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Abstract
The potency of whole-cell pertussis (wP) vaccines is still determined by an intracerebral

mouse protection test. To allow development of suitable in vitro alternatives to this test,

insight into relevant parameters to monitor the consistency of vaccine quality is essential.

To this end, a panel of experimental wP vaccines of varying quality was prepared by sul-

fate-mediated suppression of the BvgASRmaster virulence regulatory system of Bordetella
pertussis during cultivation. This system regulates the transcription of a range of virulence

proteins, many of which are considered important for the induction of effective host immu-

nity. The protein compositions and in vivo potencies of the vaccines were BvgASR depen-

dent, with the vaccine containing the highest amount of virulence proteins having the

highest in vivo potency. Here, the capacities of these vaccines to stimulate human Toll-like

receptors (hTLR) 2 and 4 and the role these receptors play in wP vaccine-mediated activa-

tion of antigen-presenting cells in vitro were studied. Prolonged BvgASR suppression was

associated with a decreased capacity of vaccines to activate hTLR4. In contrast, no signifi-

cant differences in hTLR2 activation were observed. Similarly, vaccine-induced activation

of MonoMac-6 and monocyte-derived dendritic cells was strongest with the highest potency

vaccine. Blocking of TLR2 and TLR4 showed that differences in antigen-presenting cell acti-

vation could be largely attributed to vaccine-dependent variation in hTLR4 signalling. Inter-

estingly, this BvgASR-dependent decrease in hTLR4 activation coincided with a reduction

in GlcN-modified lipopolysaccharides in these vaccines. Accordingly, expression of the

lgmA-C genes, required for this glucosamine modification, was significantly reduced in bac-

teria exposed to sulfate. Together, these findings demonstrate that the BvgASR status of

bacteria during wP vaccine preparation is critical for their hTLR4 activation capacity and

suggest that including such parameters to assess consistency of newly produced vaccines

could bring in vitro testing of vaccine quality a step closer.
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Introduction
BordetelIa pertussis is a Gram-negative pathogen that causes whooping cough in humans. As
pertussis disease in children can be severe, development of whole-cell pertussis (wP) vaccines
started soon after it was known how to cultivate the bacterium under laboratory conditions.
The introduction of these vaccines on a large scale resulted in the control of epidemic pertussis
disease [1, 2]. Although today wP vaccines have been replaced by acellular pertussis vaccines in
most industrialized countries due to concerns regarding their reactogenicity, wP vaccines are
still used in many countries in Latin America, Africa and Asia [1]. Furthermore, recent evi-
dence points towards a higher efficacy of vaccination schemes including a first dose of wP com-
pared to schedules solely using aP vaccines [3–6]. Along with lower costs of production [7],
this will likely make these the pertussis vaccine of choice in many regions for the years to come.
For lot release of wP vaccines, the use of the intracerebral challenge test, also known as the Ken-
drick test, is a regulatory requirement at this moment [8, 9]. As it is questionable whether this
mouse model appropriately reflects human pertussis disease, the results using these animal
tests are highly variable within and among laboratories [10] and there is concern with respect
to animal welfare [11], novel in vitro alternatives to assess the quality of newly produced wP
vaccine lots are urgently needed.

For the quality of wP vaccines, the bacterial cultivation process is considered crucial as
growth conditions are known to affect gene expression in B. pertussis [12, 13]. Expression of
most virulence genes, whose products are involved in pathogenesis, is controlled by a master
regulatory system encoded by the BvgASR locus [14]. This regulatory system enables the bacte-
rium to adapt to environmental changes. In response to conditions such as temperatures below
26°C or the presence of sulfate (MgSO4) or nicotinic acid, expression of most virulence genes is
suppressed [15]. This state is referred to as the Bvg- phase as opposed to the Bvg+ phase in
which the majority of virulence proteins are expressed. Using mutants locked in either the Bvg-

or Bvg+ phase, it has been shown that bacteria in the Bvg- phase are unable to survive in vivo
and that the Bvg+ phase is required to cause respiratory infection in mice [16]. Importantly, the
presence of many of the virulence proteins expressed in the Bvg+ phase in wP vaccines has also
been associated with the induction of protective immune responses. It has been shown that the
amount of virulence proteins in a vaccine based on outer membrane vesicles correlated with
protection [17]. In another study, immunization with inactivated B. pertussis bacteria harvested
during the logarithmic growth phase (considered to contain high amounts of virulence pro-
teins) induced an immune response with higher protective capacity compared with inactivated
bacteria harvested after logarithmic growth (considered to contain lower amounts of virulence
proteins)[18]. In addition, other investigators were able to confirm that a decreased availability
of nutrients in B. pertussis cultures after the logarithmic growth phase is associated with a
lower expression of many virulence genes in a BvgASR-dependent manner [12, 13]. Taken
together, these results strongly suggest that the composition (i.e. quality) and hence protective
capacity (i.e. potency) of a wP vaccine can be influenced by the culture conditions used within
the wP manufacturing process. By sensing differences in the culture conditions, the BvgASR
system most likely plays an important role in controlling these vaccine characteristics.
Although some of these reports directly link differences in wP vaccine composition to the
potency of these batches in the intracerebral challenge model [18], not much is known about
the immunological consequences of vaccination with wP vaccines produced from B. pertussis
bacteria cultured under BvgASR-modulating conditions.

The potency of a vaccine depends on the type of adaptive immune response that is initiated
and directed by antigen-presenting cells (APC) [19]. This requires proper activation of APC
through recognition of conserved microbial structures by pathogen recognition receptors
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(PRR), including the Toll-like receptors (TLR). Although B. pertussis is known to produce
ligands for both TLR2 and TLR4 [20, 21], TLR4 signalling in particular was found to affect the
development of immune responses against B. pertussis, whereas TLR2 was not [22]. In addi-
tion, TLR4 was shown to be essential for protection against B. pertussis in mice [23]. The
canonical ligand for TLR4 is lipopolysaccharide (LPS), a well-known component of wP vac-
cines. It has been shown that B. pertussis can substitute the phosphate groups of the lipid A
moiety of its LPS with glucosamine (GlcN), a modification that leads to enhanced hTLR4 sig-
nalling and the secretion of pro-inflammatory cytokines [24]. The genes lgmA, lgmB and lgmC
have recently been identified to encode the enzymes required for this GlcN modification of B.
pertussis LPS [24–26]. Importantly, the expression of lgmA and lgmB was found to be regulated
by BvgASR master regulatory system [27]. Since culture conditions (such as nutrient availabil-
ity) can affect the BvgASR system, they might also affect LPS structure during cultivation of B.
pertussis bacteria. As LPS is an important contributor to the wP vaccine-induced activation of
APC, we hypothesised that culture condition-induced changes in Bvg phase could affect APC
activation and thereby influence the induction of adaptive immune responses and vaccine
potency.

