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Despite high vaccination coverage, Bordetella pertussis the causative agent of
whooping cough is still a health concern worldwide. A resurgence of pertussis cases
has been reported, particularly in countries using acellular vaccines with waning
immunity and pathogen adaptation thought to be responsible. A better understanding
of protective immune responses is needed for the development of improved vaccines.
In our study, B. pertussis strain B1917 variants presenting a single gene deletion were
generated to analyze the role of vaccine components or candidate vaccine antigens
as targets for bactericidal antibodies generated after acellular vaccination or natural
infection. Our results show that acellular vaccination generates bactericidal antibodies
that are only directed against pertactin. Serum bactericidal assay performed with
convalescent samples show that disease induces bactericidal antibodies against Prn
but against other antigen(s) as well. Four candidate vaccine antigens (CyaA, Vag8,
BrkA, and TcfA) have been studied but were not targets for complement-mediated
bactericidal antibodies after natural infection. We confirm that Vag8 and BrkA are
involved in complement resistance and would be targeted by blocking antibodies. Our
study suggests that the emergence and the widespread circulation of Prn-deficient
strains is driven by acellular vaccination and the generation of bactericidal antibodies
targeting Prn.

Keywords: Bordetella pertussis, complement, antigens, antibodies, bactericidal activity, vaccine, pertactin

INTRODUCTION

Bordetella pertussis, the causative agent of whooping cough, is a gram-negative bacterium that
colonizes the human respiratory tract. Despite high vaccination coverage, this pathogen is highly
circulating in a range of populations (Barkoff et al., 2015) and induces more than 24.1 million cases
and 160 700 deaths per year worldwide in children younger than 5 years (Yeung et al., 2017).
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In the 1940s, inactivated whole-cell (wP) B. pertussis vaccines
were introduced and considerably reduced the incidence of the
disease. wP vaccines were then replaced in many countries by
less reactogenic acellular (aP) vaccines, composed of one to five
purified and detoxified antigens from the bacterium (pertussis
toxin, filamentous hemagglutinin, pertactin and fimbriae 2 and
3) (Gustafsson et al., 1996). In the last two decades, the incidence
of pertussis has been increasing in several countries which have
high aP vaccine coverage (Nieves and Heininger, 2016; Pinto
and Merkel, 2017; Esposito et al.,, 2019). This is likely to be
caused by a number of factors including a shorter duration
of protection provided by aP than wP vaccines (Witt et al,
2013; Klein et al., 2016), a greater circulation of B. pertussis
in aP-vaccinated populations (Althouse and Scarpino, 2015)
and evolution of strains with greater fitness (Belcher and
Preston, 2015). Mechanisms involved in pathogen adaptation
include allelic and antigenic variations, emergence of strains
with increased pertussis toxin production or strains deficient
in Prn, PTX or FHA (Bart et al., 2014a; Bouchez et al., 2015;
Xu et al, 2015; Williams et al,, 2016; Weigand et al., 2018;
Barkoft et al., 2019). Pertactin-deficient strains are by far the most
commonly reported and in some countries using aP vaccination,
the prevalence has reached around 80% (Lam et al., 2014; Martin
etal., 2015).

Protection against B. pertussis requires humoral and cellular
immune responses (Higgs et al., 2012), with strong IgG responses
induced after disease and vaccination. Natural infection or
wP vaccination induce Th1/Th17-dominated responses involved
in long lasting immunity, while aP vaccination induces Th2-
dominated responses (Ross et al, 2013; da Silva Antunes
et al,, 2018). Cellular and humoral polarizations are determined
by primary vaccination and cannot be reprogrammed after
boosting (van der Lee et al., 2018). Several studies performed
in animal models have shown that aP vaccination protects
against lung infection but failed to prevent nasal colonization and
transmission, whereas wP vaccination reduces colonization and
transmission (Warfel et al., 2014; Wilk et al., 2019).

One of the first lines of defense against microorganisms is
the human complement system. It is composed of more than
30 proteins expressed in the blood and on mucosal surfaces of
the respiratory tract, and can be activated by three pathways,
the classical, the lectin and the alternative pathways. After
activation by one of these pathways, a cascade of enzymatic
reactions allows the cleavage of C3 by C3 convertases and the
release of C3b involved in the opsonization of the bacteria.
C3b deposition on bacteria followed by the formation of C5
convertase and the cleavage of C5 can also lead to the formation
of the membrane attack complex and the lysis of gram-negative
bacteria (Jongerius et al., 2015).

