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Summary 
Background Pertussis is a severe respiratory disease caused by Bordetella pertussis. Although vaccines prevent disease 
for a limited duration, they do not prevent infection and transmission. We aimed to assess the safety and efficacy of 
BPZE1 at preventing or substantially reducing colonisation by virulent B pertussis using a robust controlled human 
infection model. 

Methods This randomised, placebo-controlled, phase 2b trial was conducted at University Hospital Southampton and 
University of Oxford in the UK. Eligible participants were healthy adults aged 18–50 years, who complied with the 
protocol, refrained from smoking and nasal sprays, and were fully vaccinated against SARS-CoV-2. Exclusion criteria 
were pertussis vaccination or illness (<5 years), baseline anti-pertussis toxin serum IgG (>20 International Units 
[IU]/mL) or anti-pertactin serum IgG (>30 IU/mL) concentrations, and a positive SARS-CoV-2 test. Participants 
were randomly assigned (1:1), using permuted blocks with a block size of four, to receive an intranasal dose of 
109 colony-forming units (CFU) of BPZE1 or placebo (lyophilised buffer) and were challenged 60–120 days later 
with 105 CFU virulent B pertussis. Masked staff administered the study vaccine. Nasal mucosal secretion and 
blood samples were collected. The primary outcome was negative B pertussis cultures of nasal washes at days 9, 
11, and 14 after virulent challenge in the modified intention-to-treat (mITT; defined as all participants randomly 
assigned to treatment who were vaccinated, challenged, and had at least one culture result at day 9, 11, or 
14 post-challenge) and per protocol adequate inoculum populations (defined as all participants in the mITT 
population who received a challenge inoculum equal to or higher than the target (≥0⋅5 × 105 CFU; sensitivity 
analysis). This trial is registered with ClinicalTrials.gov, NCT05461131. 

Findings Between June 23, 2022, and Oct 26, 2023, 141 participants were assessed for eligibility, of whom 88 were 
ineligible and 53 were randomly assigned (26 to the BPZE1 group and 27 to the placebo group). 26 (49%) participants 
were male and 27 (51%) were female, with a mean age of 30⋅42 years (SD 8⋅49). Participants self-identified as White 
(42 [79%]), Black (six [11%]), or Asian (five [9%]). Five (9%) participants did not receive virulent challenge and two 
(4%) were lost to follow-up before virulent challenge. 46 (87%) participants received virulent challenge at 
60–120 days (24 in the BPZE1 group vs 22 in the placebo group). One in the BPZE1 group withdrew consent and 
one in the placebo group was not evaluable due to COVID-19. 44 (83%) completed the challenge trial unit stay 
(23 [88%] vs 21 [78%]). 24 (92%) participants in the BPZE1 group and 21 (78%) in the placebo group were 
included in the mITT population. In the mITT population, the number of participants with no detectable 
colonisation on days 9, 11, and 14 post-challenge was higher in the BPZE1 group (14 [58%; 95% CI 39–76] of 24 vs 
seven [33%; 17–55] of 21 in the placebo group; p=0⋅091). Four (17%) in the BPZE1 group and five (24%) in the 
placebo group received a lower challenge dose than the target. In the per protocol adequate inoculum population, 
12 (60%; 39–78) of 20 in the BPZE1 group and four (25%; 10–50) of 16 in the placebo group had no detectable 
colonisation by B pertussis B1917 on days 9, 11, and 14 post-challenge (p=0⋅033). Most participants reported at least 
one solicited adverse event during the 7 days after vaccination (22 [85%] of 26 in the BPZE1 group vs 22 [81%] of 
27 in the placebo group), which were mostly mild (grade 1) in severity. Unsolicited adverse events were reported in 
similar frequency in the BPZE1 and placebo groups during the 28 days after vaccination (seven [27%] of 26 vs nine 
[33%] of 27). No serious adverse events or discontinuations due to adverse events were reported during the trial. 

Interpretation Intranasal BPZE1 vaccination prevented or substantially reduced infection after challenge with viru
lent B pertussis and is an attractive vaccine candidate. Given the favourable safety profile, large phase 3 trials are 
warranted to confirm these initial findings. 
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Introduction 
Pertussis or whooping cough, caused by Bordetella pertussis, 
is a highly contagious respiratory disease affecting all age 
groups,1 but is particularly severe in the first year of life.2

Resurgence of pertussis in the past 15 years has occurred in 
several European countries, China, and the USA,3 despite 
high vaccination coverage, which might be due to rapid 
waning of vaccine-induced immunity, strain adaptation, 
and ineffective vaccines to prevent nasopharyngeal infec
tion and transmission.4,5 A mathematical modelling study 
suggests that asymptomatic transmission of B pertussis is 
the most likely explanation for the resurgence of this dis
ease.6 Since the infection rate of pertussis is second only to 
that of measles,7 effective control will ultimately rely on 
vaccines that can prevent the disease and nasopharyngeal 
infection.8

BPZE1 is a live intranasal pertussis vaccine candidate, 
attenuated by genetic detoxification of pertussis toxin and 
removal of dermonecrotic toxin and tracheal cytotoxin.9 In 
animal models BPZE1 protects against the disease and 
infection.10,11 Several randomised controlled trials (collect
ively including more than 350 vaccine recipients)12–15 have 

indicated that BPZE1 is safe in adults, inducing B pertussis- 
specific serum and mucosal antibody responses. Add
itionally, BPZE1 prevented nasal colonisation after a 
subsequent challenge with the B pertussis vaccine strain, 
whereas the tetanus–diphtheria–acellular pertussis vaccine 
did not prevent nasal colonisation.15 We aimed to assess the 
safety and efficacy of BPZE1 at preventing or substantially 
reducing colonisation by virulent B pertussis in a controlled 
human infection model that induces asymptomatic 
respiratory tract infection with a virulent strain of 
B pertussis.16

Methods 
Study design 
This randomised, placebo-controlled, phase 2b trial was 
conducted at University Hospital Southampton (Southamp
ton, UK) and University of Oxford (Oxford, UK). This study 
adhered to the 2013 Helsinki Declaration and ethical approval 
was given by the London Central Research Ethics Committee 
(22/FT/006). Written informed consent was obtained from 
all participants. The full trial protocol and statistical analysis 
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Research in context