In this study, we investigated the capacity of several in vitromethods to assess wP vaccine
quality. To properly address the potential of these assays, we used a set of experimental wP vac-
cines of varying quality that were produced by deliberate addition of sulfate to the bioreactor
cultures in order to modulate the BvgASR system. B. pertussis bacteria (vaccine strain 509)
were harvested just before sulfate addition and at several time points afterwards, resulting in
vaccine products that contain varying amounts of virulence proteins. Based on protein compo-
sition and in vivo potency testing (Metz et al., submitted for publication), the qualities of these
wP vaccines were considered to range from good to poor (vaccine Aref—E). Previously, we
showed that these vaccines differed in their capacity to induce activation of monocyte-derived
dendritic cells (moDC) and MonoMac-6 (MM6) cells in vitro and demonstrated that these cel-
lular platforms had considerable potential as in vitro alternatives to animal testing for the qual-
ity control of wP vaccines [28]. Here, we investigated the relative contribution of TLR2 and
TLR4 to the activation of these cells and showed that prolonged cultivation in the presence of
sulfate not only triggered alterations in the expression of known virulence proteins but also in
the expression of genes associated with LPS modification, leading to variations in LPS struc-
ture. These modifications were associated with the ability of the wP vaccines to induce human
TLR4 but not TLR2 signalling and therefore likely influenced activation of human APC. Taken
together, these findings demonstrate the necessity to monitor vaccine quality after production,
and more importantly, they provide a scientific basis to the use of cell-based assays to assess
aspects of the immunological potency of wP vaccines in vitro.

Materials and Methods

Production of experimental wP vaccines of different quality
In this study, experimental wP vaccine batches were used that were based on cultivation of B.
pertussis strain 509 (Intravacc, Bilthoven, The Netherlands). This clinical isolate was collected
in 1963 and was used for the production of wP vaccine for the national vaccination program of
the Netherlands until 2005. The wP vaccines were produced as described in detail elsewhere
(Metz et al. submitted for publication). Briefly, all cultures were grown in chemically defined
THIJS medium [29, 30] using a 3L bioreactor equipped with a Rushton stirrer (Applikon,
Schiedam, The Netherlands) at a constant temperature of 35°C. After obtaining a steady-state
culture, deliberate down-regulation of virulence genes (t = 0) was initiated by adding MgSO4 to
the medium at final concentrations of 50 mM. Samples were taken just before the addition of
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MgSO4 (0 hours) and 2, 6, 12 and 24 hours after this addition, inactivated with formaldehyde
(16 mM) and heating (56°C) for 10 min. The resulting wP vaccines batches are referred to as
vaccine Aref (t = 0) (reference vaccine), vaccine B (t = 2), vaccine C (t = 6), vaccine D (t = 12)
and vaccine E (t = 24). Three separate cultivation runs were performed. Unless mentioned oth-
erwise, corresponding vaccine preparations derived from the different runs were pooled and
used for the stimulation of different cell lines or monocyte derived dendritic cells (moDC) at
indicated OD590nm.

Reagents
Ultrapure LPS from E. coli K12 (LPS-EC), ultrapure LPS from Rhodobacter sphaeroides
(LPS-RS), PAM3CSK4 (PAM), HEK-Blue selection antibiotics, Normocin, Zeocin and QUAN-
TI-Blue were all purchased from InvivoGen Europe (Toulouse, France). The α-TLR2 blocking
antibody was obtained from R&D systems. Recombinant human GM-CSF was purchased from
PeproTech (Rocky Hill, NJ, USA) and recombinant human IL-4 was purchased from Sanquin
(Amsterdam, The Netherlands). The IL-6 ELISA kit was purchased from Sanquin, the IL-
12p40 ELISA kit was purchased from Diaclone and the IL-8 ELISA kit was obtained from R&D
systems. Dulbecco’s modified Eagle’s medium (DMEM) and Iscove’s modified Dulbecco’s
medium (IMDM) were purchased from Gibco, FCS was obtained from Thermo scientific
(Waltham, MA). Fatty acid standards C14:0, C14:0-3OH, NaOH, HCl and tert-butyl methyl
ether were purchased from Sigma (Zwijndrecht, The Netherlands). Methanol and n-Hexane
were from JT Baker and n-Hexane from Biosolve.

ELISA for the specific detection of virulence antigens
In contrast to the ELISA that was performed directly after vaccine preparation (Metz et al., sub-
mitted for publication), here specific B. pertussis antigens (FHA, PRN, FIM2, FIM3, Vag8, PT,
LPS) in vaccines Aref—E were quantified by ELISA approximately 1.5 years after production
to verify virulence protein content. Immulon-2HB (Thermo Scientific) were coated with
100 μL of the vaccines of separate runs (vaccine Aref -E) diluted to a final OD590nm of 0.2. Plates
were sealed and incubated overnight at room temperature. The next day, triplicate wells coated
with each vaccine run were incubated with antibodies specific for six B. pertussis virulence pro-
teins FHA (Mab 29E7), PRN (Mab Pem4), FIM2 (Mab 118E10), FIM3 (Mab 81H1), PT (Mab
P8), Vag8 (Mab 14B4) and an antibody specific for band A LPS (Mab 88F3) or band B LPS
(Mab BL-8) for 1 hour at 37°C. Binding of the antibodies was detected using an HRP-conju-
gated goat anti-mouse IgG in PBS containing 0.5% skim milk followed by incubation with per-
oxidase substrate (0.1 mg/mL TMB with 0.012% H2O2 in 0.11 M sodium acetate buffer [pH
5.5]) for 10 minutes. The reaction was stopped by addition of 100 μl 2 M H2SO4 to each well.
The absorbance at 450nm was then measured using an ELISA reader (Bio-Tek). Heat-inacti-
vated whole bacteria of the 509 strain that were either treated or not treated with formaldehyde
were used to determine the effect of formaldehyde treatment on antibody recognition of target
proteins.

