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Summary

Background Cyclical epidemics of pertussis, also known as whooping cough, continue to occur despite vaccination,
because current vaccines fail to suppress colonisation by, and transmission of, the causative agent Bordetella pertussis.
We aimed to show the safety of B pertussis controlled human infection delivered in an outpatient setting, as well as
identify immunological correlates of protection against B pertussis colonisation, to guide the future development of
pertussis vaccines.

Methods This open-label, phase 1, controlled human infection study was conducted at University Hospital
Southampton, Southampton, UK. Healthy volunteers aged 18-55 years who had received a whole-cell pertussis
vaccine in childhood were inoculated intranasally with 10° colony-forming units of wild-type B pertussis strain
B1917. Volunteers were monitored as outpatients for 28 days to assess safety, colonisation, and B pertussis-specific
immunological parameters. Individuals who shared a bedroom with inoculated volunteers were enrolled to
measure transmission to close contacts. After approximately 90 days, volunteers who agreed to participate in a
rechallenge phase of the study were re-inoculated with the same dose of B pertussis. Volunteers received
azithromycin 14 days after each inoculation. The primary objective was to assess the safety of delivering this
controlled human infection model on an outpatient basis; safety endpoints were the occurrence of possible or
confirmed pertussis and unsolicited or serious adverse events. Secondary objectives were the assessment of
immunological biomarkers of protection from colonisation and the assessment of transmission from volunteers
to close contacts. All volunteers who received the inoculum were included in the safety analysis, and all
participants who completed follow-up to day 14 were included in the per-protocol population for colonisation and
immunological analysis. This trial is registered at ClinicalTrials.gov, NCT03751514, and is ongoing.

Findings Between Aug 29, 2019 and March 6, 2023, 77 volunteers were screened and 51 were enrolled and inoculated,
of whom 50 completed follow-up to day 14 post-inoculation. 20 (40%) of these 50 volunteers became colonised with
B pertussis. One volunteer developed symptoms suggestive of possible pertussis after initial inoculation; this
volunteer tested negative for B pertussis throughout the study and all symptoms resolved within 4 days. Adverse
events were mostly mild to moderate, with no significant increase in the reporting of any individual symptom by
colonised volunteers. All unsolicited adverse events were assessed as either unlikely to be related or unrelated to
B pertussis infection, with no increase in the frequency of these events seen in colonised volunteers. There were
no serious adverse events and no treatment-related deaths. Compared with those who became colonised with
B pertussis, non-colonised volunteers had significantly higher pre-inoculation serum IgG antibody concentrations
against several acellular pertussis vaccine antigens (pertussis toxin [p=0-028], pertactin [p=0-037], and filamentous
haemagglutinin [p=0-024]); higher nasal (p=0-022) and serum (p=0-044) IgA antibody concentrations against
whole B pertussis; higher serum IgA antibody concentrations specific to filamentous haemagglutinin (p=0-024);
and higher peripheral T-helper (Th)-22-cell responses to pertussis toxin (p=0-0045) and filamentous
haemagglutinin (p=0-029). After inoculation, only colonised volunteers showed seroconversion, IgA and IgG
binding to B pertussis, and increases in B pertussis-specific IgG-secreting memory B-cell frequencies by day 28.
Th17 responses to pertussis toxin were increased (p=0-039) and Th22 responses to filamentous haemagglutinin
were decreased (p=0-014) in non-colonised volunteers. Of the 13 volunteers who became colonised after initial
inoculation and were re-inoculated, only one (8%) became colonised after re-inoculation. Transmission from
volunteers to 14 enrolled individuals with whom they shared a bedroom was not detected.

Interpretation Our findings suggest that controlled human infection with B pertussis in an outpatient setting is safe.
Higher humoral and CD4" T-cell responses with specificity to acellular pertussis vaccine antigens are associated with
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protection against colonisation by B pertussis after experimental challenge. This technique could enable the testing of
potential novel vaccines or formulations for sustained protection against infection and transmission.
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Introduction

Bordetella pertussis is a highly infectious respiratory patho-
gen that exclusively infects humans and is transmitted via
airborne droplets.! Pertussis, or whooping cough, is most
severe in neonates and infants, but can occur atany age and
has a typical pattern of epidemic peaks every 3-5 years. The
incidence of pertussis increased sharply in Europe? and the
USA® during 2023-24, despite high vaccine coverage.
Whole-cell pertussis vaccines substantially reduced disease
incidence after their implementation in the 1950s, but were
replaced by acellular pertussis vaccines in high-income

Research in context

Evidence before this study

Current acellular pertussis vaccines protect against disease in the
short term but appear to have little effect on infection with
Bordetella pertussis. Seroepidemiological studies suggest that
asymptomatic infection is common, which could maintain
bacterial transmission in the community. Clinical investigation to
define the immune characteristics that protect against
asymptomatic infection as well as disease would facilitate the
development of improved vaccines; however, prospective case
ascertainment of asymptomatic infection is practically difficult.
Controlled human infection can identify individuals who are
relatively protected against experimental infection. We searched
PubMed from database inception to Jan 11, 2025, using the
Medical Subject Headings terms “Bordetella pertussis” AND “wild-
type” AND “"human challenge trials”, for publications in English
that reported controlled human infection with virulent B pertussis.
One paper was identified, in which our team reported a dose-
ranging, controlled human infection study, conducted in an
inpatient setting, involving 34 healthy adult volunteers who had
no evidence of recent infection or vaccination as determined by
anti-pertussis toxin IgG concentrations. An intranasal dose of 10°
colony-forming units of B pertussis resulted in asymptomatic
colonisation of 12 (80%) of 15 volunteers. Antibody responses to
pertussis toxin were observed in about half of the colonised
participants and in none of the participants who were not
colonised. No shedding of B pertussis was detected in
systematically collected environmental samples. A search of Web
of Science for publications citing this paper found no further
clinical trials reporting human challenge with B pertussis.