Evidence before this study
Despite high global vaccination coverage with whole-cell vaccines 
and with acellular vaccines in high-income countries, pertussis or 
whooping cough is not effectively controlled in any country. In the 
past 15 years, a striking resurgence has been seen in several 
European countries, China, and the USA, particularly in those 
using acellular pertussis vaccines. The underlying causes of this 
resurgence include unsuccessful acellular vaccines to prevent 
Bordetella pertussis infection and transmission and short vaccine- 
induced protection from the disease. Prevention of infection and 
transmission likely relies on mucosal immunity in the nasal cavity, 
as B pertussis is strictly a mucosal pathogen. To identify vaccine 
candidates that induce mucosal immunity, we searched PubMed 
for articles published between database inception and Aug 1, 
2024, using the terms “pertussis” OR “whooping cough” AND 
“mucosal vaccine”, “intranasal vaccine” OR “live attenuated 
vaccine”, with no language restrictions. We also searched 
ClinicalTrial.gov for novel pertussis vaccines in clinical 
development. This search yielded 319 references. The 
corresponding articles describe several mucosal vaccine 
candidates, none of which have entered clinical development, 
with the exception of the live attenuated nasal vaccines GamLPV 
and BPZE1. BPZE1 is the only novel vaccine for which human data 
are available showing safety, transient colonisation with the 
vaccine strain, systemic, and mucosal antibody responses, and 
prevention of colonisation from a second BPZE1 dose used as an 
attenuated challenge.

Added value of this study
To our knowledge, this trial is the first to investigate a novel 
pertussis vaccine candidate in a controlled human infection model 
using virulent B pertussis. In 14 (58%) of 24 participants in the 
BPZE1 group (modified intention-to-treat population), there was 
no detectable colonisation in nasal wash samples on days 9, 11, 
and 14 after challenge compared with seven (33%) of 21 in the 
placebo group. However, some participants received a challenge 
dose lower than the target (<0⋅5 × 105 colony forming units). In 
the per protocol adequate inoculum population, 12 (60%) of 20 in 
the BPZE1 group and four (25%) of 16 in the placebo group had no 
detectable colonisation. In a post-hoc analysis, BPZE1 vaccination 
also reduced the bacterial burden in the nasal cavity by more than 
97% after challenge with the virulent B pertussis strain compared 
with the placebo group. The study also confirmed a robust 
mucosal and systemic antibody response induced by BPZE1 and a 
favourable safety profile.

Implications of all the available evidence
We show that a single nasal administration of the live attenuated 
vaccine BPZE1 can prevent infection by virulent Bordetella pertussis 
and substantially reduce bacterial load in the human respiratory 
tract. We confirm the ability of the vaccine to induce a robust 
systemic and mucosal antibody response, which, together with 
the favourable safety profile, supports BPZE1 as a safe and 
efficacious next-generation pertussis vaccine.
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plan are shown in the appendix (pp 14–138, 139–177). This 
trial is registered with ClinicalTrials.gov, NCT05461131
(completed). 

Participants 
Eligible participants were healthy adults aged 18–50 years, 
who complied with the protocol, refrained from smoking 
and nasal sprays, and were fully vaccinated against 
SARS-CoV-2 (>14 days before study vaccination). Exclu
sion criteria were recent pertussis vaccination or illness 
(<5 years), baseline anti-pertussis toxin serum IgG con
centrations of more than 20 International Units (IU)/mL or 
anti-pertactin serum IgG concentrations of more than 
30 IU/mL, and a positive SARS-CoV-2 test (by a lateral flow 
test or PCR) within 3 days of vaccination or entry into the 
challenge trial unit. The full inclusion and exclusion criteria 
are shown in the appendix (pp 51–55). 

Randomisation and masking 
Participants were randomly assigned (1:1) to receive an 
intranasal dose of 109 colony-forming units (CFU) of 
BPZE1 or placebo (lyophilised buffer). Permuted block 
randomisation was generated using a block size of four 
without stratification. Unmasked clinical staff managed 
vaccine logistics, assignment per the supplied randomisa
tion list, and preparation along with masking of the 
administration device using opaque tape but were not 
involved in study-related assessments or with participants 
for data collection. Masked staff administered the study 
vaccine. Participants and masked investigators and site 
staff did not know the assigned study vaccine. 

Procedures 
We evaluated BPZE1-mediated protection against colon
isation by virulent B pertussis in a controlled human infec
tion model.16 BPZE1 and placebo were reconstituted in 
1⋅0 mL sterile water and administered as 0⋅4 mL per nostril 
by the intranasal mucosal atomisation device (MAD Nasal; 
Teleflex, Morrisville, NC, USA). At 60–120 days post- 
vaccination, after clinical examination and a negative 
B pertussis culture of nasal wash samples taken 7 days 
before, participants were challenged with 105 CFU 
B pertussis strain B1917,17 as droplets into each nostril with a 
Gilson pipette.16 This dose was selected as it previously 
resulted in colonisation of approximately 80% of partic
ipants who were not vaccinated with any pertussis vaccine 
in the previous 5 years.16 The 60–120 day period after vac
cination was selected to improve compliance for partic
ipants to schedule the 17-day isolation period and provide 
flexibility to the site because of low bed capacity. Due to the 
durability of response anticipated from the study vaccine, 
the variable period was not expected to have an effect on the 
results. After challenge, participants stayed in a challenge 
trial unit with monitoring twice per day. Azithromycin 
500 mg was administered for 3 days from day 14 post- 
challenge, with discharge on day 16. Positive B pertussis 

cultures on day 16 post-challenge necessitated additional 
azithromycin 500 mg for 3 days. 

Quantitative culture of nasal washes on charcoal 
B pertussis selective agar (Oxoid, Basingstoke, UK) incu
bated in a humid aerobic incubator at 37◦C for 7 days was 
done before challenge and on days 9, 11, 14, 16, and 28 post- 
challenge (detection limits from 4 to 123 600 CFU).16 Nasal 
mucosal secretion and blood samples were collected at 
baseline, day 28 post-vaccination, during the week before 
the challenge, day 28 post-challenge, and at the end of the 
study to measure nasal secretory IgA, serum IgA, and 
serum IgG against whole-cell extracts, pertactin, filament
ous haemagglutinin, serotypes 2 and 3 fimbriae (Fim2/3), 
and pertussis toxin. For nasal mucosal secretion collection, 
Nasosorption FX⋅i (Mucosal Diagnostics, Midhurst, UK) 
was used. Antigen-specific secretory IgA, serum IgA, and 
serum IgG were measured by electrochemiluminescence 
(Meso Scale Diagnostics, Rockville, MD, USA). A human 
IgA kit (Meso Scale Diagnostics) was used to measure total 
secretory IgA, which was used to normalise antigen- 
specific secretory IgA. All results were standardised 
against the WHO International Standard Human Pertussis 
Antiserum 06/140. A high-throughput serum bactericidal 
activity assay was developed and qualified (Nexelis, Laval, 
QC, Canada), modifying the method used previously15 to a 
96-well plate format using agar-overlay and automated 
microscopy. 