Cell lines and culture conditions
HEK-Blue cells stably transfected with human TLR4, MD-2 and CD14 (HB-hTLR4) or stably
transfected with human TLR2 and CD14 (HB-hTLR2) were purchased from InvivoGen. As a
control, the HEK-Blue Null1-cell line (HB-Null1) was used to determine the effect of endoge-
nously expressed receptors. These cell lines express a secreted embryonic alkaline phosphatase
(SEAP) reporter gene under the control of NF-κB-inducible promoter. HEK-293 cells stably
transfected with murine TLR4, MD-2 and CD14 (HEK-mTLR4) were purchased from
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InvivoGen. To study the combinational effect of PRR, the human monocytic cell line MM6
was used [31]. All HEK cell lines were grown in DMEM and the MM6 cell line was grown in
IMDM. Both media were supplemented with 10% heat-inactivated FCS, 100 U/mL penicillin,
100 μg/mL streptomycin, 300 ng/mL L-glutamine. In addition, media were supplemented with
1x HEK-Blue selection antibiotics and Normocin (HB-hTLR4 and HB-hTLR2), Zeocin and
Normocin (HB-Null1), Blasticidin, HygroGold and Normocin (HEK-mTLR4) or 20 μM β-
mercaptoethanol (MM6). All cells were cultivated at 37°C in a humidified atmosphere of 5%
CO2.

Generation and culture of moDC
For generation of moDC, peripheral blood from healthy donors was used. Donor blood was
kindly provided by the internal blood donor system of the National Institute for Public Health
and the Environment (RIVM) in the Netherlands. This study was conducted according to the
principles expressed in the Declaration of Helsinki. All donors provided written informed con-
sent for the collection of samples and subsequent analysis. The blood samples were processed
anonymously. Peripheral blood mononuclear cells were isolated by density centrifugation on
Lymphoprep (Nycomed) at 1000xg for 30 minutes. Cells were washed, harvested, and resus-
pended in PBS supplemented with 0.5% BSA and 2 mM EDTA. The cells were incubated with
anti-CD14+ microbeads and CD14+ monocytes were isolated by magnetic sorting using MACS
columns (Miltenyi Biotech). CD14+ positive cells were then cultured in 24-wells plates at
4 × 105 cells/mL in IMDM supplemented with penicillin (100 U/mL), streptomycin (100 μg/
mL), L-glutamine (300 ng/mL), 1% heat-inactivated FCS, human GM-CSF (500 U/mL), and
human IL-4 (800 U/mL) for a total of 6 days.

Stimulation of cell lines and moDC with wP vaccines and use of hTLR2
and hTLR4 blocking agents
HB-hTLR2, HB-hTLR4 and HB-Null1 cells were seeded in 96-well plates at 50000, 25000
and 50000 cells/well (96 well), respectively, and cultivated overnight. The HB-hTLR4,
HB-hTLR2 and HB-Null1 cells were subsequently stimulated overnight with wP vaccines
Aref—E at the indicated OD590nm. The activation of these cell lines was measured by mixing
20 μL of cell supernatant with 180 μL of QUANTI-Blue substrate™ followed by incubation at
37°C for two hours. The absorption at 649nm was measured using a microplate reader (Bio-
Tek). MM6 cells were plated at 1.5 x 105 cells/well (96-well plates), just prior to addition of
wP vaccine Aref—E at indicated OD590nm or the control stimulants described below. Activa-
tion of MM6 cells was assessed by measuring IL-6 and IL-12p40 secretion in culture super-
natant using ELISA and the absorbance was measured at 450nm. As controls, HB-hTLR4,
HB-hTLR2 and HB-Null1 and MM6 cells were stimulated with LPS-EC or PAM at indi-
cated concentrations. Blocking of TLR4, TLR2 or both on HB-hTLR4 or MM6 cells was per-
formed by incubating cells with LPS-RS (1 μg/mL), α-TLR2 antibody (0.5 μg/mL) or α-
TLR2 antibody (0.5 μg/mL) and LPS-RS (1 μg/mL) for three hours. Subsequently, both cell
lines were exposed to wP vaccines and control stimulants overnight and activation was mea-
sured by IL-6 and IL-12p40 secretion in the supernatant. In order to block TLR4 or TLR2
signalling or both on moDC, these cells were pre-incubated with LPS-RS (1 μg/mL), or α-
TLR2 (0.5 μg/mL), or both TLR2 and TLR4 antagonists for three hours. Subsequently, the
moDC were stimulated with wP vaccines Aref, C, E, LPS or PAM at the indicated concentra-
tion for two days. After stimulation, the presence of IL-12p40 in the supernatants of these
cells was then measured using ELISA.
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Mass Spectrometry (MS) analysis of LPS
The LPS from 250 μl of vaccine preparations of B. Pertussis were extracted with hot phenol/
water as described elsewhere [32]. LPS was purified further for mass spectrometry by using
ZipTipC4 micropipette tips (Merck Millipore Ltd, Tullagreen, Carrigtwohill, Co. Cork, Ire-
land). Electrospray ionization mass spectrometry (ESI-MS) was performed on an LCQ Classic
quadrupole ion trap mass spectrometer (Finnigan, San Jose, CA) in the negative-ion mode.
Typically, from 5 to 10 μl of LPS in 50% (v/v) 2-propanol, 0.07 mM triethylammonium acetate
pH 8.5 were infused into the mass spectrometer by static nanoelectrospray using gold-coated,
pulled glass capillaries [33, 34]. The spray voltage was set to -2 kV and the capillary tempera-
ture to 200°C. Under these ionization conditions, no appreciable fragmentation of LPS was
produced. Composition proposals for LPS molecular ions were based on the chemical structure
of the LPS from B. pertussis reported previously [35].

Microarray analysis
mRNA expression profiles of the B. pertussis bacteria harvested at different time points after
sulfate addition were analysed using full genome B. pertussis DNA-microarrays according to
the procedure described in detail elsewhere [12](Metz et al. submitted for publication). The
data processing steps were done with the free statistical software R (http://www.r-project.org, R
Foundation for Statistical Computing, Vienna, Austria), using an in-house developed script
[12]. P-values for expression changes at any of the time points were calculated using a one-way
ANOVA statistical analysis. The resulting p-values were then adjusted for multiple testing by
calculating the false discovery rate (FDR). Maximal fold ratio (FR) values were expressed as the
maximal/minimal normalized signal value between any of the time points. A p-value of 0.01
(FDR of 10%) was used to select genes whose gene-expression showed a statistically significant
difference. To further select for biologically relevant effects, only statistically significant genes
with a maximal FR above 1.25 were included in the final analysis.

Gas chromatography of fatty acids in wP vaccines
The amount of fatty acids and the fatty acid composition in lipids within the wP vaccines was
analysed using a modified gas chromatography method as described elsewhere [36]. The fatty
acid methyl-esters were analysed based on their retention times compared to retentions times
of the commercial standards. For quantification of hydroxy-fatty acids C14:0-3OH and C12:0-
2OH were used as calibration standard and internal standard, respectively. For non-hydroxy-
fatty acids C14:0 was used as standard and C15:0 was employed as internal standard.