Added value of this study
This study, which was planned to follow on from our previous
controlled human infection study, involved volunteers who were

countries between 1992 and 2005.* By inference, most
individuals in high-income countries who are currently
aged 20 years or younger will have been primed in infancy
with acellular pertussis vaccines, whereas older adults
were either not vaccinated in infancy or were primed with
whole-cell pertussis vaccines.

Both epidemiological® and preclinical® studies provide
evidence that acellular vaccines protect less well against
B pertussis infection than do whole-cell vaccines. This
finding is further compounded by the comparatively fast
waning of protection induced by acellular pertussis

not selected according to anti-pertussis toxin IgG concentration
and were monitored as outpatients. 20 (40%) of 50 volunteers
were asymptomatically colonised, and those who did not become
colonised had higher pre-inoculation serum antibodies against
multiple antigens included in the acellular pertussis vaccine and
higher nasal and serum IgA binding to B pertussis, as well as
peripheral IL-22 responses from CD4" T-helper-22 cells to the
vaccine antigens pertussis toxin and filamentous haemagglutinin.
Colonised individuals developed immunity to a second challenge
conducted 3 months later. The technique described in this study is
a safe and convenient method to identify a protected phenotype
in human volunteers, and will permit future studies to identify
further correlates of protection against infection and the testing
of novel vaccines.

Implications of all the available evidence

Our findings show that controlled human infection with

B pertussis can be safely conducted by outpatient experimental
facilities; volunteers become asymptomatically colonised and do
not transmit to close contacts. If colonised, individuals develop an
immune response and become relatively protected against a
second challenge. The protected phenotype has immunological
characteristics that include humoral and cellular immune
responses against antigens contained in the acellular pertussis
vaccine. This finding implies that novel vaccines capable of
generating similar and sustained responses could better protect
against infection by B pertussis. We are aware of at least three
other centres that are now actively conducting human controlled
infection studies with B pertussis with the purpose of improving
future pertussis vaccines.
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vaccines.” Vaccine priming in infancy is a key determinant
of lifecourse immunity; humans primed with whole-cell
vaccines in infancy express pertussis vaccine antigen-
specific T-helper (Th)-1-cell and Th17-cell responses in
later life, whereas those primed with acellular vaccines have
predominant Th2 cell responses.® This imprinting seems to
be antigen-specific; epitope mapping has revealed that
adult B pertussis-specific CD4" T-cell responses to pertussis
antigens that did not arise from the acellular pertussis
vaccine exhibit no polarisation as a function of natural
exposure, childhood vaccination, or a clinical history of
pertussis.’

There is strong evidence that the human population is
frequently exposed to asymptomatic or undiagnosed
B pertussis infection. Seroepidemiological evidence sup-
ports the existence of an asymptomatic or subclinical res-
ervoir of infection, which would enable the circulation of
B pertussis during quiescent interepidemic periods. This
reservoir will be a key target of future vaccine development,
with the aim of reducing the potential for transmission of
B pertussisto individuals who are most vulnerable. There are
substantial knowledge gaps surrounding the nature of
protective immunity in the healthy adult population. Con-
trolled human infection is a feasible method to identify
immunological determinants of B pertussis infection in a
population with heterogenous immunity. A previous dose-
ranging, controlled infection study was conducted in an
inpatient setting among healthy volunteers with anti-
pertussis toxin IgG concentrations of less than 20 inter-
national units (IU) per mL, reducing the chance that the
participants had been infected naturally with B pertussis
within the past year. This study found that a dose of
10° colony-forming units (CFU) induced B pertussis colon-
isation of the nasopharynx within 14 days of inoculation in
12 (80%) of 15 volunteers.’*! No symptoms typical of per-
tussis and no environmental shedding of B pertussis were
observed.

We aimed to safely translate this controlled human
infection model to an outpatient setting and to measure
serological and cellular immunological responses to well
characterised B pertussis antigens before and after
challenge.

Methods

Study design and participants

This open-label, phase 1, controlled human infection study
was conducted at University Hospital Southampton,
Southampton, UK, as part of the PERISCOPE consortium
project. The study was conducted in accordance with the
provisions of the Declaration of Helsinki (1996) and the
International Conference on Harmonization Guidelines
for Good Clinical Practice, and was approved by the
South Central — Oxford A Research Ethics Committee
(17/SC/0006). Healthy volunteers aged 18-55 years, who
had been fully vaccinated with a whole-cell pertussis
vaccine during childhood but not vaccinated against
pertussis in the 5 years before enrolment, were willing to
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use infection control measures during the study, and did
not have regular contact with people vulnerable to severe
pertussis, were recruited according to protocol-defined
criteria (appendix pp 47-48). Unlike our previous con-
trolled human infection study with B pertussis,'*"* volun-
teers were not selected on the basis of anti-pertussis toxin
IgG concentrations.

Challenge volunteers were defined as individuals who
were challenged with an intranasal inoculum of B pertussis.
Contact volunteers were defined as individuals who were
intending to share a bedroom with a challenge volunteer on
at least one occasion during the study period. Challenge
volunteers were excluded from participation if an individ-
ual with whom they might potentially share a bedroom was
ineligible for the study. Written informed consent was
given by all volunteers, and was obtained from both the
challenge and the contact volunteer before inoculation of
the challenge volunteer.