Several studies have reported that B. pertussis has developed
strategies for immune evasion, including the ability to bind
complement-regulatory proteins (Barnes and Weiss, 2001;
Berggard et al,, 2001; Amdahl et al, 2011; Marr et al, 2011;
Geurtsen et al., 2014; Hovingh et al, 2017). The two Bvg-
activated autotransporter proteins Vag8 and BrkA are known to
be involved in complement resistance by binding C1 esterase
inhibitor (CI-INH) (Marr et al, 2011) or preventing the

deposition of C3 onto the bacteria and the formation of the
membrane attack complex (Barnes and Weiss, 2001). B. pertussis
is also able to bind C4BP, a plasma protein that inhibits the
classical pathway via FHA and at least one other Bvg-regulated
gene (Berggard et al.,, 2001). It has been observed that recently-
isolated strains vary in their interaction with human complement
components such as C3b/iC3b, C5b-9 and C1-INH with some
isolates showing greater resistance to killing in serum (Brookes
etal., 2018).

To colonize the human respiratory tract, B. pertussis produces
several virulence factors including adhesins and toxins (Locht
et al., 2001). Previous studies have analyzed the role of key
antigens in vivo and shown that some toxin (PTX and CyaA),
adhesin (FHA and Fim) and autotransporter (TcfA and BrkA)
deficient mutants exhibit a defective colonization of the mouse
respiratory tract (Mooi et al., 1992; Fernandez and Weiss, 1994;
Finn and Stevens, 1995; Carbonetti et al., 2004, 2005). The
two autotransporters, Prn and Vag8, were reported to induce
protection against B. pertussis lung infection following intranasal
challenge (Roberts et al., 1992; De Gouw et al., 2014).

Evaluation of several bacterial and viral vaccines has shown
that the prevention of infection correlates with the induction of
specific antibodies which can be opsonophagocytic, bactericidal
or binding antibodies (Plotkin, 2020). So far, no clear correlate
of protection against B. pertussis has been determined. Evidence
from household contact studies linked to aP vaccine trials
suggested that pre-exposure levels of anti-Prn and anti-fimbriae
IgG correlated with protection against typical and mild pertussis,
where as anti-PTX IgG only correlated with protection against
typical pertussis (Olin et al., 2001). It appears that natural
infection triggers a more efficient and long-lasting immunity
than aP vaccination, suggesting that other antigens than the
five already included in the vaccine composition may improve
efficacy. A better understanding of the function of the antibodies
associated with specific antigens will help in the development
of new vaccines and in the establishment of correlate(s) of
protection for pertussis.

In this study, B. pertussis strain B1917 variants with a single
gene deletion were generated and used with human complement
to analyze the role of vaccine components or candidate vaccine
antigens and to study the bactericidal activity of the antibodies
generated after acellular vaccination or natural infection. aP
vaccination generates bactericidal antibodies directed only
against Prn but other antigens in addition to Prn generate
bactericidal antibodies after disease.

MATERIALS AND METHODS

Bacterial Growth Conditions

Bordetella pertussis B1917 (Bart et al., 2014b) and derivative
strains were cultured on blood charcoal agar plates (Oxoid) for
2 days at 35°C prior to seeding into THIJS medium (Thalen
et al, 1999) supplemented with 0.75 mM Heptakis-(2,6-di-
O-methyl)-B-cyclodextrin (Daito Pharmaceutical Company) at
ODgponm 0.1 and cultured for 16 h at 35°C with orbital shaking.
Culture medium was supplemented with 50 jLg/mL of kanamycin
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for bacteria carrying the modified pBBR plasmid. Then, mid-
exponential phase bacteria were harvested and stocks were made
in THIJS medium with 10% glycerol and stored at —80°C. Prior
to each assay, bacteria were warmed at 37°C for 30 min.

Bacterial Strains: Generation of
Knock-Out Mutants and Pertactin
Complemented Strain in B1917

Generation of knock-out strains was based on the method
already described (Brookes et al, 2018). Briefly, 5 and 3’
flanking regions of targeted genes were amplified by PCR using
primers containing Bsal sites (Supplementary Table S1) to
be introduced by Golden Gate assembly into the intermediate
PCR8Gw plasmid. The assembled regions were then transferred
into a suicide vector pSS4940GW using gateway cloning. To
construct the pSS4940GW-AcyaA, the flanking regions of
cyaA were amplified by PCR using CyaB and CyaC primers
(Supplementary Table S1), following by overlapping PCR (over-
CyaB-Rv and over-CyaC-Fw primers, Supplementary Table S1).
The amplicon was then introduced in the final vector using
EcoRI-Xhol restriction enzymes. Conjugation between the donor
strain E. coli ST18 and the receiver strain B1917 allowed the
deletion of the targeted genes in the B. pertussis chromosome by
homologous recombination.