Statistical analysis
Data are presented as the mean ± the standard deviation of three independent determinations,
unless mentioned otherwise. Unless mentioned otherwise, significant differences were analysed
between the reference vaccine (Aref) and the other vaccines (B—E) using a Student’s t-test and
considered significant when p<0.05.

Results

Modulation of the BvgASR system affects protein composition, but not
LPS quantity of wP vaccines
The relative amounts of six important virulence proteins in vaccine Aref—E, harvested 0–24
hours after the addition of sulfate, were determined using monoclonal antibodies to verify if
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the sulfate-induced suppression of the BvgASR system during the production process had
resulted in differences in wP vaccine protein composition and thus quality (Fig 1A). PRN,
FIM3 and Vag8 proteins were readily detectable in reference vaccine Aref, whereas FIM2 levels
were clearly lower. In contrast, FHA and PT protein levels were at the lower limit of detection
in all runs of each vaccine tested. Importantly, PRN, FIM3 and Vag8 protein levels decreased
steadily over time and this decrease proved significant starting two (PRN), six (FIM3) and
twelve hours (Vag8) after the addition of sulfate. Similarly, FIM2 protein levels were also
significantly decreased six hours after the addition of sulfate. The levels of FIM2 and PRN were
minimal and close to zero after 24 hours. These data clearly confirm that sulfate-mediated sup-
pression of virulence during B. pertussis cultivation had resulted in the production of experi-
mental wP vaccines of different protein compositions. In general, the levels of virulence
proteins present in the wP vaccines coincided with the gradually decreasing potencies of these

Fig 1. Bvg status of B. pertussis bacteria at time of harvest affects protein composition of the resulting
wP vaccines. Amounts of proteins (A) and LPS (B) present in wP vaccines Aref, B, C, D, E (harvested 0, 2, 6,
12, 24 hours after the addition of sulfate, respectively) derived from three individual B. pertussis culture runs
were measured by ELISA using specific monoclonal antibodies directed against individual proteins or LPS. (C)
Fatty acid composition of vaccines Aref, B, C, D, and E analysed using a modified gas chromatography method
(in duplicate). The black lines indicate the background levels measured in PBS only by ELISA. * = p < 0.05.

doi:10.1371/journal.pone.0161428.g001
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vaccines as determined in the in vivo Kendrick test (potency of vaccine Aref was 7.0 IU/mL
(95% interval 2 IU/mL and 27 IU/mL), the potency of vaccine C was 4.8 IU/mL (95% interval 2
IU and 10 IU) and the potency of vaccine E was 0.8 IU/mL (95% interval 0 IU/mL and 3 IU/
mL) (Metz et al., submitted for publication)). According to the acceptance criteria of the Euro-
pean Pharmacopeia which specify a potency of at least 4 IU/mL and 95% interval with a lower
limit of 2 IU/mL, the potencies of vaccine A and C were sufficient, whereas the potency of vac-
cine E was insufficient. Therefore, based on assessment of protein content and in vivo potency
testing, we considered the qualities of vaccines Aref—E to range from good to poor.

The amount of LPS, another virulence factor of B. pertussis [15, 37], is not known to be regulated
by the BvgASR system. In line with this, LPS was detected in all vaccines using an antibody specific
for B. pertussis band A LPS and no significant differences were observed between vaccines Aref—E
regarding their LPS content (Fig 1B). In addition, quantification of LPS in vaccine Aref—E by gas
chromatography of LPS-specific fatty acids (non-hydroxy and hydroxy) revealed that there were no
pronounced differences among the vaccines (Fig 1C). These results demonstrate that sulfate-medi-
ated modulation of the BvgASR system did not affect the quantity of LPS in these wP vaccines.

Since formaldehyde treatment of the vaccines could have affected epitope recognition by
the antibodies used in the ELISA, its effect on antibody recognition of virulence proteins was
evaluated using B. pertussis strain 509 treated with or without formaldehyde (S1 Fig). Formal-
dehyde treatment had no effect on epitope recognition by FIM3- and Vag8-specific antibodies,
while the detected levels of FIM2, FHA and PT were slightly lower. Surprisingly, detected PRN
levels were higher after formaldehyde treatment. These results show that although formalde-
hyde treatment can affect the availability of epitopes for some of the antibodies, it does not
seem to be responsible for the absence of an FHA- and PT-specific signal in vaccines Aref—E
(Fig 1A). It is therefore likely that both proteins are absent or present at very low concentra-
tions in the vaccine preparations rather than not detected.

Quality of wP vaccines affects human TLR4 but not TLR2 signalling
It is well established that B. pertussis can activate TLR4 and TLR2. However, while there is no evi-
dence that B. pertussis can actively modulate TLR2 activation, it has been reported that B. pertussis
is able to modify the structure of its LPS in a BvgASR dependent manner, thereby influencing host
TLR4 signalling [26, 27]. Therefore, the capacity of wP vaccines Aref—E to activate human TLR4
(hTLR4) and TLR2 (hTLR2) was tested using HB-hTLR4 and HB-hTLR2 reporter cell lines. The
vaccines induced a dose dependent production of SEAP through both hTLR4 and hTLR2 (Fig
2A). Responses were hTLR4 and hTLR2 specific since SEAP activity was not induced in the
HB-Null1 control cells (Fig 2B). Importantly, vaccine E induced a consistently lower hTLR4
response than vaccines Aref, B, C and D for all shown dilutions (Fig 2A). The difference between
vaccine Aref and E proved significant for each of the four vaccine concentrations shown in three
independent experiments (Fig 2C and S2A Fig). Significant differences in hTLR4 responses were
not observed when the cells were stimulated with wP vaccines at higher or lower ODs. In contrast,
no consistent differences in hTLR2 activation were found between vaccines Aref—E (Fig 2A and
2C), although there was some variation at indicated ODs (S2B Fig). Together, these results dem-
onstrate that the Bvg status of the bacteria at the time of harvest influenced the capacity of the vac-
cines to induce hTLR4 signalling, while leaving hTLR2 signalling capacity largely unaffected.

wP vaccines of varying quality differ in their capacity to activate APC,
primarily in a human TLR4-dependent manner
In order to investigate if wP vaccines Aref—E also differed in their capabilities to activate innate
immune cells expressing several different TLRs, vaccine-induced activation of MM6 cells and
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moDC was studied, as well as the contribution of hTLR2 and hTLR4 signalling to the activation
of these cell types. MM6 is a human monocytic cell line that expresses both TLR2 and TLR4
[38, 39] and responded to purified agonists for these receptors as well as our wP vaccines
(Fig 3A) [28]. Vaccine E induced consistently lower IL-6 and IL-12p40 secretion by MM6
cells for all indicated ODs compared with vaccine Aref (Fig 3A), while vaccines B, C and D
induced secretion of intermediate amounts of these cytokines. Importantly, these differences
between vaccine Aref and E were significant at indicated ODs in three independent experiments