The study protocol is available in the appendix (pp 2-90).
The trial is registered with ClinicalTrials.gov, NCT03751514.

Procedures

Challenge volunteers were inoculated with B pertussis strain
B1917, which was isolated from a Dutch patient with per-
tussis and is a fully genotyped representative of current
B pertussisisolates in Europe.'? A single-use vial of a working
cell bank of B1917, at a concentration of 10’ CFU/mL, was
thawed and diluted in 0-9% NaCl to an inoculum dose of
10° CFU in 1 mL under biosafety level 2 conditions. On day
0,0-5mL of the inoculum was administered in droplets into
each nostril, as described previously." Approximately
90 days after the initial inoculation, challenge volunteers
were invited for an optional rechallenge.

Challenge volunteers were followed up for 28 days after
both initial inoculation and re-inoculation (figure 1A). At
each visit, the volunteers were asked to report any symp-
toms potentially indicative of early pertussis, including
cough, sore throat, nasal congestion, rhinorrhoea, sneez-
ing, and malaise. Additional clinical reviews were arranged
if clinically significant symptoms developed between
scheduled visits. If early pertussis was suspected, treatment
with azithromycin 500 mg once a day for 3 days was com-
menced. Colonisation was assessed by culture of nasal
washes, pernasal swabs, and oropharyngeal swabs. Blood
and nasosorption samples were taken at prespecified
timepoints to assess immunological parameters.

Contact volunteers were monitored for symptoms of
pertussis and assessed for B pertussis colonisation by culture
of nasal wash samples taken on day 7 and day 14 after the
inoculation of their linked challenge volunteer. 2 weeks
after inoculation and re-inoculation, all volunteers were
given azithromycin to eradicate possible B pertussis
colonisation.

Colonisation was defined as any positive B pertussis cul-
ture from nasal or oropharyngeal samples at any timepoint,
up to day 14 after challenge. Each swab or nasal wash
sample was processed and dilution volumes of 250, 25, and

See Online for appendix
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Figure 1: Study design

(A) Clinical study design. (B) Trial profile. B pertussis=Bordetella pertussis. CFU=colony-forming units.

2.5 pL were aliquoted onto charcoal Bordetella-selective
agar plates (Oxoid, Basingstoke, UK). Culture plates were
maintained at 37°C in a humidified aerobic incubator and
reviewed for growth of B pertussis colonies at day 5 and
day 7 of incubation. Probable B pertussis colonies were
further identified by matrix-assisted laser desorption/
ionisation—time-of-flight mass spectrometry (Bruker, Billerica,
MA, USA).

The colonisation density at each timepoint was calculated
using the bacterial counts from nasal wash sample plates
standardised to 1 mL. Bacterial burden was calculated as the

area under the curve (AUC) of colonisation density at days
0, 3,7, and 14. Three culture results were positive but could
not be counted for technical reasons. We retrospectively
imputed these CFU counts on the basis of quantitative PCR
results, as the number of CFU from culture was found to
correlate with the number of genome copies (r=0-7062,
p<0-0001).

Nasosorption and mucosal lining fluid (MLF) elution
methods have been described previously.”* In short, a
nasosorption device (Nasosorption FX-i; Hunt Develop-
ments, Midhurst, UK) was inserted into the nose, after
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which a finger was gently pressed against the nostril for
60 s. The devices were frozen immediately after collection
and stored at —80°C until elution.

A fluorescent bead-based multiplex immunoassay was
used to measure the concentrations of B pertussis-antigen-
specific antibodies—pertussis toxin, pertactin, filamentous
haemagglutinin, and fimbriae 2 and fimbriae 3 (fimbriae
2/3)—in serum and MLF." Data were acquired on a vali-
dated and calibrated FLEXMAP 3D platform (Luminex,
Austin, TX, USA) and analysed with Bio-Plex Manager
6.2 software (Bio-Rad, Hercules, CA, USA).

Antibody responses to whole B pertussis bacteria were
measured using an antibody deposition assay as described
previously,” with some modifications (appendix pp 91-92).

Cellular immunological assays

Blood samples were analysed for B pertussis-specific mem-
ory B cells using an enzyme-linked immunospot assay."'®
B pertussis-specific Th-cell responses were identified by
antigen stimulation assays with a flow cytometric
readout on a subset of volunteers (appendix pp 92-95).”

Outcomes

The primary objective was to assess the safety of delivering a
B pertussis controlled human infection model on an out-
patient basis. Primary endpoints were the occurrence of
possible or confirmed pertussis and unsolicited or serious
adverse events between day 0 and day 28 after inoculation
with 10° CFU B pertussis. The assessment of adverse event
frequency, severity, and relatedness to the intervention was
conducted in line with Good Clinical Practice Guidelines
and the clinical study protocols, and was overseen by
independent safety monitors. The secondary endpoints for
this part of the study were the assessment of any association
between colonisation with B pertussis and immunological
parameters and of transmission from inoculated
volunteers to close contacts (appendix p 38).