For safety assessments, immediate nasal, respiratory, and 
systemic solicited adverse events, and vital signs were 
assessed 30 min post-vaccination. Participants recorded 
solicited adverse events in a paper diary once per day for 
7 days post-vaccination, which was reviewed by clinical staff 
at the visit 7 days post-vaccination. Modified US Food and 
Drug Administration toxicity grading was used for assess
ment (appendix pp 95–99). Participants were advised to 
contact the site and seek medical attention within 24 h for 
severe grade 3 solicited adverse events. Unsolicited adverse 
events were collected from vaccination until 28 days post- 
vaccination and from challenge to 28 days post-challenge. 
Treatment-related adverse events were documented from 
vaccination to challenge and up to 3 months thereafter. 
Adverse events of special interest (COVID-19-related 
adverse events) and serious adverse events were reported 
throughout the study. Investigators assessed whether the 
cause of a reported unsolicited adverse event was linked to 
the vaccine, the atomisation device, or challenge with 
virulent B pertussis. Safety follow-up occurred for at least 
6 months after vaccination and at least 3 months after 
challenge (appendix p 2). 

During the challenge period, participants were reviewed 
at least twice per day, including measuring vital signs and 
symptoms of early pertussis disease (including rhinor
rhoea, nasal congestion, epistaxis, sneezing, ear pain, eye 
pain, sore throat, cough, dyspnoea, feeling generally 
unwell, tiredness, and headache). In the event of pertussis 
disease onset, azithromycin treatment commenced, with 
observation for 3 days before discharge. 

See Online for appendix 
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Outcomes 
The primary outcome was to show that previous immun
isation with BPZE1 protects against colonisation as evi
denced by a negative B pertussis culture at days 9, 11, and 
14 after virulent B pertussis challenge 60–120 days post- 
vaccination. Colonisation at each post-challenge day was 
also described. 

Secondary outcomes were the evaluation of BPZE1 
induction of anti-B pertussis mucosal secretory IgA, serum 
IgA, and serum IgG against whole-cell extract, pertactin, 
filamentous haemagglutinin, Fim2/3, and pertussis toxin 
as geometric mean fold rise from baseline to day 28 after 
vaccination; and safety including reactogenicity from vac
cination up to 7 days post-vaccination, unsolicited 
treatment-emergent adverse events until 28 days post- 
vaccination and post-challenge, unsolicited treatment- 
emergent adverse events related to vaccination from study 
vaccination until challenge and related to challenge from 
challenge to 3 months post-challenge, and adverse events of 
special interest and serious adverse events throughout the 
study. 

Prespecified exploratory efficacy outcomes included 
absolute colony counts; functional antibody responses 
measured using serum bactericidal activity assay; and 
geometric mean fold rises in secretory IgA, serum IgA, and 
serum IgG against whole-cell extract, pertactin, filament
ous haemagglutinin, Fim2/3, and pertussis toxin 
throughout the study (including before challenge, 28 days 
post-challenge, and at the end of the study). A post-hoc 
exploratory analysis of absolute colony counts using the 
geometric mean area under the curve (AUC) of bacterial 
density of days 9, 11, and 14 post-challenge was also 
conducted. 

Statistical analysis 
For the challenge period, a sample size of 20 participants 
per group results in 90% power to detect a between-group 
difference of at least 50% in colonisation rate, with a pla
cebo rate of at least 60% (appendix pp 139–77), based on the 
study by de Graaf and colleagues.16 Evaluable participants 
were prespecified as those with nasal wash culture results 
during the challenge phase (days 9, 11, or 14 post- 
challenge). The likelihood ratio was used to test the null 
hypothesis of no difference in colonisation rate after viru
lent challenge between the two groups. A two-sided 
significance level of p<0⋅05 was used for all analyses. 

Primary efficacy analysis was done in the modified 
intention-to-treat (mITT) population (defined as all partic
ipants randomly assigned to treatment who were vacci
nated, challenged, and had at least one culture result at day 
9, 11, or 14 post-challenge). Prespecified sensitivity analyses 
included primary endpoint evaluation in the per protocol 
adequate inoculum and per protocol populations. The per 
protocol population excluded those with major protocol 
deviations from the mITT population. No major protocol 
deviations occurred; therefore, the per protocol population 
was the same as the mITT population. Nine participants 

were administered inocula in the first challenge cohorts of 
the study below the 0⋅5 × 105 CFU target. The prospectively 
defined per protocol adequate inoculum population was 
defined as all participants in the mITT population who 
received a challenge inoculum equal to or higher than the 
target. CFU counts of inocula were quantified for 7 days 
post-inoculation by culture of residual material in inocula
tion vials; therefore, participants who received lower chal
lenge doses than the target could be identified only after 
being in the challenge trial unit for 7 days. 

Participants were classified as colonised at a given day if 
the culture result for that day was positive. For cases in 
which all three nasal wash samples on days 9, 11, and 
14 post-challenge could not be provided, if any day had a 
positive result the participant was classified as positive; 
single imputation of negative results (no colonisation) was 
done when day 9 post-challenge was negative and day 11 or 
14 (or both) post-challenge was negative or missing. The 
number and proportion of participants colonised or not 
colonised on any of the post-challenge days was reported by 
each study group with two-sided 95% CIs computed using 
the Agresti–Coull method. Two-sided 95% CI for the dif
ference in colonisation rates between study groups was 
computed using the Agresti–Caffo method, with placebo 
group as a reference. A χ2 test was used to compare study 
groups for the proportion of participants not colonised at 
all of the post-challenge days. If at least one of the cells had a 
count less than 5, the Fisher’s exact test was used. Logistic 
regression was conducted as a sensitivity analysis for the 
primary outcome. The same methods were used to analyse 
colonisation at each day post-challenge. 