Fig 2. Activation of hTLR4- and hTLR2-mediated signalling by wP vaccines Aref—E. HB-hTLR2, HB-hTLR4 and
HB-Null-1 cells were stimulated overnight with wP vaccines Aref, B, C, D, E, LPS-EC (0.8 ng/mL) or PAM (40 ng/mL).
Shown is the SEAP activity in supernatants of HB-hTLR2, HB-hTLR4 (A) and HB-Null-1 (B) cells in response to 2-fold
serial dilutions of the vaccines (representative responses are shown from one out of three independent experiments). (C)
Shown is the SEAP activity of HB-hTLR2 and HB-hTLR4 cells in response to vaccines Aref, B, C, D and E at an OD590nm

of 0.00094. Each dot represents one value of three individually performed cell culture experiments. * = p < 0.05.

doi:10.1371/journal.pone.0161428.g002
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(Fig 3B and S2C and S2D Fig). This indicates that also activation of MM6 cells by wP vaccines
was affected by the bacterial Bvg status at the time of harvest during vaccine production.

Since the vaccines derived from B. pertussis bacteria harvested after the addition of sulfate (vac-
cine B-E) displayed a clear trend towards lower hTLR4 activation than our reference vaccine
derived from this bacterial culture before sulfate was added (vaccine Aref), we wanted to gain more
insight into the relative contribution of hTLR4- and hTLR2-mediated signalling to overall vac-
cine-induced activation of APC. To study this, MM6 cells were pre-incubated with a constant con-
centration of the TLR4 antagonist LPS-RS, a TLR2 blocking antibody or both. Blocking of hTLR2
onMM6 cells significantly decreased the IL-6 and IL-12p40 secretion in response to vaccine C
and E (Fig 4A). However, hTLR2 blocking had a minor effect on secretion responses to vaccine
Aref, while hTLR4 blocking significantly decreased the MM6 cell response to all wP vaccines tested.
When both hTLR2 and hTLR4 were blocked, the MM6 cell response to the wP vaccines became
marginal. These data suggest that hTLR4-mediated signalling was the main contributor to MM6
activation by vaccine Aref with no or a limited role for hTLR2. The relative contribution of hTLR4
to activation of these cells by vaccines of lower quality (C and E) deceased gradually, while the rela-
tive contribution of hTLR2 increased and was significant for vaccine C and E.

Since dendritic cells (DC) are professional APC that direct adaptive immune responses, the
response of moDC to vaccines Aref, C, and E was investigated next. MoDC were pre-incubated
with LPS-RS, α-TLR2 blocking antibody or both antagonists and stimulated with LPS, PAM

Fig 3. Secretion of IL-6 and IL-12p40 by MM6 cells stimulated with wP vaccines Aref—E.MM6 cells were stimulated
overnight with vaccines Aref, B, C, D, E, LPS-EC (4 ng/mL) or PAM (40 ng/mL). Subsequently, IL-6 and IL-12p40 secretion
was measured in culture supernatants. (A) Shown is the response of MM6 cells to 2-fold serial dilutions of vaccine Aref, B, C, D
and E (representative responses are shown from one out of three independent experiments). (B) Response of MM6 cells to
vaccines Aref, B, C, D and E at an OD590nm of 0.00094. Each dot represents one value of three individually performed cell
culture experiments. * = p < 0.05.

doi:10.1371/journal.pone.0161428.g003
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and the wP vaccines Aref, C and E. Within the performed experiments, the α-TLR2 antibody
largely, but not completely inhibited the response to the TLR2 ligand PAM, most likely caused
by incomplete inhibition of all hTLR2 receptors (Fig 4B). In a similar way as observed with
MM6 cells, blocking of hTLR2 on moDC significantly decreased IL-12p40 secretion in
response to vaccine C and E, but not to vaccine Aref, while hTLR4 blocking significantly
reduced the response to all wP vaccines tested. Simultaneous blockade of hTLR2 and hTLR4 in
both wP stimulated MM6 and moDC resulted in a response close to the lower limit of detection
of the used ELISAs, suggesting only TLR2 and TLR4 ligands rather than ligands for other PRR
play a role in wP activation of APC. In general, the relative contribution of hTLR4 signalling to
the activation of both cell types was higher compared with hTLR2 signalling. In addition, this
effect was clearly more pronounced when vaccine Aref was used as a stimulant and could
explain the differences in APC activation induced by these wP vaccines of varying quality.

wP vaccines produced under Bvg-modulating conditions contain
structurally different LPS molecules
Since the different hTLR4 signalling capacities of vaccines Aref—E cannot be explained by dif-
ferences in LPS quantity, we hypothesised that this might be the result of variations in the

Fig 4. Activation of MM6 cells andmoDC by wP vaccines is primarily mediated by hTLR4 signalling.MM6 cells and moDCwere pre-treated
for 3 hours with the TLR4 antagonist LPS-RS (1 μg/mL), a blocking antibody against human TLR2 (0.5 μg/mL) or a combination of both.
Subsequently, MM6 cells were stimulated with wP vaccine Aref, C, E (OD590nm of 0.00094), PAM (100 ng/mL), LPS-EC (4 ng/mL) or medium
overnight. Similarly, moDCwere stimulated for 2 days with vaccine Aref, C and E (OD590nm of 0.00047), LPS-EC (100 ng/mL), PAM (1 μg/mL) or only
medium. (A) Secretion of IL-6 and IL-12p40 by MM6 cells measured in culture supernatants (one experiment out of two experiments with similar
results is shown). (B) Secretion of IL-12p40 by moDCmeasured in culture supernatants (one experiment out of two experiments with similar results
is shown). * = p < 0.05.

doi:10.1371/journal.pone.0161428.g004
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structure of the LPS molecules present in vaccines Aref—E. To investigate this, LPS from the
vaccine preparations was isolated and analysed by negative-ion ESI-MS. Mass spectrometry
analysis showed that all vaccines mainly contained penta-acylated LPS carrying a branched
dodecasaccharide chain (m/z 1351, Fig 5) of the same composition as that reported previously
for the main species (band A LPS) of LPS from B. pertussis [35]. Similarly, minor LPS species
were present in all vaccine preparations corresponding to tetra-acylated LPS lacking a
3-hydroxy-tetradecanoic acid (m/z 1276) or 3-hydroxy-decanoic acid (m/z 1294) as well as
tetra-acylated and penta-acylated LPS species that lost a heptose (m/z 1212 and 1287, respec-
tively), a phosphoethanolamine (m/z 1235 and 1310, respectively) or a pyrophosphoethanola-
mine group (m/z 1208 and 1283, respectively) from the dodecasaccharide core (Fig 5).
However, when comparing the LPS spectra derived from vaccines Aref—E, the peak corre-
sponding to LPS carrying a GlcN substitution of lipid A phosphate (m/z 1405) gradually
decreased from vaccine Aref toward vaccine E (Fig 5). Since the wP vaccines did not differ in
LPS amount (Fig 1B and 1C), it is likely that the presence of the GlcN modification on the lipid
A of the LPS molecules in vaccine Aref and the gradual decrease of this modification on the
lipid A from vaccines B—E is responsible for the observed different capacities of the vaccines
to induce hTLR4 signalling and APC activation.