Statistical analysis

The planned initial sample size was 66 participants (for
power calculation, see appendix pp 76, 91), with the inten-
tion of conducting an interim analysis and optimising the
final sample size. Owing to delays in recruitment during
the COVID-19 pandemic, the interim analysis was con-
ducted after the first 50 volunteers had completed the study,
as recommended Dby the trial steering committee.
The fraction of non-colonised volunteers was notably
higher than anticipated from the previous dose-escalation
study, and significant differences in the concentrations of
pre-inoculation immunological biomarkers—including
serum anti-pertussis toxin and anti-pertactin IgG—were
detected between colonised and non-colonised volunteers,
therefore achieving the secondary objective. In addition, no
safety concerns were reported, so the study was dis-
continued after consultation with the data and safety
monitoring board.
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All volunteers who received the inoculum were included
in the safety analysis, and all those who completed
follow-up to day 14 were included in the per-protocol
population for colonisation and immunological analysis.
Statistical analyses were conducted using R version 4.1.3.
Differences in proportions between two groups were
assessed using Fisher’s exact test. Shapiro-Wilk normality
testing was conducted. Data were summarised by mean
(SD), median (range and/or IQR), or geometric mean
(95% ClI) according to their normality distribution. Para-
metric data were analysed using a two-sided t-test, or a
paired t-test when groups were related. Non-parametric
data were analysed using the two-tailed Wilcoxon signed-
rank test (eg, when comparing the colonised vs non-
colonised groups), or the Kruskal-Wallis test when
groups were related (eg, when assessing the change in
concentration of antibodies over time). Dunn’s post-hoc
testing and Benjamini-Hochberg correction for multiple
testing were used when assessing more than two groups.
Correlation analyses were conducted using Spearman’s rho
(; eg, when correlating the CFU counts with immuno-
logical parameters). Where correlations were significant,
data were fitted to a linear regression line with 95% CI for
visualisation. All p values were two-tailed and p values
smaller than 0-05 were considered statistically significant.
Missing data were assumed to be missing completely at
random and therefore ignorable under the analysis model.

Role of the funding source

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

Between Aug 29, 2019 and March 6, 2023, 77 challenge
volunteers were screened, of whom 51 were enrolled and
inoculated (figure 1B). One volunteer withdrew from the
study on day 3, resulting in 50 volunteers who completed
follow-up to day 14 after inoculation and were included in
the per-protocol analysis. Baseline demographics of the
volunteers are shown in table 1. The mean B pertussis
inoculum doses were 96049 CFU (SD 27 648) at initial
inoculation and 105 877 CFU (SD 33 891) at re-inoculation.
The inoculum dose administered was not significantly
different between colonised and non-colonised volunteers
(p=0-35, two-sided t-test; table 1).

20 (40%) of the 50 challenge volunteers were colonised
with B pertussis by day 14 after inoculation, 18 (90%) of
whom were culture-positive by day 7 (figure 2B, C; appendix
p 95). All culture-positive volunteers had a positive nasal
wash culture, except for one who had a single positive
pernasal swab culture only. In 2020, the five-volunteer
rolling average colonisation fraction decreased to zero
and remained low throughout 2021, before increasing
again in 2022. The cumulative colonisation fraction stabi-
lised after the 25th volunteer was challenged, resulting in
an overall colonisation fraction of 0-40 (20 [40%] of
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Excluded (n=26) Enrolled (n=51) Colonised after primary ~ Non-colonised after p value*
inoculation (n=20) primary inoculation (n=30)
Age, years
Median (IQR) 27:0 (22:5-33-5)  27-0 (21-5-37-0)  32-0 (23-5-42-8) 24-0 (21-0-31-8) 014
Range 18-52 18-51 18-50 19-51
Sex assigned at birth, n (%)
Male 15 (58%) 23 (45%) 5 (25%) 17 (57%)
Female 11 (42%) 28 (55%) 15 (75%) 13 (43%) 0-042t
BMI, kg/m’
Median (IQR) 24-4 (21-7-312)  25-6 (22:1-31-2)  29-2 (22-7-35-1) 25-2 (21-5-29-0) 011
Range 18-7-41-9 18-4-44-4 21:3-44-4 18-4-39-3
Anti-pertussis toxin IgG, geometric mean (95% Cl), IU/mL NA 4-0 (2:3-6-9) 1-9 (0-9-4-0) 6-2 (3-0-12-8) 0-028
Female NA 9 (1-4-5-9) 2-4 (1:0-5-7) -6 (1-1-11-5) 0-37
Male NA 9 (25-13-8) 0-8 (0-2-3-2) 9.3 (3-8-23-0) 0-040
Anti-pertactin 1gG, geometric mean (95% Cl), lU/mL NA 12-7 (6:7-24-1) 7-3 (2:4-22-3) 17-6 (8-1-38-2) 0-037
Female NA 10-5 (4-0-27-6) 11-1 (3-3-37-8) 9-8 (2-0-47-4) 0-42
Male NA 16-2 (7-2-36-3) 1-7 (0-2-18-6) 275 (14-8-51-2) 0-028
Anti-filamentous haemagglutinin IgG, geometric mean (95% Cl), IlU/mL NA 18-4 (9-1-37-1) 8-5(2:5-29-2) 30-1(13-5-67-3) 0-010
Female NA 23-0 (6-6-79-5) 51-3 (12:6-208-4) -7 (1:3-74-8) 0-32
Male NA 317 (10-7-94-3) 3-5(0-2-71-7) 53-2 (18-8-150-6) 0-029
Anti-fimbriae 2/3 19G, geometric mean (95% Cl), AU/mL NA 26-5 (11-5-61-0) 282 (7-4-108-0) 25-4 (8-6-75-5) 0-97
Female NA 16-2 (6-4-41-1) 19-8 (6:6-59-3) 13-1 (2:7-62'5) 0-32
Male NA 21.5 (7-2-64-0) 8 (0-05-12-9) 57-0 (29-4-110-4) 0-065
Inoculum dose, CFU
Mean (SD) NA 96 049 (27 648) 91975 (28 252) 99589 (27 378) 0-35%
Range NA 52333-170 000 52333-170 000 57333-158 333
Ethnicity data were not collected or recorded. AU=arbitrary units. CFU=colony forming units. [U=international units. NA=not applicable. *p values compare colonised with non-colonised participants, calculated using
the Mann-Whitney test unless otherwise indicated. tFisher's test. ft-test.
Table 1: Demographic and physical characteristics, serology, and inoculum counts pre-inoculation

50 volunteers; figure 2A).