Secondary and exploratory colonisation, immunogen
icity, and serum bactericidal activity outcomes were ana
lysed using descriptive statistics (geometric means with 
95% CI computed using natural log transformation, min
imum, maximum, quartiles, and the proportion of partic
ipants with at least a two-fold rise in serum bactericidal 
activity) in the ITT, mITT, per protocol, and per protocol 
adequate inoculum populations. The ITT population was 
defined as all participants randomly assigned to treatment 
who were vaccinated. The mITT population was defined as 
all participants randomly assigned to treatment who were 
vaccinated, challenged, and had at least one culture result at 
days 9, 11, or 14 post-challenge. The per protocol population 
was the same as the mITT population. The per protocol 
adequate inoculum population was defined as all partic
ipants in the mITT population who received a challenge 
inoculum of at least 0⋅5 × 105 CFU. Differences in the 
immunogenicity outcomes between treatment groups 
were assessed by computing geometric mean ratios and 
corresponding 95% CI, with the placebo group as a refer
ence. As sensitivity analyses, ANCOVA models were fitted 
with log change from baseline (ie, geometric mean fold rise 
in natural log scale) as response, treatment group as factor, 
and inoculum count and log of baseline value as covariates. 
A two-sample t test on log-transformed data was used to 
compare treatment groups, and a paired t test on 
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log-transformed data was used to evaluate change from 
baseline within each treatment group. Secondary safety 
analyses were done in the safety analysis population 
(defined as participants who were randomly assigned and 
vaccinated). 

In post-hoc exploratory analyses of absolute colony 
counts, bacterial load density was estimated by AUC and 
calculated by the trapezoidal rule based on absolute count 
(at post-challenge days 9, 11, and 14) and the number of 
days, with 0 CFU/mL imputed for participants not colon
ised at each given day. For participants not colonised at 
all three post-challenge days, AUC was imputed to 1. 
Percentage reduction in bacterial load density was calcu
lated relative to the placebo, with 95% CI computed on 
log-transformed data using Student’s t distribution. 

All statistical analyses were performed using SAS 
(version 9.4.1). An independent data safety monitoring 
board was established. 

Role of the funding source 
The funder of the study had a role in study design, data 
analysis, data interpretation, and writing of the report, but 
had no role in data collection. 

Results 
Between June 23, 2022, and Oct 26, 2023, 141 participants 
were assessed for eligibility, of whom 88 were ineligible 
(mostly due to serum concentration of anti-pertussis toxin 
IgG >20 IU/mL or anti-pertactin IgG >30 IU/mL [or both]; 
figure 1). 53 participants were randomly assigned from July 
18, 2022, to April 20, 2023 (26 to the BPZE1 group and 27 to 
the placebo group; ITT population). Five (9%) participants 
did not receive virulent challenge and two (4%) were lost to 
follow-up before receiving the virulent challenge. 46 (87%) 
participants received virulent challenge at 60–120 days 
(24 [92%] in the BPZE1 group vs 22 [81%] in the placebo 
group) and 44 (83%) completed the challenge trial unit stay 
(23 [88%] vs 21 [78%]). Of the two participants who did not 
complete the challenge trial unit stay, one in the BPZE1 
group withdrew consent but was evaluable due to the 
availability of a nasal wash culture on day 9 post-challenge 
and one in the placebo group was not evaluable due to 
COVID-19 necessitating early azithromycin treatment and 
withdrawal from the challenge trial unit. 

24 (92%) participants in the BPZE1 group and 21 (78%) in 
the placebo group received virulent challenge and were 
evaluable (mITT population). Among those, four (17%) in 
the BPZE1 group versus five (24%) in the placebo group 
received a challenge dose of around 104 CFU, lower than 
the target, whereas 20 (83%) versus 16 (76%) received the 
per protocol adequate inoculum of at least 0⋅5 × 105 CFU 
B pertussis strain B1917. 

Demographic and baseline characteristics in the ITT 
population were similar between the BPZE1 and placebo 
groups (table 1) and similar to the modified ITT and per 
protocol adequate inoculum populations. 26 (49%) partic
ipants were male and 27 (51%) were female, with a mean 

age of 30⋅42 years (SD 8⋅49). Participants self-identified as 
White (42 [79%]), Black (six [11%]), or Asian (five [9%]). 

Among participants in the mITT population who entered 
the challenge trial phase, the mean number of days from 
vaccination to challenge was 70⋅92 days (range 61–103) for 
the BPZE1 group and 77⋅76 days (61–112) for the placebo 
group. 

At the visit before challenge (60–120 days after study 
vaccination), all participants had a nasal wash culture 
negative for B pertussis, indicating clearance of BPZE1 
before challenge, as expected. In the mITT population, the 
number of participants with no detectable colonisation on 
days 9, 11, and 14 post-challenge was higher in the BPZE1 
group (14 [58%; 95% CI 39–76] of 24 vs seven [33%; 17–55] 

 53 enrolled and randomised

141 participants assessed for eligibility

88 ineligible

26 completed the study 
  (23 completed the challenge
  trial unit stay)

24 in the mITT population
20 in the per-protocol adequate
  inoculum population†

24 received virulent challenge at
  60–120 days*

26 received vaccination 

26 assigned to BPZE1 group

25 completed the study 
  (21 completed the challenge
  trial unit stay)

21  in the mITT population
16 in the per-protocol adequate
  inoculum population†

22 received virulent challenge at
  60–120 days*

27 received vaccination

27 assigned to placebo group

2 did not receive virulent
  challenge
  1 due to personal reasons
  1 moved out of the UK

1 discontinued from the
  challenge trial unit due to
  withdrawal of consent

2 lost to follow-up

3 did not receive virulent challenge
  1 had an adverse event
    (hypertension)
  1 decided not to take part
  1 change in work commitments

1 discontinued from the
  challenge trial unit due to
  an adverse event (COVID-19)

Figure 1: Trial profile 
CFU=colony-forming unit. mITT=modified intention-to-treat. *Participants received the virulent challenge of 105 

CFU Bordetella pertussis B1917 within a mean of 70⋅92 days (range 61–103) after vaccination in the BPZE1 group and 
77⋅76 days (61–112) after vaccination in the placebo group. †Four participants in the BPZE1 group and five in the 
placebo group received a low dose of challenge inoculum of less than 0⋅5 × 105 CFU and were excluded from the per 
protocol adequate inoculum population. 
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of 21 in the placebo group; p=0⋅091; table 2; appendix p 3). 
In the per protocol adequate inoculum population, 12 (60%; 
39–78) of 20 in the BPZE1 group and four (25%; 10–50) of 
16 in the placebo group showed a statistically significant 
difference in those with no detectable colonisation by 
B pertussis B1917 on days 9, 11, and 14 post-challenge 
(p=0⋅033). 

