 
ionization-mass spectrometry. Electrophoresis, 2000. 
21(17): p. 3666-72.

38.	 van de Waterbeemd, B., et al., Quantitative proteomics 
reveals distinct differences in the protein content of 
outer membrane vesicle vaccines. J Proteome Res, 
2013. 12(4): p. 1898-908.

39.	 Meiring, H.D., Van Der Heeft, E., Ten Hove, G.J., De 
Jong, A.P.J.M., Nanoscale LC-MS(n): Technical design 
and applications to peptide and protein analysis. 
Journal of Separation Science, 2002. Volume 25(Issue 
9): p. Pages 557-568.

40.	 Bart, M.J., et al., Comparative genomics of 
prevaccination and modern Bordetella pertussis strains. 
BMC Genomics, 2010. 11: p. 627.

41.	 Silva, J.C., et al., Absolute quantification of proteins 
by LCMSE: a virtue of parallel MS acquisition. Mol Cell 
Proteomics, 2006. 5(1): p. 144-56.

42.	 Huang da, W., B.T. Sherman, and R.A. Lempicki, 
Systematic and integrative analysis of large gene lists 
using DAVID bioinformatics resources. Nat Protoc, 
2009. 4(1): p. 44-57.

43.	 Canthaboo, C., et al., Investigation of cellular and 
humoral immune responses to whole cell and acellular 
pertussis vaccines. Vaccine, 2000. 19(6): p. 637-43.

44.	 Germann, T., et al., Interleukin-12 profoundly 
up-regulates the synthesis of antigen-specific 
complement-fixing IgG2a, IgG2b and IgG3 antibody 
subclasses in vivo. Eur J Immunol, 1995. 25(3): p. 823-9.

45.	 Quintana, F.J., et al., Induction of IgG3 to LPS via Toll-
like receptor 4 co-stimulation. PLoS One, 2008. 3(10): 
p. e3509.

46.	 Bachmann, M.F. and G.T. Jennings, Vaccine delivery: 
a matter of size, geometry, kinetics and molecular 
patterns. Nat Rev Immunol, 2010. 10(11): p. 787-96.

47.	 Kuehn, M.J. and N.C. Kesty, Bacterial outer membrane 
vesicles and the host-pathogen interaction. Genes Dev, 
2005. 19(22): p. 2645-55.

48.	 Akira, S. and K. Takeda, Toll-like receptor signalling. Nat 
Rev Immunol, 2004. 4(7): p. 499-511.

49.	 Bekeredjian-Ding, I. and G. Jego, Toll-like receptors-
-sentries in the B-cell response. Immunology, 2009. 
128(3): p. 311-23.

50.	 Hogenesch, H., Mechanism of immunopotentiation 
and safety of aluminum adjuvants. Front Immunol, 
2012. 3: p. 406.

51.	 Brummelman, J., et al., Modulation of the CD4 T cell 
response after acellular pertussis vaccination in the 
presence of TLR4 ligation. Vaccine, 2015. 33(12): p. 
1483-91.

52.	 Gracia, A., et al., Antibody responses in adult and 
neonatal BALB/c mice to immunization with novel 
Bordetella pertussis vaccine formulations. Vaccine, 2011. 
29(8): p. 1595-604.

53.	 Michaelsen, T.E., et al., The four mouse IgG isotypes 
differ extensively in bactericidal and opsonophagocytic 
activity when reacting with the P1.16 epitope on the 
outer membrane PorA protein of Neisseria meningitidis. 
Scand J Immunol, 2004. 59(1): p. 34-9.

54.	 Geurtsen, J., K.C. Fae, and G.P. van den Dobbelsteen, 
Importance of (antibody-dependent) complement-
mediated serum killing in protection against Bordetella 
pertussis. Expert Rev Vaccines, 2014: p. 1-12.

55.	 Bruhns, P., Properties of mouse and human IgG 
receptors and their contribution to disease models. 
Blood, 2012. 119(24): p. 5640-9.

56.	 Hazenbos, W.L., et al., Murine IgG1 complexes trigger 
immune effector functions predominantly via Fc 
gamma RIII (CD16). J Immunol, 1998. 161(6): p. 3026-32.

57.	 Nimmerjahn, F., et al., FcgammaRIV: a novel FcR with 
distinct IgG subclass specificity. Immunity, 2005. 23(1): 
p. 41-51.

58.	 Andreasen, C. and N.H. Carbonetti, Role of neutrophils 
in response to Bordetella pertussis infection in mice. 
Infect Immun, 2009. 77(3): p. 1182-8.

59.	 Kirimanjeswara, G.S., et al., Pertussis toxin inhibits 
neutrophil recruitment to delay antibody-mediated 
clearance of Bordetella pertussis. J Clin Invest, 2005. 
115(12): p. 3594-601.

60.	 Hamstra, H.J., et al., The purification and protective 
capacity of Bordetella pertussis outer membrane 
proteins. Vaccine, 1995. 13(8): p. 747-52.

61.	 Oliver, D.C. and R.C. Fernandez, Antibodies to BrkA 
augment killing of Bordetella pertussis. Vaccine, 2001. 
20(1-2): p. 235-41.

62.	 Marr, N., et al., Protective activity of the Bordetella 
pertussis BrkA autotransporter in the murine lung 
colonization model. Vaccine, 2008. 26(34): p. 4306-11.

63.	 Finn, T.M. and L.A. Stevens, Tracheal colonization 
factor: a Bordetella pertussis secreted virulence 
determinant. Mol Microbiol, 1995. 16(4): p. 625-34.

64.	 Chen, I., et al., A recombinant live attenuated strain of 
Vibrio cholerae induces immunity against tetanus toxin 
and Bordetella pertussis tracheal colonization factor. 
Infect Immun, 1998. 66(4): p. 1648-53.

65.	 Burns, D.L., et al., Purification and immunological 
characterization of a GroEL-like protein from Bordetella 
pertussis. Infect Immun, 1991. 59(4): p. 1417-22.

66.	 Mountzouros, K.T., A. Kimura, and J.L. Cowell, A 
bactericidal monoclonal antibody specific for the 
lipooligosaccharide of Bordetella pertussis reduces 
colonization of the respiratory tract of mice after 
aerosol infection with B. pertussis. Infect Immun, 1992. 
60(12): p. 5316-8.

67.	 Gotto, J., et al., Protective effect of Bordetella pertussis 
lipopolysaccharide in the rat intratracheal challenge 
model of pertussis. Abstracts Of The General Meeting 
Of The American Society For Microbiology, 1992. Abstr. 
92nd(abstr. E-15): p. p. 146.

68.	 Weiss, A.A., et al., Characterization of human 
bactericidal antibodies to Bordetella pertussis. Infect 
Immun, 1999. 67(3): p. 1424-31.

69.	 Kubler-Kielb, J., et al., Oligosaccharide conjugates 
of Bordetella pertussis and bronchiseptica induce 
bactericidal antibodies, an addition to pertussis 
vaccine. Proc Natl Acad Sci U S A, 2011. 108(10): p. 
4087-92.

70.	 Finn, T.M. and D.F. Amsbaugh, Vag8, a Bordetella 
pertussis bvg-regulated protein. Infect Immun, 1998. 
66(8): p. 3985-9.



About the cover: Temples and pagodas of the ancient city of Bagan in Myanmar. Capital of the kingdom of Pagan between the 
9th and 13th century. Today, the remains of approximately 2,200 temples and pagodas are still present. Part of the UNESCO 
World Heritage list.