The entire gene of Prn and its 5 region was amplified by
PCR using primers containing Spel and HindlII restriction sites
(Supplementary Table S1) and introduced into the modified
pCR8Gw plasmid. For the latter, Spel and HindIII restrictions
sites were introduced by site-directed mutagenesis using
respective primers (Supplementary Table S1). The assembled
regions were transferred into a replicative vector pPBBRKanR-Gw
using gateway cloning before insertion into the deleted strain by
conjugation with the E. coli ST18 strain.

Vaccination and Convalescent Study

Population and Sample Collection

Pre- and post-aP vaccination sera were obtained from the
MULTIBOOST study (NCT02526394) in which United Kingdom
teenagers (13.5-17 years of age) were vaccinated with a pertussis
booster dose of either IPVBoostrix or Repevax. Two blood
samples were collected one prior to vaccination and 35 weeks
later. All participants provided written informed consent. For
participants under 16, written informed consent was provided by
parents or guardians of participants. The MULTIBOOST study
was approved by the MHRA and the NRES Committee London -
Brent, REC reference 13/LO/0681. The Eudract registration
was 2012-005273-31.

Convalescent individuals were cases of all ages with a recent
laboratory-proven clinical symptomatic B. pertussis infection
from two Dutch observational studies, SKI (NL16334.040.07)
and Immfact (NL4679.094.13), both approved by the accredited
Review Board METC UMC Utrecht. All participants provided
written informed consent. For minor participants written
informed consent was provided by both parents or guardians of
participants. These studies were conducted in compliance with
the principles of the Declaration of Helsinki. Plasma samples

from sixty eight cases (age 0,4-76,5 years, median 15,3 years;
male/female ratio 0,47/0,53), collected 2-15 weeks (average
4.8 £+ 1.7 weeks) post-diagnosis, were isolated and stored for
serological analysis as described earlier (Hovingh et al., 2018).

Bordetella pertussis Specific Antibody

Concentrations of Clinical Samples

PTX, FHA, Prn, and Fim2/3 antibody concentrations in IU/mL
were previously determined by ELISA using the method
published in Ladhani et al. (2015) for the MULTIBOOST sera
or by multiplex immunoassay as published in Van Twillert et al.
(2017) for the convalescent plasma samples.

Human Complement Source and

Complement Resistance Assay

IgG- and IgM-depleted human plasma used as complement
source was prepared as described by Brookes et al. (2013)
with IgM removed using a Poros Capture Select column
(Thermofisher) attached to an AKTA purifier (GE). The
complement component activity and functional activity were
determined as described in Brookes et al. (2013).

Sensitivity of the B1917 variants to complement alone was
determined by incubating 10 ul of 8 x 10* CFU/mL bacteria
in 20 pl HBSS and 0.5% BSA with 10 l of active or heat-
inactivated IgG- and IgM-depleted human plasma to obtain
a final concentration of 10%. The heat inactivation of the
complement source was performed prior to the assay at 56°C
for 30 min. After 2 h at 37°C with shaking at 900 rpm, 10 pl of
bacteria were plated out onto a blood charcoal agar plate using
the tilt method and CFU were counted after five days at 35°C.

Serum Bactericidal Assay (SBA)

Prior to the assay, heat inactivation of the sera or plasma
was performed at 56°C for 30 min. Twofold serial dilutions
of heat-inactivated samples with HBSS and 0.5% BSA were
performed in 20 pl final volume in a microplate. Bacteria from
a frozen mid-exponential phase THIJS medium liquid culture
were warmed at 37°C for 30 min before being diluted in the
buffer to 8 x 10* CFU/mL and 10 pl added in each well. 10 .l
of IgG- and IgM-depleted human plasma was added to obtain
a final concentration of 10%. The plate was then incubated for
2 h at 37°C with shaking at 900 rpm. 10 pl from each well
was plated out onto a blood charcoal agar plate using the tilt
method and then incubated for five days at 35°C. Colonies
were counted and interpolated reciprocal titers were assigned
as the serum dilution that gives 50% survival compared to
the complement-only CFU count. Heat-inactivated 1st WHO
International Standard pertussis antiserum (NIBSC 06/140) was
included in every plate as a control. A value of 4 or 32768 was
arbitrarily reported when no titer could be assigned using the first
(1:8) or last (1:16384) dilution, respectively.