When colonisation was compared on a day-by-day basis 
before azithromycin administration, a higher proportion of 
participants in the BPZE1 group had no detectable colon
isation than did those in the placebo group on each day 
post-challenge (table 2). On day 14 post-challenge, 16 (70% 
[95% CI 49 to 85]) participants in the BPZE1 group versus 
seven (33% [17 to 55]) in the placebo group had no 
detectable colonisation in the mITT population, whereas 
14 (70% [48 to 86]) versus four (25% [10 to 50]) had no 
detectable colonisation in the per protocol adequate 
inoculum population. Two days after starting azithromycin 
treatment, only two (9%) of 23 in the BPZE1 group partic
ipants still had measurable bacterial counts versus six 
(29%) of 21 in the placebo group, necessitating additional 
antibiotic therapy. By day 28 post-challenge, all participants 
had cleared the infection. 

In the prespecified exploratory efficacy analysis, lower 
absolute bacterial counts were found in the BPZE1 group 
than in the placebo group on days 9, 11, and 14 post- 
challenge, in both the mITT and per protocol adequate 
inoculum populations (table 2). In a post-hoc exploratory 
analysis, the geometric mean AUC of bacterial density 
on days 9, 11, and 14 post-challenge was reduced by 97% 
(95% CI 59–100) in the BPZE1 group compared with the 
placebo group in the mITT population and reduced by 99% 
(80–100) in the per protocol adequate inoculum population. 

B pertussis-specific mucosal secretory IgA, serum IgA, and 
serum IgG concentrations were measured. In the BPZE1 
group, the geometric mean fold rise from baseline to day 
28 after vaccination was 3⋅0 (p<0⋅0001) for anti-whole-cell 
extract, 5⋅3 (p<0⋅0001) for anti-pertactin, 5⋅0 (p<0⋅0001) for 
anti-filamentous haemagglutinin, 9⋅0 (p<0⋅0001) for anti- 
Fim2/3, and 1⋅7 (p=0⋅011) for anti-pertussis toxin secretory 

IgA, whereas these antibody responses did not significantly 
change in the placebo group (figure 2; appendix p 5). Nor
malised secretory IgA responses on day 28 post-vaccination 
between the two groups showed statistically significant 
differences in geometric mean ratios for anti-whole-cell 
extract (3⋅0; p=0⋅0002), anti-pertactin (5⋅0; p<0⋅0001), 
anti-filamentous haemagglutinin (4⋅1; p<0⋅0001), and anti- 
Fim2/3 (7⋅9; p<0⋅0001) secretory IgA, but not for anti- 
pertussis toxin secretory IgA (1⋅3; p=0⋅32). Similar results 
were observed using the ANCOVA model. In the BPZE1 
group, these secretory IgA responses decreased before 
challenge but increased again on challenge day 28 and 
remained stable until the end of the study. In the placebo 
group, secretory IgA responses increased on challenge day 
28 and remained stable until the end of the study; however, 
these responses remained lower than those in the BPZE1 
group after challenge (figure 2). 

Participants in the BPZE1 group also showed significant 
increases in serum IgA against all tested antigens on 
day 28 after vaccination compared with baseline 
(appendix pp 8–10). The geometric mean fold rises were 
2⋅6 (p<0⋅0001) for anti-whole-cell extract, 3⋅9 (p<0⋅0001) 
for anti-pertactin, 3⋅0 (p<0⋅0001) for anti-filamentous 
haemagglutinin, 5⋅2 (p<0⋅0001) for anti-Fim2/3, and 
1⋅5 (p=0⋅0079) for anti-pertussis toxin serum IgA in the 
BPZE1 group; whereas in the placebo group, the serum IgA 
responses did not significantly change from baseline to day 
28. A comparison of the serum IgA responses on day 
28 showed statistically significant differences in geometric 
mean ratios between the two groups for all antigens (whole- 
cell extract 2⋅2 [p<0⋅0001], pertactin 3⋅7 [p<0⋅0001], fila
mentous haemagglutinin 2⋅8 [p<0⋅0001], and Fim2/3 5⋅2 
[p<0⋅0001]), except for pertussis toxin (1⋅4 [p=0⋅076]) with 
similar results observed using the ANCOVA model. In the 
BPZE1 group, the serum IgA concentrations remained 
elevated throughout the challenge period before modestly 
decreasing by the end of the study. In the placebo group, 
virulent B pertussis challenge resulted in an increase of 
antigen-specific serum IgA to concentrations similar to 
those seen in the BPZE1 group from challenge day 28 until 
the end of the study. 

Participants in the BPZE1 group showed a significant 
increase in serum IgG responses to all tested antigens on 
day 28 after vaccination compared with the placebo group 
(figure 3; appendix pp 11–13). In the BPZE1 group, the 
geometric mean fold rises from baseline to day 28 were 
1⋅5 (p<0⋅0001) for anti-whole-cell extract, 3⋅4 (p<0⋅0001) 
for anti-pertactin, 1⋅7 (p=0⋅0015) for anti-filamentous 
haemagglutinin, 3⋅0 (p<0⋅0001) for anti-Fim2/3, and 
2⋅2 (p<0⋅0004) for anti-pertussis toxin serum IgG, which 
resulted in statistically significant geometric mean ratios 
between BPZE1 and placebo groups for anti-whole-cell 
extract (1⋅5; p=0⋅0001), anti-pertactin (3⋅1; p=0⋅0004), anti- 
filamentous haemagglutinin (1⋅8; p=0⋅0029), anti-Fim2/3 
(3⋅6; p<0⋅0001), and anti-pertussis toxin (2⋅4; p=0⋅0013) 
serum IgG, with similar results observed using the 
ANCOVA model. In the BPZE1 group, anti-pertactin, 

BPZE1 group (n=26) Placebo group (n=27)

Age, years 29⋅35 (7⋅77) 31⋅44 (9⋅16) 
Sex 

Male 12 (46%) 14 (52%) 

Female 14 (54%) 13 (48%) 
Race 

White 22 (85%) 20 (74%) 

Black 3 (12%) 3 (11%) 

Asian 1 (4%) 4 (15%) 
Bodyweight, kg 74⋅87 (17⋅27) 74⋅51 (12⋅24) 
BMI, kg/m2 25⋅28 (4⋅51) 25⋅54 (3⋅82) 

Data are mean (SD) or n (%). The ITT population was defined as all participants 
randomly assigned to treatment who were vaccinated. ITT=intention-to-treat. 