Previously, it has been shown that GlcN modification of B. pertussis lipid A specifically
affects human TLR4 signalling, while this modification has no effect on murine TLR4
(mTLR4) signalling [24]. Therefore, the capacity of vaccines Aref, C and E to bind and activate
murine TLR4 was tested using a HEK-mTLR4 reporter cell line. All vaccines induced a dose
dependent production of IL-8, but no consistent differences between the mTLR4 responses
induced by vaccine Aref, C and E were observed (S3 Fig). Additional evidence for the presence
of GlcN modifications comes from an experiment in which the vaccines were incubated with
the antibiotic polymyxin B. GlcN modification of LPS is a known mechanism used by Borde-
tella bacteria to confer resistance to neutralisation with the antibiotic polymyxin B [40]. Incu-
bating the wP vaccines with this antibiotic before stimulating the MM6 cells, demonstrated
that vaccine Aref was resistant to polymyxin B neutralisation, while vaccine E was neutralised
and no longer induced MM6 cell activation (S4 Fig). Both the absence of a difference in
mTLR4 activation and the association between the GlcN modification and the resistance to
polymyxin B, provide further evidence that the variations in GlcN substitution of the LPS mol-
ecules present in these vaccines are a main determinant for the observed differences in activa-
tion of hTLR4-expressing cells.

Prolonged culturing of B. pertussis in the presence of sulfate is
associated with differential expression of genes encoding LPS modifying
enzymes
Because of the differences found in the LPS structures present in vaccines Aref—E and the clear
differential hTLR4 signalling capacities of these wP vaccines, we wondered whether differential
expression of genes involved in LPS modification would form the basis for these findings.
Therefore, the gene expression profiles of a panel of 35 B. pertussis genes, known to be associ-
ated with synthesis or modification of LPS were analysed. This data set was derived from a
whole-genome microarray experiment performed with RNA samples isolated from a sample of
the bacterial culture just before the production of vaccines Aref—E (Metz et al., submitted for
publication). The expression profiles revealed that addition of sulfate did not alter the expres-
sion of most of these genes (Fig 6). However, the gene expression profiles revealed that sulfate
addition induced significantly enhanced expression of four genes that are part of the wlb gene
cluster (wlbA, wlbB, wlbC and wlbI). This locus is associated with the addition of a trisaccharide
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Fig 5. Negative-ion ESI mass spectra of LPS isolated fromwP vaccine preparations Aref—E. The triply charged (M-3H)3- molecular ion regions of
the mass spectra of LPS from vaccine preparations Aref, B, C, D and E are shown. The box on top of the mass spectra contains a simplified
representation of the chemical structure of the LPS from B. pertussis reported previously [35]. This structure has been assigned to the ion of m/z 1351.
The ions highlighted by an asterisk correspond to LPS with a glucosamine substitution of the lipid A phosphate. Abbreviations: Kdo, 3-deoxy-D-manno-
oct-2-ulosonic acid; Hep, L-glycero-D-manno-heptose; Glc, glucose; GlcN, glucosamine; GlcNAc, N-acetyl glucosamine; Fuc2NAc4NMe, 2-acetamido-
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moiety to the core structure of B. pertussis LPS, producing an LPS form known as band A LPS
[41–43]. To investigate if this had any effect on the ratio of band A and B LPS in vaccines Aref
—E, we determined the relative amounts of these LPS species using band A or band B specific
antibodies (S5 Fig). Interestingly, band B LPS proved to be nearly undetectable in all vaccines,
whereas clear differences in band A LPS amounts among the vaccines were not observed. As
significant changes in the presence of the band A-specific trisaccharide were also not found by
MS analysis of the LPS molecules present in vaccines Aref—E (Fig 4), we cannot present any
evidence for structural alterations of the LPS in the different vaccines, caused by sulfate-
induced changes in the expression of the four wlb cluster genes. Most importantly, the

4-N-methyl-2,4,6-deoxy-galactose; GalNA, galactosaminuronic acid; GlcA, glucuronic acid; Man2NAc3NAcA, 2-acetamido-3-acetamido-2,3-dideoxy-
mannuronic acid; PPEA, pyrophosphoethanolamine; P, phosphate; C14OH, 3-hydroxy-tetradecanoic acid; C14, tetradecanoic acid; C10OH, 3-hydroxy-
decanoic acid.

doi:10.1371/journal.pone.0161428.g005

Fig 6. Expression of genes associated with LPS synthesis andmodification in B. pertussis in response to sulfate exposure.Relative
gene expression of a panel of 35 genes associated with LPS synthesis or modification in B. pertussis [25–27, 41, 44–50]. Each row
represents the relative transcript abundance of a single gene in B. pertussis bacteria harvested before and at different time points after sulfate
addition to the growth medium. Column names (t = -24 –t = 24) correspond to the time points after the addition of sulfate at which bacteria
were harvested (0 = vaccine Aref, 2h = vaccine B, 6h = vaccine C, 12h = vaccine D, 24h = E). The colour scale indicates gene regulation
ranging from strong downregulation (dark green), to no regulation (yellow), and strong upregulation (dark red). Genes for which the
expression changed significantly throughout the production process are marked with an asterisk (p < 0.05).

doi:10.1371/journal.pone.0161428.g006
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expression of the lgmA, lgmB and lgmC genes, known to be responsible for GlcN modification
of lipid A in B. pertussis [26], was significantly reduced following growth in sulfate-containing
medium. This strongly suggests that changes in the gene expression of these enzymes are
responsible for the gradual decrease in GlcN modification of lipid A that was observed in vac-
cines B—E (Fig 5).