In colonised volunteers,

B pertussis density increased from day 3 to day 14, as
measured by nasal wash culture (figure 2B). Four (20%) of
the 20 colonised volunteers had cleared B pertussis before
azithromycin was given, and none of the volunteers were
colonised at day 28 (ie, 14 days after azithromycin treat-
ment; figure 2B). Among the 26 volunteers who consented
to participate in the rechallenge, 14 had been colonised
during the primary challenge. Of these 26 rechallenged
volunteers, one who was not colonised during the primary
challenge withdrew during the follow-up period. After
rechallenge, four (16%) of 25 evaluable volunteers were
colonised by day 104 (14 days after rechallenge). Of those
who had not been colonised during the primary challenge,
three (25%) of 12 were colonised after rechallenge. Of those
who had been colonised after initial inoculation, only one
(8%) of 13 volunteers was recolonised after the rechallenge
(figure 2C). This colonisation fraction was significantly
lower than after initial inoculation (p=0-045, Fisher’s exact
test).

B pertussis inoculation was well tolerated and no serious
adverse events occurred during follow-up. Early antibiotic
treatment was given to one volunteer, who developed
symptoms suggestive of possible pertussis after the initial
challenge. This volunteer tested negative for B pertussis
throughout the study and all symptoms resolved within

4 days. Solicited symptoms during the 14-day follow-up
period after inoculation were mostly mild, with no signifi-
cant increase in reporting of any individual symptom by
colonised volunteers (table 2). Among colonised volun-
teers, there was no association between reported symptoms
characteristic of pertussis (cough, rhinorrhoea, and nasal
congestion) and colonisation density (appendix p 103).
Solicited symptoms throughout the challenge period, viral
co-infections, clinical parameters outside of the normal
range, and other unsolicited adverse events are detailed in
the appendix (pp 96-100). All unsolicited adverse events
were assessed as either unlikely related or unrelated to
B pertussis challenge, and no increase in the frequency of
these adverse events was seen in colonised volunteers.
There were no safety concerns among contact volunteers
(appendix pp 101-102).

Of 17 contact volunteers screened, 14 were enrolled into
the study, of whom six (43%) shared a bedroom with a
challenge volunteer who was colonised (median bacterial
burden 2013 CFU [IQR 1143-89 628; range 144223 020]).
No B pertussis was detected in any of the samples taken from
the 14 contact volunteers.

Pre-inoculation serum IgG concentrations specific to
pertussis toxin (p=0-028), pertactin (p=0-037), and fila-
mentous haemagglutinin (p=0-010), and serum IgA
concentrations specific to filamentous haemagglutinin
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(p=0-024), were significantly higher in non-colonised vol- volunteers than in colonised volunteers for IgA (serum
unteers than in colonised volunteers (figure 3A, B). Anti- p=0-044 and MLF p=0-022) but not for IgG (serum
body binding to whole B pertussis in pre-inoculation serum  p=0-094 and MLF p=0-55); figure 3C). Male volunteers were
and MLF was significantly higher in non-colonised less frequently colonised than female volunteers (p=0-043;
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Figure 2: Colonisation density of B pertussis after inoculation

(A) Left axis: colonisation fraction over time after the primary challenge, presented for the cumulative number of challenged volunteers as the cumulative colonisation
fraction (number of colonised volunteers/number of challenged volunteers). Error bars are 95% CI (modified Wald method). Right axis: five-volunteer rolling average of
the colonisation fraction (red line), calculated across the cumulative number of challenged volunteers. (B) Colonisation density over time, presented as B pertussis colony
count (CFU/mL) from culture of nasal wash samples (n=50). Data are presented as individual values for each volunteer (circles), with the colours indicating the
colonisation status of the volunteer after the primary challenge and the rechallenge. Purple indicates volunteers colonised at both primary challenge and rechallenge
(n=1); orange indicates volunteers colonised at primary challenge and then non-colonised at rechallenge (n=12), not rechallenged (n=6), or non-evaluable at rechallenge
(n=1); green indicates volunteers non-colonised at primary challenge and colonised at rechallenge (n=3); and blue indicates volunteers non-colonised at primary
challenge and then non-colonised at rechallenge (n=9) or not rechallenged (n=18). Box plots show median (midline) and IQR (box boundaries), and whiskers indicate the
minimum and maximum values. The dotted red line represents the lower limit of detection. (C) Colonisation density over time for each colonised volunteer (n=22;
excluding the participant who was colonised after primary inoculation but withdrew during the rechallenge phase), presented as B pertussis colony count (CFU/mL) from

culture of nasal wash samples. Colour intensity reflects colonisation density, with white indicating no detectable colonisation. B pertussis=Bordetella pertussis.

CFU=colony-forming unit.

table 1). Among colonised male volunteers, pre-inoculation
IgG concentrations against pertussis toxin, pertactin,
and filamentous haemagglutinin were higher than in non-
colonised male volunteers, whereas no such differences
were observed among female volunteers (appendix p 104).