Bacterial IgG Binding Assay

Prior to the assay, heat inactivation of clinical serum or plasma
samples was performed at 56°C for 30 min. 2 pl of heat-
inactivated sample was incubated in duplicate with 198 ul of
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bacteria at an ODggonm of 0.1 in PBS with 2% BSA for 30 min
at 25°C and 900 rpm. Heat-inactivated 1st WHO International
Standard pertussis antiserum (NIBSC 06/140) was tested as a
control. The samples were centrifuged at 3060 x g for 5 min and
washed with PBS. Pellets were then resuspended in 200 pl anti-
mouse or anti-human IgG -FITC (Jackson Immunochemicals) at
1:500 and incubated for 20 min in the dark at room temperature.
A washing step was then performed, and the pellets were
resuspended in 200 1 PBS with 2% formaldehyde. After 1-hour
incubation, a washing step was performed, and bacteria were
labeled with 100 ] Live/Dead Violet stain at 1:500 (Invitrogen)
for 30 min at room temperature in the dark. Following a
further washing step, pellets were resuspended in 200 pl PBS
and analyzed on a Flow Cytometer (CytoFLEX S, Beckman,
Coulter, United Kingdom). Median fluorescence intensities were
calculated for each individual or control sample using CytExpert
software. The median background fluorescence intensity was
removed from each sample value.

Statistics

Statistical analyses were performed using GraphPad Prism 8
software. Distribution of the data was assessed before performing
one-way ANOVA followed by a multi-comparison test to
compare more than two strains to the WT strain and Student
t-test to compare the complemented Prn strain to the WT strain.
Paired statistical tests were used to analyze data obtained with
pre-aP, post-aP and convalescent samples across strains. Pearson
correlation test was performed on log10 transformed values.

RESULTS

Generation of Knock-Out Variants
Deficient in Each of the Acellular Vaccine

Antigens
To determine the importance of B. pertussis aP vaccine antigens
for antibody and complement-dependent killing of B. pertussis,
single deletions of the entire gene of fhaB, ptxABDEC, fim3, and
prn were performed in the B1917 background by homologous
recombination. Complete gene deletions were checked by PCR
followed by Sanger sequencing analyses. The phenotype of each
of the B1917 variants was then analyzed by measuring the surface
binding of monoclonal antibodies directed against either Fim3,
FHA, PTX or Prn. Quantification of IgG binding onto the
strains was assessed using a fluorescent secondary antibody by
flow cytometry (Figure 1A). As expected, specific IgG binding
is reduced for the respective variants compared to the WT
strain, confirming the deletion of the targeted antigens. The low
fluorescence intensity values obtained with the anti-FHA and
anti-PTX monoclonal antibodies (Figure 1A, middle panels) can
be explained by the low amount of FHA and PTX expressed at the
surface of washed bacteria as these antigens are mainly secreted.
In addition, FHA may act to stabilize PTX at the bacterial surface.
Prior to performing serum bactericidal assays (SBA), the
sensitivity of the B1917 variants to complement alone was
checked. The bacteria were incubated for 2 h with 10% IgG-

and IgM-depleted human plasma as the complement source and
CFU counted (Figure 1B). No sensitivity to complement alone
was observed for B1917 and KO PTX, KO Fim3 and KO Prn
variants. B1917 KO FHA presents a slightly increased sensitivity
to complement alone (around 10% reduction of CFU count).

Booster aP Vaccination Induces
Bactericidal Antibodies Only Against Prn

Convenience samples of pre- and post-vaccine sera from
United Kingdom teenagers were used in a serum bactericidal
assay (SBA) to analyze the function of the antibodies generated
after acellular booster (five individuals received the Fim-
containing vaccine, Repevax, and four received IPVBoostrix,
Figure 2). After aP vaccination, the level of IgG directed against
the antigens included in the vaccine formulation was increased
for each individual (data not shown). With dilutions of pre-
vaccination sera, all the strains show similar survival curves
and a representative result is shown in Figure 2A. Killing of
the WT and KO strains was seen at greater serum dilutions
of post-aP vaccination sera, except for the KO Prn variant
(Figure 2B). The interpolated dilutions of serum giving 50%
or greater bacterial killing for 9 pre- (Figure 2C) and post-aP
(Figure 2D) vaccination sera show similar SBA titers with all
variants except for KO Prn. Approximately 32-fold greater SBA
titers with post-aP vaccination sera were observed for WT and
all the KO variants. In contrast, similar SBA titers are obtained
for KO Prn with pre- and post-aP vaccination sera. This suggests
that it is only the anti-Prn antibodies generated after the acellular
booster that are bactericidal. Surface antibody binding assays
were performed, and results are reported relative to those of
B1917 (Supplementary Figures S1A,B). Only total IgG binding
onto the B1917 KO Prn is significantly lower than that obtained
with the WT strain. The KO Fim3 strain presents a slightly lower
total IgG binding compared to the WT strain, but this difference
is not significant. No difference in total IgG binding is observed
with KO FHA and KO PTX probably due to the low expression
of these antigens on the surface of the WT strain (Figure 1A).