Table 1: Demographic and baseline characteristics of 109 colony forming 
units vaccinated groups (ITT population)
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anti-filamentous haemagglutinin, anti-Fim2/3, and anti- 
pertussis toxin serum IgG had further increased 7 days 
before challenge and remained stable after challenge until 
the end of the study, whereas anti-whole-cell extract serum 
IgG remained stable after day 28 until the end of the study. 
In the placebo group, IgG responses increased after viru
lent challenge and remained stable until the end of the 
study. 

BPZE1 vaccination induced serum bactericidal activity 
against pertactin-positive and pertactin-negative B pertussis 
in the mITT population (figure 3). The geometric mean fold 
rise of bactericidal activity against pertactin-positive 
B pertussis from baseline to day 28 after vaccination was 
higher in the BPZE1 group than in the placebo group (3⋅9 
[95% CI 1⋅52–9⋅88] vs 0⋅9 [0⋅69–1⋅26]), and nine (69%) of 
13 participants in the BPZE1 group had at least a two-fold 
increase in bactericidal activity from baseline to day 28, 
compared with one (6%) of 16 in the placebo group 
(p=0⋅0010). The geometric mean fold rise of bactericidal 
activity against pertactin-negative B pertussis from baseline 
to day 28 after vaccination was also higher in the BPZE1 
group than in the placebo group (4⋅3 [2⋅75–6⋅68] vs 
1⋅0 [0⋅86–1⋅17]), and 19 (79%) of 24 participants in the 
BPZE1 group had at least a two-fold increase in serum 
bactericidal activity titres against pertactin-negative 
B pertussis, compared with zero of 19 in the placebo group 
(p<0⋅0001). Similar serum bactericidal activity against 
pertactin-positive and pertactin-negative B pertussis was 

observed between day 28 after vaccination in the BPZE1 
group and challenge day 28 in the placebo group (figure 3). 

The study showed a favourable safety profile for the 
BPZE1 investigational vaccine. There were no deaths, ser
ious adverse events, or adverse events leading to study 
discontinuation (table 3). Most participants in the safety 
population (22 [85%] of 26 in the BPZE1 group vs 22 [81%] 
of 27 in the placebo group) reported at least one solicited 
adverse event during the 7 days after vaccination, which 
were mostly mild (grade 1) in severity. Eight (31%) of 26 in 
the BPZE1 group and three (11%) of 27 in the placebo 
group reported a moderate (grade 2) solicited adverse event, 
and no severe (grade 3) solicited adverse events were 
reported (appendix p 4). The most common reported soli
cited adverse events during the 7 days after vaccination were 
stuffy nose or congestion (11 [42%] in the BPZE1 group vs 
12 [44%] in the placebo group), runny nose (ten [38%] vs 
eight [30%]), sore or irritated throat (ten [38%] vs five [18%]), 
sneezing (ten [38%] vs six [22%]), headache (15 [58%] vs nine 
[33%]), and fatigue (ten [38%] vs 12 [44%]). The mean dur
ation of these solicited adverse events was between 2⋅1 days 
(SD 121) and 3⋅7 days (2⋅70). One participant in the BPZE1 
group had a transient moderate fever of 38⋅6◦C 1 day after 
vaccination. 

At 28 days after vaccination, a similar proportion of par
ticipants reported unsolicited treatment-emergent adverse 
events in the BPZE1 versus placebo groups (seven [27%] of 
26 vs nine [33%] of 27), and more unsolicited adverse events 

mITT population Per-protocol adequate inoculum population 

BPZE1 group 
(n=24) 

Placebo group 
(n=21) 

Percentage point 
difference (95% CI); 
p value 

BPZE1 group 
(n=20) 

Placebo group 
(n=16) 

Percentage point 
difference (95% CI); 
p value

Primary analysis 
No colonisation on days 9, 11, and 14 post- 
challenge 

14 (58% [39 to 76]) 7 (33% [17 to 55]) 25% (−4 to 50); p=0⋅091 12 (60% [39 to 78]) 4 (25% [10 to 50]) 35% (2 to 61); p=0⋅033 

Colonisation by day 
No colonisation on day 9 post-challenge 15 (63% [43 to 79]) 7 (33% [17 to 55]) 29% (0 to 54); p=0⋅049 13 (65% [43 to 82]) 4 (25% [10 to 50]) 40% (7 to 65); p=0⋅015 
No colonisation on day 11 post-challenge 15 (65% [45 to 81]) 7 (33% [17 to 55]) 32% (2 to 56); p=0⋅033 13 (65% [43 to 82]) 4 (25% [10 to 50]) 40% (7 to 65); p=0⋅015 
No colonisation on day 14 post-challenge 16 (70% [49 to 85]) 7 (33% [17 to 55]) 36% (7 to 60); p=0⋅015 14 (70% [48 to 86]) 4 (25% [10 to 50]) 45% (12 to 69); p=0⋅0062 
Prespecified exploratory efficacy analysis 
Absolute bacterial counts for colonised 
participants on day 9 post-challenge, CFU/mL 

106 (10 to 1102) 611 (165 to 2262) .. 33 (5 to 215) 448 (103 to 1942) .. 

Absolute bacterial counts for colonised 
participants on day 11 post-challenge, 
CFU/mL 

95 (16 to 561) 1914 (349 to 10 490) .. 49 (18 to 136) 1180 (187 to 7438) .. 

Absolute bacterial counts for colonised 
participants on day 14 post-challenge, 
CFU/mL 

515 (43 to 6215) 4055 (1042 to 15 778) .. 342 (20 to 5838) 2319 (635 to 8477) .. 