Among colonised volunteers, bacterial burden
inversely correlated with the anti-pertussis toxin IgG
concentration in pre-inoculation serum (p=0-029) but not
with IgG concentrations specific to the other individual
antigens or with IgA concentrations (appendix p 105).
Bacterial burden was inversely correlated with IgG
binding to whole B pertussis in both serum (p=0-042) and
MLF (p=0-031; appendix p 105).

After inoculation, the concentrations of all antigen-
specific IgG measured (figure 3D) and all antigen-specific
IgA measured (figure 3E), as well as the binding of IgG
and IgA to whole B pertussis (figure 3F), were significantly
increased by day 28 in colonised volunteers only. The
increase above pre-inoculation titres were sustained until
day 90.

Pre-inoculation frequencies of pertussis antigen-specific
(pertussis toxin, pertactin, filamentous haemagglutinin,
and fimbriae 2/3) IgG-producing memory B cells were not
significantly different between colonised and non-
colonised volunteers (figure 4A). The pre-inoculation fre-
quency of pertussis toxin-specific memory B cells inversely
correlated with bacterial burden in colonised volunteers

(p=0-043; figure 4B). After initial inoculation, no changes in
B pertussis-specific memory B-cell frequencies were detec-
ted at early timepoints (day 7 and 14; appendix p 106).
However, by day 28, B pertussis-specific memory B cells
increased in frequency for all B pertussis antigens tested in
colonised volunteers only (pertussis toxin p=0-013, pertac-
tin p=0-023, filamentous haemagglutinin p=0-0010, and
fimbriae 2/3 p=0-0038; figure 4C). By day 90, pertussis
toxin-specific (p=0-013) and fimbriae 2/3-specific (p=0-020)
memory B-cell frequencies were still significantly higher
than pre-inoculation frequencies in colonised volunteers.
By contrast, filamentous haemagglutinin-specific (p=0-17)
and pertactin-specific (p=0-51) memory B-cell frequencies
were no longer significantly increased at day 90 compared
with pre-inoculation, with pertactin-specific memory
B cells exhibiting a significant reduction in frequency
compared with day 28 (p=0-023). No significant changes
were detected in memory B-cell frequencies for any of the
control conditions (appendix p 107).

Before inoculation, non-colonised volunteers had higher
Th22-associated cell responses (ie, expression of IL-22) after
stimulation with pertussis toxin (p=0-0045) and filament-
ous haemagglutinin (p=0-029) than did colonised volun-
teers. No differences were observed in responses associated
with Thl, Th17, and Th2 between colonised and non-
colonised volunteers for any of the stimulation conditions
tested (appendix p 108).

Colonised (n=24)* Non-colonised (n=51)t
None Mild Moderate Severe None Mild Moderate Severe
Cough 14 (58%) 10 (42%) 0 0 39 (76%) 7 (14%) 5 (10%) 0
Rhinorrhoea 17 (71%) 7 (29%) 0 0 31 (61%) 15 (29%) 5 (10%) 0
Nasal congestion 16 (67%) 6 (25%) 2 (8%) 0 33 (65%) 12 (24%) 4 (8%) 2 (4%)
Sneezing 21 (88%) 3 (13%) 0 0 30 (59%) 17 (33%) 4 (8%) 0
Sore throat 18 (75%) 5 (21%) 1 (4%) 0 38 (75%) 9 (18%) 4 (8%) 0
Dyspnoea 24 (100%) 0 0 0 45 (88%) 4 (8%) 1(2%) 1(2%)
Malaise 18 (75%) 3 (13%) 3 (13%) 0 43 (84%) 5 (10%) 3 (6%) 0
Tiredness 13 (54%) 6 (25%) 5 (21%) 0 37 (73%) 11 (22%) 3 (6%) 0
Headache 18 (75%) 5 (21%) 0 1 (4%) 41 (80%) 6 (12%) 3 (6%) 1(2%)
Ear pain 23 (96%) 0 1 (4%) 0 44 (86%) 6 (12%) 1(2%) 0
Eye pain 23 (96%) 1 (4%) 0 0 49 (96%) 1(2%) 1(2%) 0
Epistaxis 23 (96%) 1 (4%) 0 0 45 (88%) 6 (12%) 0 0
Data are n (%). Primary challenge and rechallenge data are included, with volunteers classified by colonisation status at that challenge presented as a percentage of the total group.
*20 volunteers were colonised at primary challenge and four at rechallenge. 130 volunteers were non-colonised at primary challenge and 21 at rechallenge.
Table 2: Solicited adverse events during controlled human infection with B pertussis
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Figure 3: Antibody profiles in blood and MLF during controlled infection with B pertussis
Pre-inoculation concentrations of serum IgG (A), serum IgA (B), and B pertussis-binding immunoglobulins in both serum and MLF (C) in volunteers who went on to become colonised (orange) and those who
remained non-colonised (blue). Concentrations of serum IgG (D), serum IgA (E), and B pertussis-binding immunoglobulins in serum (F) in response to challenge (day 0 and day 28; n=50) and before rechallenge
(day 90; n=26) in non-colonised (blue circles) and colonised (orange circles) volunteers. Box plots show median (midline) and IQR (box boundaries), and whiskers indicate the minimum and maximum values.
Differences in pre-inoculation serum concentrations between the colonised and non-colonised groups were determined by the Mann-Whitney test (A-C). Comparisons of serological markers between
timepoints (D-F) were calculated using Friedman testing with Dunn’s post-hoc and Benjamini-Hochberg correction for multiple testing. For (A), (B), (D), and (E), IU/mL is used to report pertussis toxin, pertactin,
and filamentous haemagglutinin concentrations; AU/mL is used to report fimbriae 2/3 concentrations. AU=arbitrary units. B pertussis=Bordetella pertussis. lU=international units. MLF=mucosal lining fluid.