Discussion
Differences in the culture conditions used during wP vaccine production can be sensed by the
BvgASR regulatory system of Bordetella pertussis [4, 15] and can thereby influence the expres-
sion of proteins involved in virulence. Several studies have linked the quality of wP vaccines to
the presence of these virulence-associated proteins [16, 17, 51]. Recently, we have shown that
moDC and MM6 cells represent suitable platforms to measure differences in the innate
immune activation capacities of experimental wP vaccines of varying quality (Aref—E) [28],
that were prepared by deliberate manipulation of the bacterial BvgASR system during the pro-
duction process (Metz et al., submitted for publication). In the present study, we showed that
the differences in APC activation are largely caused by the distinct capacities of these vaccines
to activate hTLR4. Additionally, we present evidence strongly suggesting that the observed dif-
ferences in hTLR4 activation induced by our wP vaccines are directly linked to the amount of
GlcN-modified LPS molecules present in these vaccines, which in turn is dependent on
BvgASR-controlled expression of the lgmA, lgmB and lgmC genes. These findings demonstrate
that wP vaccine quality is connected to their capacity to activate human TLR4 and suggest that
this association could serve as a useful parameter for in vitro assessment of wP vaccine quality.

Sulfate-mediated repression of the BvgASR system is known to impair the expression of B.
pertussis virulence factors [52] and this method was therefore used within this study to mimic
potential problems that could occur during vaccine production, such as nutrient limitation at
the end of bacterial cultivation [12]. This way, a panel of five experimental wP vaccines of vary-
ing quality (Aref—E) was produced by culturing B. pertussis bacteria either in the absence or
presence of sulfate for different time spans. The protein composition of these vaccines was ana-
lysed in detail using ELISA and mass spectrometry immediately after vaccine production and
this clearly confirmed that suppression of BvgASR-controlled gene expression in B. pertussis
had resulted in vaccine products of different protein contents. These differences were also
reflected in the potency of these vaccines, as determined for vaccines Aref, C and E in the intra-
cerebral challenge test (Metz et al., submitted for publication). Using vaccines Aref—E, in this
study the effect of culture condition-induced changes in Bvg phase on various vaccine charac-
teristics was investigated. To verify previous results on the protein composition of these vac-
cines and to show that the vaccines were still qualitatively different, we quantified the amount
of several virulence antigens in these products by ELISA. The analysed antigens are considered
to be important for the induction of protective antibody and T cell responses (FHA, PRN,
FIM2, FIM3, PT and Vag8) [53–56]. Although the results in this study confirmed the earlier
data, showing that wP vaccines Aref—E differ in antigen content, there are some slight differ-
ences between the results in both studies. The ELISA analysis described in this study, detected
relatively lower concentrations of FIM2 and FHA in the vaccines compared to those measured
previously by Metz et al., using both ELISA and mass spectrometry. This discrepancy between
both analyses might be due to the use of different antibodies or the inherently higher sensitivity
of a method such as mass spectrometry. In addition, the structure and stability of FIM2 and
FHA may have changed since the first ELISA quantification, as the first ELISA was performed
on heat inactivated, but not formaldehyde treated bacteria (Metz et al., submitted for publica-
tion), whereas the products analysed in the current ELISA were 1.5 years older and were both
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treated with formaldehyde and heat inactivated. Nevertheless, overall our data showed that wP
vaccines (Aref—E) contained decreasing amounts of the virulence proteins FIM2, FIM3, Vag8
and PRN (Fig 1A), similar as described in Metz et al., thereby confirming the previous conclu-
sion that vaccines (Aref—E) are qualitatively different, ranging from good (Aref) to poor (E).

Importantly, adaptive immune responses not only depend on a vaccine’s antigen composi-
tion, but also on the vaccines capacity to induce activation of APC, since these cells initiate and
direct the adaptive immune response [19]. Activation of APC depends on the recognition of
pathogen-associated molecular patterns by PRR. It is well known that wP vaccines induce APC
activation through TLR2 and TLR4 [20] leading to NF-κB dependent secretion of cytokines.
The contribution of TLR4 and TLR2 to wP vaccine-induced responses has been demonstrated
in vivo in mice, where TLR4 contributed to the early innate immune response as well as to sub-
sequent antibody and T cell responses, while TLR2 did not [22]. In our in vitro assays, we
observed that the modulation of the Bvg system by sulfate had resulted in a gradual decrease in
MM6 and HB-hTLR4 activation capacities when comparing responses to vaccines Aref—E
(Figs 2 and 3). In addition, the differences in activation of MM6 cells and moDC between the
vaccines mainly disappeared after blocking of TLR4 on the surface of these cells (Fig 4). In con-
trast, we found no indication that the hTLR2-activating capacities of vaccines Aref—E had been
affected by sulfate addition during vaccine production (Fig 2), although activation of hTLR2
contributed to the innate immune cell response induced by wP vaccines C and E, but did not
significant contribute to the response to vaccine A (Fig 4). A recent report identified several
lipoproteins in B. pertussis and two of them were shown to be specific TLR2 ligands [21]. Thus
far, there is no evidence for Bvg-dependent regulation of lipoprotein expression in B. pertussis,
which is in line with our TLR2-activation results. Together, these results indicate that
TLR4-mediated signalling was primarily responsible for the observed differences in responses
of MM6 cells and moDC to vaccines Aref—E, whereas activation of TLR2 did not substantially
contribute to these differences.

The major role of TLR4 signalling in MM6 cells and moDC activation by our wP vaccines
was not unexpected, since mTLR4 is known to be involved in immune responses and protec-
tion against B. pertussis in mice [22, 23] and LPS of B. pertussis is known to induce activation
of hTLR4 in vitro [57]. However, the observed differences in hTLR4 activation capacities of
vaccines Aref—E were somewhat surprising, as no variation in LPS quantity between these vac-
cines was detected (Fig 1B and 1C). This implied that not LPS quantity, but LPS structure
could be the reason for the different TLR4-activating abilities of vaccine Aref—E. Several studies
have shown that B. pertussis can modify its lipid A by substituting the phosphate groups with
GlcN in a BvgASR-controlled manner, resulting in enhanced hTLR4 activation [24]. In line
with these studies, we demonstrated that LPS molecules derived from our good quality refer-
ence vaccine (Aref), produced from Bvg+ phase bacteria, were substituted with GlcN to the
highest degree, while the LPS molecules isolated from vaccines B—E, produced from bacteria
cultured in the presence of sulfate, displayed a gradual decrease in GlcN substitution (Fig 5). In
contrast to previous studies, these changes in GlcN modifications were not the result of an
introduced mutation in the bvgS or lgmB genes [24, 27], but induced by culturing B. pertussis
in the presence of sulfate. We confirmed that sulfate induced changes in the expression of
lgmA, lgmB and lgmC genes (Fig 6), known to be responsible for GlcN modification of lipid A
in B. pertussis [26]. Though the LPS molecules substituted with GlcN represented a minor LPS
species, this was the only species for which the amount consistently corresponded with the cul-
ture time in the presence of sulfate. Moreover, Shah et al. showed that GlcN-modification of
LPS had a very strong effect on hTLR4 activation [24]. Since LPS quantity did not differ
between our wP vaccines, it is likely that Bvg+ phase-dependent GlcN modification was respon-
sible for the differences in hTLR4 signalling and APC activation induced by these vaccines,

Whole-Cell Pertussis Vaccine Quality Is Linked to Human TLR4 Activation

PLOS ONE | DOI:10.1371/journal.pone.0161428 August 22, 2016 16 / 22



although we cannot completely exclude that other minor LPS species played a role in this as
well.