Post-hoc exploratory analysis 
Bacterial density (days 9, 11, and 14 post- 
challenge), CFU/mL × days 

18 (4 to 87) 611 (61 to 6105) 97% (59 to 100) 13 (3 to 63) 946 (84 to 10 654) 99% (80 to 100) 

Data are n (%; 95% CI) or geometric mean (95% CI), unless specified otherwise. The mITT population was defined as all participants randomly assigned to treatment who were vaccinated, challenged, and had at least one 
culture result at days 9, 11, or 14 post-challenge. The per protocol adequate inoculum population was defined as all participants in the mITT population who received a challenge inoculum of at least 0⋅5 × 105 CFU. 
CFU=colony forming units. mITT=modified intention-to-treat. 

Table 2: Colonisation by virulent Bordetella pertussis and bacterial density outcomes
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Figure 2: Nasal secretory IgA 
responses to Bordetella 
pertussis antigens in the 
modified intention-to-treat 
population 
Geometric mean ratios of 
secretory IgA to whole-cell 
extracts, pertactin, 
filamentous haemagglutinin, 
Fim2/3, and pertussis toxin 
normalised by total secretory 
IgA (mg/mL) and geometric 
mean fold rise from baseline 
at indicated timepoints in 
BPZE1 and placebo groups. 
Bars indicate 95% CIs. 
AU=arbitrary unit. FIM2/ 
3=serotype 2 and 3 fimbriae. 
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Figure 3: Serum IgG responses to Bordetella pertussis antigens and serum bactericidal activity in the modified intention-to-treat population 
(A) Serum IgG geometric mean concentrations expressed as IUs for pertactin, filamentous haemagglutinin, Fim2/3, and pertussis toxin and as AUs for whole-cell extract 
and comparing the BPZE1 with placebo groups. Serum bactericidal activity against pertactin-positive B pertussis (B) and pertactin-negative B pertussis (D). Proportion of 
participants with at least a two-fold increase in serum bactericidal titres against pertactin-positive B pertussis (C) and pertactin-negative B pertussis (E) at indicated 
timepoints in BPZE1 and placebo groups. Bars indicate 95% CIs. AU=arbitrary unit. FIM2/3=serotype 2 and 3 fimbriae. IU=international unit. 
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were reported after virulent challenge (20 [77%] vs 16 [59%]; 
table 3). More unsolicited treatment-emergent adverse 
events related to challenge were reported in the placebo 
group (seven [26%]) than the BPZE1 group (three [12%]). 
No serious adverse events or discontinuations due to 
adverse events were reported during the trial. 

Laboratory test results and vital sign measurements were 
similar between treatment groups. The few abnormal 
laboratory values were mainly mild (grade 1) with the 
exception of a participant with moderate-to-low platelet 
counts and a participant with high (grade 3) urea concen
trations including at baseline due to high dietary protein 
intake. 

Discussion 
This randomised, placebo-controlled trial shows that a 
single intranasal administration of the live attenuated per
tussis vaccine BPZE1 can prevent infection by virulent 
B pertussis in a controlled human infection model. In the 
BPZE1 group, ten (42%) of 24 participants in the mITT 
population and eight (40%) of 20 in the per protocol 
adequate inoculum population had detectable challenge 
bacteria on days 9, 11, or 14 post-challenge, whereas in the 
placebo group, bacteria could be detected in 14 (67%) of 21 in 
the mITT population and 12 (75%) of 16 in the per protocol 
adequate inoculum population. The colonisation rate in the 
placebo group was similar to that in the earlier study.16

In a post-hoc analysis, the post-challenge bacterial burden 
measured at days 9, 11, and 14 post-challenge was reduced 
by more than 97% in the BPZE1 group compared with the 
placebo group. Furthermore, on day 14 post-challenge, 
16 (70%) participants in the BPZE1 group versus seven 
(33%) in the placebo group had cleared the challenge bac
teria in the mITT population and 14 (70%) versus four 
(25%) in the per protocol adequate inoculum population, 
indicating faster clearance in the BPZE1 group. Although 
this study was designed to evaluate protection by BPZE1 

against B pertussis infection, rather than against pertussis 
disease, the substantial reduction in bacterial burden by 
BPZE1 vaccination suggests that it would greatly reduce 
disease severity and provide clinical benefit. Studies have 
previously shown that pertussis severity is strongly corre
lated with bacterial load;18,19 therefore, reduction in bacterial 
burden can be considered a valid surrogate outcome for 
protection against disease. 

BPZE1 vaccination induced B pertussis-specific secretory 
IgA in nasal secretions, especially evident against filament
ous haemagglutinin, pertactin, and Fim2/3. Murine studies 
have shown the importance of BPZE1-induced nasal 
secretory IgA responses in the prevention of infection.11

Filamentous haemagglutinin and fimbriae are involved in 
bacterial adherence to the respiratory epithelium;20 there
fore, anti-filamentous haemagglutinin and anti-fimbriae 
secretory IgA might prevent attachment of the bacteria to 
the epithelium. IgA is also able to opsonise B pertussis, 
resulting in phagocytosis and polymorphonuclear leukocyte 
activation via the Fcα receptor, leading to bacterial killing.21

BPZE1-induced secretory IgA responses showed similar 
patterns to serum IgA responses, which were also strongest 
against filamentous haemagglutinin, pertactin, and 
Fim2/3, although responses remained low against pertus
sis toxin, as shown previously.22 However, BPZE1 vaccin
ation resulted in increased serum anti-pertussis toxin IgG 
concentrations. Although no correlate of protection against 
pertussis has yet been established, pertussis toxin plays a 
key role in the pathogenesis of pertussis,23 and serum IgG 
that neutralise pertussis toxin prevents severe disease in 
non-human primates.24

Anti-filamentous haemagglutinin, anti-pertactin, and 
anti-Fim2/3 serum IgG were also induced by BPZE1 vac
cination. The role of anti-filamentous haemagglutinin and 
anti-fimbriae serum IgG in protection against pertussis is 
still unknown, although high anti-fimbriae serum IgG 
concentrations have been associated with clinical 

Vaccine phase Virulent challenge phase 

BPZE1 group (n=26) Placebo group (n=27) BPZE1 group (n=26) Placebo group (n=27)

Any treatment-emergent adverse events* 7 (27%) 9 (33%) 20 (77%) 16 (59%) 