After inoculation, small but significant increases in Th17
responses to pertussis toxin (p=0-039) were observed in
the non-colonised group at day 28 compared with pre-
inoculation (appendix p 109). Notably, a reduction in
Th22 responses to filamentous haemagglutinin was
observed in the non-colonised volunteers at day 28 com-
pared with pre-inoculation (p=0-014). Although not reach-
ing the threshold for significance, we observed increased

www.thelancet.com/microbe Vol 7 April 2026

Th22 responses to pertussis toxin at day 28 compared with
pre-inoculation in the colonised group (p=0-059), but notin
the non-colonised group (p=1-0).

Discussion

This study has shown the safety of an outpatient model of
B pertussis colonisation, corroborating previously reported
safety findings and colonisation dynamics," and shown
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that asymptomatic carriers do not transmit to close con-
tacts. In addition, our data identify potential immune
determinants of protection against colonisation in healthy
adults who had previously received a whole-cell pertussis
vaccine in infancy.

We showed that a B pertussis controlled human infection
study can be conducted in an outpatient setting, which
could facilitate future studies such as vaccine-challenge
clinical trials. Although minor adverse events did occur,
these occurred at similar frequencies and intensities in
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Figure 4: 1lgG memory B-cell frequencies during controlled infection with B pertussis

(A) Pre-inoculation frequencies of IgG memory B cells specific for B pertussis antigens in volunteers who went on to become colonised (orange circles, n=20) and those
who were non-colonised (blue circles, n=30). Differences between the colonised and non-colonised groups pre-inoculation were determined by the Mann-Whitney test.
(B) Correlation between pre-inoculation memory B-cell frequencies in volunteers who went on to become colonised and their bacterial burden (n=19). Bacterial burden is
expressed as the AUC of colonisation density over time, determined by microbiological culture of nasal wash samples obtained at days 3, 7, and 14 after primary
inoculation, measured as CFU/mL. Correlations were calculated using a non-parametric Spearman’s test. Where correlations were significant (p<0-05), data were fitted
to a non-linear regression model (blue line) with 95% CI (grey shading). (C) Frequencies of IgG memory B cells specific for B pertussis antigens in response to challenge
(day 0 and day 28; n=50) and before rechallenge (day 90; n=26) in non-colonised (blue circles) and colonised (orange circles) volunteers. All enzyme-linked immunospot
assay data are background control (ie, phosphate buffered saline) subtracted (appendix p 93). Box plots show median (midline) and IQR (box boundaries), and whiskers
indicate the minimum and maximum values. Comparisons between timepoints were calculated using Wilcoxon signed-rank testing with Benjamini-Hochberg
correction for multiple testing. ASC=antibody secreting cell. AUC=area under the curve. B pertussis=Bordetella pertussis. PBMC=peripheral blood mononuclear cell.

both colonised and non-colonised volunteers, suggesting
that they were unlikely to be a consequence of B pertussis
infection. The absence of pertussis-like symptoms in
colonised volunteers is an intriguing feature of this model,
but is reflective of the current consensus that most natural
encounters with B pertussis are clinically silent. Itis possible
that symptoms result when the nasopharyngeal bacterial
load exceeds a threshold that overcomes mucosal defence;
the association of nasopharyngeal genomic bacterial loads
with the severity outcomes of hospitalisation and occur-
rence of complications in children with pertussis supports
this notion.” No transmission was seen from colonised
volunteers to individuals with whom they shared a bed-
room, albeit over an observation period of only 2 weeks after
inoculation of the challenge volunteer. We speculate that, in
the absence of symptoms of pertussis, B pertussis cannot be
easily transmitted.

The fraction of volunteers who became colonised with
B pertussis after inoculation changed over the course of the
study, and was much lower during the COVID-19 pan-
demic than before or after. This observation could possibly
be explained by a change in pattern of respiratory virus
exposure, or by broader effects on the microbiome.
Respiratory virus co-infection has been shown to affect
colonisation fraction in a pneumococcal challenge model.*”
We speculate that co-infection might lead to cross-
protection via activated immune cells, innate immunity,
or trained immunity.

Volunteers who were not colonised had higher pre-
inoculation serum concentrations of IgA (anti-filamentous
haemagglutinin) and IgG (anti-pertussis toxin, anti-
pertactin, and anti-filamentous haemagglutinin), and
higher binding to B pertussis of IgA in serum and MLF,
than did volunteers who were colonised. By contrast, no
difference in B pertussis-specific memory B cells was
detected between colonised and non-colonised volunteers
pre-inoculation. This disparity could be due to the quies-
cent state of circulating memory B cells, which do not
secrete antibodies at a high rate unless activated.” The
relative abundance of various pertussis-specific antibodies
in individuals who were not colonised could be a conse-
quence of a recent boosting event, such as naturally
acquired but clinically silent infection. This explanation
would be consistent with the finding that T-cell recogni-
tion of antigens that do not arise from acellular pertussis
vaccines is common in healthy adults, regardless of their
vaccine history or recent documented pertussis episodes.’
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The serum antibody profile shown herein reflects histor-
ical seroepidemiological studies in which the concentra-
tion of IgG antibodies against pertussis toxin and pertactin
in pre-exposure sera correlated with protection against
disease.” Pre-inoculation serum concentrations of anti-
fimbriae 2/3 IgG did not differ between the colonised
and the non-colonised groups, which could suggest
activity in the clearance of infection and prevention of
disease development rather than the prevention of infec-
tion.” This hypothesis is supported by the increase in
serum fimbriae 2/3 concentrations after inoculation.