To confirm that the generation of the KO strains does not
induce a genetic rearrangement responsible for the low SBA titers
obtained for the KO Prn strain after vaccination, a pertactin
complemented strain was generated by introducing the Prn
promotor and its complete gene in the KO Prn variant using a low
copy replicative plasmid. This strain expresses a higher level of
Prn than the WT strain as highlighted by total IgG binding using
an anti-Prn monoclonal antibody (Supplementary Figure S1C),
likely due to the presence of more than one plasmid expressing
Prn per bacteria. No change in sensitivity to complement alone
was determined (data not shown). The Prn complemented strain
gave increased SBA titers with post vaccination sera compared
to pre-vaccine sera (Figures 2E,F), confirming that anti-Prn
antibodies generated after acellular booster are bactericidal. The
slightly increased SBA titers compared to B1917 are explained
by a higher total IgG binding onto the complemented strain
(Supplementary Figures S1C,D).

The anti-Prn, anti-PTX, anti-FHA and anti-Fim IgG
concentrations of the post-aP vaccination sera were determined
by ELISA for 35 samples in total. 16 sera were from individuals
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FIGURE 1 | Characterization of knock-out variants deficient in each of the acellular vaccine antigens. (A) Quantification of IgG binding against Fim3, FHA, PTX, and
Prn onto B1917 (WT) and KO variants. The fluorescence intensity was determined from two separate experiments with at least technical duplicates. Means and
standard deviation errors are represented. Statistical analyses were performed, and significant p values relative to WT strain are indicated (***p < 0.0001,

**p < 0.001, *p < 0.01). (B) Sensitivity of B1917 (WT) and KO variants to complement alone was assessed. The values correspond to the CFU count from bacteria
incubated with active complement relative to the CFU count from bacteria incubated with heat-inactivated complement (Hi-C’). The experiment including technical
replicates was repeated at least three times and means and standard deviation errors are represented. Statistical analyses were performed, and significant p values

who had received a Fim-containing vaccine (Repevax) and the
remaining 19 sera were from individuals who were administered
IPVBoostrix. A high correlation (0.87) is obtained when
comparing the post-aP SBA titers with B1917 and the anti-Prn
IgG concentrations in post-aP vaccine sera (Figure 3). Weaker
correlations of 0.51 and 0.45 are observed for anti-PTX and
anti-FHA, respectively. A poor correlation is obtained for
anti-Fim (0.21).

Disease Induces Bactericidal Antibodies
Against Prn and Other B. pertussis
Antigens

Serum bactericidal assays with WT and aP vaccine antigen
KO strains were performed using the 1st WHO International
Standard pertussis antiserum (Figure 4A) which is a pool from

convalescent individuals. No significant difference was observed
when comparing the SBA titers with this serum obtained with KO
FHA, KO PTX, and KO Fim3 variants to those obtained with the
WT strain (Figure 4A). A slightly lower SBA titer was observed
with KO Prn variant consistent with lower total IgG binding onto
its bacterial surface (Supplementary Figure S2A).

A convenience set of ten convalescent samples from young
Dutch children under 15 was used to determine the bactericidal
activity of the antibodies generated following natural infection
(Figure 4B). The KO FHA, KO PTX, and KO Fim3 variants show
similar SBA titers to W', suggesting that the remaining antigens
generate the complement-mediated bactericidal antibodies seen
following disease. The SBA titers obtained with the KO Prn
variant were slightly lower than those obtained for the WT,
highlighting that anti-Prn antibodies are a component of
the antibodies generated following natural infection which
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are responsible for antibody and complement-mediated killing
observed. Consistent with this, the KO Prn variant presented a
significantly lower total IgG binding onto its surface compared to
the WT strain (Supplementary Figure S2B).

The anti-Prn, anti-PTX, anti-FHA and anti-Fim IgG
concentrations were determined by multiplex immunoassay for
samples from 68 convalescent individuals of different ages who
received pertussis vaccination as a child. A poor correlation
is obtained when comparing the SBA titers of B1917 and all
the anti-pertussis IgG measured (0.20 for anti-Fim, 0.28 for
anti-Prn, 0.42 for anti-PTX and 0.43 for anti-FHA IgG levels in
convalescent samples, Figures 4C-F).

Serum Bactericidal Activity Against

Candidate Vaccine Antigens

In addition to aP antigens, we focused on several antigens
that have been reported to be potential candidates for aP
vaccination (Marr et al., 2008; De Gouw et al., 2014; Sebo
et al, 2014; Jongerius et al, 2015; Luu et al., 2020). Single
deletion of cyaA, vag8, brkA, and tcfA genes was performed
in the B1917 background by homologous recombination. Gene
deletions were checked by PCR followed by Sanger sequencing
analyses. For each variant, the expression of Prn was determined
by antibody binding, and no significant difference of expression
was observed (Figure 5A).

Complement sensitivity of the B1917 variants was assessed
by incubating the bacteria for 2 h with 10% IgG- and IgM-
depleted human plasma as a complement source (Figure 5B). No
difference in sensitivity to complement alone was observed for
B1917 and KO CyaA, KO Vag8, KO BrkA, and KO TcfA variants.