Another remarkable characteristic of GlcN-modified LPS is that it confers resistance to neu-
tralisation by the antibiotic polymyxin B, as demonstrated for B. pertussis [40] and B. bronchi-
septica LPS [58]. Similar LPS modifications have been found in E. coli and S. typhimurium
[59]. Interestingly, activation of MM6 cells by vaccine Aref, proved to be unaffected or even
enhanced by polymyxin B addition, whereas vaccine E, derived from bacteria cultured in the
presence of sulfate for 24 hours, was neutralised by polymyxin B and no longer induced hTLR4
signalling (S4 Fig). This observation suggests that polymyxin B specifically bound to LPS mole-
cules without GlcN modification, within vaccine E leading to reduced activation of hTLR4,
while it might have promoted the possibility of minor GlcN modified LPS species in vaccine
Aref to activate hTLR4. These data provide indirect evidence for the presence of GlcN-modified
lipid A in wP vaccines Aref and its absence in vaccine E.

The wlb gene cluster is responsible for the addition of a trisaccharide moiety to the core
structure of B. pertussis LPS, thereby allowing the formation of band A LPS. In contrast, band
B LPS does not carry a trisaccharide on its core structure [41, 43]. The expression of the wlb
cluster has been shown to influence the colonization of B. pertussis in the lungs and trachea of
mice [42]. Surprisingly, the expression of four of the genes of the wlb cluster, wlbA, wlbB, wlbC
and wlbH, was significantly upregulated by bacterial growth in the presence of sulfate. Never-
theless, this did not alter the relative amounts of band A or B LPS in vaccines Aref—E (S5 Fig).
This apparent discrepancy may be attributed to the relatively high amount of band A LPS
already present in wP vaccine Aref. In addition, it may be possible that the trisaccharide moiety
is synthesized in excess, but finally not attached to the LPS molecules.

A recent study demonstrated that the lgmA, lgmB and lgmC genes encode the enzymes that
are required for the modification of B. pertussis lipid A with GlcN, while the enzyme encoded
by the lgmD gene in the same cluster proved not essential [26]. Here, we showed that the lgmA,
lgmB and lgmC genes were the major B. pertussis genes involved in LPS synthesis or modifica-
tion of which the expression was significantly reduced by the addition of sulfate (Fig 6). This
confirms that the transcription of these genes is indeed controlled by the BvgASR system [27]
and provides an explanation for the steadily lower amounts of GlcN-modified LPS that were
detected in those vaccines that were produced from bacteria cultured in the presence of sulfate
for prolonged periods of time. Changes in lgmA and lgmB expression have also been described
after culturing B. pertussis in the presence of only 5 mM sulfate, suggesting that the expression
of both genes can also shift in response to minor environmental changes [54].

Our results demonstrate that suppression of the BvgASR system of B. pertussis bacteria in
the process of wP production leads to a time-dependent gradual reduction in the amount of
virulence proteins present in the resulting vaccines. However, this not only affects protein
composition, but can also lead to specific structural alterations of the LPS molecules in the
wP vaccines, leading to differences in hTLR4 signalling capacity. This study highlights the
need for monitoring of the production process of whole-cell pertussis vaccines and provides
examples of in vitro cell-based and physico-chemical tools, such as HB-hTLR4, MM6 and
moDC cell systems, and mass spectrometry of LPS structure, that can be used for this pur-
pose. Nevertheless, comprehensive validation experiments will be necessary to implement
these tools. Furthermore, these data provide a scientific explanation for our recent proof-of-
principle study showing that moDC and MM6 cells represent suitable platforms for in vitro
monitoring of the consistency of the quality of wP vaccine production [28], thereby paving
the road toward the development of suitable in vitromethods to assess the quality of these
vaccines in the future.
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Supporting Information
S1 Fig. Effect of formaldehyde treatment on detection of B. pertussis proteins by monoclo-
nal antibodies. Amounts of proteins present in whole bacteria of strain 509 either treated with
formaldehyde (50 mM) or not, were measured in an ELISA, using specific monoclonal anti-
bodies directed against individual proteins. � = p< 0.05.
(TIF)

S2 Fig. Activation of hTLR4- and hTLR2-mediated signalling by wP vaccines Aref—E at
OD590nm 0.00047–0.00012.HB-hTLR2, HB-hTLR4 and MM6 cells were stimulated overnight
with wP vaccines Aref, B, C. D, E at an OD590nm of 0.00047, 0.00023, 0.00012. Vaccine-induced
SEAP secretion (HB-hTLR2 and HB-hTLR4) or IL-6 and Il-12 secretion (MM6 cells) was mea-
sured in culture supernatants. Each dot represents one value of three individually performed
cell culture experiments. � = p< 0.05.
(TIF)

S3 Fig. Activation of mTLR4 signalling by wP vaccines Aref, C and E.HEK-mTLR4 cells
were stimulated overnight with wP vaccines Aref, C, E, or LPS-EC (200 ng/mL). NF-κB activity
was measured by the secretion of IL-8 in the supernatants in response to 4-fold serial dilutions
of the vaccines (representative responses are shown from one out of three independent experi-
ments).
(TIF)

S4 Fig. Neutralisation of B. pertussis LPS in vaccine Aref and E by polymyxin B. Vaccines
Aref and E (OD590nm 0.06) and LPS-EC (100 ng/mL) were pre-treated with varying concentra-
tions of polymyxin B for 2 hours at 37°C. These solutions were used to stimulate the MM6 cells
overnight. Activation of the MM6 cells was determined by assessing the amounts of IL-6
secreted into the supernatant using an ELISA (responses from one experiment out of two inde-
pendent experiments with similar results are shown).
(TIF)

S5 Fig. Effect of the BvgASR status of B. pertussis bacteria on band A and band B LPS
within the wP vaccines. Amounts of band-A and band-B LPS in the pooled vaccine prepara-
tions Aref, B, C, D, E measured by ELISA (OD590nm 0.2), using specific monoclonal antibodies
against band-A and band-B. Inactivated bacteria of B. pertussis strain 0134 (OD590nm 0.28)
served as positive controls.
(TIF)
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