To our knowledge, the observation that increased con-
centrations of B pertussis-binding IgA in serum and MLF
are associated with protection against initial colonisation is
new, but is consistent with the established role of IgA in the
neutralisation and agglutination of pathogens and with the
known efficacy of IgA against B pertussis.”

Although previous vaccine trials and animal studies have
shown a role for Th17 and Th1 cells in the defence against
B pertussis,***** we found no significant differences between
colonised and non-colonised volunteers in terms of pre-
inoculation Th17 or Th1 responses to B pertussis antigens
by flow cytometry—albeit in a subset of volunteers only.
However, non-colonised volunteers did have higher pre-
inoculation frequencies of B pertussis-specific Th22 cells
in peripheral blood. In addition, after inoculation, Th22
responses to pertussis toxin increased, although not sig-
nificantly, compared with pre-inoculation in colonised
volunteers, suggesting that these responses might also be
induced by colonisation. Conversely, in non-colonised vol-
unteers, Th22 responses to filamentous haemagglutinin
were reduced after inoculation, which could suggest
migration and localisation of pre-existing Th22 cells to the
airways. Together, these data are consistent with the
potential protective role of IL-22 against extracellular
bacteria—ie, the rapid mobilisation of defence against
pathogens at mucosal surfaces by supporting epithelial
barrier functions including wound healing, and the pro-
duction of antimicrobial proteins, mucus, and inflammatory
mediators.”

In colonised volunteers, control of the nasopharyngeal
bacterial burden was associated with higher pre-inoculation
serum anti-pertussis toxin IgG, higher MLF IgG binding to
B pertussis, and higher pre-inoculation frequencies of per-
tussis toxin-specific memory B cells in peripheral blood.
This association suggests that these immunological
parameters might be important in controlling the
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colonisation density of B pertussis, rather than preventing
the initial colonisation event.

Individuals who were colonised seroconverted to acellu-
lar pertussis vaccine antigens and generated B pertussis-
specific memory B cells, consistent with our previous study
that showed plasma cell expansion was positively correlated
with CFU count. This finding suggests that these humoral
responses are B pertussis-specific and are driven by colon-
isation, supporting induced colonisation as an immunising
event, possibly similar to a symptomatic B pertussis infec-
tion in its capacity to induce IgA and IgG responses.”*
Consistent with this immunising effect, we found that
colonisation after initial inoculation was associated
with protection against colonisation after homologous
re-inoculation.

Unexpectedly, we found that relatively more women than
men became infected with B pertussis, and men who
became colonised had lower baseline serum concentrations
of IgG against pertussis toxin, pertactin, and fimbriae 2/3
than men who did not become colonised. No such differ-
ence was observed between colonised and non-colonised
women. This finding could be an artefact of an under-
powered cohort, although higher pertussis incidence rates
in females than in males have been reported in studies from
many countries for all age groups from infancy to older
adults, with the excess being most pronounced (65%) in
young adults aged 15-44 years.”

In contrast to colonised volunteers, we observed no sig-
nificant B pertussis-induced immune responses in non-
colonised volunteers after inoculation. We speculate that
this might be due to local and innate mucosal immunity, as
well as higher antibody titres detected in the non-colonised
volunteers at baseline, that might clear the infection before
activation and detection of peripheral blood responses.
Alternatively, these volunteers might have rapid activation
of memory immune responses, which could be detectable
at earlier timepoints. Unfortunately, apart from data on
memory B cells, we did not collect data at earlier timepoints.
However, if the non-colonised volunteers were mounting
responses at earlier timepoints, we might have expected to
see these responses persist and still be detectable by day 28,
because we saw good persistence of responses until day 90
in the colonised volunteers.

A limitation of this study was that measurement of
antigen-specific immunity was limited to the antigens
included in the acellular pertussis vaccines. However,
whole-genome mapping of human B pertussis-specific
CD4" T cell responses has shown that healthy adults,
regardless of their vaccine history, exhibit reactivity to
hundreds of B pertussis antigens.” Furthermore, animal
studies have shown an important role of antigen-specific
IL-17 and/or IFNy-secreting tissue-resident memory
T cells in the defence against infection with B pertussis,*® and
such cells have been detected in the nasal mucosa of
humans who received the whole-cell pertussis vaccine but
not those who received the acellular pertussis vaccine.*
However, this finding could not be corroborated in the

current study because nasal biopsies were not taken. Vol-
unteers in this study were primed with a whole-cell per-
tussis vaccine, and the results might not be translatable to
those primed with an acellular pertussis vaccine. Future
studies are needed to assess whether the differences in
immune-priming found in primates® are similar in
humans.

In conclusion, our controlled human infection study was
safely conducted in an outpatient setting and showed that
relative protection against B pertussis colonisation is asso-
ciated with multiple serum and mucosal antibody respon-
ses, as well as peripheral Th22 cell responses, with
specificity to B pertussis antigens associated with the acel-
lular pertussis vaccine. Vaccines that generate sustained
immune parameters of this nature could protect against
infection by B pertussis.
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