Serum bactericidal assays were performed using the 1st WHO
International Standard pertussis antiserum (Figure 6A). KO
Vag8 and KO BrkA present higher serum bactericidal titers than
the WT strain, suggesting that these two antigens are involved
in resistance to antibody and complement-mediated killing. Both
KO Vag8 and KO BrkA present a similar level of total IgG
binding onto its surface compared to the WT strain, suggesting
that the increase of SBA titers is not a consequence of an
increase of bactericidal IgG binding to the surface of the bacteria
(Supplementary Figure S2A). No significant difference in SBA
titers was observed with KO CyaA and KO TcfA compared to
WT (Figure 6A). These two variants have a slightly higher total
IgG binding onto their surface with NIBSC 06/140 than for WT.
This increase could be due to a better accessibility of the surface
antigens as the other antigens are not expressed in the variants.
Despite these two variants binding more IgG, similar SBA titers
to WT were observed (Figure 6A).

The convenience set of ten convalescent samples from
children under 15 were also assessed in SBA with the B1917
variants (Figure 6B). Again, there is an increase in SBA titers
with KO Vag8 and KO BrkA variants compared to B1917,
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with no significant difference in total IgG binding compared
to the WT (Supplementary Figure S2B). The absence of
these two antigens appears to cause greater antibody and
complement-mediated killing. Similar SBA titers to WT were

observed with KO CyaA and KO TcfA. The latter shows slightly
higher total IgG binding onto its surface compared to the
WT (Supplementary Figure S2B). The results suggest that
antibodies directed against other antigens are responsible for the
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complement-mediated bactericidal activity observed after natural
infection in the absence of these antigens on the target strain. To
ensure that the results obtained with the convalescent samples are
not due to a combined effect between the presence of bactericidal
antibodies and a complement resistance ability of the strains, SBA
with seven post-aP vaccine serum was performed. Similar results
were obtained (Supplementary Figure S3) with a slight increase
of SBA titers observed with KO Vag8 and KO BrkaA, although no
significant difference with WT was determined. Similar SBA titers

to B1917 are observed for KO CyaA and KO TcfA, suggesting that
the latter are not involved in complement resistance.

DISCUSSION

Despite high vaccination coverage, a resurgence of pertussis
cases has been reported, particularly in countries using aP
vaccines. It has been suggested that aP vaccines protect from the
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disease but fail to prevent colonization, leading to asymptomatic
carriers who can spread the disease to susceptible people,
including non or partly immunized children or individuals
whose immunity has waned. To develop improved pertussis
vaccines, an enhanced knowledge of immune correlates of
protection is required (Diavatopoulos et al., 2019). Bactericidal
antibodies have been shown to correlate with protection for
several bacteria including Haemophilus influenzae type B and
Neisseria meningitidis vaccines (Fothergill and Wright, 1933;
Goldschneider et al,, 1969). Antibody and complement are
present on the mucosal surface (Persson et al., 1991; Lamm, 1997;
Jongerius et al., 2015) and bactericidal antibodies may play a role
in protection from pertussis infection. Thus, we have studied
complement-mediated bactericidal activity of post-aP vaccine
and convalescent sera against WT and KO variants lacking
aP vaccine antigens and several candidate vaccine antigens to
determine their role as targets for bactericidal antibodies.

In the pertussis field, the complement-mediated bactericidal
activity of antibodies has been assessed by a radial diffusion
serum assay (Weiss et al., 1999; Oliver and Fernandez, 2001)
or a bactericidal assay using as complement source either
guinea pig serum (Weingart et al,, 2000a; Riaz et al.,, 2015),
precolostral calf serum (Gotto et al., 1993; Kubler-Kielb et al.,
2011) or endogenous complement present in the sample (Weiss
et al., 1999). Studies performed on N. meningitidis suggest that
the source of complement is important to accurately quantify
serostatus and human complement is the preferred source of
complement to use for serogroup B N. meningitidis assays (Santos
et al,, 2001; Gill et al., 2011; Findlow et al., 2019). Various
concentrations of complement have been used and differences
in growth conditions have been reported. In our study, bacterial
culture was standardized using the defined THIJS medium and
harvested in the middle log-phase for each variant. It has been
reported that B. pertussis complement susceptibility is growth
stage-specific. Bacteria in stationary phase were more resistant
than bacteria in logarithmic phase (Barnes and Weiss, 2002).
Moreover, in THIJS medium, the exponential phase is the optimal
harvest point for the cultivation of B. pertussis for vaccine, as
during this phase there is a higher expression of the virulence
factors (Van De Waterbeemd et al., 2009). To remove the effect
of endogenous complement, the test sera were heat-inactivated
and an external complement source used. The use of IgG- and
IgM-depleted human plasma as the complement source ensures
that only the bactericidal activity of the test sera is measured.
Results obtained from serum bactericidal assays only reflect a
portion of the bactericidal activity of antibodies in blood or
on mucosal surfaces as immune effector cells and other innate
mechanisms such as antimicrobial peptides will contribute to
killing of infecting B. pertussis in vivo (de Gouw et al., 2011).