Mild (grade 1) 3 (12%) 8 (30%) 13 (50%) 12 (44%) 

Moderate (grade 2) 4 (15%) 1 (4%) 7 (27%) 4 (15%) 

Severe (grade 3) 0 0 0 0 
Treatment-emergent adverse events related to vaccination or 
mucosal atomisation device 

2* (8%) 1 (4%) 0 0 

Treatment-emergent adverse events related to challenge NA NA 3* (12%) 7 (26%) 
Serious adverse events† 0 0 0 0 
Adverse events leading to study discontinuation 0 0 0 0 
Death 0 0 0 0 

Data are n (%). The safety population was defined as all participants who were vaccinated. Vaccine phase is defined as time from study vaccination to virulent challenge 
administration 60–120 days after study vaccination. Virulent challenge phase is defined as time from virulent challenge administration to the end of the study (two participants in 
the BPZE1 group and five in the placebo group did not receive the virulent challenge administration). NA=not applicable. *One participant reported treatment-emergent adverse 
events related to vaccination and challenge. †Includes treatment-emergent adverse events collected for 28 days after vaccination and virulent challenge, and serious adverse events 
collected throughout the study. 

Table 3: Summary of adverse events (safety population; n=53)
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protection against pertussis disease.25 Whereas anti- 
pertactin serum IgG has shown complement-dependent 
bactericidal properties against B pertussis, and pertactin is 
the only antigen in acellular pertussis vaccines that induces 
bactericidal antibodies.26 Approximately two-thirds of par
ticipants in the BPZE1 group showed at least a two-fold 
increase in serum bactericidal activity against pertactin- 
positive and pertactin-negative B pertussis. Notably, 
pertactin-deficient strains have been isolated with increas
ing frequencies in countries using acellular pertussis vac
cines.27 Although the role of serum bactericidal antibodies 
in protection against infection by B pertussis, a strictly 
mucosal pathogen, has not been established yet, bacteri
cidal IgG and complement have each been shown to 
penetrate the mucosa of the upper respiratory tract.28

The vaccine was well tolerated. Nasal and respiratory and 
systemic solicited adverse events, including congestion, 
sneezing, headache, and fatigue were all mild to moderate, 
and their frequency was similar between groups. No ser
ious adverse events or discontinuations due to adverse 
events occurred during the study. Overall, the study showed 
a favourable safety profile for BPZE1. 

Some limitations of the study include the small numbers 
of participants who underwent vaccination and challenge. 
Challenge with the appropriate challenge dose of at least 
0⋅5 × 105 CFU included 20 participants in the BPZE1 group 
and 16 in the placebo group, whereas nine participants 
inadvertently received a challenge dose lower than the tar
get. However, the statistical analysis plan included a pre
specified sensitivity analysis of the primary outcome in 
those who did receive an adequate inoculum of the chal
lenge dose. Given the nature of the study, with participants 
randomly assigned to treatment groups for vaccination and 
called back later for challenge, the challenge group 
became a subgroup of the trial and was exposed to the 
biases present in subgroup analysis. Despite the reduced 
sample size, the study was still powered for the primary 
analysis using the per protocol adequate inoculum 
population; therefore, even with this potential selection 
bias and the small sample size, this study provides the first 
proof of concept that a single nasal vaccination with 
BPZE1 can prevent colonisation by virulent B pertussis and 
substantially reduces bacterial burden. We also confirmed 
the inoculum dose to establish consistent infection of at 
least 75% of participants who have less than 20 IU/mL 
anti-pertussis toxin antibodies.16

Consistent with the model and to ensure robustness of 
the study, we excluded participants with high baseline anti- 
pertussis toxin and anti-pertactin antibody concentrations, 
as they are suggestive of recent (within 1–3 years) infection 
by B pertussis, likely to result in immunity against B pertussis, 
thereby limiting virulent challenge take in the placebo 
group. Furthermore, the study was conducted in non- 
smoking healthy adults who were not using nasal sprays; 
therefore, the findings might not be generally applicable to 
all populations. If licensed, BPZE1 would be used for all 
comers, regardless of health status and baseline antibody 

concentrations. Whereas in this latter population, includ
ing those with high baseline antibody concentrations, 
clinical benefit of BPZE1 vaccination might be more 
modest, the most susceptible population (ie, those who are 
not protected by natural infection) might greatly benefit 
from BPZE1 vaccination. Post-marketing studies will 
establish the general population representativeness, since 
they are likely to include young children and individuals 
with specific health conditions. 

In this study, participants were challenged with a single 
B pertussis strain and vaccine efficacy might vary according 
to the challenge strain; however, strain B1917 was selected 
as the most representative strain circulating in Europe in 
the first decades of the 21th century, and animal studies 
have shown that BPZE1 is highly protective against other 
Bordetella strains as well, including Bordetella parapertussis 
and Bordetella bronchiseptica.9–11 Additional field studies will 
be able to show vaccine efficacy against all circulating 
strains. 

A further limitation of the study was that it was performed 
with healthy adults, most of whom have likely been primed 
with whole-cell pertussis vaccines in infancy. Although adults 
represent an important source of asymptomatic B pertussis 
transmission to other susceptible populations, pertussis is 
most severe in younger age groups, including infants younger 
than 1 year. A clinical trial is ongoing (NCT05116241), which 
involves school-aged children (6–17 years) primed with the 
acellular pertussis vaccine. 

Finally, only antibody responses are reported. Since pro
tection against pertussis relies on antibodies and involves 
cell-mediated immunity, including resident memory 
T cells,29 we will analyse cellular immunity in a separate 
analysis. 

In conclusion, a controlled human infection study 
showed that a single intranasal administration of the 
live attenuated BPZE1 vaccine prevents infection with 
virulent B pertussis in a substantial number of participants 
and decreases the bacterial burden after challenge 
compared with the placebo group. BPZE1 induced mucosal 
secretory IgA responses in the nasal cavity and 
serum antibodies against B pertussis antigens, which dis
play bactericidal activity against pertactin-positive and 
pertactin-negative strains. BPZE1 is an attractive vaccine 
candidate for the prevention of B pertussis infection and 
likely disease. Given the favourable safety profile of the 
BPZE1 vaccine and encouraging protective results, large 
phase 3 trials are warranted to confirm these initial 
findings. 
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