Our study shows that the autotransporter Prn is not
involved in resistance to complement-mediated killing but is
able to generate bactericidal antibodies after aP vaccination or
natural immunization. These results are consistent with previous
studies that have shown Prn is a protective antigen, reducing
respiratory tract colonization of mice after immunization and
eliciting opsonic and bactericidal antibodies (Gotto et al., 1993;
Hellwig et al., 2003). This is also consistent with the increase of

Prn-deficient strains in the aP-vaccinated era (Martin et al., 2015;
Barkoft et al., 2019). Indeed, a Prn-negative strain colonized
the respiratory tract of aP-immunized mice more efficiently
than Prn-positive strain (Hegerle et al., 2014; Safarchi et al,
2015), likely because Prn-negative strains are not targeted by
the bactericidal antibodies generated after aP vaccination and
directed against Prn. After the introduction of aP vaccine
containing Prn in Japan, an increase in the frequency of
Prn-deficient strains was reported (up to 40%). However, the
number of Prn-negative strains decreased significantly to 8%
after change to the use of aP vaccines without Prn (Hiramatsu
et al., 2017) suggesting that the loss of Prn could be a transient
adaptation of the bacteria to the selective pressure of aP vaccines
containing Prn. In a growth inhibition assay, Thiriard et al. (2020)
show reduced inhibition of bacterial growth in the presence
of NIBSC 06/140 serum with three recent Prn-negative strains
compared to B1917 and it may be that anti-Prn antibodies
are, at least in part, responsible for the inhibition of B1917
growth observed. Our results suggest that Prn is the only antigen
to generate complement-mediated bactericidal antibodies after
aP vaccination and that other antigens generate bactericidal
antibodies after disease. We hypothesize that this would also be
the case following wP vaccination.

No evidence was found to highlight a role for PTX
in complement resistance or potential complement-mediated
bactericidal activity of anti-PTX antibodies generated after aP-
vaccination or natural infection. PTX has been shown to inhibit
neutrophil recruitment and to be required for efficient early
colonization in the lungs of mice (Kirimanjeswara et al., 2005).
In Denmark, a PTX one-component vaccine has been used to
replace wP vaccines, which shows efficacy against the disease
and is still in use (Thierry-Carstensen et al., 2013). Antibodies
directed against PTX neutralize the toxin (Acquaye-Seedah et al.,
2018) and are important in providing protection against disease.
Despite high B. pertussis colonization following B. pertussis
challenge, infant baboons born to mothers vaccinated with the
PTX mono-component vaccine show no disease symptoms,
compared to baboons born to unvaccinated mothers that have the
disease (Kapil et al., 2018). Another study reports that anti-PTX
antibody hulB7 is sufficient to prevent and treat clinical pertussis
symptoms (Nguyen et al., 2020). These results suggest that PTX,
which is mainly secreted, induces toxin-neutralizing antibodies
which are sufficient to protect against pertussis disease.

The two adhesins, FHA and Fim, do not seem to be involved
in complement resistance or elicit complement-mediated
bactericidal antibodies after aP-vaccination or disease. These
antigens are involved in adherence to the respiratory ciliated
epithelial cells (Van Den Berg et al., 1999; Rodriguez et al., 2006).
It was shown that anti-Fim and anti-FHA antibodies reduce
attachment of bacteria to respiratory epithelial cells (Rodriguez
et al., 2006) suggesting a bacterial adherence inhibitory role of
these antibodies. Levels of IgG antibodies to FHA were found to
be partially predictive for opsonophagocytosis of B1917 bacteria
(Hovingh et al, 2018). FHA was reported to bind C4BP, an
inhibitor of the classical pathway of complement activation
(Berggard et al., 2001). Antibodies directed against FHA may
thus prevent FHA binding to C4BP and so block protection to
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complement attack. It was reported that C4BP is also involved
in the regulation of the alternative pathway by preventing
non-desired C3 convertase formation (Blom, 2002), which could
be a reason for the slightly increased sensitivity to complement
alone observed with the KO FHA variant.

Our study confirms that Vag8 and BrkA are involved
in complement resistance, but no evidence was found to
show potential complement-mediated bactericidal activity of
the anti-BrkA and anti-Vag8 antibodies generated after disease.
Vaccination with recombinant Vag8 leads to the production
of protective antibodies in a mouse model (De Gouw et al,
2014). The binding of Vag8 to the C1 esterase inhibitor prevents
complement deposition on the bacterial surface by allowing the
consumption of precursors of the C3 convertase, C4 and C2
(Hovingh et al, 2017). It was previously reported that anti-
BrkA antibodies can boost the existing bactericidal capacity of
human serum against B. pertussis by inhibiting BrkA (Oliver and
Fernandez, 2001). BrkA is involved in complement resistance by
preventing accumulation of deposited C4 and formation of the
membrane attack complex (Barnes and Weiss, 2001). Vaccination
of mice with recombinant BrkA alone failed to protect animals
against B. pertussis colonization, but in contrast, when BrkA
was included in a multicomponent vaccine containing PT and
FHA, protection against colonization of mice occurred similar
to using a tri-component vaccine including PT, FHA and Prn
(Marr et al., 2008). As BrkA and Vag8 play a crucial role in
complement resistance, it is possible that the antibodies generated
after disease against these antigens only act to block complement
protein binding. Indeed, it was observed that the passenger
domain of Vag8, in addition of being inserted on the bacterial
membrane and on outer membrane vesicles, is also secreted
(Hovingh et al., 2017).

The toxin CyaA promotes B. pertussis colonization by
inhibiting the clearance of the bacteria by phagocytic cells. It was
shown that antibodies against this antigen induce phagocytosis
by neutrophils (Weingart et al., 2000b) and that the RTX domain
of CyaA was sufficient to generate toxin neutralizing antibodies
(Wang and Maynard, 2015). In our study, CyaA does not
seem to be involved in complement resistance or in generating
complement-mediated bactericidal antibodies after disease.

TcfA has a cell associated and a secreted form and is
required for the colonization and persistence of B. pertussis
in mouse trachea (Finn and Stevens, 1995). Several clinical
isolates have been reported to be deficient in TcfA due to gene
deletion or mutation. Interestingly, TcfA is not produced by
B. parapertussis and B. bronchiseptica (Van Gent et al., 2007).
In our study, no evidence was found to support a role of TcfA
in complement resistance or in the generation of complement-
mediated bactericidal antibodies.

Convalescent ~ samples  elicit = complement-mediated
bactericidal activity for every single knock-out mutant
generated in this study suggesting that antibodies targeting
other B. pertussis antigens are bactericidal. It has been reported
that antibodies directed against lipooligosaccharide (LOS) are
bactericidal and result in a reduction in bacteria colonization
in the lungs and trachea of mice (Mountzouros et al., 1992;
Weiss et al., 1999). Absorption of serum using bacterial strains

highlighted that antibodies directed against LOS or bvg-regulated
proteins could have bactericidal activity (Weiss et al., 1999).
Recently, Hovingh et al. (2018) showed that anti-LOS IgG
antibodies are enhanced during convalescence. Moreover, serum
bactericidal antibodies are induced after vaccination of mice
with oligosaccharide conjugates (Kubler-Kielb et al, 2011).
Another study reports that vaccination of mice with micelles
induces high titers of bactericidal antibodies directed against
OmpP, the major outer-membrane protein of B. pertussis (Van
Loo et al., 2002). Several surface proteins have been identified
to be immunogenic (Tefon et al, 2011) and could be analyzed
to determine the function of these antibodies. Other antigens
including the autotransporter BapC (Noofeli et al., 2011; Riaz
et al., 2015) and the polysaccharide Bps (Ganguly et al., 2014)
have been reported to be involved in complement resistance. Bps
is required for colonization of the nose and trachea of mice and
seems to be involved in biofilm formation in the nasopharynx
(Conover et al., 2010). Future studies could generate single or
multiple antigen deletion mutants, including LOS mutants to
determine which antigens are required to induce complement-
mediated bactericidal antibodies and could be included in a new
generation aP vaccine.

In summary, we have demonstrated that Prn is the sole antigen
in aP vaccines that generates complement-mediated bactericidal
antibodies, whereas disease induces bactericidal antibodies which
do not consist of anti-Prn alone. This powerful effect of Prn-
containing aP vaccines is likely to be the main driver of the loss of
Prn seen primarily in aP-using countries and which contributes
to the sub-optimal protection provided by aP vaccines.
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FIGURE S1 | Antibodies binding onto B1917 (WT) and knock-out variants
deficient in each of the acellular vaccine antigens determined by flow cytometry.
A and B. Quantification of total IgG binding onto B1917 (WT) and KO variants
using 9 pre-aP (A) or post-aP (B) samples. Only sera from individuals who had
received a Fim-containing vaccine (Repevax, n = 5) were tested for KO Fim3. The
fluorescence intensity was determined from technical duplicates and reported
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